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Chapitre 1 : Introduction et présentation générale

1. Introduction

Environ 85 a 90% des produits issus de l'industhémique proviennent de procédés
catalytiques. La recherche sur la synthése et la caractérisaionouveaux catalyseurs de
plus en plus performants est d’'un intérét grandissampte tenu des nouveaux critéres
environnementaux. L’utilisation des oxydes pour dgglications en catalyse hétérogene dans
lindustrie est tres largement répandue. On petdr g@ar exemple I'aluming-Al,O3; qui
posséde des propriétés acides au sens de Lewis Btamhsted et qui est utilisée dans de
nombreux procédés de raffinage du pétrole.

Malgré les caractéristiques intrinseques du fludort¢ réactivité et électronégativite), les
matériaux fluorés restent peu utilisés dans le doenale la catalyse du fait de leur
insuffisante surface spécifique et de leur failigbiité thermique. En effet, le caractére
structurant du fluor qui trés largement employé, @emple, dans I'élaboration de solides
microporeux cristallisé$, représente un sérieux désavantage pour I'obtentiten
nanomatériaux fluorés. L’'un des criteres majeurs e la sélection d’'un catalyseur est sa
surface spécifique qui définie la surface activenthtériau. Outre un plus grand nombre de
sites, une taille nanométrique permet de générsrddéauts de surfaces dans lesquels le
cation se trouve dans un état sous-coordonné ganfoleur caractere acide.

Le traitement d’'un matériau par un réactif fluomt eouramment utilisé pour modifier ou
augmenter ces propriétés acides. L'imprégnatiomel’zéolithe MCM-41 avec une solution
de NHF conduit par exemple & une augmentation de safitéale Brgnstedalors qu’un
traitement de fluoration par voie gaz sur de I'aley-Al,O; méne a des propriétés de Lewis
et de Brgnsted particuliérés.Cette augmentation de réactivité est associée a
I'électronégativité de I'ion fluorure qui se tratiygar une augmentation de la densité de la
charge partielle du cation renforcant son caractaide de Lewis. Du point de vue de
l'acidité de Brgnsted, par effet antagoniste letgmod’'une liaison M-OH se trouvera plus
labile augmentant ainsi son caractére acide.

L’interdiction des chlorofluorocarbones (CFC) parprotocole de Montréal (1991) pour leur

contribution dans la destruction de la couche daza engendré une recherche accrue pour la

! Chorkendorff, I. ; Niemantsverdriet, J. W. in "Gapts of modern catalysis and kineticafiley Ed.2003
2 Loiseau, T.Férey, G.J. Fluo. Chem2007, 128 413.

3 Xu, M. ; Wang, W. ; Seiler, M. ; Buchholz, A.; Hger, M.J. Phys. Chem..2002 106, 3202.

* Chupas, P.J., Grey, C.P.Cata.2004 224, 69.
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synthése de substituts non chlotés synthése de ces hydrofluorocarbones (HFC) siees
un catalyseur de type acide de Lewis.

Au premier abord, I'électronégativité qui tradu@ tapacité d'un élément a attirer des
électrons, devrait traduire I'acidité intrinseque sens de Lewis d’'un cation. Cette grandeur
n’est en fait pas suffisante et il faut faire intamir la taille du cation. La notion de gradient de
champ électriquex/r> permet de mieux appréhender lacidité intrinséglien cation
traduisant en fait sa polarisabilfté.’aluminium trivalent présente ainsi une plus éoacidité

de Lewis en comparaison avec d’autres élémentsadsitions tel que G4 Fe* ou CF*.° De
plus, les fluorures d’aluminium présentent une laeik stabilité thermique et une moindre
toxicité. Enfin, le fluorure d’antimoine Skfest un des acides les plus forts et est trés
largement utilisé en synthése organique malgréxeite.’

De nombreux travaux relatifs a la synthese et aalactérisation structurale de fluorures
d’aluminium ont été réalisés. Aprés un bref tounadizon autour de ces recherches, nous
passerons du volume a la surface afin d'illustterla base de calculs ab initio, la complexité
des surfaces de ces solides. De plus, nous mettrovant I'importance de stabiliser des
nanomatériaux associés a de grande surface spécdiqnous évoquerons les nouvelles voies
de synthése permettant d’accéder a ce type deesditfin, si I'aspect « nano » est important
en catalyse, une connaissance accrue de la compositimique du solide est primordiale.

Ce dernier point fera I'objet d’'une discussion.

2. Etat de l'art

2.1 Synthese et structures des fluorures d’aluminium

La cristallochimie des fluorures d’aluminium esédrriche avec de nombreuses variétés
allotropiques. De maniére générale, ces struct@mgdtent de la connexion d’'octaedres AlF

par les sommets. Les différents réseaux et leurendedsynthése des AlBont présentés ici.

® Advances in Fluorine Science Vol.1 - Fluorine &hnel Environment: Atmospheric Chemistry, Emissicars]
Lithosphere. A. Tressaud Ed., Elsevier, Amsterd2006

® Francke, L. ; Durand, E. ; Demourgues, A. ; Vimoht; Daturi, M. ; Tressaud, Al. Mater. Chem2003 13,
2330.

"Olah, G. AJ. Org. Chem2005 70, 2413.
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2.1.1 Mode de synthese

Les différentes variétés allotropiques des flusut@luminium sont généralement obtenues
par décomposition thermique d’un précurstLe schéma 1 résume les différentes transitions
menant aux diverses variétés desAlIEes précurseurs utilisés requiérent des méthodes d
préparation plus ou moins complexes. On peut @&efluorures hydratés facilement obtenus
par voie aqueuse et opérant avec un exces de filor éviter toutes traces d’'impuretés
(oxydes/hydroxydes). La déshydratation du précurpeamet ainsi I'obtention d’'une phase
AlF3, ici o et B-AlF3;, a température relativement basse (<350°C). Lesegsa-NHAIF, ou
(NH4)3AIF¢ font aussi partie de ces précurseurs synthéteégge aqueuse classique.

Une autre stratégie de synthése a permis l'obterd@nouvelles phases métastablgs 6-

et k-AlF3.'% Une voie non-aqueuse a été développée pour olatesisels de fluoroaluminate
de formule générale MAFou M est un cation organique (M = pyriding®l(CHa)s", NH,").

La décomposition thermique de ces sels libére gpeae volatile de type MF, générant ainsi
le solide cristallisé Alg L'obtention de la phase-AlF; est certainement la phase qui
nécessite la méthode de préparation la plus complgrn précurseuys-NH,AIF, est une
phase métastable obtenue par réaction entre weggjridinium et du formamide, qui n’est
autre que le solvant, comme suit : pyridineH AHHCONH, — pyridine + CO + NHAIF,.

Il est a noter que I'ensemble de ces voies mened¢sacomposés présentant de faibles

surfaces spécifiques, inférieures & 5@m

a-NHLAIF, AT
a-AlF3.3H,0 — B-AIFs
AT
[CsHsNH]AIF 4 — 5 n-AlF; AT AT
—> 0-AlF; (R-3c) ¥—3 a-AlF; (Pm-3m)
AT
B-NH4A|F4 —_— K-A|F3 TAT
AT
[N(CH3)JAIF4,H,O ———  6-AlF; B-AlF3.3H,0

Schéma 1 Voies de syntheses des différentes formes allojues AlFR;. D’apres réf [9]

Il est convient ici de rappeler que I'hydroxyfluoeuAl,[(Fo50Ho5)6].H20 est obtenu par

précipitation dans une milieu basigife.

8 Kemnitz, E.; Menz., D.HProg. Solid State Cheri998 26, 97.

7. Krahl, E ; KemnitzJ. Fluo. Chem2006 127, 663.

Herron, N.; Thorn, D.L.; Harlow, R.L. ; Jon&,A. ; Parise, J.B. ; Fernandez-Baca, J.A. ; Y@gChem.
Mater.1995 7, 75.

1 Cowley, J. M.; Scott, T. Rl. Amer. Chem. Sot948§ 70, 105.
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2.1.2 Les réseaux des fluorures d’aluminium

a-AlF3: Les différentes formes allotropiques de fluosure@’aluminium conduisent
irréversiblement, sous chauffage, & la phase th@ymamiquement stabfe: a-AlF; (R-3c)
dérivée de la structure ReOCette phase elle-méme subit une transition résleraux

alentours de 450°C vers la forme cubique R@gure 1).

Figure 1: Evolution de lastructuren-AlF3

B-AlF3;: L'une des variétés des fluorures d’aluminium lglsis connues est la phase
metastablg-AlF; dont la structure a été résolue par Fourguef™. Cette derniére cristallise

dans un réseau de type bronze de tungsténe hexggbi) qui présente un systéeme de
canaux a sections triangulaires et hexagonalemigde la direction ¢ (Figure 2, gauche). Le

motif de la structure-AlF3 est aussi ici présent (Figure 2, droite).

}_.h

Figure 2: Projection selon [100] (gauche) et [001] de lactrep-AlF; (droite)

2 Daniel, P. ; Bulou, A. ; Rousseau, M. ; Nouet, Bourquet, J.L. ; Leblanc, M. ; Burriel, R. Phys.: Condens.
Matter 2. 1990, 5663.

13 Le Bail, A. ; Jacoboni, C. ; Leblanc, M. ; DegeaR. ; Duroy, H. ; Fourquet, J.LJ. Solid State Chem 988
77, 96.
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Pyrochlore : La phase pyrochldtell;[(Fos0Hos)s] posséde un réseaux de canaux dans les
trois directions de I'espace. Cette structure piessdes cavités a section triangulaire et
hexagonale (Figure 3). Il est a noter que son hogud fluoré nommé&- ou n-AlF; est

obtenu par décomposition thermique deHENH](AIF 5).%°

Figure 3 : Projection selon [110] de structure pyrochlore

k-AlF3 : Comme présenté précédemment, la dégradatiomitpge de la phase métastaple
NH,AIF, méne & une nouvelle variété d’Alf® La phasec-AlF; est constitué d’empilements
de feuillets identiques formant des canaux avec skestions triangulaires, carrés et
pentagonale distordue de type bronze quadratiqoengstene (TTB) (Figure 4).

Figure 4 : Projection selon [001] de la structwAlF 3

 Fourquet, J.L. ; Riviére, M. ; Le Bail, A. ; Nygre M. ; Grins, JEur. J. Solid State Inorg. Cherh988 25,
35.
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B-AlF3: L'agencement structurale de cette phase obteaved@composition thermique de
[(CH3)JN(AIF4).H,O™ est I'un des plus complexe parmi les réseaux. Al y distingue en

effet des sections triangulaires, carrés et pentlge (Figure 5).

b

© 4 ©
©
) v
- o ST - — L s e 4

 S—

| ' |

[ o L 4

Figure 5 : Projection selon [001] de la struct@\IF3

3. La réactivité des nanomatériaux

Différents parametres interviennent dans la réaétidu solide. Ces derniers sont présentés
dans cette partie. Les derniéres avancées dansnhaie de la réactivité des fluorures

d’aluminium y sont aussi présentées.

3.1Effet de la taille des particules sur la structurede la surface

La taille des particules a une influence directe l&activité catalytique d’'un solide. Les
nanomatériaux ont en effet une réactivité accruecpamparaison aux matériaux dits massifs.
Un exemple de l'effet de la taille sur I'activit@talytique est I'utilisation de nanoparticules
d’'or dans la réaction d’oxydation du CBL’or utilisé & I'état massif ne posséde aucune
activité alors qu’a I'état nanométrique, la réactgopeére méme a trés basse température (200
K). En diminuant la taille des particules, des nfiodtions s’opérent sur la structure des
centres réactifs, le nombre de sites présents rfacsuet situés au niveau des arétes et coins
des particules. Tout ceci tend a modifier 'adcéwatalytique.

% e Bail, A. ; Fourquet, J.L. ; Bentrup, U. Solid State Chert992 100, 151.
% Haruta, M. ; Tsubota, S. ; Kobayashi, T. ; Kagegaht. ; Genet, M.J. ; Delmon, B. Catal 1993 144, 175.
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Une étude basée sur la simulation de la dynamigpiéaulaire de nanoparticules cubigties
dea-AlF3 a permis de mettre en évidence des reconstrudai®ssirfaces. Ces réarrangements
structuraux génerent en surface des sections triiaings et pentagonales en plus des sections
carrés (Fig 6, Inset B). Il en résulte des ion¥ &h sous coordinence : tétraédrique (4c) et

pentaédrique (5c, Fig 6 Inset A).

L‘t dc
-
4c
- : . :
Figure 6: Zoom au niveau d'un coin d'une nanoparticule @élF; cubique. Les
coordinences des ions #Alsont indiquées par Xc (X = 4, 5, 6). Inser A : gétrie d’un ion

Al** penta-coordonné. Inser B : Réseau de I'aluminiuonel nanoparticule montrant les
nouvelles sections se formant au niveau des coiates. D’aprées Réf [17].

1
~ 9
9.9

Ceci a permis de mettre en évidence non seulenmentaconstruction de surface ainsi qu'une
localisation particuliere de ce phénomeéne au nivéesl arétes et coins de la particule. La
majorité des sites de Lewis a en effet été localmé niveau des coins et arétes (Figure 7 :
points blancs). Cet exemple démontre parfaitem@éntedét de la taille nanométrique en

catalyse.

" Chaudhuri, S.; Chupas, P.; Morgan, B. J.; Mad&em.; Grey, C. PPhys. Chem. Chem. Phy€06 8, 5045.

10
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Figure 7 : Surfaces d’'une nanoparticule déAlF; montrant la localisation préférentielle des

sites de Lewis (points blancs) au niveau des agtiasétes. D’aprés Réf [17].

3.2Du volume a la surface

Si la surface spécifique d’'un catalyseur est un plmmetres clés dans sa réactivité, la

structure cristallographique y joue aussi un rdlmprdial. L'activité catalytique (Tableau 1)

de différentes variétés allotropiques de AdFété testées via deux réactions de fluordticin

dessous :
CHCIFs+ 3HF » CHFR; + 3HCI (1)
CCliCFs + HF - CFCLCR; + HCI (2)
Composé Surfacezsplécifique Conversion en Conversion en
(m~.g7) CHF; (%) CCLCF; (%)
a-AlF3 3 > "
B-AlF; 53 49 0
n-AlF3 58 4 1
0-AlF3 64 10 1
K-AlF3 19 50 45

Tableau 1 :Activité catalytique de diverses formes de AlB’apres réf [18].

18 Herron, N.; Farneth. W. RAdv Mater 1996 12, 8.

11
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Malgré une faible surface spécifique, la phasalF; est la plus active. Ceci démontre en
premiere approximation que la structure cristallieegendre une structure de surface
différente pour chaque variété allotropique. ll@stc d'intérét d’obtenir des informations sur
la structure de la surface d’'un catalyseur.

L’étude théorique de la géométrie des surfacep@sible par le calcul ab initio. Ce dernier
permet d’examiner les différentes configurations teminaison d'une surface et de
déterminer celle qui sera la plus stable. Une sarfast en général en contact avec une
atmospheére gazeuse qui va induire une modificatigrsico-chimique des terminaisons. Il est
donc d’'intérét d’étudier la stabilité d'une terms@n en présence d’une atmosphére donnée.
Ainsi les structures des terminaisons de surfaees @t -AlF3; ont été étudiees par Wander
en fonction du potentiel chimique du fluor contr@e jouant sur la pression partielle et la
température.

La phasear-AlF3; est proche de la structure corundusAl,O3. En se basant sur la stabilité de
la surface 0001 de-Al,Os, Wander et af ont étudié la structure de la surface (0001}de

AlF3. Pour ce faire, différentes terminaisons ont étppsées (Figure 8).

Figure 8: Les diverses terminaisons possibles de la suif@@@l) dea-AlF3, les atomes
d’aluminium sont représentés en noir et les atodeeBuor en gris. a) la surface ne présente
gue des atomes d’aluminium A(Sslab), b) 3 atomes de fluor recouvrent un atome
d’aluminium (S slab), c) 2 atomes de fluor recouvre un atomeudiaium (Sr slab), d) 1
atome de fluor recouvre un atome d’aluminiung=(@@ab). D’apres réf [19].

¥Wander, A.; Searle, B. G.; Bailey, C. L.; Harrist\. M. J. Phys. Chem. B005 109, 22935.

12



Chapitre 1 : Introduction et présentation générale

Les énergies libres de ces terminaisons en fond@la pression partielle de fluor montrent
gue la terminaison & (Fig 8, c)) est la plus stable quelque soit letepiiels chimiques du
fluor. Au niveau de la surface 0001 dtAlF3;, les atomes d’aluminium, potentiels sites de
Lewis, sont donc masqués par deux atomes de femdant cette surface catalytiquement
inactive.

La méme étude a été effectuée sur la surface @O0 phas@-AlF;.2° Cette structure étant
plus complexe que celle @eAlFs, les calculs ont mené a deux types de terminaigotés

T1 et T6 présentant des énergies de surface proobssectivement 1.3 et 0.8 FmlLa
Figure 9 présente les coupes qui permettent d’abidnet T6. Il a d’abord été considéré que
la terminaison T1 ne pouvait pas étre présente damsatériau bien cristalli€8.Sa relative
faible énergie de surface a ainsi amené les auteues considérer comme un défaut de
surface. Une étude plus approfondie de ces demirtaisons a montré que T1 subissait une
reconstruction de surface qui amenait son éneitgie &u méme niveau que celle de*f€es
deux types de surfaces sont ainsi attendus @ahié; (100). La Figure 10 présente les
structures des surfaces T1 et T6 avant et aprésstaction. La surface T6 ne montre pas de

reconstruction significative lors de I'optimisatide sa structure.

Figure 9 : Plans de coupes qui produisent les terminaisoret T6. D’apres la réf [20].

2 \Wander, A.; Bailey, C. L.; Searle, B. G.; Mukhdpgay, S.; Harrison, N. MPhys. Chem. Chem. Phys.
2005 7, 3989.
ZLWwander, A.; Bailey, C. L.; Mukhopadhyay, S.; SeaB. G.; Harrison, N. MJ. Mater. Chem2006 16, 1906.
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These fluorine

ions alternate
T1 Surface I along the <001>

b) axis

<100>
.

d)

Before reconstruction ‘ | Afet feconstiuction

Figure 10 : Structures de la surface (100) f#IF3; avant et aprés reconstruction. D'apres la
réf [21]

Dans les deux cas, les structures présentent desestd’aluminium en coordinence
pentaédrique qui sont donc considérés comme étas sites actifs de Lewis.
L’environnement local autour des ions®Aldans T1 et T6 différent légérement. Ces

environnements sont présentés dans la figure 11.

T1 ! T6
Figure 11 : Géométrie locale des ions*Adans les surfaces T1 et T6
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Une étude préliminaire a montré que les sites pe Tyl étaient plus acides que ceux de type
T6. Il est & noter que la thermo-désorption de framniac surB-AlF; présente deux pits

suggérant I'existence de ces deux types de sitdssac
3.3L’environnement et la surface

La plupart des études expérimentales sont menées dks conditions bien particulieres,

souvent sous ultravide, alors que les réactionslytmjues sont effectuées dans des
environnements différents. Il est ainsi possible tstructure d’une surface sous ultra-vide
ne soit pas stable dans des conditions expérinesnid réactions. C’est ainsi l'un des
nouveaux enjeux des calculs ab initio. Aprés adé@imontré I'absence de site de Lewis en
surface 0001, les aute@i®nt étudié la surface (01-12) deAlFs. Cette surface présente des
sites potentiels de Lewis. Cependant sous atmospHE/HO simulant les conditions de

réactions catalytiques, cette surface devient hyydée perdant ainsi ces centres de Lewis. Il a
été prédit que I'obtention d’'une surface puremémtrée ne pouvait étre réalisable que dans
des conditions extrémes. L’interaction entre lafag et son environnement lié aux

conditions de réactions catalytiques, est fondaateriu regard de la réactivité du solide.

4. Les nouvelles voies de synthese

Dans le but de minimiser les propriétés structemmdu fluor et ainsi d’'accéder a des
composés de taille nanométrique, de nouvelles voesynthése ont été mises au point
récemment. Ces dernieres permettent d’accéder dluwesres d’aluminium possédant de

grandes surfaces spécifiques et amorphes vis-aless rayons X. Dans le domaine de
recherche de voies de synthése innovante, nousmods ici la synthése assistée par micro-

ondes.

%2 Hess, A.; Kemnitz. EJ. Catal.1994 149, 449.
% Mukhopadhyay, S.; Bailey, C.L.; Wander, A. ; SeaB.G.; Muryn, C.A.; Schroeder, S.L.M.; Lindsay, R
Weiher, N.; Harrison, N.MSurf Sci2007, 601, 4433.
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4.1 Fluoration plasma d’une zéolithe

Cette méthod@ consiste a fluorer par voie plasma radiofréquemce zéolithe riche en
silicium (Hy 4Al 1.3Sk2 O4g] H-SSZ-32, de structure type MTT) en utilisantg\IBmme agent

fluorant. Le réseau subit alors une réaction deathése comme suit:

NF
AIF, + NO

plasma g + SIF

Zeolite precursor x(g)

Le fluorure d’aluminium ainsi obtenu est amorphg-aivis des rayons X et possede une tres
grande surface spécifique de 19C0.gi. Les propriétés texturales du produit obtenu
dépendent fortement du taux de silicium de dépus le taux de silicium est élevé, plus la
surface spécifique est importante. Le départ depéee Sif sous forme de gaz induit une
forte augmentation de la porosité puisque le ps&Eur présente une surface de 100gth
contre 190 rhg’ aprés fluoration. Tout comme la voie précédervdténtion d’'une grande

surface spécifique est liée au départ d’'un gazggendre un matériau poreux.
4.2 La voie sol-gel

Cette méthod8 comprenant deux étapes, méne a la préparationudrufe d’aluminium
amorphe vis-a-vis des rayons X et présentant wsegrande surface spécifique, supérieure a
200 nf.g*. Dans un premier temps, un alkoxide d’aluminiumflesmré par voie liquide dans
un solvant organique contenant du HF anhydre. Gedoié sol-gel mene a un alkoxy-fluorure
d’aluminium de composition type AlR(OR), avec une trés grande surface specifiquéd0
m®.g?). La derniére étape permet de compléter la flimmatle I'aluminium en utilisant un
agent fluorant gazeux : HCFC, CFC ou HF. Le sodittesi obtenu « HS-Al» présente une
grande surface spécifique et une tres forte aaildittewis.

Nous avons associé cette voie a la synthése mimesode maniere a obtenir des solides

fluorés trés divisés. Cette étude sera présenteeldahapitre 2.
4.3Introduction a la synthéese assistée par micro-ondes

La synthése assistée par micro-ondes s’est déwsopp cours des années 80 dans le

domaine de la chimie organique. De trés nombrerésgions sont ainsi effectuées via cette

% Delattre, J. L.; Chupas, P. J.; Grey, C. P.;\BtAcM. J. Am. Chem. So2001, 123, 5364.
% Kemnitz, E.; GroR, U.; Rudiger, S.; Shekar, CABgew. Chem. Int. EQ003 42, 4251.
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synthese. L'intérét porté a cette technique egtrilgcipalement a 'augmentation des vitesses
de réaction qui dans un contexte d’économie d’éeeegt trés largement mis en avéht.
L’application de cette synthése en chimie inorgaeigst beaucoup plus récente mais elle a
déja prouvé qu'elle pouvait étre utilisée dans tappration d’'un tres grand nombre de
matériaux : oxydes, fluorure$®, metal-organics-fragments M&E.. Dans la préparation de
matériaux inorganiques, les avantages de cettdésymten comparaison avec les méthodes
dites conventionnelles sont nombreux : basse teahpér; cinétique de cristallisation rapide,
obtention de nanomatériaux homogenes en taillbilisa@tion de nouvelles phases.

Ces différents avantages sont attribués a la péatite du chauffage, transmis directement au
cceur de la solution et non par transmission dueaawers la solution.

La chaleur résulte de l'interaction entre I'ondel@tmatiere. La composante du champ
électriqgue associée a I'onde électromagnétiquequue des mouvements moléculaires par
migration d’espéces ioniques et/ou par rotationspbees dipolaires. Les mécanisiies
responsables de ces mouvements moléculaires spetéap(i) mécanisme de polarisation
dipolaire et (ii) mécanisme de conduction ionig(ie.Une molécule possédant un moment
dipolaire, comme l'eau, est sensible au champ réd@et des micro-ondes et va tenter de
s’aligner sur ce dernier par un mouvement de matCes mouvements génerent de la
chaleur par friction moléculaire. (ii) Les ions tenus dans une solution vont se déplacer sous
linfluence du champ électrique. Ceci aboutit & nmmbre de collisions plus élevé et la

génération de chaleur par conversion de I'énergigtique.

Le procédé de synthése utilisé lors de nos travdilise I'irradiation micro-ondes comme
source de chaleur. La synthese s'effectue dans éactaur fermé, en conditions
hydrothermales. Les synthéses ont été realisées wdafour micro-ondes, modéle MARS-5
de la société C.E.M, opérant a une fréquence deGHE.

De maniere générale, une solution contenant uruméar métallique, un solvant et de I'acide
fluorhydrigue, est transvasée dans un réacteurT&fE R100ml). Ce dernier est ensuite placé
dans un dispositif (Figure 12, photo de gauche)mp&lant d'opérer en conditions
hydrothermales avec un contréle de la pressiateda température. Ce systeme (XP-1500)

permet d’effectuer des synthéses a des tempéramasnales de I'ordre de 210°C et de

%6 pAdam, D.Nature 2003 421, 571.

?’Rao, K. J.; Mahesh, K. Kumar, 8ull. Mater. Sci2005 28, 19.

2 Jacob, D.S.; Bitton, L.; Grinblat, J.; Felner Koltypin, Y.; Gedanken, AChem. Mater2006 18, 3162.
295, H. Jhung, J.-H. Lee, J. W. Yoon, C. Serre, &@e¥, J.-S. Chand\dv. Mater2007, 19, 121.

%0 Kappe, C. OAngew. Chem. Int. E@004 43, 6250.
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pressions allant jusqu'a 55 bars. Aprés I'étapesyi@hese hydrothermale et un retour a
température ambiante, un dispositif (Figure 12 tphte droite) permettant I'évaporation des
solvants via un vide primaire et un flux d’argorst etilisé afin d’obtenir le matériau sous

forme de poudre.

Sonde de

/ température
i

I Capteur de
Dispositif : pression
de ‘
réacteur
fermé
Piege a
solvants

~

Pompe

Figure 12 : Le four micro-ondes MARS-5 avec le dispositif dgthese en conditions
hydrothermales (photo a gauche) et le dispositgé@thage (photo a droite).

5. Influence de la composition chimique sur la streetet les propriétés acides

La composition chimique d’un solide a une importaconsidérable ainsi bien d’un point de
vue structurale que sur la réactivité. Les diffésesnions entrant dans la composition d’'un
solide lui conférent un agencement structural ajng! des propriétés acides particulieres.

Les groupements hydroxyles, potentiels sites den®ea, sont souvent présents dans les
phases Alg. lls peuvent étre présents sous forme de tracefmim partie intégrante de la
structure. Lors de la préparation de ces phases,pdénomenes d’hydrolyse peuvent se
produire menant a la présence d’'OH dans le réseawpeut citer 'exemple dp-AlF3; qui
guelque soit le précurseur utilisé contient desugemnents OH. Compte tenu de la réaction
d’hydrolyse, la déshydratation du précurseur hydpdut s’écrire comme suit : ABHO

OB - AIF3(OH)x + 3x H,O +x HF. La dégradation du précurseur (N4AIFs méne aussi

a la présence de groupements®dige & I'utilisation d’une voie de précipitatiogqweuse. Les
groupements OH résultant de ces réactions d’hyskeslygont présents en faibles quantités et

ne conférent donc pas au solide un caractere desia
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Au contraire, la phase pyrochlore s’apparente asohde a anions mixtes: fluor et
groupements OH. Ce matériau peut ainsi étre corsm#Emme étant potentiellement un acide
de Lewis et de Brgnsted.

D’un point de vue structural, la présence des geognts OH dans le réseau se traduit par
des distances Al-X (X ="FOH) plus grandes. Un autre aspect permettant d’exgtida
formation de la structure de type pyrochlore ers@née de groupements OH est la tendance
de ces derniers & former des angles Al-X-Al pluitpque dans les phases de typesAffiLa
pyrochlore présente ainsi des angles de 141° gloesles angles des phaseset B-AlF;
varient entre 148 et 166°.

Si la présence d’OH permet de générer de l'acidiéBrgnsted, la substitution d’ions
fluorures par une espece moins électronégativetandance a diminuer l'acidité de Lewis du
cation environnant. Il est donc en principe possié moduler le comportement acide d’un
matériau en jouant sur sa composition chimiquemaitériau de type Alfest apparenté a un
acide de Lewis fort. L'incorporation de groupem@ti génére une acidité de Brgnsted alors
que le caractére de Lewis tend a diminuer. Uneelagpgmme d’acidité est ainsi
potentiellement accessible en jouant sur le rapgp/@H.

Outre les groupements OH, la molécule d’eau et guadentiellement un acide de Brgnsted.
Il a été démontré que l'incorporation de molécultsau a la surface d’alumino-silicate
augmentée considérablement leur acitfité.

La bi-fonctionnalité : Lewis/Brgnsted est aussntérét dans certaines réactions catalytiques
qui requiérent un effet de synergie entre ces deidités>>>*

Les composés a bases de fluorures d’aluminium pewamasi avoir différents comportements

acides suivant leur composition.

3L Chupas, P. J.; Corbin, D. R. ; Rao, V. N. M.; HamsJ. C.; GreyC. P.J. Phys. ChenB. 2003 107, 8327.

32 Garrone, E.; Onida, B.; Bonelli, B.; Busco, C.;lidggo, P.J. Phys. Chem..B006 110, 19087.

%Li, S.; Zheng, A.; Su, Y.; Zhang, H.; Chen, L.;’¢g J.; Ye, C.; Deng. B. Am. Chem. So2007, 129,11171.
% Rimola, A. ; Tosoni, S. ; Sodupe, M. ; Ugliengo@memical Physics Letter2005 408 295.
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Présentation du manuscrit

Dans ce chapitre ont été présentées les différesitestures adoptées par les fluorures
d’aluminium et leur méthode de synthése. Nous smumsmes aussi intéressés aux différents
parameétres intervenants dans la réactivité de @érimux mettant en avant la nécessité de
synthétiser des solides possédant une grande susfacifique ainsi qu’une composition
chimique bien définie. La synthese de fluorureslutanium possédant des surfaces
spécifiques de I'ordre de 200°m" sont maintenant accessibles par de nouvelles voies
consistant soit a la fluoration plasma de zéoldbhea un procédé de type sol-gel. Cependant
ces voies de syntheses ménent a des composés asiogpin ne permettent pas ou

difficilement d’établir une corrélation entre lawgtture/composition et la réactivité du solide.

Ces travaux de these se sont ainsi tournés vesyridnese de nanomatériaux cristallisés
utilisant une nouvelle méthode de synthése : urcéu® hydrothermal assisté par micro-
ondes.

Les différents travaux effectués au cours de ¢bése ont fait I'objet de publications qui ont
été adaptées pour s’inscrire dans ce manuscrit.

La stratégie de synthése utilisée ici a permisiblercles paramétres permettant : (i) la pureté
phasique et (ii) 'obtention de nanomatériaux. iFneariétés allotropiques ont ainsi pu étre
synthétisées sous forme nanométrique. La premiargepdu chapitre 2 présente les trois
articles relatifs a la synthese et de la caraetois de ces phases. Dans la deuxieme partie du
chapitre 2, la synthése assistée par micro-ond8 eouplée a la voie sol-gel précédemment
décrite. L'article correspondant, a permis notamintBouvrir des perspectives intéressantes
dans la synthése de matériaux possédant de tredegsarface spécifique.

Le chapitre 3 est dédié a I'étude des propriéteteaae la phase HTB (@) ainsi que de son
comportement thermique.

Le dernier chapitre est consacré a la conclusilative a ces travaux.
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Chapitre 2

Stabilisation de plusieurs types structuraux de

composés hydroxy-fluorés a base d’aluminium
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Chapitre 2 :Stabilisation de plusieurs types structuraux de posés hydroxy-fluorés a base d’aluminium

Ce chapitre concerne la préparation et la caradtétion de divers types structuraux de
fluorures d’aluminium. Les trois premieres partigsnt relatives a I'obtention de diverses
variétés obtenues par l'utilisation de précursewsnventionnels. La derniére partie est
relative aux traitements par un procédé hydrothdrassisté par micro-ondes d’un gel fluoré
obtenu par une voie sol-gel non-aqueuse permeltasynthese de matériaux a tres grande

surface spécifique.

2.1 Hydroxyfluorure d’aluminium nanostructuré de type HTB

Publication: Nanostructured aluminium hydroxyfluorides deriviedm g-AlFs, accepted in
Chemistry of Materials.

La premiere partie est consacrée a la synthesea etatactérisation structurale d’un
hydroxyfluorure d’aluminium présentant une struetde type bronze hexagonal de tungsténe
(HTB). Cette étude a mis en évidence l'influencealix de fluor sur I'obtention de la variété
structurale finale. Le r6le de l'isopropanol daastabilisation d’'un matériau a grande surface
spécifique a été démontré.

Une étude relative a la caractérisation micro-stmate du solide a été entreprise basée sur
l'analyse de I'élargissement des pics de diffrattioDeux approches ont été utilisées : (i)
I'approche de Williamson-Hall, (ii) I'analyse dugdil de diffraction avec l'utilisation de la
fonction de Thompson-Cox-Hastings.

Une approche combinant la résonance magnétiguéaitecet la méthode Rietveld a permis
d’accéder aux environnements locaux autour derfialium et du fluor.

L'étude des propriétés acides et le comportemeasitigue de cette phase seront détaillés

dans le chapitre 3.
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Microwave-assisted synthesis has been applied for the preparation of aluminum hydroxyfluorides derived
from S-AlF;. In the course of obtaining high-surface-area and homogeneous nanocrystallites, several
key parameters have been adjusted. A relationship between the OH/F molar ratio and the stabilized
allotropic forms has been pointed out. The surface area has been monitored depending on the water/
isopropanol volume ratio. The microstructural properties of the as-prepared material have been thoroughly
investigated highlighting X-ray line broadening arising from strains and size effects. It has been concluded
from X-ray diffraction data refinements and TEM results that the prepared crystallites possess a platelet
shape with an average particle size of 15 nm associated with a high surface area of 82 m* g~ '. The
occurrence of hydroxyl groups inside the network has been detected by FTIR spectroscopy and considered
angles and bond distances are probably located in peculiar crystallographic sites, i.e., 8f (F1) and 16h
(F2) Wyckoff positions. '°F NMR as well as *’Al high-field NMR spectroscopies are powerful tools to
probe and quantify the various AlFs_(OH), environments and confirm the preferential location of OH
groups in 8f (F1) and 16h (F2) Wyckoff positions. A preliminary study using NHj adsorption revealed

1459

the occurrence of strong Lewis acid sites on the surface of 3-AlF;_(OH),.

1. Introduction

Because of their high catalytic activity toward the halogen
exchange reaction,’ aluminum fluorides have been exten-
sively investigated in the way that they assist the conversion
of ozone-depleting” CFCs compounds in more environmen-
tally acceptable compounds: HFCs. The Al—F system gives
rise to numerous allotropic forms.® In addition to the
thermodynamically stable phase o-AlF5>* (space group R3c)
derived from the ReO; type structure, 3-AlF; is the most

* Corresponding author. E-mail: demourgues @icmcb-bordeaux.cnrs.fr.
T ICMCB-CNRS, Université Bordeaux 1.

* Université de Caen.

¥ Laboratoire des Oxydes et Fluorures, Université du Maine.

"' Laboratoire de Physique de 1'Etat Condensé, Université du Maine.
 Centre de Recherche sur les Matériaux a Haute Température.

(1) Kemnitz, E.; Menz, D. H. Prog. Solid State Chem. 1998, 26, 97.

(2) Fluorine and the Environment: Atmospheric Chemistry, Emissions,
and Lithosphere; Advances in Fluorine Science Series; Tressaud, A.,
Ed.; Elsevier: Amsterdam, 2006; Vol. 1.

(3) (a) Daniel, P.; Bulou, A.; Rousseau, M.; Nouet, J.; Fourquet, J. L.;
Leblanc, M.; Burriel, R. J. Phys.: Condens. Matter 1990, 5663. (b)
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Figure 1. Network of the 3-AlF; type structure: view along the ¢ axis. The
octahedra in light and dark grey denote All and AlI2 atom types, respectively.

known phase because it possesses high catalytic properties.*
The structure has been solved by Le Bail et al.>® and derives
from the hexagonal tungsten bronze (HTB) structure that
consists of AlFs octahedra linked by corners and forming
along the ¢ direction channels with hexagonal section (Figure
1). This phase is metastable and therefore requires a multistep
synthesis that conventionally consists of a thermal degrada-

(4) Hess, A.; Kemnitz, E. J. Catal. 1994, 149, 449.
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tion® of either ammonium fluoride salts (NH4AIF;, (NHy)s-
AlF) or aluminum trihydrate (o-AlF;+3H,0). Unfortunately,
these routes give rise to low specific surface area materials
(~30 m* g~ '), which drastically limits their reactivity
because of a small number of active surface sites. Because
of the strong electronegativity of the fluoride ions, new routes
have been developed consisting either of non aqueous
sol—gel® or plasma’*® fluorination processes leading to X-ray
amorphous AlF; exhibiting high-surface-area powders (>200
and 190 m? g~', respectively). At the same time, progress
in computer calculation has enabled the improvement of
theoretical surface structure and reconstruction. Wander et
al. have investigated the 5-AlF; (001) surface terminations,
highlighting the occurrence of undercoordinated AI*" envi-
ronments, which are assumed to act as strong Lewis acid
sites.”'® Moreover, using atomistic molecular dynamic
simulations, Chaudhuri et al.'' have shown that significant
surface reconstruction occurs on cubic o-AlF; nanoparticles,
also leading to strongly undercoordinated Al** environments,
i.e., Lewis acid centers. It was therefore of great interest to
develop a new route enabling the synthesis of materials
presenting nanosized crystallized particles, i.e., with high
surface area.

With this aim, the nonconventional route using microwave
irradiation as a heating source has been used in moderate
hydrothermal conditions. This peculiar process results from
the interaction between the electrical field component and
the matter and gives rise to two mechanisms,'? i.e., dipo-
lar—polarization and ionic conduction, allowing us to generate
heat in the core of the solution and not transmit it through
the vessel. A large number of advantages as compared to
the conventional route are listed in the literature and can be
summarized as follows: stabilization of novel as well as
metastable phases, improvement of reaction kinetics, energy
efficiency. These advantages constitute a promising area of
research.'® Some authors have already proved that this route
can be used for the synthesis of well-crystallized metal
fluorides through ionic liquid decomposition'* (Fe, Co, Zn,
La, Y, Sr) or novel hydride metal fluorides.'> We report here
the direct synthesis using microwave irradiation of nanosized
metastable [(-AlF; containing hydroxyl groups. The key
synthesis parameters to obtain pure nanosized -AlF;_(OH),
are presented. An accurate characterization of the samples
is carried out through X-ray diffraction, FTIR spectroscopy,

(5) Francke, L.; Durand, E.; Demourgues, A.; Vimont, A.; Daturi, M.;
Tressaud, A. J. Mater. Chem. 2003, 13, 2330.
(6) Kemnitz, E.; Grof3, U.; Rudiger, S.; Shekar, C. S. Angew. Chem., Int.
Ed. 2003, 42, 4251.
(7) Delattre, J. L.; Chupas, P. J.; Grey, C. P.; Stacy, A. M. J. Am. Chem.
Soc. 2001, 123, 5364.
(8) Hajime, E. K. L. Y.; Delattre, J. L.; Stacy, A. M. Chem. Mater. 2007,
19, 894.
(9) Wander, A.; Bailey, C. L.; Searle, B. G.; Mukhopadhyay, S.; Harrison,
N. M. Phys. Chem. Chem. Phys. 2005, 7, 3989.
(10) Wander, A.; Bailey, C. L.; Mukhopadhyay, S.; Searle, B. G.; Harrison,
N. M. J. Mater. Chem. 2006, 16, 1906.
(11) Chaudhuri, S.; Chupas, P.; Morgan, B. J.; Madden, P. A.; Grey, C. P.
Phys. Chem. Chem. Phys. 2006, 8, 5045.
(12) Kappe, C. O. Angew. Chem., Int. Ed. 2004, 43, 6250.
(13) Adam, D. Nature 2003, 421, 571.
(14) Jacob, D. S.; Bitton, L.; Grinblat, J.; Felner, I.; Koltypin, Y.; Gedanken,
A. Chem. Mater. 2006, 18, 3162.
(15) Thanh, S. P.; Gaslain, F.; Leblanc, M.; Maisonneuve, V. J. Fluorine
Chem. 2000, 101, 161.
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BET measurement, transmission electron microscopy, and
27Al and ""F NMR spectroscopy.

2. Experimental Section

2.1. Microwave Synthesis and Determination of the Chemical
Composition. Syntheses were performed using a MARS-5 Micro-
wave Digestion System (CEM Corp.). Temperature was regulated
by percent increments of the microwave power (300 W, 2.45 GHz
frequency) and controlled by an optic fiber. Internal pressure was
measured by a pressure sensor. In a first step, a precursor solution
was prepared as follows: 12.5 mmol of AI(III) nitrate (Sigma-
Aldrich, 98% AI(NO3);+9H,0) was dissolved in a water/isopropanol
solution (10 mL of distilled water/10 mL of isopropanol, Sigma-
Aldrich, 98%). An aqueous solution of HF (Panreac 40%) was then
added in order to get an [HF]/[Al] precursor molar ratio equal to
3, which led to the precipitation of a-AlF5+3H,0. The final volume
solution did not exceed 22 mL. The precursor was placed in a closed
Teflon container for microwave hydrothermal synthesis (XP-1500
plus model). Two steps were used during this process. First, the
solution was heated at 373 K (288 K/min) for 10 min and then at
433 K for 2 h. The first step was required because of the occurrence
of a side reaction induced by microwave irradiation: an exothermic
phenomenon leading to an increase in the temperature and an
internal pressure reaching about 443 K and 16-18 bar, respectively,
which took place after 5 min of irradiation. The origin of this
phenomenon will be discussed latter.

After heat treatment, a microwave-assisted drying was performed
under a primary vacuum and argon flow at 373 K. The powder
was then washed with a large amount of ethanol under nitrogen
pressure and finally outgassed at 573 K under a vacuum for 4 h.

The final [F]/[Al] molar ratio was measured by electron probe
microanalysis (Castaing microprobe CECAMA SX 630 apparatus)
using F~ titration with specific electrode and AI** by ICPMS at
the CNRS Central Service of Analysis. Although it was very
difficult to get an accurate determination of the [F]/[Al] ratio, the
obtained data led to a value close to 2.5 (£ 0.1) whatever the water/
isopropanol solution ratio used. Considering the electroneutrality
equation, this value of the [F]/[Al] molar ratio led us to consider
the occurrence of hydroxyl groups stabilized within the network.
This hypothesis was further confirmed by FTIR spectroscopy and
will be discussed in the following. A chemical composition could
thus be considered for the /3 phase series: AlF,s(OH)ys°xH,0, x
being determined by thermogravimetric analysis and found in the
range of 0.1-0.2. To simplify the chemical formula, the water
content will not be indicated in the following.

2.2. X-ray Diffraction Analysis. Powder diffraction patterns
were recorded on a PANalytical X Pert Pro diffractometer in a
Bragg—Brentano geometry (0—26), using Ge(111) monochromated
Cu Ko, radiation (A = 1.54051A). The investigated 26 range was
10-110° with a step of 0.017°.

The whole pattern profile matching and the Rietveld structural
refinement were performed with the FULLPROF program.'®
Individual peak profile analysis was carried out using PROFILE,
version 1.4 (Socabin, Bruker AXS).

2.3. Surface Area Measurement. N, adsorption isotherms were
performed at 77 K using an ASAP 2000 instrument from Mi-
cromeritics. The powder sample of mass around 200 mg was
evacuated overnight at 573 K under 0.1 Pa prior to adsorption. The
specific surface area Sger was calculated from BET results applied
in the P/P, (0.03-0.25) range. The estimated standard deviation
(esd) has been calculated for surface areas larger than 30 m* g~

and is equal to 5 m? g~".

(16) Rodriguez-Carvajal, J. Physica B 1993, 192, 55.
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2.4. Scanning Electron Microscopy. SEM pictures were
obtained with a FX 600 microscope. Surface charge elimination
was achieved by silver deposition.

2.5. Transmission Electron Microscopy. Transmission electron
microscopy (TEM) was performed on a TECNAI F20 equipment
with a field emissive gun, operating at 200 kV and with a point
resolution of 0.24 nm. Fast Fourier transforms (FFT) of high-
resolution transmission electron microscopy (HRTEM) images were
calculated using the Gatan Digital Micrograph software. TEM
samples were prepared by dissolving a few milligrams of powder
in ethanol. The solution was then dipped 10 min into an ultrasonic
bath so as to disagglomerate powder particles. One drop of the
solution was finally deposited on a Formvar/carbon copper grid.

2.6. FTIR Spectroscopy. Infrared transmission spectra were
recorded on self-supporting wafers (2 cm?, 20 mg), which were
placed into an infrared quartz cell (KBr windows) connected to a
vacuum line. Samples were activated under vacuum at 573 K for
one night. Spectra were recorded with a resolution of 4 cm™'. The
IR spectrometer was a Nicolet Nexus apparatus equipped with an
extended KBr beam splitter and a mercury cadmium telluride
(MCT) detector. Gaseous ammonia was dried on molecular sieves
prior to use.

2.7. NMR Spectroscopy. Quantitative '°F Hahn echo Magic
Angle Spinning (MAS) NMR spectra were acquired on an Avance
300 Bruker spectrometer (Bg = 7 T), using a 2.5 mm '°F optimized
CP MAS probe, operating at a '°F Larmor frequency of 282.2 MHz.
The 90° and 180° pulse durations were set to 4 us (RF field 60
kHz) and 8 us, respectively, with an interpulse delay equal to one
rotor period. The recycle delay was taken to 10 s. The '°F chemical
shifts were referenced to CFCl; at O ppm. These spectra were
reconstructed using the DMFIT software,'” which allows a full
reconstruction of the spectra (including the spinning sidebands) with
six adjustable parameters: isotropic chemical shift ds,, chemical
shift anisotropy O.uiso, chemical shift asymmetry parameter 7cs, line
width, relative line intensity, and line shape. In this study, the J;,
values, the relative line intensities, and the line widths are the
relevant parameters; the other parameters are not discussed at all
in the following.

Z7Al (I = 5/2) MAS NMR spectra were recorded using a 2.5
mm CP MAS probe at spinning speed 30-32 kHz on an Avance
750 Bruker spectrometer (By = 17.6 T) and an Avance 300 Bruker
spectrometer (By = 7 T) operating at a 2’ Al Larmor frequency of
195.5 and 78.2 MHz, respectively. A short pulse length of 1 us
was used to ensure quantitative excitation of the whole spin system.
The recycle delay was set to 1 s and 4096 fids were accumulated.
27 Al spectra were referenced to a 1 M aqueous solution of AI(NO3)3.
Quantitative reconstructions'®2! of the central lines of the >’ Al NMR
spectra were achieved taking into account the N = ( spinning sideband
of the satellite transitions [3/2[Jand the N = O spinning sideband of
the central transition [1/2[] which completely overlap. For each 2”Al
NMR site, the isotropic chemical shift d;s, and the quadrupolar product
vqy were calculated by comparison of the center of gravity cﬁﬂmof
the Al satellite sideband with that of the central transition 5?5/25,
through the following equation

(17) Massiot, D.; Fayon, F.; Capron, M.; King, I.; Le Calvé, S.; Alonso,
B.; Durand, J.-O.; Bujoli, B.; Gan, Z.; Hoatson, G. Magn. Reson.
Chem. 2002, 40, 70.

(18) Massiot, D.; Bessada, C.; Coutures, J. P.; Taulelle, F. J. Magn. Reson.
1990, 90, 231-242.

(19) Alemany, L. B.; Massiot, D.; Sherriff, B. L.; Smith, M. E.; Taulelle,
F. Chem. Phys. Lett. 1991, 177, 301-306.

(20) Massiot, D.; Miiller, D.; Hiibert, Th.; Schneider, M.; Kentgens,
A. P. M.; Coté, B.; Coutures, J. P.; Gessner, W. Solid State Nucl.
Magn. Reson. 1995, 5, 175-180.

(21) Stebbins, J. F.; Kroeker, S.; Lee, S. K.; Kiczenski, T. J. J. Non-Cryst.
Solids 2000, 275, 1-6.
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Figure 2. Effect of the aluminium precursor on the final product: X-ray
diffraction powder pattern of material prepared from (a) aluminium nitrate
and (b) aluminium chloride.
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where I = 5/2 in the case of 2’Al, v, = 195.5 MHz (for the 17.6
T spectrometer) and v, = VQ\/I'F?]é /3.2

"H Hahn echo MAS NMR spectra were acquired on an Avance
300 Bruker spectrometer (B, = 7 T), using a 2.5 mm '°F optimized
CP MAS probe, operating at a Larmor frequency of 300 MHz for
'H. They result in a broad unresolved peak between 0 and 10 ppm
(referenced to 'H in TMS at O ppm) that did not aid our analysis.
These spectra are then neither shown nor discussed in the following.

3. Results and Discussion

3.1. Key Parameters of the Microwave-Assisted Route
toward High-Surface-Area (HSA) #-AlF;_(OH),. 3.1.1.
Nature of the Aluminum Precursor: Influence on the Final
Allotropic Forms and Occurrence of a Secondary Reac-
tion during the Microwave Process. The effect of the A"
precursor has been investigated by comparing, in the
conditions described above, aluminum nitrate (Sigma-Ald-
rich, 98% Al(NOs3);°9H,0) and aluminum chloride (Sigma-
Aldrich, 98% AIlCl;-9H,0) precursor. The powder X-ray
diffraction patterns of the as-prepared samples are shown in
Figure 2. Pure 3 phase could be prepared by using nitrate
precursor, in good agreement with JCPDS-ICDD file 84-1672,
whereas the chloride precursor led to the stabilization of the
thermodynamically stable phase a-AlF; (JCPDS-ICDD file
44-0231) as the major phase. As previously introduced, the
use of nitrate as precursor leads to secondary reactions, which
are characterized by an increase in the temperature and the
pressure inside the vessel. Microwave-assisted synthesis is
known to be able to induced side reactions. For instance,
nitric acid was used to study the kinetics of the decomposi-
tion of organic substances under microwave irradiation. 2>
One can assume that the reaction implying nitrate and
isopropanol must be involved in the exothermic phenomenon
observed. To confirm this hypothesis, we first recovered the

(22) Kubrakova, I. V.; Khamizov, R. Kh. Russ. Chem. Bull., Int. Ed. 2005,
54, 1413-1417.
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Figure 3. Infrared spectra of HSA (-AlF;-(OH); (a) before and (b) after
activation at 573 K. (Inset A: (0+v)OH region. Inset B: »(OH) region).

remaining filtrate after microwave-assisted synthesis for
analysis using a coupled gas chromatography/mass spec-
trometry performed by the CNRS Central Service of Analysis
(SCA Vernaison). The analysis showed the presence of
acetone and other products, which confirmed that isopropanol
was oxidized during the synthesis.

It was interesting to then identify the redox couple at the
origin of the partial oxidative process. In this aim, FTIR
spectroscopy was performed on a sample prepared from
nitrate, i.e., pure 5-AlF;—(OH),. IR spectra of the sample
before and after activation at 573 K are displayed in Figure
3. The IR spectrum of the sample before any activation
(Figure 3a) exhibits many bands due to either bulk vibration
or surface groups with impurities like water. After activation
at 573 K, the latter is almost removed. According to Vimont
et al., > the bands detected at 4772, 3669, and 1130 cm ™"
are ascribed to v+J0(OH), »(OH), and 6(OH) of bridged
Al—OH, respectively, confirming the presence of OH groups
substituting fluoride ions into the network.

Before activation, supplementary bands are observed in
particular in the 1700-1200 cm ™' region (Figure 3a). They
could be due to adsorbed water or to impurities resulting
from the synthesis mode. The occurrence of a weak band at
5270 cm™ " (not shown) unambiguously reveals the presence
of water (v+0(H>O) mode). Therefore, the band at 1615
cm” ! with a shoulder at about 1660 cm ™' mainly character-
izes the 0(H,O) mode of water species, which are also
responsible for the broadband near 3200 cm” ! (v(H0)).

Nevertheless, other bands like those at 1440 and 1335
cm~ ' cannot be assigned to adsorbed water. Taking into
account the preparation mode of the sample, nitrate-derived
species could be considered. Infrared band frequencies of
nitrate species depend on their structure. In particular, bridged
species are characterized by a couple of ¥(NO3) bands near
1200 and 1600-1650 cm™'. After activation at 573 K, two
bands are still present at 1335 and 1645 cm™ ' in addition to
a broadband between 3400 and 3000 cm™! (Figure 3Db).
Taking into account that the latter unambiguously character-

(23) Vimont, A.; Lavalley, J. C.; Francke, L.; Demourgues, A.; Tressaud,
A.; Daturi, M. J. Phys. Chem. B 2004, 108, 3246.
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Figure 4. Infrared spectra of HSA f-AlF;_,(OH), recorded (a) after
activation at 573 K, (b) after introduction of 5 Torr of NHj3 followed by
evacuation at RT, (c) after introduction of P. = 1 Torr of water followed
by evacuation at RT, and (d) after evacuation at 573 K. Inset A: v(OH)
region. Inset B: zoom on the 1800-1250 cm™ " region.

izes the presence of NH, species, we can deduce from the
frequency of the bands at 1345 and 1635 cm™ ' the occur-
rence of coordinated NHj3 species.

To check such an assignment, NH3 has been adsorbed on
the activated sample (Figure 4b). It is clear that the intensity
of all NH, bands has notably increased, confirming the
presence of residual ammonia species onto the activated
sample. The band near 1330 cm ™' is assigned to the ds(NH3)
mode of coordinated NHj3 species; its frequency increases
with the strength of the coordination sites.** Its position at
1335 cm ™" in the spectrum of the activated sample reveals
the presence of very strong Lewis acid sites, in agreement
with previous results on the 3 phase.** The strength of the
NH; coordination is such that activation under a vacuum at
573 K is not sufficient to completely eliminate NH3 species
that can be localized on the outer surface or trapped into the
HTB channels during the synthesis process. Ammonia
addition at room temperature gives rise to a supplementary
0s(NH3) band at 1310 cm™ ' (Figure 4b, inset B), revealing
the presence of weaker Lewis acid on the surface. Further-
more, the inset B of Figure 4d shows that evacuation at 573
K eliminates the NH; coordinated species adsorbed on these
sites.

The addition of ammonia at room temperature gives also
rise to a weak band at 1452 cm™' assigned to ammonium

(24) Busca, G. Phys. Chem. Chem. Phys. 1999, 1, 723.
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Figure 5. Evolution of the X-ray diffraction powder patterns as a function of the R = [HF]/[Al] precursor molar ratio: (A) global view where asterisks
account for the main lines of the pyrochlore phase, (B) zoom, a, 3, and p are assigned to a-AlF3, 5-AlFs, and pyrochlore type structures, respectively.

species (Figure 4b, inset B). The formation of such species
requires the presence of surface hydroxyl groups or residual
water species. The difference spectrum before and after NH;
adsorption at room temperature (Figure 4c, inset A) reveals
the presence of a shoulder near 3680 cm™ ', which
disappears after NH; sorption, whereas the strong band
at 3669 cm™ ' is not perturbed. NH; sorption has then
highlighted the presence of surface OH groups on the
activated sample; their frequency (3680 cm™ '), which is
slightly higher than that of the bulk OH groups (3669
cm™ 1), has been ascribed to the absence of the confinement
effect occurring in the bulk. **

Water addition on the sample precovered with NH; leads
to an increase in the intensity of the band at 1452 cm ™'
because of the ammonium species, whereas the other band
at 1310 cm ™! decreases (Figure 4c). This result shows that
water converts NHj; coordinated species into ammonium
species and explains why the intensity of the 1440 cm™"
band is relatively intense in the spectrum of the nonactivated
sample (Figure 3a).

Therefore, FTIR spectroscopy clearly shows that nitrate
is reduced during the synthesis into ammonium ions.
Furthermore, the thermodesorption of ammonium species
shows the presence of strong Lewis acid sites. The impor-
tance of such species acting as initiators of the synthesis of
the HTB-type structure is clearly illustrated in the present
hydrothermal process. The exothermic redox reaction involv-
ing NO;~ as the oxidizer and isopropanol as the reducing
agent plays a key role in this synthesis, with the help of
ammonium ions as templates for the stabilization of pure
B-AlF;_(OH),. It is a similar process that occurs in
conventional routes, i.e., the thermal degradation of either
hydrate AlF;¢3H,0O or ammonium aluminum hexafluoride
(NH4);AlF, in which molecules such as water or am-
monium ions are involved in the formation of HTB-type
structure.

3.1.2. [HF]/[Al] Precursor Molar Ratio: Relationships
between the OH/F Content and the Nature of the Final

27

Table 1. Correlation between the Al—X—Al angles and Building
Units Present in the Hydroxy-Fluorides Series

Al—-X—Al
(X = F or OH) building units
phase bond angles (deg) (n-membered rings)
o-AlF3 158 4
B-AlF3 148-148-166 3—6—4
pyrochlore AlF; s(OH); s 141 3—6

Allotropic Form. To optimize the synthesis results, we varied
the R = [HF]/[Al] precursor molar ratio from 2.5 to 3.5 using
aluminum nitrate as precursor and a water/isopropanol
solvent ratio equal to 1. Figure 5 shows the evolution of the
powder X-ray diffraction patterns as a function of the [HF]
content. Three domains can be distinguished: (i) for R < 3,
(i1) R = 3, and (iii) R > 3. For lower ratio values, i.e., R =
2.5, hydroxyfluorides exhibiting the pyrochlore type structure
with the AIlF;s(OH);s°xH,O chemical composition3b are
obtained as the major phase; an increase in the [HF]
concentration up to R = 2.8 leads to a mixture of two phases:
the B and pyrochlore forms. As described in the synthesis
procedure, pure 3 form could be obtained using a precursor
molar ratio equal to 3. Finally, higher [HF] contents lead to
the appearance of the a-AlF; phase as an impurity. A zoom
on the 43-49° 26 range is presented in Figure 5B; it clearly
shows the crucial influence of the [HF] content on the nature
of the stabilized phase. This part of the diffractogram also
accounts for the phase purity because in the 23-25° 26 range,
the o-AlF; main line cannot be clearly distinguished, because
of the proximity of the  (002) reflection line.

The structural sequence of these various phases can be
also related to the number of hydroxyl groups inside the
framework, which is strongly dependent on the [HF]/[Al]
precursor molar ratio. It appears that for increasing amounts
of HF, the presence of fluoride ions favors, in a first step, the
formation of the pyrochlore AlF, 5(OH); 5, then S-AlF;_,(OH),,
and finally, the o-AlF; phase. Chupas et al. have described the
structures of the aluminum fluoride allotropic forms by taking
into account simple building units (Al—F—),, where n is the
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Figure 6. Dependence of the X-ray diffraction powder pattern with the
volume ratio of solvents V = Vyaer/ Visopropanol-

number of units forming the ring.*” Table 1 summarizes the
building units present in the o, 3, and pyrochlore phases
with the corresponding A1—X—Al angles. 5-AlF; exhibits
three- and six-membered rings in the a, b plane, as well as
four-membered rings in the b, ¢ plane.The a-AlF; phase
exhibits four-membered rings, whereas the pyrochlore pre-
sents three- and six-membered rings. Thus, hydroxyl groups,
because of the presence of hydrogen atoms, favor small
Al—X—Al (X = F or OH) angles, as typically found in the
three-membered rings. This assumption is consistent with
our observation that an increase in the [HF] content leads to
the following sequence: pyrochlore — S3-AlF;—(OH), —
a-AlF;. Low [HF] contents favor small AlI—X—Al angle,
as found in the three- and six-membered rings of the
pyrochlore phase. When passing from the pyrochlore to the
J phase, the number of hydroxyl groups decreases, and
conversely, the Al—X—Al angles of the three- and six-
membered rings increase. The appearance of four-membered
rings in the 3 phase corresponds to an even higher Al—X—Al
angle of 166°. Finally, the o-AlF; network shows Al—X—Al
angles of only 158°, lower than the four-membered ring angle
found in the  form but larger than the three- and six-
membered rings, because the framework consists of a denser
packed stacking. Therefore, by tuning the [HF]/[Al] precursor
molar ratio, a correlation between the types of the building
units, the AlI—X—Al angle and the OH/F final content can
be established.

3.1.3. Influence of the Solvent Ratio: Monitoring the
Surface Area by Limiting the Crystallization Kinetics. As
shown previously, pure HTB phase can be obtained using
nitrate as Al precursor and a [HF]/[Al] precursor molar ratio
equal to 3. To get high-surface-area materials, we have tuned
the volume ratio of the used solvents V = Viaer/ Visopropanols
ranging from V = 6 to V = 1. The evolution of the powder
X-ray diffraction patterns as a function of the volume ratio
V has been represented in Figure 6. As can be observed, the
increase in isopropanol content leads to a broadening of the
X-ray diffraction peaks. In a first approximation, this can
be ascribed to a decrease in the particle size. This trend
was confirmed by measuring the surface area. As revealed
by the BET method, the surface area of the materials

(25) Chupas, P. J.; Corbin, D. R.; Rao, V. N. M.; Hanson, J. C.; Grey,
C. P. J. Phys. Chem. B 2003, 107, 8327.
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Figure 7. Scanning electron micrographs of (A) high- and (B) low-surface-
area 3-AlF;_,(OH),.

Table 2. Surface Areas of -AlF;_(OH), Materials

water/isopropanol surface area
sample volume ratio m? g "
HSA 1 82
MSA 2 49
LSA 6 3

increases with increasing isopropanol rates and corresponds
to 3, 49, and 82 m? gf1 for V=6, 2, and 1, respectively.
The materials have been named as low (LSA), medium
(MSA), and high (HSA) surface area, as reported in Table
2. The effect of the isopropanol on the crystallization growth
is clearly highlighted on the scanning electron micrographs
represented in Figure 7, illustrating the drastic change in both
the particle size and their morphology. Whereas LSA
pB-AlF;_(OH), exhibits very large particles, HSA -AlF;_,-
(OH); consists of nanosized particles. Therefore, by varying
the solvent medium, we can monitor the surface area, and
an aqueous medium favors the crystallization growth,
whereas the presence of isopropanol limits its kinetics.

3.2. Structural Investigation of f-AlF;_(OH),. 3.2.1.
Microstructural Characterization of the High-Surface-Area
Material: From Williamson—Hall Approach to Global Profile
Refinement. The microstructural features (coherent domain
size and strains) of the samples of the 5-AlF;_.(OH), series
were extracted from the additional broadening of the Bragg
peaks with respect to the instrumental one. For our diffrac-
tometer, this instrumental contribution to the line broadening
was previously established for XRD patterns of standard
LaB¢ powder.

Initial profile matching (Le Bail fit) of the diffraction
pattern of HSA S-AlF;_(OH), using an isotropic model of
the size and strain line broadening did not gave satisfactory
results: cR, = 12.8%, cRy, = 15.7%, xz = 3.96%. One can
see in Figure 8 that the full width at half maximum (fwhm)
of some experimental peaks is smaller than the calculated
one, (002), whereas for other lines it is larger, (200), (130).
This hkl-dependent line broadening suggests some anisotropy
related to the sample intrinsic microstrains or crystallite
shape.

The following parts will be devoted to the analysis of the
anisotropic line broadening and microstructural effects in
HSA f-AlF;_,(OH),. Our approach was based on two
integral-breadth methods: Williamson—Hall*® and whole
pattern profile matching.

3.2.1.1. Williamson—Hall Approach. The Williamson—Hall
method is a good starting point of the microstructural

(26) Williamson, G. K.; Hall, W. H. Acta Metall. Sin. 1953, 1, 22.
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Figure 8. Initial profile matching of the diffraction pattern of HSA f3-AlF;_,(OH), using isotropic model. Experimental X-ray diffraction powder pattern (red
curve) compared to the Rietveld-refined profile (black curve) and the difference curve (blue curve). The vertical bars correspond to the positions of the Bragg

reflections. Inset: zoom on the (002) reflection line.

characterization because it allows one to identify the
relative contribution of each size or strain effects to the
broadening of the X-ray diffraction peaks. Here, a
simplifying assumption makes all diffraction peaks con-
sidered to be Lorentzian. In that case, the observed integral
breadth (Bo»s) can be adjusted for the instrumental
broadening contribution (fiys) by a simple substraction of
the latter so the sample intrinsic part is obtained: Ssmp =
Bobs — Pins- Moreover, femp is the sum of the size and the
strain broadening contributions through the following
relation: fsmp = A/(L cos 6) + 4(tan 6)e or Seump cos 6 =
A + B sin 0, where A = A/L and B = 4¢. So when a
diagram Smp cos 0 = f(sin ) is dressed for a number of
diffraction peaks, the average crystallite size [L[and
strains [é[Jcan be easily evaluated from the ordinate at
the origin A and the slope B, respectively.

A Williamson—Hall diagram for HSA [-AlF;_,(OH),
was dressed with selected peaks (Figure 9). We focused
our attention on the well-resolved lines that could be
suitably separated for an individual profile fit. Among
them are some of the most badly fitted ones by the
isotropic size and strain broadening model (Figure 8).
Despite the limited number of data for the Williamson—Hall
diagram, two series of points are distinguished, each one
being fitted with a linear regression. The first one is related
to (00/) line (or at least line /-index high toward & and k),
and the second one to the (hk0) lines. The two fits are
parallel, so one has to consider the strain-related contribu-
tion to the line broadening as being isotropic. On the other
hand, the plot gives good evidence for anisotropic size-
related broadening of the Bragg peaks. The large peaks
overlap in the diffraction pattern makes the (200) and (0k0)
lines absent from our Williamson—Hall diagram. So the
determination of the anisotropy direction is rather tricky
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Figure 9. Williamson—Hall plots of HSA f-AlF;_,(OH),.

with regard to the orthorhombic symmetry of the unit cell.
However, the (00/) lines being sharper, this is an indication
for a large domain size along the [001] direction. The
simplest shape model compatible with that observation is
a needle along the ¢ axis. The approximate values of the
limit dimensions deduced from the Williamson—Hall
diagram correspond to a [LOOILALLAkOOratio around 2.
3.2.1.2. Global Profile Refinement. This method offers
the possibility to get a much more fine analysis of the
microstructure and to calculate accurate values for the
microstrains and the crystallite size.?’” The peak profiles
are fitted using the pseudo-Voigt function of Thompson—
Cox—Hastings,”® which allows refining separately the an-
gular dependence of both Lorentzian (Hy) and Gaussian (Hg)
components of fwhm. So, for a given diffractometer with
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Figure 10. Final profile matching of the diffraction pattern of HSA f-AlF;-,(OH), using an anisotropic size model, i.e., platelet running in the b, ¢ plane.
Experimental X-ray diffraction powder pattern (red curve); Rietveld-refined profile (black curve), and difference curve (blue curve). The vertical bars correspond

to the positions of the Bragg reflections.

previously defined instrumental resolution function, the
sample contributions to the line profile are calculated as
follows

2 212 2 size_iso
HG - (Uslrain_iso + (1 - E) Dslrain_aniso)tg 0+ 2
cos” 0
size_iso size_aniso
HL = (Xstrainfiso + EDerainfaniso)tge + cos 0

Where Ustrain_iso, Xstrain_iso, Gsize_iso, and Ysize_iso are reﬁnable
parameters related to an isotropic strain and size broadening
effects, whereas Dgain aniso a0d Fiize anizo are analytical func-
tions for the hkl-dependent model. ¢ is a mixing coefficient
for the Lorentzian part of strains. The integral method is
finally applied to calculate apparent crystallite size and strains
in the sample.

The whole profile matching of the diffraction pattern of
HSA B-AlF;_(OH), was resumed using different anisotropic
size broadening models. The first to be applied was the
needlelike model, suggested by the Williamson—Hall analy-
sis, and it was not successful. Satisfactory refinement was
reached when using a platelet-shaped model with the short
dimension along the a axis (cR, = 7.8%, cRyp, = 9.7%, Xz
= 1.5%). The final fit is displayed in Figure 10. This result
is perfectly compatible with the Williamson—Hall plot
because it defines the largest values for the domain size along
the [00/], [0kO], and [0kI] directions. The calculated limit

(27) Rodriguez-Carvajal, J.; Roisnel, T. Line broadening analysis using
Fullprof: determination of microstructural properties. Proceedings if
the 8th European Powder Diffraction Conference, Uppsala, Sweden,
May 23—26, 2002; Trans Tech Publication: Zurich, Switzerland, 2002.

(28) Thompson, P.; Cox, D. E.; Hastings, J. B. J. Appl. Crystallogr. 1987,
20, 79.
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Figure 11. HRTEM image of an HSA f-AlF;_(OH), particle with [—723]
zone axis. The corresponding Fourier transform is given in the inset.

dimensions of the platelet crystallites are 8 nm along the a
axis and 34 nm in the b, ¢ plane. The average particle size
was 15 nm. The microstrains, for their part, were refined
within an isotropic model and the calculated average value
ise=22x10"".

3.2.1.3. Transmission Electron Microscopy. High-resolu-
tion transmission microscopy experiments were performed
on the HSA material, and Figure 1lillustrates a HRTEM
image of a particle typically observed during HRTEM
investigation. The corresponding Fourier transform per-
formed on the particle is shown on the inset of the Figure
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Table 3. Rietveld Refinement Results

sample cell parameters (A) Biso (Az) cRp (%) cRyp (%) RBragg (%) Xz (%)

HSA 6.9681(2) AP 0.79(3); F:0.83(3) 11 13.2 4.1 2.96
12.0360(3)
7.1434(1)

LSA 6.9494(4) AP 0.62(3); F:1.25(4) 22.6 24.2 8.8 3.85
12.0352(6)
7.1328(8)

Table 4. Comparison of Crystallographic Data of HSA and LSA f-AlF;_(OH), with Those of -AlF;

interatomic distances (A),

bond angles (deg) HSA-AIF;_(OH), LSA-AIF;_(OH), B-AlF;

A2—F1 2 x 1.857(12) 2 x 1.83(3) 2 x 1.800(1)
All/AI2-F2 4 x 1.77(3)/12 x 1.82(2) 4 x 1.81(8)/2 x 1.78(9) 4 % 1.801(1)/2 x 1.800(1)
All-F3 2 x 1.789(5) 2 x 1.787(6) 2 x 1.796(1)

ADR—F4 2 x 1.804(8) 2 x 1.803(9) 2 x 1.798(1)
AR-F1—-AI2 139.4(5) 143.7(12) 148.7

All-F2—All 151.9(11) 151.0(4) 148.3

All-F3—All 173.12) 172.3(3) 166.4

ADR-F4—AI2 163.8(4) 162.9(4) 165.5

11, and the zone axis particle has been indexed as [—723].
Because of the high 4 values and low k and [ ones, this
zone axis can be assimilated to [A00] type. This is
consistent with the model used for X-ray diffraction
analysis, i.e., a platelet model perpendicular to the a
direction. Finally, one should have to point out that the
particle size that can be associated to a (0k/) plane is in
the range of that determined by refinement, i.e., 13—-18 nm.

3.2.2. Probing the Anionic Environment by Rietveld
Refinement and NMR Spectroscopy: OH/F Ordering. As
previously quoted, the 8 phase adopts the Cmcm space
group,®® in which Al atoms occupy two crystallographic
sites All and Al2, in the 4b and 8d Wyckoff positions,
respectively. In addition to the different multiplicity, All
and Al2 also differ on the type of anionic environment.
All is surrounded by four F2 and two F4, whereas Al2 is
surrounded by two F3, two F1, and two F2, which link
both aluminum atoms. F3 and F4 fluorine atoms form the
four-membered rings, which are related to the building
unit presents in o-AlFs;, whereas F1 and F2 atoms
described the six-membered rings.

Crystalline structures of HSA and LSA j-AlF;_,(OH),
were refined by the Rietveld method. Some refinement
results are summarized in Table 3.

Interatomic Al—X (X = OH, F) distances found in
aluminum fluorides differ from those in hydroxyfluorides
phases: 1.797 and 1.842 A in a-AlF; and pyrochlore
AlF, 5(OH), s phases, re:sp<ictively.3a’3b

In an attempt to localize the hydroxyl groups inside
peculiar crystallographic sites of the HTB framework,
some refined interatomic distances and angles of HSA and
LSA f-AlF;_,(OH), are displayed in Table 4 and are
compared with those of the free-hydroxyl compound
[B-AlF;. Atomic positions are available in the Supporting
Information. In both samples, the two F3 and F4 anionic
crystallographic sites present interatomic distances in the
range of those found in 3-AlF;. These sites can thus be
considered as fully fluorinated. On the contrary, the large
estimated standard deviations observed for interatomic
distances relative to F1 and F2 sites show that the
structures should present a heterogeneity of distances,

31

which depends on the nature of the anion occupying these
sites. The long Al1—F1 distance found in the case of HSA
B-AlF;_,(OH), should account for the location of OH
groups in this site (Table 4). Therefore, in both samples,
sites FI and F2 can thus be considered as partially
hydroxylated. As explained previously, the presence of
hydroxyl groups tend to favor small Al—X—Al angles.
In both HSA and LSA $-AlF;-(OH),, the A12—F1—Al2
angle (Table 4) is smaller than those found in hydroxyl-
free §-AlF;, confirming the presence of OH groups in this
site. On the contrary, the All—F2—AIl2 angle is larger
than that found in 5-AlF;. This can be explained consider-
ing that the strain induced by the small AI2—FI1—AI2
angle should be compensated by the relaxation of the
All—F2—Al2 angle, because a decrease in both angles
should lead to the destabilization of the structure. Nev-
ertheless, the F2 site should probably contain fewer OH
species than the F1 one.

To probe the F/OH anionic repartition and the cationic
disorder, we have used '°F and >’Al MAS NMR spec-
troscopies for both LSA and HSA samples.

-140 -150 -160 -170 -180 -190 -200

¥ « LSA
I N ]

50 200 -250  -300

8iso (PPM)

50 -100

Figure 12. '°F MAS NMR spectra of LSA and HSA at 34 kHz. The star
symbols indicate the spinning sidebands.
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Figure 13. Central transition of the?” Al NMR spectra of the LSA sample
recorded at 7 and 17.6 T.

"F MAS NMR spectra of LSA and HSA, displayed in
Figure 12, show one broad peak. Despite the existence of
four different fluorine sites for each sample, the spectra
were reconstructed using three contributions whose char-
acteristics are gathered in the Supporting Information. The
widths of the resonances (2—6 kHz) mirror the chemical
shift distribution related to the disorder around fluorine
atoms in these compounds. The lowest Jj5, values may
be related to fluorine atoms in AlFs>~ octahedra (Jis ('°F
in a- and 8-AlF3;) = —172%°). As already observed,*>?°—¢
9F chemical shifts of octahedral aluminum environments
with oxygen and fluorine in the first coordination sphere
increase with the oxygen content. Despite identical
chemical formula for the two compounds, it can be noticed
that the 05, values increase from HSA to LSA sample
(Figure 12), which may indicate a more important OH/F
ratio in the LSA sample.

2’Al MAS NMR spectra of HSA and LSA materials
recorded at 7 and 17.6 T are shown in Figure 13. The full
spinning sideband manifold is featureless (Figure 14),
indicating a distribution of quadrupolar coupling constants
(QCCs) supported by the characteristic tail of the central
transition of the 7 T spectra (Figure 13). The high magnetic
field reduces the influence of the quadrupolar interaction
contribution to the spectrum, allowing resolution of 2TAl
resonances with close Jj, values. Deconvolution of both spectra
shown in Figure 14c for the LSA sample and in the Supporting
Information for the HSA sample is achieved with three Gaussian
lines (see Experimental Section) whose features are gathered
in Table 5. The chemical shifts range from —15.5 to —7.7
ppm, characteristic of a 6-fold coordinated aluminum ion. It

(29) Chupas, P. J.; Ciraolo, M. F.; Hanson, J. C.; Grey, C. P. J. Am. Chem.
Soc. 2001, 123, 1694.

(31) Simon, N.; Guillou, N.; Loiseau, T.; Taulelle, F.; Férey, G. J. Solid
State Chem. 1999, 147, 92.

(32) Fischer, L.; Harlé, V.; Kasztelan, S.; d’Espinose de la Caillerie, J.-B.
Solid State Nucl. Magn. Reson. 2000, 16, 85.

(33) Dumas, E.; Taulelle, F.; Férey, G. Solid State Sci. 2001, 3, 613.

(34) Zhou, B.; Sherriff, B. L.; Taulelle, F.; Wu, G. Can. Mineral. 2003, 1,
891.

(35) Chupas, P. J.; Grey, C. P. J. Catal. 2004, 224, 69.

(36) Kemnitz, E.; Grof, U.; Riidiger, St.; Scholz, G.; Heidemann, D.;
Troyanov, S. L; Morosov, I. V.; Lemée-Cailleau, M.-H. Solid State
Sci. 2006, 8, 1443.
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Figure 14. (a) Experimental®>” Al NMR spectra of LSA and HSA, recorded
at 17.6 T, at spinning rates of 32 and 30 kHz, respectively. (b) Central
transition of both compounds. The reconstruction of the central transition
of the LSA sample using three contributions is presented in (c).

can be reminded that pure aluminum fluorides, o- and
[B-AlF3, exhibit resonances at — 16 and — 15 ppm, respectively. >’
The appearance of peaks at higher chemical shifts is assigned
to the occurrence of oxygen in the vicinity of AI’"
ions.?>>%39-3273¢ For LSA and HSA -AlF;_(OH),, the vq,
values are higher than that of 3-AlIF; (132 kHz).?” Moreover,
the vq, values increase with the number of OH groups in
the vicinity of AI’** ions (Table 5), in agreement with a more
disordered environment. One can notice larger vq, values
for HSA. The higher surface area may give rise to more
distorted AlFs—(OH), octahedra.

As shown in Figure 14 and Table 5, the peaks at higher
chemical shifts have a higher relative intensity in the LSA
sample than in the HSA sample, in contradiction with the
proposed identical chemical formula. This discrepancy is
ascribed to the difficulty to accurately determine the OH/F
ratio in those compounds. To quantify the various possible
AlFs—(OH), environments, we considered three compositions
that remain within the uncertainty on compositions given
by chemical analyses: AlF;4(OH)o4, AlF,5(OH)ys, and
AlF; 4(OH)(6. On the basis of a random F/OH distribution
occurring on F1 and F2 sites, the various possible environ-
ments are AlF,F',_,(OH), with F = F3 or F4 and F' = F1
and/or F2 (Figure 1) whose probabilities of occurrence are
given for the three compositions in Table 6 taking into
account a binomial law. If we assume that AlFs and
AlFs(OH) species give rise to the main peak observed at
—15.5 ppm, the chemical composition of the HSA material
would be AlF;¢(OH)g4. This sample contains 82% AlFs and
AlFs5(OH), 16% AlF4(OH),, and 2% AlF;(OH); species. On
the other hand, for LSA compound, the chemical composition
AlIF,4(OH)o¢ gives the best agreement with the ?’Al NMR
line intensities (Table 5).

(37) Silly, G.; Legein, C. Buzaré, J.-Y.; Calvayrac, F. Solid State Nucl.
Magn. Reson. 2004, 25, 241.

(30) Taulelle, F.; Pruski, M.; Amoureux, J. P.; Lang, D.; Bailly, A
Huguenard, C.; Haouas, M.; Gérardin, C.; Loiseau, T.; Férey, G. J. Am.
Chem. Soc. 1999, 121, 12148.

(38) Zhou, B.; Sherriff, B. L.; Hartman, J. S.; Wu, G. Am. Mineral. 2007,
92, 34.

(39) Scheurell, K.; Scholz, G.; Kemnitz, E. J. Solid. State Chem. 2007,
180, 749.
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Table 5. Line Label, Isotropic Chemical Shift dis,, Quadrupolar Product vo, (kHz), and Relative Line Intensity (%) Deduced from the
Reconstruction of the?’” Al MAS NMR Spectra (see Experimental Section) of the LSA and HSA Samples, and Assignment of the?’” Al NMR

Lines
LSA HSA
line 1 2 3 1 2 3
Oiso (ppm) —15.5 —11.7 —=7.7 —15.5 —11.7 —9.5
oy 250 530 840 280 610 990
relative intensity 64 33 3 82 16 2
assignment AlFs and AlF5(OH) AlF4(OH), AlF3(OH); AlFs and AlF5(OH) AlF4(OH), AlF3(OH);

Table 6. Probability of Occurrence of the AlFs_(OH), species, Based on a OH/F Distribution on F1 and F2 sites, OH Content Being Equal in
Both All and Al2 sites

chemical composition P AlF¢ (%) AlFs(OH) (%) AlF4(OH), (%) AlF3(OH); (%) AlIF>(OH)4 (%)”
AlF;,6(OH)o.4 0.8 41 41 15 3 N
AlF, 5(OH)g 5 0.75 32 42 21 5 N
AlF,.4(OH)o6 0.7 24 41 26 8 1

“ Pg, probability of having a fluorine atom on F1/F2 sites. ® N, negligible.

This result supports the assumption deduced from the '°F method has revealed a platelet shape for the prepared
spectra for a higher OH/F ratio in the LSA sample. The crystallites. NMR spectroscopy has proved to be a powerful
higher number of OH groups in LSA f-AlF;_,(OH), may tool to probe and quantify the various AlF¢—(OH), environ-

explain the poor agreement factor (Rprage = 8.8%), the large ments. Furthermore, this technique supports the localization
estimated standard deviations observed for AI—F1/F2 dis- and the statistic distribution of the OH groups in F1 and F2
tances as well as the high thermal parameter (B, Table 3) sites and allows stating more precisely the chemical com-
found for the anionic sites. The *’Al NMR study thus positions. The presence of OH groups inside the HTB
confirms the localization and the statistic distribution of the network seems to strongly perturb the framework as revealed
OH groups in F1 and F2 sites. by the difficulty to get accurate Al—X distances. Finally,
FTIR spectroscopy has shown the presence of strong Lewis

Conclusion acid sites by NH3 adsorption. The acidic properties of the

nanosized f3-AlF;_,(OH), are currently studied by adsorption
of probe molecules (pyridine, CO, **Cl radiotracers) and will
be discussed in a forthcoming paper.*®

The synthesis of aluminum hydroxyfluorides derived from
[B-AlF; has been achieved using microwave-assisted synthe-
sis. The choice of the aluminum precursor, the solvents, and

the HF/Al molar ratio are essential in order to get nanosized Acknowledgment. We thank the EU for financial support

p-AlF;-(OH),. As far ?s the alu.minum. precursgr is con- through the 6th Framework Programme (FUNFLUOS, Contract
cerned, a secondary reaction occurring during the microwave- NMP3-CT-2004-5005575). Lydia Raison is gratefully acknowl-
assisted synthesis has been identified and involves the edged for performing EMPA analysis.

reduction of nitrate into ammonium groups coupled with the
oxidation of isopropanol. The HF content has been proved
to be decisive on the nature of the final allotropic forms.

Supporting Information Available: Atomic positions of LSA
and HSA; '°F MAS NMR experimental and calculated spectra of
LSA and HSA; '°F NMR spectrum reconstruction parameters; and

Three various structures can be stabilized corresponding to experimental and calculated central line of the 2’Al MAS NMR
pyrochlore, HTB, and o-ReO; networks, which will be spectra of LSA and HSA (PDF). This material is available free of
detailed in forthcoming papers. This opens a new pathway charge via the Internet at http://pubs.acs.org.

for the preparation of aluminum-based fluorides exhibiting CM702603B

high surface area, which in the case of the HTB phase has

been monitored as a function of the water/isopropanol (40) Dambournet, D.; Vimont, A.; Leclerc, H.; Lavalley, J. C.; Daturi, M.;
volume ratio. X—ray diffraction analysis using the Rietveld Durand, E.; Winfield, J. M.; Tressaud, A.; Demourgues, A. Submitted.
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B-AlF3.(OH) from powder X-ray Rietveld analysis

Atoms | Site X y z Biso
HSA cR=11%, CRp=13.2%, Ryags4.1%
All 4b 0 1/2 0 0.79(3)
Al2 8d 1/4 1/4 0 0.79(3)
F1 8f 0 0.200(3) | 0.532(4) | 0.83(3
F2 16h | 0.323(4) | 0.105(2) | 0.995(5)] 0.83(3)
F3 4c 0 0.509(7) | 1/4 0.83(3)
F4 8¢ 0.217(9) | 0.241(3) | 1/4 0.83(3
LSA cR,=22.6%, CRy=24.2%, Ryagi8.8%
All 4b 0 1/2 0 0.62(3)
Al2 8d 1/4 1/4 0 0.62(3)
F1 8f 0 0.203(7) | 0.51(2) 1.25(4)
F2 16h | 0.32(1) 0.108(8) | 0.98(1) 1.25(4)
F3 4c 0 0.510(8) | 1/4 1.25(4)
F4 8¢ 0.22(1) 0.236(4) | 1/4 1.25(4
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Figure 1. *F MAS NMR experimental and calculated spectra oAL& 34 kHz. The star symbols
indicate the spinning sidebands. The three indadidiontributions to the reconstructed spectrum are

shown.
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Figure 2. **F MAS NMR experimental and calculated spectra ofAHS 34 kHz. The star symbols
indicate the spinning sidebands. The three indadidiontributions to the reconstructed spectrum are

shown.
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Table 2. Samples and Isotropic Chemical Shifts (ppm), \Mvielths (ppm) and Relative Intensities (%)

as deduced frorffF NMR spectrum simulations.

Sample | & Width Intensity
-1744 | 7.6 14
LSA -168.7 | 10.5 24
-165.8 | 22.2 62
-173.5 | 8.2 28
HSA -167.6 | 21.6 59
-166.7 | 8.8 13
1 1
2 2
LSA HSA
3 3
Exp.
Cal.
C.T.
20 10 0 -10 20 -30 -40 20 10 0 -10 20 -30 -40
5o (PPM) Biso (PPM)

Figure 3. Experimental and calculated central line oftfid MAS NMR spectra of LSA and HSA. The
deconvolution, achieved using three contributidalkes into account the N = 0 band of both the lgatel

transitions <3/2> (S. T.) and the central transitd /2> (C. T.).

S4

37



Chapitre 2 : Stabilisation de plusieurs types stunaux de composés hydroxy-fluorés a base d’alumini

2.2 Structure et propriétés acides de I'hydroxyfluoure d’aluminium de

type pyrochlore a grande surface spécifique

Publication: Structural investigations and acidic propertieshoflh surface area pyrochlore
aluminium hydroxyfluoride, accepted in Journal cditetials Chemistry

Dans la premiére partie de chapitre, nous avonemeévidence les conditions expérimentales
permettant d’obtenir un hydroxyfluorure d’aluminitastructure de type bronze hexagonal de
tungstene. Dans cette continuité, nous reportomslaicsynthése de [I'’hydroxyfluorure
présentant une structure de type pyrochlore. Danmemier temps, la stratégie adoptée pour
optimiser la surface spécifique est suivie par wagactérisation structurale. Comme
précédemment, la spectroscopie RMN-MASF et ?’Al et la méthode de Rietveld seront
largement utilisées. La spectroscopie infrarougeaasformée de Fourier (FTIR) viendra
compléter I'étude structurale en apportant desrimédions sur les différentes conformations
de I'eau structurale et les groupements hydroxgeestructure. Enfin, les propriétés acides de

ce matériau ont été étudiées par adsorption dérdiffes molécules sondes.
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High surface area aluminium hydroxyfluoride exhibiting the pyrochlore-type structure has been synthesized
using microwave hydrothermal process. The optimization of the crystallite size and surface area of the
material has been performed by varying some synthesis parameters, i.e. the nature of the aluminium
precursor, the choice of solvents and the addition of a small amount of ether. The as-prepared solid contains
nanosized particles as calculated by XRD (average particle size: 12 nm) leading to a surface area around 140
m? g~ '. These results have been confirmed by TEM observations. The framework is built of AlF¢_x(OH)x
species which have been characterized and quantified by high field 2’A1 NMR. A random distribution of F
atoms and OH groups is evidenced to occur on the 48f sites. Inside the channels, water molecules interact
with the framework by hydrogen bonding either with fluoride ions or OH groups present in their vicinity.
The use of probe molecules has shown that the pyrochlore exhibits a Lewis acidity lying between that of ¥
-Aly03 and that of the strong Lewis acid P-AIF3 adopting the hexagonal tungsten bronze form. Surface OH
groups have been characterized by IR spectroscopy and exhibit weak Bronsted acidity.

Introduction

Microwave-assisted synthesis has been recently applied to the preparation of high surface area aluminium
hydroxyfluorides derived from B-AlF3!

(hexagonal tungsten bronze type structure: HTB). In this study, the variation of the synthesis parameters has
enabled monitoring both the surface area and the chemical composition. Furthermore, the [HF]/[Al]
precursor molar ratio has been proved to play a decisive role in the stabilization of the final form. It is
well-known that the chemical composition strongly governs the intrinsic properties of a solid. The control of
the OH : F molar ratio enables various structural features to be obtained with different acidic properties
which could play a key role in acid catalysis. Aluminium-based fluorides and hydroxyfluorides are indeed
interesting materials in numerous catalytic reactions such as halogen exchange reactions,? alkylation

reactions® or Friedel-Crafts acylation.‘l
In order to modify the Lewis/Brensted acidic properties of the Al-F systems, the present work is focused

39
26/03/2008 13:53



Structural investigations and acidic properties of high surface area pyr... http://www.rsc.org/delivery/_articlelinking/articlelinking.cfm?journal...

2 sur 18

on the synthesis and characterization of the hydroxyfluoride phase AlF3—x(OH)y exhibiting the cubic
pyrochlore framework. This compound exists in both hydrated and anhydrous forms whose structures have
been solved by Fourquet et al.2 The network consists of corner sharing AI(F,OH)s octahedra forming a
three-dimensional channel system (Fig. 1), where structural water molecules are located inside the tunnels.

The phase was first prepared according to the method described by Cowley and Scott.® In this route,
solutions containing aluminium fluoride and aluminium sulfate react at basic pH by addition of ammonia.
The corresponding reaction is given by the equation:

Alx(SO4)3 + 2 AlF3 + 6 NH4OH + H,O — 2 Alx[(OH)o 5F0.5]6.H2O + 3 (NH4)2SO4

T 94 ¥

Fig. 1 The pyrochlore network: view along the [110]
direction.

A simple method was reported by Hess et al.” which consists of reacting aluminium acetate
[AI(CH3COO),0H)] in an aqueous HF solution. However, the resulting material exhibits a low surface area (

~15 m? g 1. Furthermore, pyrochlore has been obtained by fluorination of Y-Al,O3 using pure F; gas at

room temperature.§

Contrary to other Al-based fluoride forms which require the degradation of a precursor, the pyrochlore phase
can be easily obtained. Hydroxyl groups are assumed to play a key role in this stabilization. The occurrence
of hydroxyl groups has been proved to favour small AI-X—Al (X = F, OH) angles'? typically found in the
pyrochlore-type structure and directly related to chemical bonding polarization and enhancement of Al-Al
interactions. The stabilization of a hydroxyl-rich aluminium fluoride thus ensures tuning of the acidic
properties as compared to aluminium fluorides.

The present work focuses on the characterization of the cubic pyrochlore phase with high surface area
prepared by microwave-assisted synthesis. In a first step, the structural features of the prepared material have
been thoroughly investigated using X-ray powder diffraction, chemical and thermal analyses, TEM, FTIR

and 'H, '°F and >’Al NMR spectroscopies. Finally, the surface acidic properties have been investigated
through the use of FTIR spectra of adsorbed probe molecules.

Experimental

Preparation of the high surface area pyrochlore phase

Syntheses were performed using a MARS-5 Microwave Digestion System (CEM Corp.) which enables
control of both the temperature and pressure. First, a precursor solution was prepared as follows: 20 mmol of
AI(IIT) isopropoxide (Sigma-Aldrich: 97%) was added to 17 ml of isopropanol (98%, Sigma-Aldrich). An
[HF]/[Al] precursor molar ratio equal to 2 was then prepared using an aqueous solution of HF (Panreac,
40%). Finally, 5 ml of ether and 17 ml of distilled water were added to the mixture. The solution was placed
in a closed Teflon container for microwave hydrothermal synthesis (XP-1500 plus model). In the first step, a
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temperature of 473 K was rapidly reached by keeping the microwave power irradiation at 300 W (100%).
Thereafter, the temperature was kept at 433 K for one hour. Powder was recovered after microwave-assisted
drying performed under primary vacuum and argon flow at 363 K for 20 min. The sample was washed with a
large amount of ethanol under nitrogen pressure. Finally, the powder was outgassed at 573 K (5 Kmin ') for
four hours under vacuum.

Elemental analysis

Fluorine and aluminium contents were quantified using two methods: (i) electron probe micro-analysis
(Castaing microprobe CECAMA SX 630 apparatus by Wavelength Dispersive Spectrometry) and chemical
elemental analysis at the CNRS Central Service of Analysis, i.e. F~ titration with specific electrode and Al**
determination by Inductively Coupled Plasma Mass Spectrometry (ICPMS).

Thermogravimetric analysis

The thermal behaviour was studied by simultaneously coupled TA-MS measurements. A NETZSCH
thermoanalyzer STA 409 C, equipped with a BALZERS QMG 421, was used to record the thermoanalytical
curves (T, DTA, TG, DTG) together with the ionic current (IC) curves in the multiple ion detection (MID)

mode. A constant purge gas flow of 70 ml min~! nitrogen (MESSER-GRIESHEIM 5.0) and a constant

1

heating rate of 10 K min ~ were applied.

X-Ray diffraction analysis

A PANalytical X'Pert Pro diffractometer in a Bragg—Brentano geometry (#—2¢) with a
graphite-monochromated Cu Ka radiation (Ka1 = 1.54051 A) was used for recording the powder diffraction
patterns. The investigated 26

range was 10—110°, with steps of 0.017°. Refinements were carried using the FULLPROF program.

Surface area measurements

The specific surface areas were measured at 77 K using an ASAP 2000 instrument from Micromeritics. A
mass of around 200 mg of the sample was evacuated overnight at 573 K under 0.1 Pa prior to each

measurement. Estimated standard deviations (e.s.d.) have been calculated for surface areas larger than 30 m?
g71 and are equal to 5 m? gfl.

Transmission electron microscopy

Transmission Electron Microscopy (TEM) was performed on a TECNAI F20 equipment with a field
emissive gun, operating at 200 kV and with a point resolution of 0.24 nm. TEM samples were prepared by
dispersing a few milligrams of powder in ethanol. The solution was then dipped for ten minutes into an
ultrasonic bath in order to disagglomerate powder particles. One drop of the solution was finally deposited
on a Formvar/Carbon copper grid.

FTIR spectroscopy

Infrared transmission spectra were recorded on self-supported discs (2 cm?, ~20 mg) which were placed into
an infrared quartz cell (KBr windows) connected to a vacuum line. Samples were activated under vacuum at
573 K overnight. The IR spectrometer was a Nicolet Nexus apparatus equipped with an extended KBr beam
splitter and a mercury cadmium telluride (MCT) detector (resolution: 4 cm ). Probe molecules were
introduced into the cell via

the vacuum line. After activation, the acidity of the materials was studied by IR spectroscopy, using adsorbed
pyridine and CD3CN as spectroscopic probe molecules. Pyridine and CD3CN (Aldrich, 99+% grade) were
dried on molecular sieves prior to their use. These probes were introduced at equilibrium pressure (133 Pa)
and the adsorbed probe molecule was evacuated under vacuum at increasing temperatures.

NMR spectroscopy

27
Al(l
= 5/2) Magic Angle Spinning (MAS) NMR spectra were recorded using a 2.5 mm CP MAS probe at a
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spinning speed of 30 kHz on an Avance 750 Bruker spectrometer (Bo = 17.6 T) operating at a >’ Al Larmor
frequency of 195.5 MHz. A short pulse length of 1 us was used to ensure quantitative excitation of the whole
spin system. The recycle delay was set to 1 s and 4096 fids were accumulated. The 2’Al spectra was
referenced to a 1 M aqueous solution of AI(NO3)3. A two-dimensional one pulse! =13 (TOP) spectrum was
constructed by stacking sub-spectra shifted by the spinning frequency from the 1D MAS NMR spectra. A
Multiple Quantum-MAS%:13 (MQ-MAS) spectrum was recorded using the three-pulse z-filter experiment.1®
Pulse duration to create the triple quantum and the conversion were respectively taken to 4 and 2 ps. The
selective pulse duration after the z-filter was 5.5 ps. The experiment was synchronised with the spinning rate
(30 kHz). Signal acquisition was done using the STATES procedure.lZ A two-dimensional Fourier
transformation followed by a shearing transformation!® gave a pure absorption two-dimensional spectrum.

Quantitative reconstruction2=22 of the central lines of the conventional 2’Al 1D NMR spectra was achieved

taking into account the N = 0 spinning sideband of the satellite transitions ¢3/2% and the N = 0 spinning
sideband of the central transition 71/27 which completely overlap. For each 2’ Al NMR site, the isotropic
chemical shift Fjso and the quadrupolar product vqw were calculated by comparison of the centre of gravity &
CSB/ 23 of the Al satellite sidebands with that of the central transition Kcs?l/ 2‘, through the following equation:

I(I+1)-3-9m(m-1
o :rwsw-q-;jhl[ 740} f"{"’ ﬂm*'
' 30w,

where | = 5/2 in the case of 2’Al, wo = 195.5 MHz (for the 17.6 T spectrometer) and
M+ o

Vo = L't.='1..| 3

21

The 'F and "H Hahn echo MAS NMR spectra were acquired on an Avance 300 Bruker spectrometer (By
=7 T), using a 2.5 mm !°F optimized CP MAS probe, operating at a Larmor frequency of 282.2 MHz and
300 MHz for '°F and 'H, respectively. The 90° pulse durations were set to 4 ps (RF field 60 kHz) and 2.5 ps
(RF field 100 kHz) for '°F and 'H, respectively, with an inter-pulse delay equal to one rotor period. The
recycle delays were taken to 10 s and 1 s for '°F and 'H, respectively. The '°F chemical shifts were
referenced to CFCl3 at 0 ppm. The 'H chemical shifts were referenced to 'H in TMS at 0 ppm. The spectra

were reconstructed using DMFIT software.2

Results and discussion

Structural features of the aluminium hydroxyfluoride with the pyrochlore-type structure

Strategy for preparing a high surface area material. As already reported, the [HF]/[Al] molar ratio was
proved to play a key role in the stabilization of the final aluminium hydroxyfluoride form. The
pyrochlore-type structure was obtained using an [HF]/[Al] precursor molar ratio equal to 2 in a
water—isopropanol solution. In the course of obtaining nanosized particles, the effect of the synthesis
parameters on the surface area was investigated. The various conditions used and the corresponding
measured surface areas are summarized in Table 1.

Table 1
Synthesis conditions and surface area of pyrochlore phases obtained by microwave-assisted synthesis
performed at 160 °C for 1 h. The starting [HF]/[Al] molar ratio is equal to 2

A precursor Solvents used and volume ratio Surface area/m’ g !
Nitrate Isopropanol-Water: 1 : 1 6
Isopropoxyde Isopropanol-Water: 1 : 1 77
Isopropoxyde Isopropanol-Water—Ether: 1 : 1: 0.3 137
42
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Powder X-ray diffraction patterns of the as-prepared samples are presented in Fig. 2. At first, the use of
nitrate as aluminium precursors leads to a very well crystallized material as proved by the corresponding
powder X-ray diffraction pattern (Fig. 2a). Consequently, the specific surface area is very low, i.e. 6 m®> g~'.
The effect of the nature of the aluminium precursor has then been investigated using isopropoxyde. The
surface area largely increases from 6 to 77 m? g !. The effect of isopropoxide was therefore suggested to
reduce the crystallization growth by limiting the kinetics of fluorination. Steric hindrance induced by the size
of the precursor should limit the strong reactivity of fluorine.

20(°)
Fig. 2 X-Ray powder diffraction patterns of the
pyrochlore phases prepared using (a) aluminium
nitrate, S =6 m? g !, (b) aluminium isopropoxyde, S
=77 m? g~ and (c) aluminium isopropoxide with the
addition of a small amount ether, S = 137 m? g71
(asterisks denote sample holder).

After having highlighted the effect of the nature of the aluminium precursor on the morphology, the
solvents used during the synthesis process have been considered in a second time. Recently, a non aqueous
sol—gel fluorination procedure has been developed by Kemnitz et al.24 for the synthesis of high surface X-ray
amorphous aluminium alkoxy-fluorides. In this study, the use of aqueous hydrofluoric acid was replaced by
dissolving gaseous anhydrous HF in an organic solvent, i.e. ether or alcohol. The use of ether appears
particularly interesting since the protonation of Et,O by HF led to the formation of oxonium ions in
anhydrous HF .22
Such ionic species should probably exist in the present medium containing a large content of organics and
then should limit the fluoride ions’ reactivity, i.e. the crystallization growth. Following these considerations,
a small amount of ether was therefore introduced into the synthesis mixture, resulting in a jump of the
surface area from 77 to 137 m?> g~ (Table 1). The obtained material is mesoporous exhibiting a type IV
1sotherm.

Structural investigations. Chemical composition and thermal analysis. The two different elemental
analysis methods both led to a final F/Al molar ratio equal to 1.8 (£0.1). NMR spectroscopy has been
previously used to accurately determine the chemical composition of B-AIF3_x(OH)y.! The same approach
will be used and presented later. The content of the hydroxyl groups was deduced from the electro-neutrality
principle leading to the corresponding chemical formula: AlF; g(OH); 2:-nH»0. Thermogravimetric
measurements were coupled with a mass spectrometer in order to follow the dehydration process (Fig. 3).
Three events can be noticed at 473, 613 and 693 K, through the ionic curve of the m/z = 18 (HO" fragment).
Their origin will be specified in the investigation of the infrared spectra of non-activated and activated
samples (see below).
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Fig. 3 Thermal analysis of the pyrochlore
AlF1 3(OH)1 2-nH>0 and mass spectrometry analysis
(m/z =18).

X-Ray powder diffraction.
The pyrochlore-type structure of the high surface area sample was confirmed by X-ray diffraction analysis by
comparison with the JCPDS-ICDD file No. 78-2259. Due to constrains induced by the nanometric size of the

particles, the structural features of the sample were investigated through Rietveld refinement (Fig. 4).
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Fig. 4 Rietveld refinements of the experimental

X-ray powder diffraction pattern of the pyrochlore

phase AlF; g(OH) 2-0.3H20 (dotted curve) compared

to the Rietveld-refined profile and the difference

curve (below). The vertical bars correspond to the

positions of the Bragg reflections.

Profile matching was performed using the Thompson—Cox—Hastings function?® which takes into account
the microstructural properties (coherent domains and micro-strains Ad/d) of the solid. In spite of a
dehydration step performed at 573 K for 4 h, a better Rietveld convergence was reached by introducing into
the calculation the presence of structural water (Oy) in the tunnels. The refinement of the corresponding
occupancy rate led to 0.3 H2O. The pyrochlore AlF; g(OH); 2:0.3 H»O crystallizes in the cubic symmetry (Fd
3m space group, Z = 1), with a=9.7309(1) A. Final agreement factors are good with CRp = 8%, CRwp = 9.2%
and Rpragg = 1.9%. The corresponding crystallographic data are summarized in Table 2.

Table 2 Crystallographic data of the refined pyrochlore phase AlF; 3(OH); 2:0.3H20 (Oy, is oxygen
belonging to water molecules)

Atom Site X y z Biso/A? Occupancy (%)

Al l16¢ 0 0 0 0.78(2) 100

a4
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Atom Site X y z Biso/A Occupancy (%)
F 48f 0.3124(2) 0.125 0.125 1.12(2) 100

Ow 8b 0.375 0.375 0.375 3.18(8) 58.0(3)
Structural data (FdZm) Reliability factors
Al—(O,F) distance 1.824(1) A CRp =8%

Ow—(O,F) distance 3.042 A

Unit cell constant 9.7309(1) A CRwp =9.2%

Al-F-Al angle 141.12(6)° RBrage = 1.9%

The calculated average size particle equals 12 nm and the average micro-strain (Ad/d) value is (=} =2.7 x

1073. The transmission electron micrograph displayed in Fig. 5. A shows that the solid consists of
agglomerates built of nanoparticles. The HRTEM image (Fig 5B) illustrates an isolated nano-crystallite in
good agreement with XRD data analysis (crystallite size and inter-reticular distances). One can notice the
occurrence of an amorphous zone located at the outer edge of the crystallite arising from either partial
decomposition induced by the dehydration step or by evolution of the particle under the electron beam.

45
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Fig. 5 Transmission electron micrograph of
agglomerate particles (A) and HRTEM of isolated
crystallite (B).

" Characterization of OH groups and structural water. Hydroxyl groups as well as structural water were

characterized using FTIR and "H MAS NMR spectroscopies. First, IR spectra were recorded under air and
after activation overnight at 573 K. The corresponding IR spectra are displayed in Fig. 6. Most bands are

sensitive to the activation step. At first, the broad band detected between 2800 and 3500 cm ™! accounts for
the presence of hydrogen bonds which disappear after activation. The occurrence of bands at wavenumbers

higher than 5200 cm ! (inset A) unambiguously reveals the presence of water through the combination v + &
(H20) mode. The bending mode of water species is located around 1600-1650 cm™!. Two bands are
observed for this mode at 1605 and 1645 cm™!

and the corresponding combination bands are detected at 5241 and 5275 cm !, respectively. Each &(H,0)
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component at 1645 cm ! and the lowest one at 1605 cm™
and acceptors of hydrogen bonds, respectively.

http://www.rsc.org/delivery/_articlelinking/articlelinking.cfm?journal...
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band indicates the occurrence of one type of water configuration. According to Burneau et al.,2’ the highest
are ascribed to water molecules which are donors
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Fig. 6 IR spectra of the pyrochlore phase recorded (a)
under air and (b) after activation at 573 K.

These water configurations can be rationalized on the basis of the anionic environments of these water
molecules. The negative charge on fluoride ions (compared with that on the free electron pairs of oxygen in
the water molecule) is more likely to form species A (scheme 1) in which F plays the role of a hydrogen
acceptor and water is the donor, whereas species B is expected when acidic hydroxyl groups interact with
water. These water molecules are incorporated into the channel of the solid during the synthesis step and are
not located on the outer surface of the material. It is likely that such water molecules can interact with several
sites of the framework.

0 H‘“‘c ]’H
g H v
INZRY A~ O~al
H-donor H-aeceplor
Species A Species B

Scheme 1 Possible configurations of water
molecules.

After activation, two very intense bands are clearly observed at 1100 and 3673 cm™! with a shoulder at
3720 cm™ ! (Fig. 6, inset C). According to Vimont et al.,28 the two bands at lower wavenumbers can be
ascribed to the deformation (OH) and stretching v(OH) modes of isolated bridged Al-OH groups,
respectively. The corresponding combination band is detected at 4745 cm™'. However, under air three bands
are detected in this range, i.e. at 4558, 4670 and 4745 cm ! (Fig. 6, inset B). After activation, the band at
4745 cm™!
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increases whereas the two others disappear. Therefore, it can be deduced that a part of the bridged AI-OH
group does not interact with water in the non-activated solid; this assumption is confirmed by the presence of
a weak band at 1100 cm ™' (Fig. 6a). The bands at 4558 and 4670 cm ™! account for perturbed OH groups, i.e.
by water molecules or neighbouring OH groups. Moreover, activation also leads to the disappearance of two
bands at 1200 and 1255 cm™ ! whereas the 8(OH) at 1100 cm ! increases significantly. Perturbed hydroxyl
groups are therefore characterized by &(OH) at 1200 and 1255 cm™ ! and v + &(OH) at 4558 and 4670 cm ™.
Since the disappearance of the perturbed &
(OH) bands occurs simultaneously with the disappearance of water, it confirms that OH groups are H-bonded
with water. This structural water desorption requires a relatively high temperature because of the diffusion
limitation which explains the weak desorption peak at about 613 K. The low temperature peak (473 K) rather
corresponds to water desorption from the outer surface of pyrochlore. The final event located at 693 K is
ascribed to the dehydroxylation process (Fig. 3).

The '"H MAS NMR spectrum of pyrochlore AlF; §(OH);2-0.3H>0 is displayed in Fig. 7.

25 20 15 10 5 0 5 10 -5
'H frequency (ppm)
Fig. 7 'H MAS NMR spectrum of pyrochlore
AlF13(OH)12:0.3H,0 at 34 kHz.

According to the chemical formula of the compound, two contributions of 67% ('H from hydroxyl

groups) and 33% ('H from water) are expected. However the spectrum is not resolved enough for them to be
distinguished. The isotropic chemical shifts range from 0 to 10 ppm, which are in agreement with structural
water (4—6 ppm) and OH groups where hydrogen atoms are involved in H-bonds. This supports the results
from IR spectra in which the occurrence of hydrogen bonds is revealed through the broad band located at

2800-3500 cm™ !, as well as perturbed bands. 'H chemical shifts of oxygen-bonded hydrogen depend linearly
on the O-H---O distance, a pointer of the H-bond strength, following the relation:2
9.05 - &_ (ppm)

0.255

(-0 (pm) = )

The O,F--Oy, distance determined by Rietveld analysis, i.e. 3.042 A, gives a &iso value of 1.5 ppm. The
large Aiso range (0—10 ppm) may indicate a distribution of O--- Oy, distances correlated to the distribution of O
and F atoms on the 48f site. Moreover, the average O--- Oy, distance seems shorter than the one determined
from Rietveld analysis. The v(OH) band of isolated hydroxyl groups observed in the IR spectrum at 3673
cm ! can be ascribed to non H-bonded hydroxyl groups and be related to the low frequency part of the 'H
NMR spectrum.

Aluminium and fluorine environments: %Al and *°F NMR spectroscopy. In order to probe the F/OH anionic
repartition and the cationic disorder, '°F and >’Al MAS NMR spectroscopies have been used.
The °F MAS NMR spectrum of pyrochlore AlF; §(OH);2:0.3 H>O, displayed in Fig. 8, shows one broad
peak which can be reconstructed with a single line at diso = —161.2 ppm.
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Fig. 8 IF MAS NMR spectra of pyrochlore
AlF; 3§(OH)1 2-0.3H,0 and ﬁ-AlF2.6(OH)0.4 at 34
kHz. The asterisks indicate the spinning sidebands.

The width of the resonance (5.3 kHz) mirrors the chemical shift distribution related to the disorder around
fluorine atoms in this compound. As illustrated in Fig. 8 in which the spectrum of |3—A1F2,6(OH)0,4l is also

displayed, and as already observed,23%>7 19F chemical shifts of octahedral aluminium environments with
oxygen and fluorine in the first coordination sphere increase with oxygen content.

The central transition of the 2’Al MAS NMR spectrum of the pyrochlore AlF| §(OH);2:0.3 H>O recorded
at 17.6 T is shown in Fig. 9a. Resonances are located in three distinct regions: —20 to 0 ppm and tiny
amounts at 20—40 ppm and 50—70 ppm (Table 3).

Table 3 Line label, isotropic chemical shift Jiso, quadrupolar product vy, relative line intensity and [1A1
relative intensity deduced from the reconstruction of the 2?Al MAS NMR spectrum (see Experimental
Section) of the pyrochlore AlF; g(OH); 2:0.3H20. Assignment of the 27AI NMR lines

Bisod vQn Line intensity [6]A relative intensity

Line (+0.5)/ppm (£5)/kHz (+0.5)/% (%) Assignment

1 -125 345 46.4 473 AlFs, AlF5(OH) and
AlF4(OH),

2 87 540 32.7 33.4 AlF3(OH)3

3 42 625 15.2 15.5 AlF2(OH)4

4 1.8 505 3.8 3.9 AlF(OH)s

a 309 0.6 — [51A1

b  56.1 1.3 — [41A]

c 64.6 1.3 — [41A]

a
For [*1A] and SJAI NMR lines: peak maxima.
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Fig. 9 (a) Central transition of the one pulse 2’Al
MAS (30 kHz) spectrum of the HTB AlF; ¢(OH) 4

(in green) and one pulse 2’Al MAS (30 kHz)
spectrum of the pyrochlore AlF; §(OH);2:0.3H,0 (in
blue) with an extension of the high frequency sites.
(b) 3Q-MAS spectrum. (¢) 2D TOP spectrum. The N
= () cross-section shows the central transition
spectrum and the N # 0 sum is the satellite transition
spectrum showing enhanced resolution.

An important and well-known feature of 2’ Al solid-state NMR is the dependence of the isotropic chemical
shift on local Al coordination: AlO4 (~-80 to 45 ppm), AlOs (~52 to 14 ppm) and AlOg (~20 to —20
ppm).28:32 Therefore lines b and ¢ can be assigned to 4-fold coordinated aluminium: (Al The occurrence of
fluorine in the vicinity of aluminium shifts the &5, to lower values, 1:2:30:32-37.40.41 [ 1o o may be thus
assigned to AlQOj4 species, line b to AlO4—Fy species and line a to 5-fold coordinated Al site: [SIAL The
presence of these species suggests that the pyrochlore has begun to decompose during the outgassing step. It
should be noted that the broadening of lines a, b and c characterizes disordered sites. These lines have been
reconstructed using Gaussian profiles on the full projection of the TOP spectrum (see ESIt) in order to get an
estimation of the proportion of I and BJA1 (Table 3). This very small amount of decomposition products
may be amorphous which explains why they were not detected by X-ray powder diffraction.

The main resonance (—20 to 0 ppm) is obviously assigned to a 6-fold coordinated Al site: AL The full
spinning sideband manifold is featureless, indicating a distribution of quadrupolar coupling constants
(QCCs) supported by the characteristic tail of the central transition of the 7 T spectrum (see ESIt). The high
magnetic field reduces the influence of the quadrupolar interaction contribution to the spectrum, improving
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the resolution of the 2’ Al resonances with close s, values. Four contributions are distinguished (Fig. 9a) on
the main resonance of the central transition. A better resolution of these poorly resolved contributions could

be obtained by 2’Al 3Q-MAS experiment. The two-dimensional MQ-MAS spectrum correlates an isotropic
dimension (F1 vertical axis) to the usual MAS dimension (horizontal axis). The spectrum (Fig. 9b) evidences
four lines. Another way to increase resolution and avoid a too long experimental time is to construct a TOP
(two-dimensional one pulse) spectrum-—13

from a conventional 1D MAS spectrum. The TOP spectrum evidences the well-known narrowing of the inner

satellite transition line width:#2=%* when the components are not well resolved on the N = 0 cross-section, the
projection over the satellite transitions (N # 0) shows a much better resolution of the four contributions (Fig.
9¢). In the present case, the 3Q-MAS experiment does not improve the resolution compared to the TOP
procedure. Deconvolution of the 1D MAS NMR spectra shown on ESI? is achieved with four Gaussian lines
(see Experimental Section) whose features are gathered in Table 3. The chemical shifts range from —12.5 to
1.8 ppm. It can be reminded that pure aluminium fluorides, - and B-AlF3, exhibit resonances at —16 and —15

ppm, respectively,2*:42 and those of B-AlIF, 6(OH)o.4 (Fig. 9a) range from —15.5 to —9.5 ppm.! The higher
chemical shift values in the pyrochlore AlF; §(OH);2:0.3 H>O are in agreement with a higher OH/Al ratio. In

order to assign the 2?A1 NMR lines and to quantify the various possible AIFsx(OH)x environments, we have
considered three compositions that remain within the average compositions given by chemical analyses:
AlF7(OH);.3-nH>0, AlF{ 8(OH)1 2-nH20 and AlF;.9(OH);.1-nH,O. Based on a random F/OH distribution
occurring in the 48f sites, the occurrence probabilities of the possible environments are given for the three
compositions in Table 4.

Table 4 Occurrence probabilities of the AlF¢x(OH)x species (%) based on an OH/F distribution in 48f sites

Chemical composition AlF17(OH)1 3 AlF; 3(OH)1 2 AlF19(OH)1.1
AlFg 33 4.7 6.5
AIF5(OH) 15.2 18.7 2.4
AIF4(OH), 29.0 31.1 324
AIF3(OH)3 29.6 27.6 25.0
AIF>(OH)4 17.0 13.8 10.9
AIF(OH)s 52 3.7 25

Al(OH)4 0.7 0.4 0.2

The best agreement between experimental relative line intensities and calculated probabilities is obtained
with the chemical composition AlF; 7(OH); 3-0.3 H2O, assuming that AlFs, AlFs(OH) and AlF4(OH)>
species give rise to the main peak observed at Aiso = —12.5 ppm and assigning the three remaining lines at &
iso="—8.7, 4.2 and 1.8 ppm to AlF3(OH)3, AlF2(OH)4 and AIF(OH)s species, respectively (Table 3). This
result appears to confirm the statistical repartition of the fluoride and hydroxyl anions in the 48f site and is in
good agreement with the analytical data and X-ray diffraction refinement data. It should be noted that in the

HTB phases, the 45, values of AlFg and AIF5(OH) (—=15.5 ppm), AlF4(OH); (—11.7 ppm) and AIF3(OH)3

(—7.7 and —9.5 ppm depending on the sample) species! are close to those found for similar species in

pyrochlore. The v values range from 345 to 625 kHz (Table 3) and are close to those encountered in P
-AlF2,6(OH)o 4.*

Investigation of the pyrochlore acidic properties

FTIR spectroscopy was used to probe the acidic surface properties using adsorption and temperature
desorption of probe molecules. The choice of probe molecule depends on the nature of the acidity present at

the surface of the material 2® Pyridine and CD3;CN allow one to access both type of acidity (Lewis and
Brensted) and therefore were used in the present study.

Adsorption of CD3CN. Fig. 10 presents the IR spectra of CD3CN adsorbed on the surface of the
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pyrochlore previously activated at 573 K.

3720
W | 0.2 ||:|1|]
9325
(a) h~—_mLH,qq“H___fﬂ4
2278
(b)
3350 ©

e ()

1 | | 1 | | I 1 ]l
EE;IIEI 3J!I~III 3’2IEI|:I 3I.'.;J:II.'.I EBrEIEI 23|5EI ?éIII EED EEIEIEI
(cm) (em?)
Fig. 10 IR spectra of CD3CN adsorbed on the
pyrochlore surface previously activated at 573 K (a),
after introduction of an equilibrium pressure of
CD3CN (665 Pa) (b) and then evacuation under

secondary vacuum at room temperature (c).

The use of such a molecule enables us to get information on the strength of Lewis acid sites through the
position of the v(C=N) band which is generally located in the 2300-2350 cm ! range.“—7 At lower
wavenumbers, a band around 2265 cm !
is due to physisorbed species whereas hydrogen-bonded species are characterized by the v(CN) band at 2278
cm . The latter is clearly observed in the spectrum recorded under an equilibrium pressure of CD3CN (665
Pa) (Fig. 10b) but disappears after evacuation at room temperature. Such H-bonded species formation
involves surface hydroxyl groups since their formation occurs at the expense of the OH groups characterized
by the v(OH) band at 3720 cm™'. By contrast, no shoulder at wavenumbers higher than 1100 cm ™ is noted,
showing that structural OH groups are not affected by the CD3CN adsorption.

As reported in the case of the HTB form B-AlF3-x(OH)x, 228 the +(OH) band of structural OH groups
(3673 cm™ ) is located at a lower wavenumber than the one of surface OH groups (3720 cm™ ), due to
confinement effects. The Bronsted acidity of the perturbed OH groups can be estimated through the
wavenumber of the perturbed v(OH) band (Fig. 10 spectra a and b) at 3350 cm ™' [Av(OH) shift is equal to
370 cm™': 3720 — 3350]. Such a shift is similar to that reported for silanol groups of silicalite,*® showing that
pyrochlore compounds present some low acidic surface OH groups. However, this does not exclude the
presence of a low number of stronger Bronsted acid sites since the perturbed v(OH) band at 3350 cm ™! is
quite broad.

The wavenumber of the v(CN) band ascribed to coordinated CD3CN sites at 2325 cm ! is indicative of
the strength of the Lewis acid sites, i.e.
the higher the wavenumber, the higher the strength of the Lewis acidity. For comparison, this band is
observed under the same experimental conditions at 2320 cm™ ! on ¥-Al,03*2 and 2329 cm ™! on B
-AlF,60H)g.4>°
This shows that the Lewis acidity displayed by the pyrochlore is intermediate between that of ¥-Al,O3
(strong) and B-AIF3 (very strong).

“Adsorption of pyridine. Fig. 11
presents the subtracted spectra recorded after introduction of pyridine into the cell (133 Pa) followed by
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evacuation at increasing temperatures. After pyridine evacuation at room temperature, a weak v8a band at
1600 cm ™!

characterizes the formation of H-bonded species which are desorbed by evacuation at 373 K. A very weak
band is also observed at 1540 cm !, a wavenumber characteristic of pyridinium species revealing the
occurrence of a very small number of strong Brensted acid sites. As in the case of CD3CN adsorption, the &
(OH) band at 1100 cm™

is not affected by pyridine introduction, showing that structural OH groups are not accessible to this probe.

By contrast, the 3720 cm !

band is totally perturbed after pyridine evacuation at room temperature and is only partially recovered after
outgassing at higher temperature. This shows that surface OH groups are involved in both H-bonded and
protonated pyridinium species. However, pyridine coordination can also perturb OH groups in the
neighbourhood by indirect interaction as shown on silica—alumina samples>! which explains that the 3720

cm ! band is not completely restored after pyridine evacuation at 573 K.
1451

0.05

3720

3800 3400 3000 2600 1700 1600 1500
(cm) (crr?)
Fig. 11 IR difference spectra (blank subtracted) of
adsorbed pyridine after activation at 573K. IR spectra
recorded after thermodesorption at (a) room
temperature, (b) 373K, (c) 423K, (d) 473K and (e)
573K.

The v8a and v19b frequencies of coordinated species observed at 1619 and 1452 cm ™! respectively (Fig.
11a) characterize the strength of the Lewis acid sites. Their wavenumber is higher than those reported for ¥
-alumina (1612 and 1449 cm™ ! after pyridine evacuation at rt) and slightly lower than those observed for B
-AlF3 (1620 and 1454 cm™ ), a more fluorinated material2® in good agreement with the results obtained with
CD3CN adsorption.

Conclusions

This work shows that the microwave-assisted route is a suitable technique for the achievement of high
surface area metal-based fluorides. One of the key parameters is the low [HF]/[Al] precursor molar ratio
which allows stabilization of the pyrochlore forms of aluminium hydroxyfluoride, whereas higher molar
ratios led to the synthesis of HTB and distorted-ReO3 forms. The use of aluminium alkoxyde and the
addition of a small amount of ether have enabled the preparation of nanosized materials.

'H, 'F and 2’ Al NMR studies evidence a disorder which is correlated to the distribution of O and F

atoms on the 48f site. '°F and 2’Al NMR spectra confirm the more important hydroxyl content in the
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pyrochlore than in HTB phases in agreement with the proposed chemical formula. 2’Al high field NMR
enables the quantification of the various AlF¢—x(OH)x environments and supports the random distribution of
the F atoms and of the OH groups in 48f sites.

FTIR and NMR spectroscopies have been used to get more insight into the channel environment where
hydrogen bonds have been evidenced. Two different zeolitic water configurations have been observed
depending on the nature of the anionic framework environment: the water molecules being H-donor and
H-acceptor with fluoride ions and hydroxyl groups in their vicinity, respectively.

The use of CD3CN and pyridine as probe molecules shows that pyrochlore exhibits Lewis and Brensted
acid sites stronger than those of alumina, confirming the influence of fluorine content on the acid properties
of Al hydroxyl fluorides. IR spectroscopy allows us to distinguish the hydroxyl groups present on the outer

surface (3720 cm ') from those located inside the channels (3673 cm™ ). Due to steric hindrance, these latter
are not accessible to the probe molecules, whereas those present on the outer surface generate weak and
strong Brensted acid sites. The use of CO as a probe molecule will be further used to get more insight into
the Bronsted acidity.
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Figure S1. “’Al MAS (30 kHz) one pulse spectrum of the pyrochlore AlF; s(OH);5.0.3H,0
recorded at 17.6 T. The central transitions of the spectra recorded at 17.6 and 7 T are

presented in the inset.
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Figure S2. Experimental (blue) and calculated (red) central line of the *’Al MAS NMR
spectrum of the pyrochlore AlF;g(OH);,.0.3H,0. The deconvolution, achieved using four
contributions, takes into account the N = 0 band of both the satellite transitions <3/2> (S. T.)
and the central transition <1/2> (C. T.). Resonances a, b and ¢ were reconstructed using

Gaussian lines to extract isotropic chemical shifts.
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Figure S3. Experimental (blue) and calculated (red) full projection of the TOP reconstruction

of the ?’A1 MAS NMR spectrum of the pyrochlore AIF, g(OH);,.0.3H,0. The deconvolution
is achieved using Gaussian contributions.
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Chapitre 2 :Stabilisation de plusieurs types structuraux de posés hydroxy-fluorés a base d’aluminium

2.3 Un nouveau fluorure d’aluminium hydraté a lacures cationiques.

Publication: A new aluminium fluoride hydrate with cationic @acies: structure, thermal
stability and acidic properties, submitted to Joalrof the American Chemical Society

Contrairement aux deux premiéres parties qui traidie types structuraux bien connus de la
littérature, nous reportons ici la synthése et daactérisation d’'une nouvelle variété de
fluorure d’aluminium hydraté présentant une streetaubique dérivée de ReCDans un

premier temps, nous rappelons les différents pait@s clés qui nous ont permis d’obtenir
des difféerentes variétés présentées dans ce man&sis nous présentons la caractérisation
structurale de cette nouvelle variété qui a nétetsicombinaison de plusieurs techniques. La
méthode de Rietveld a permis de mettre en évidémgarésence de lacunes cationiques
géneérées par la présence de molécules d’eau joeiadle de ligand. Ces entités ont été
caractérisée par analyse thermique et infrarouyaresformée de Fourier. La présence de
molécules d’eau associées aux lacunes cationiquréere au solide des propriétés acides au

sens de Lewis et de Brgnsted tout a fait particesie
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Chapitre 2 : Stabilisation de plusieurs types stanaux de composés hydroxy-fluorés a base d’alumini

A new aluminum fluoride hydrate with cationic
vacancies: structure, thermal stability and acidic

properties

Damien DambournetAlain Demourgues:* Charlotte Martinead,Etienne Durand’,Jéréme
Majimel” Christophe Legeih Jean-Yves Buzafé-ranck Fayor?”’ Marco Daturi’ and Alain
Tressaud
# Institut de Chimie de la Matiere Condensée de Baudt-CNRS, Université Bordeaux 1. 87,
Avenue du Dr. A. Schweitzer, 33608 Pessac cedexder
T Laboratoire des Oxydes et Fluorures, CNRS UMRI6MRIM2F, CNRS FR 2575,
Université du Maine, Avenue Olivier Messiaen, 72083Vians Cedex 9, France.
T Laboratoire de Physique de 'Etat Condensé, CNRIR 6087, IRIM2F, CNRS FR 2575,
Université du Maine, Avenue Olivier Messiaen, 72083Vians Cedex 9, France.
§ Conditions Extrémes et Matériaux : Haute Tempéeatt Irradiation, UPR CNRS 3079, 1D
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ABSTRACT. A new aluminum fluoride hydrate was synthesizgaricrowave hydrothermal
process. The structure derives from the RgPe structurei.e. the high temperature structure
of a-AlF3. The cubic symmetry adopted by this compound sarfsem water molecules,
stabilized as ligand surrounding®Alcations which induces cationic vacancies as redeay
Rietveld refinement. The following chemical formll& s o 1d2.46(H20)0 54 iS Supported by
chemical analysis and TGA measurements. This repteghe first example of aluminum
vacancy compound in the Al-based fluorides chemistigh field >’Al NMR spectroscopy
enabled identification and quantification of thldwing species: Alg and AlRs.«(H20)x with
x=1, 2, 3 and showed that vacancies are mainlypsoded by water molecules but also by a
low content of fluoride ions as also evidenced'#y NMR. Hydrogen bonding network,
which takes place in the vicinity of the cationiacancies was characterized by FTIR &d
NMR spectroscopies. A 2:1 complex X:--H-O-H---X ngh¥ is a proton acceptor, which is
related to a shift of thesym(OH) andvasyn{OH), was detected. This complex appears to be
stable up to 773 K. The phase transition into tl@mbohedral form occurs at around 573 K
but at such a temperature a large amount of wabtdeaules associated to cationic vacancies
still remained thanks to the 2:1 complex. The acpibperties have been revealed by pyridine
and CO probe molecules. At 573 K, the solid exkitbbth strong Lewis and Brgnsted
acidities with an equivalent number of sites prowdbifunctionality. The strong acidic
behavior highlights the effect of water moleculasitmic vacancies on the surface structure.
Whereas the Lewis strength acidity progressivetyreses with dehydration, Brgnsted acidity
remains strong even at 773 K.
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KEYWORDS. Aluminum fluoride hydrate, cubic formt, *°F and high field®’Al solid state
NMR, hydrogen bonds, 2:1 water complex, strong lséBrignsted acidities.

Introduction. The chemistry of aluminum-fluorine system is veinghr through the
existence of several allotropic forms of Al B, 1, 6, k-AlF3* but for a long time these
compounds could not be prepared as nanomateri&ls. ektreme reactivity of fluorine
element prevented the stabilization of nano-pasiclising conventional “chimie douce”
routes. Recently, microwave-assisted synthesisahawed obtaining nano-sized crystallized
aluminum hydroxy-fluoridé:® Tuning the OH/F molar ratio has been proved ta liecisive
tool to get the required compositions and strustuBme aluminum fluorides are known to
be strong Lewis acids® The presence of OH groups in these materials esdblbalance the
Brgnsted/Lewis acidic behavior. Water molecules a0 be considered to act as potential
strong Bransted acid sites as revealed for instamttee case of alumino-silicat4n order to
be suitable for catalytic applications, anion spe@nd water should be thermally stable. The
occurrence of both acidities can be suitable faupar reactions involving a Brgnsted/Lewis
acid synergy, as reported for instance in zeoliteyted hydrocarbons reactioh§uch a
synergetic effect has been evidenced by ab-indéloutations to occur with HF and AJFThe
synergy between both catalysts enables a drastieriog of the activation barrier of the
formamide synthesfs.

Aluminum fluoride hydrates have been used as psecsito prepare various forms of AlF
For instance, the decompositionseefandp-AlF3.3H,O that occur at rather low temperatures
(<623K), lead to the metastalfieAlF; form and the thermodynamically stable anélFs;,
respectively The most known among the aluminum fluoride hydrate. AlF3.9H,0, o and
B-AlF3.3H,0, have been recently reinvestigated using X-ragmoa diffractions and Nuclear
Magnetic Resonance (NMR) spectroscOpbhese structures are built either from isolated
octahedra for the first two compounds (ABH,O, a-AlF3.3H,0) or 1D chains of corner-
bridging AlRs«(H2O)x octahedra for the third ong-AlF3;.3H,O) with hydrogen network
giving rise to a low thermal stability.

The a-form of aluminum trifluoride has received extendatention over the years. This
structure adopts a distorted Re@pe structure and undergoes a first-order phasesition at
around 723 K into the cubic Rgdorm'® The phase transition has been studied using
molecular dynamics simulations and the anion prédion has been established as the driving
force of the tilting Al octahedrd® Fluorination of y-Al,O; with CHCIR led to a
catalytically active phaséwhich has been identified as the cubilF; form, highlighting

potential application as catalyst. Concomitantlip, iaitio calculations performed on the
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(0001) surface of the rhombohedral formoeRIF; show that potential Lewis acid sites are
masked by two fluoride ions leading to poor Lewdiday.'**® However, Lewis acid centres
have been evidenced to occur on cleahlF; (01-12) surfacé? Nevertheless, the conditions
to avoid hydroxylation which provokes the inaccksity of these centres have been
concluded to be unrealistt¢ Additionally, molecular dynamic simulation perfaeghon cubic
a-AlF; nano-particles showed the occurrence of potestiadng Lewis acid site’S. The
rhombohedral forma-AlF; therefore appears as a weak Lewis catalyst wheseamall
perturbation of the network,e. cubic symmetry, seems to lead to a completelyechfit
surface structure generating Lewis acidity.

The present work reports the synthesis and theactaization of a new aluminum fluoride
hydrate exhibiting the Re@Qype structure. Powder Rietveld refinement, higisofution
transmission electron microscopy (HRTEM), BET measent,'H, **F and?’Al magic angle
spinning (MAS) NMR investigations, thermogravimetrianalysis coupled with mass
spectrometry (TGA-MS) and Fourier transform infeal(FTIR) analysis with and without the
adsorption of probe molecules (pyridine, CO) haeerbused to characterize the structural
features and acidic properties of this compound.

Experimental procedures.

1. Synthesis procedureSynthesis was performed using a MARS-5 MicrowavgeBtion
System oven (CEM Corp.). A precursor solution wiest prepared as follows: 25 mmol of
Al(lll) chloride hexahydrated (AIGI6H,O, Sigma-Aldrich: 99%) was added to a solution
containing 10 ml of isopropanol (Isopropanol SigAldrich 98%) and 10 ml of distilled
water. An aqueous HF solution (Panreac 40%) wa®ddd the mixture in proportions
ensuring an [HF]/[Al] molar ratio equal to 3.5. Thelution was placed in a closed Teflon
container (XP-1500 plus model) and submitted toronwave heating for 1h to a temperature
of 413 K (17 K.mift). After microwave-assisted drying performed for Bnutes under
primary vacuum and argon flow at 373 K a powder@de was recovered. The sample was
washed with a large amount of ethanol under nimdigav.

2. Characterizations.

Elemental analysis.The final [F])/[Al] molar ratio was measured by @i®n probe micro-
analysis (EPMA) using a Castaing microprobe CECABA 630 apparatus equipped with
Wavelength Dispersive Spectrometry.

X-ray diffraction analysis: The compounds were characterized by X-ray powder
diffraction (XRPD) using a Philips PW 1050 diffraoteter in a Bragg-Brentano geometry
with Cu Ko radiation (Ki;=1.54059 A and K,=1.54441 A). The intensity data were collected
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at room temperature over 8 Pange of 5-110° with 0.02° steps and integratioretof 10 s.
The whole pattern profile matching and the Rietvalidictural refinement were performed
with the FULLPROF progrartf’

Surface area measurementPrior to adsorption, around 200 mg of the powdesachple
were evacuated overnight at 573 K under 0.1 Baadsorption isotherms were performed at
77 K using an ASAP 2000 instrument from Micromesti The specific surface aregebSwas
calculated from BET results applied in the P/PO30- 0.25] range.

Transmission electron microscopy. Transmission Electron Microscopy (TEM) was
performed on a TECNAI F20 equipment with a fieldigsive gun (operating at 200 kV and
with a point resolution of 0.24 nm). The Gatan EagiMicrograph® software was used to
calculate the Fast Fourier Transforms (FFT) of HRTEHEM samples were prepared by
dissolving few milligrams of powder in ethanol. Thelution was then dipped ten minutes
into an ultrasonic bath so as to disagglomeratgtiveder particles. One drop of the solution
was finally deposited on a Formvar/Carbon coppet. gr

FTIR spectroscopy.Infrared transmission spectra were recorded orssglporting wafers
(2 cnf, 20 mg) which were placed into an infrared quasit (KBr windows) connected to a
vacuum line. Samples were activated under vacuund78t K overnight. Spectra were
recorded with a resolution of 4 EmThe IR spectrometer was a Nicolet Nexus apparatus
equipped with an extended KBr beam splitter and excary cadmium telluride (MCT)
detector. Probe molecules were introduced intactievia the vacuum line. After activation,
the acidity of the materials was studied using gutgan of pyridine and CO (at 100K).

NMR spectroscopy.

The'°F and*H Hahn echo Magic Angle Spinning (MAS) NMR speatrere acquired on an
Avance 300 Bruker spectrometery(8 7 T), using a 2.5 mm’F optimized CP MAS probe,
operating at a Larmor frequency of 282.2 MHz an.BMMHz for'F and’H, respectively.
The 90° pulse durations were set tps4(RF field 60 kHz) and 2.fs (RF field 100 kHz) for
F and™H, respectively, with an inter-pulse delay equalote rotor period. The recycle
delays were taken to 10 s and 1 s'fsr and’H, respectively. Thé’F chemical shifts were
referenced to CFGht 0 ppm. ThéH chemical shifts were referenced'té in TMS at 0 ppm.
These spectra were reconstructed using DMFIT soétwa

2’Al (I = 5/2) MAS NMR spectrum was recorded usin@.& mm CP MAS probe on an
Avance 750 Bruker spectrometerp(®B17.6 T) and an Avance 300 Bruker spectrometgr=(B
7 T) operating at &’Al Larmor frequency of 195.5 and 78.2 MHz, respeii. A short pulse

length of 1us was used to ensure quantitative excitation ofvihele spin system. The recycle
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delay was set to 1 $’Al spectra were referenced to 1 M aqueous solutibril(NOs3)s.
Quantitative reconstructiofs’* of the main resonance of tiféAl NMR spectra were
achieved taking into account the N = 0 spinninglsahd of the satellite transitions <3/2> and
the N = 0 spinning sideband of the central transit1/2> which completely overlap. For

each?’Al NMR site, the isotropic chemical shifis, and the quadrupolar produgy, were

calculated by comparison of the centre of gradifyy” of the Al satellite sideband with that

<1/2>
6(:3 !

of the central transition through the following equation:

, [101+1) -3-9m(m -1)]

so~Von 302 10°, where | = 5/2 in the case 9fAl, vo = 195.5 MHz

5™ =3

cs

2
(for the 17.6 T spectrometer) and, :vQ,/1+n?Q.2° A two-dimensional one pulsg®*

(TOP) spectrum was constructed by stacking subtspsbifted by the spinning frequency
from the 1D MAS NMR spectra.

Thermogravimetric analysis. The thermal behaviour was studied by simultaneously
coupled TA-MS measurements. A NETZSCH thermoanal$¥BA 409 C, equipped with a
BALZERS QMG 421, was used to record the thermoditalycurves (T, DTA, TG, DTG)
together with the ionic current (IC) curves in thmiltiple ion detection (MID) mode. A
constant purge gas flow of 70 ml/min nitrogen (MERSGRIESHEIM 5.0) and a constant
heating rate of 10 K/min were applied.

Results and discussion.

1. Microwave-assisted synthesis and determinatiorf the chemical composition

Microwave-assisted synthesis was recently provedbéoan efficient way to obtain
nanosized crystallized aluminum fluorides. This Imoet enables the achievement of high
surface area aluminum hydroxyfluorides exhibitiither the pyrochlore-type(137 nf.g™) or
the metastable hexagonal tungsten bronze-type whielternatively namefl or HTB? (82
m?.gY). During these investigations, it has been demmatest that some key parameters play a
decisive role in the stabilization of the final wstture and in getting high surface area
materials. Among them, the R=[HF]/[Al] molar ratias proved to be a relevant parameter in
the stabilization of the final form. Using nitra¢@l(NO3)3) as aluminum precursor, three
domains could be distinguished: R=2, R=3 and Rx8.F=2 and R=3, the pyrochlore-type
structure and a derived form pfAIF; were obtained, respectively. Higher [HF] contents,
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R>3, led to a mixture containingAlFs, rhombohedral and cubic form of Al-based fluoride.
The influence of the aluminum precursor on the iz structures was also found to be
decisive. For R=3, aluminum chloride as precursar to a mixture ofi-AlFz and a-AlFs,
whereas Al nitrate, by being reduced into ammonioms during the microwave-assisted
synthesis, enabled the stabilization of the medsahasg-AlFs.

Chloride precursor appears however interesting vehsalution with high [HF]/[Al] molar
ratio is added to a water/isopropanol mixture. iidrothermal microwave heat treatment of
the resulting mixture enables to prepare a powdsichvcan be indexed with the ICDD-
JSPDS file N°72-1117 referred as AIR.O. It should be noted that the procedure should be
carefully followed to get phase purity. The struetuof this material was solved by
Chandros® using a cubic lattice (Pm-3m) and a unit cell paeter, a=3.610A, which is
closely related to that of the high temperaturesgiaf the thermodynamically stable phase
a-AlF3 (R-3c). In this paper, the water molecules wepated in the centre of the cube with
AlF¢ octahedra at the corners. Nevertheless, the mweewment factor reported by the author,
i.e. 16.4%, revealed an unrealistic structural model.such conditions, we decided to
reinvestigate the structure of this material, agilitbe described in the next section.

The chemical composition of the compound was detexth prior to the structure
investigation. EPMA gave a F/Al molar ratio close 3. The occurrence of a very small
amount of OH groups can not be excluded. Thermagetvic analysis coupled with a mass
spectrometer was performed up to 1073 K and a weédgs of 13.8% was measured. The
weight loss was mainly ascribed to the release atewthrough the ionic curve m/z = 18,
characterizing bO" fragments. The presence of structural water waihdu confirmed by
FTIR spectroscopy, as it will be discussed lateheW aged in moist air, the material
undergoes a partial decomposition with the detacbhy XRD of trace of the pyrochlore
phase.

2. Structural investigation

2.1. Rietveld Refinement

Rietveld refinement was first performed using thghhtemperaturer-AlF3 structure (Pm-
3m a=3.60 A)! where A" ions are placed at the corner of the cube (0),Caril Fions are
on the edge (¥, 0, 0). A poor agreement fact@sgf= 18.8% was obtained for such a model
(Figure 1A). In a fisrt step, the presence of waterthe centre (¥, %, %) of the cube have
been tested but no residual electron density & d@tomic position have been found and the
Bragg factor remains high around 18%. In a sectey, sve introduced water molecule in the

first coordination sphere of the &ions.
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Figure 1. Rietveld plot obtained using: Aa-AlF3; cubic model, B. model with cation
vacancies. Experimental X-ray diffraction powderttgan (red curve) compared to the
Rietveld-refined profile (black curve) and the difnce curve (blue curve). The vertical bars
correspond to the positions of the Bragg reflection
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The resulting octahedra element can then be writgefAIR; (H20)]*>, in which water is
considered as neutral; the lack of electron dengign the octahedra should be balanced by
the occurrence of cation vacancies. Rietveld refieat was therefore performed based on this
new structural model where the cation vacanciescareelated with the occurrence ob®i
molecules substituting” fons. The anionic site (3a) is statistically odegpeither by Fions

or H,O molecules (Table 1).

Crystal symmetry: cubic

Space group: Pm-3m; Z=1

A. “AlF 3" model
Atoms —
(Wyckoff (X, Y, 2) Bso (A% Occupancy (Ro/i)“ab”lty Factors
position)
2
:7.37
AI’" (1a) 0,0,0 0.7(3) 1 X
cRy: 27.5
CRup: 26.6
F(3d) 1/2,0,0 | 2.1(5) 1 P
Reragg 18.8

B. AI** vacancies model

Atoms 2 Reliability Factors
(Wyckoff X, Y, 2) Bso (A% Occupancy %)
position)
Al**(1a) 0,0,0 0.6(3) 0.816(18) X 3.37
cRy: 17.8
F (3d) 1/2,0,0 | 2.1(4) 0.820(6)
CRyp: 18.0
H,O (3d) 1/2,0,0 2.1(4) 0.178(6) Reragg 4.3
a=3.6067(1

Al-F: 1.8034(1)A
F-F: 2.5503(1A

Table 1.X-ray refinement data
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A relation which can be summarized by the followatgemical formula: AlO«Fs.34H20)ax
was used in the Rietveld refinement to ensure tleetreneutrality of the model. The
corresponding model strongly improved the Rietwelinement to a better agreement factor
Reragg €qual to 4.3% (Figure 1B). One should have toceothe disorder for the F£B site
revealed by the high Debye-Weller factor (Table This disorder can be explained by the
occupancy of the same crystallographic site bipis and HO molecules and the occurrence
of AI** vacancies. Table 1 summarizes the refinement teesobtained using the
stoechiometric and Al vacancy models.

On the basis of the refinement and chemical arglyse corresponding formula could be
established: Alsddo.1d2.44H20)054 This represents the first example of aluminumavay
compound in the Al-based fluoride chemistry. Selel@nsity measurements have been
performed but because of the water departure, theéat are not exploitable.
Thermogravimetric analysis was in rather fair agreet with the above chemical formuia.
the experimental weight loss deduced from thermogretric analysis is equal to 13.8%. vs.
12.4% calculated from Rietveld refinement with #i®ve formula. The difference can arise
from standard deviation from Rietveld refinement/an from the release of HF molecules
resulting from the reaction of water with the flide network.

The cubic symmetry of the structure was confirmgdhe Fast Fourier Transforms (FFT) of
HRTEM images displayed on Figure 2 (Inset). It cennoted that the cubic symmetry is

Figure 2. HRTEM micrograph of a particle of cubic aluminuladride hydrate. Inset: digital
diffractogram of the nanopatrticle revealing a [08&he axis.
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X-ray diffraction line broadening analysis was ustm get more insight into the
microstructure with the calculation of the microasts (Ad/d) and crystallite size. By using
the global profile refinement, the microstructufabhtures (coherent domains and micro-
strains) were extracted from the additional linedatlening of the Bragg peaks. Instrumental
contribution was established by the XRD pattern stdindard LaB powder. Isotropic
contributions were considered for both coherent @am and micro-strains. The calculated
average size particle is 50 nm, which is in agregméh HRTEM observation (Figure 2) and
the calculated micro-strains value Asl/d =2.10°. It should be noted that some micro-
distortions have been observed on HRTEM imagesircoinig the results of XRD analysis.
The occurrence of water molecules inside the ndétwmuld be at the origin of such a
microdistorsion.

2.2. Evolution of the structural features upon annaling

As previously mentioned, during the TG analysisttiermodesorption process of water has

been followed using mass spectrometry (Figure 3).

DTA Auvimg)
DTG /(%/min)
TG /% lan Current *109 /A
[4]
100 1.6
L0
85 1 -1.4
L2 1.2
. 10
L-0.4
g5 - -0.8
BD 1 "I:I.E 'I:IE
05 F0.4
75 : e
701" L1.0  tp

73 473 573 E73 773 873 973 1073
Temperature flK

Figure 3. Thermogravimetric (DTG, DTA) analyses and massigpmetry curve of m/z=18
(H,O" fragment) performed on the cubic aluminum fluotyerate.

The ionic curve m/z=18 (}0") shows three events located at 413, 563 and 58BhK first
one can be ascribed to the departure of water mlelecThe second event is very weak and
can be ascribed to structural water which appeess ktable than those for which the

departure occurs at 588 K. This last one is veignise but seems thereafter to continue over a
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large range of temperaturdsg. up to 973 K. It should be noted that a weak enelotic
effect concomitant with the third event is deteatedhe DTA curve close to 588 K.

The effect of the dehydration upon the structures hmeen studied by annealing
Alo.sdo.1d2.44H20)054 at various temperaturese. from 373 to 773 K. Samples were
annealed under Ar flow (10 ml.mfh for 24 hours. The corresponding room temperature

powder XRD patterns of annealed samples are disglayFigure 4.

024
113 006

104 116
o1z 110 207 T3k
. & I 211122

Figure 4. Evolution of the powder XRD patterns (room tempeama) of cubic aluminum
fluoride hydrate after annealing at various temfpees. Vertical bars represent the XRD
peaks positions ai-AlF3; (R-3c) from ICDD-JCPDS file N°44-0231.

The cubic form appears to be stable up to 473 K waismaller unit-cell constant probably
associated to water departure and the reductiocatdbn vacancy rate. After annealing at
higher temperatures, some X-ray diffraction lingkt sevealing a lower symmetry. At 573 K,
the cubic phase undergoes a rhombohedral distowttdoh is associated in the DTA curve
with the small endothermic phenomenon. The Brag@kgecorresponding to the
rhombohedral form oé-AlF3; have been included in Figure 4, accounting for spyametry
change.

2.3. Hydrogen bonding network characterization

FTIR spectroscopy has been further used to study stability of water molecules.
Additionally, this technique enables to probe tlmmformation of water molecules and to
check the occurrence of hydrogen bonding insidesthagcture. The inter-anionic distance
obtained from Rietveld refinement is 2.55 A, a ealuhich should lead to strong hydrogen
bonding?®?’ Due to the large amount of water in the sample,|Ehspectrum presents a high

signal to noise. For sake of clarity, the sample aanealed in situ at various temperatures up

71



Chapitre 2 : Stabilisation de plusieurs types stanaux de composés hydroxy-fluorés a base d’alumini

to 773 K in order to reduce such a background. IRpecsa of
Alo.sdo.1d2.4dH20)0 54 after annealing at 573, 673 and 773 K are displayéigure 5.

Abs

[0 1660

BETS

J/VW

3500 3000 2500 2000 1500
Wavenumber {cm!)
Figure 5. IR spectra of cubic aluminum fluoride hydrate meleml after in-situ annealing at
various temperatures.

The spectra reveal two types of contributions leddn the 2800-3700 cfand 1600-1700
cm’ ranges which are ascribed to the stretching afsfdation modes of water molecules,
respectively. The large envelop detected in thed2B0O crit range confirms the occurrence
of hydrogen bonding inside the structure. The §talmf structural water molecules is clearly
evidenced since the stretching and deformation sofléLO are still detected at 773 K. The
two contributions decrease significantly during #mnealing process. At 573 K, in the 2800-
3500 cnt region (water molecules linked by hydrogen bonyjitgo bands can be clearly
distinguished at 3185 and 3335tm

Without any interaction, water molecule is built“ée OH bonds” which exhibit two OH
stretching modesys,{OH) andvas«{OH) vibrating at 3616 and 3708 tmrespectively®
The shifts of these two frequencies depend on iieegy of the hydrogen bonding interaction,
i.e. the stronger the hydrogen bonding, the largerstti& toward low wavenumbef§.The
position of the two perturbedf OH) thus accounts for moderate hydrogen bondiig. ghift
from the “free OH bond” is almost similar for bothy(OH) andvasyn{OH) suggesting
similar hydrogen bonding strength interactions. Theresponding complex is called a 2:1
complexX® and can be written as X---H-O-H---X where X isogom acceptor. Water molecules
can act as both hydrogen donor and hydrogen aaceyitto F ions and neighbouring water

molecules, respectively. A complex hydrogen netwsitherefore assumed to occur.
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Additionally, the deformation mode of water molessb(H,0) is detected at 1660 ¢m
which corresponds to a shift of 60 ¢ras compared to water in an inert solvent and atsou
for water molecules involved in hydrogen bondfi confirming the above observations.
Some very weak bands which can be ascribed to kyldgyoups are also detected. Such
bands are indeed observed at 1100-1200 and 3645367 (Figure 5) and may account for
the deformation and stretching mode of hydroxylugss? respectively. Traces of hydroxyl
groups can thus be considered, even at high temopesa

'H solid-state NMR was used to confirm the existeand the strength of hydrogen bonds
in the hydrate form. TwoH resonances withis=5.0 and 8.0 ppm are readily apparent in the
'H MAS NMR spectrum of AJgdo.1d72.4¢(H20)0.54 (Figure 6 and Table 2).

Exp.

Cal.

40 30 20 10 0 10 20 30
80 (PPM)

Figure 6. Experimental and calculatedH MAS (30 kHz) NMR spectra of

Alg g0 182.4dH20)0.54 The two individual contributions to the reconstad spectrum are
shown.

The proton is increasingly deshielded with incregdiydrogen bond strength, which leads to
'H downfield shifts. The two resonances can thegsigned to non or weak H-bonded and
moderate H-bondé@d?’ protons, respectivelyH downfield shifts can be correlated with the

length of the hydrogen borf&3 It has been shown th## chemical shifts of oxygen-bonded

hydrogen linearly depend on the distance, through the following relation:

_ 79.05 - 3,(pPm) 33 This relation allows an estimation of the O...O aliste

d(O...0) (pm) 0255

for H,O molecules involving H-bonded hydrogen atore, 2.79 A. The O...0O distance
estimated from this empirical relation and experitaé'H isotropic chemical shift is typical

of hydrogen bonds with water molecules (mean O...Qadce equal to 2.825 &)and is
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significantly larger than the OIED/F distance determined by Rietveld analysis (A5%able
1) indicating that KO molecules are only in average located on that8d,sn agreement with
the disorder outlined above for the BMsite. Finally, from bottH NMR and IR studies,
hydrogen bonds appear moderate i Ao 1d~ 46(H20)0 54 following the classification of
Jeffrey?®

Line diso (¥0.2) Width (£0.2) Intensity (1)

1 5.0 2.5 27
2 8.0 6.0 73

Table 2.Isotropic Chemical Shifdiso (ppm), Line Width (ppm) and Relative Intensity (%9
deduced from the reconstruction of theNMR Spectrum of AJ g0 1d2.46H20)0 54

The'H MAS NMR spectrum of the sample annealed at 743Hown in Sl) exhibits a single
broad resonance at 5.0 ppm in agreement with thapgdearance of the hydrogen bond
network, supported by IR study showing the occueeaf residual KO molecules in the
sample annealed at 773 K.

2.4. Local environments of A" ions, cationic vacancies, Fons and HO molecules

% and®’Al high field solid-state NMR was used to probe heal environments of Fand
Al** jons. Two compounds have been consideredthe hydrate form and the compound
annealed at 773 K.

F MAS NMR spectra of the hydrate form and the atete@ompound are displayed in
Figure 7.

-140 -160 -180 -200

B

100 0 -100 -200 -300 -400
5o (PPM)

Figure 7. Experimental and calculated®* MAS (30 kHz) NMR spectra of
Alggddo1d2.46H20)54 The star symbols indicate the spinning sidebanbse four
individual contributions to the reconstructed spatt are shown. ExperimentdF MAS (30
kHz) NMR spectra of Algddo 192 46H20)0.54 and compound obtained after annealed at 773
K during 24 h under Ar (dash line) are presentetthéinset.
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The hydrate compound spectrum shows two major itantitons reconstructed using four
signals (Table 3).
Line diso (x0.5)  Width (+0.5) Intensity (+0.5)

1 -173.0 6.7 13.4
2 -169.4 16.0 74.3
3 -155.2 6.1 4.4

4 -152.5 11.0 7.9

Table 3.Isotropic Chemical Shiftgs, (ppm), Line Widths (ppm) and Relative Intensit{és)
as deduced from the reconstruction of tfeNMR Spectrum of Ao 1472 4¢(H20)0 54

The lowestdis, value (line 1, -173 ppm) may be related to bridgiluorine atoms in Alg
octahedra &, (*°F in a- and B-AlF3) = -172 ppmY). F chemical shifts of octahedral
aluminum environments with oxygen and fluorine e ffirst coordination sphere increase
with the oxygen contedt®®!3*°The isotropic chemical shift of line 2 is similar those
observed in aluminum hydroxy-fluoride derived frofAIFs®> and pyrochlorg without
cationic vacancy. Line 2 is then assigned to bndgfluorine atoms in Algkx(H20)x«
octahedra. Lines 3 and 4, at higher isotropic chahshifts, are attributed to non-bridging
fluorine atoms in Algx(H20)x octahedrai. e. fluorine atoms between an aluminum atom and
a vacancy. This is in agreement with chemical skhatues observed in aluminum fluoride
hydrate built from isolated aluminum octahedra, #0H,0 anda-AlF3,3H,0O (dis—= -149.5
and -147.9 ppm, respectivef)These contributions disappear during the annealiogess
(Inset Figure 7), thus confirming the previous @ssient. TheF MAS NMR spectrum of
the sample annealed at 773 K is reconstructedtiwide resonances (shown in Sl). The lowest
s Values may be related to bridging fluorine atom#\iFs> octahedra and the highess,
value may be related to bridging fluorine atom&\iRex(H20)x octahedra. This confirms the
occurrence of residual @ molecules in the sample annealed at 773 K.

The characteristic tail of the central transitidrthe 7 T>’Al MAS NMR spectrum (see SI)
and the featureless full spinning sideband manifdlthe 7 T and 17.6 Al NMR spectra of
Al sdo1d2.4H20)0 54 indicate a distribution of quadrupolar couplinghstants. This is in
agreement with a distribution of aluminum enviromtsedue to the occupancy of the 3d sites
by both F ions and HO molecules, the disorder of the KM site and the occurrence of
cationic vacancies. The central transition of i MAS NMR spectra of the hydrate form
and the annealed compouwedorded at 17.6 T are displayied-igure 8a.
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Figure 8. (a) Experimental and calculated central transitiohthe?’Al MAS (30 kHz) NMR
spectrum of Adgddo1d2.46H20)054 recorded at 17.6 T. The fitting, achieved usingrfo
contributions, takes into account the N = 0 bandath the satellite transitions (S. T.) <3/2>
and the central transition (C. T.) <1/2>. Experita¢icentral transitions of tHeéAl MAS (34
kHz) NMR spectrum of Algado 18 46(H20)0.54 and compound obtained after annealed at
773 K during 24 h under Ar (dash line) are presgmtethe inset. (b) 2D TOP spectrum of
Alg g0 182.4dH20)052 The N = O cross-section shows the central trammsgpectrum and
the N# 0 sum is the satellite transition spectrum shoveniganced resolution.

Several contributions are distinguished foro Ao 1d2.46H20)054 A way to increase
resolution is to construct a two-dimensional onls@TI OP*2* spectrum from a conventional
1D MAS spectrum. The TOP spectrum evidences theowarg of the inner satellite
transition line width and allows distinguishing foeontributions (Figure 8b). Then, th&l
MAS NMR spectrum of the hydrate form has been retroited using four signals located at:
-17.9, -14.4, -11.7 and -9.4 ppm (Figure 8a, TdbléAl isotropic chemical shift is sensitive
to the anionic environment. The occurrence of flu@iin the vicinity of aluminum shifts the
iso to lower valueg:>21134353743n previous studies, lines withs, ranging from -16 to 2
ppm were assigned to the different AWOH), species existing if-AlF 2, (OH) 4 (x<4) and
pyrochlore Al AOH);3.0.3H0 (x<6), &g value increasing with x. By analogy, AIF
x(H20)x species are expected to occur iy Lo 1d2.46H20)054 The two lowest chemical
shifts can be assigned to A{A20), (-11.7 ppm) and AlH.0); (-9.4 ppm). These species

are assumed to be metastable since these conifons#td to strong electron deficiencies.
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; Amount of F and HO
Line & (+0.5) Vo, (*10) Intensity Assignment

(0.5) = 0
1 -17.9 120 59.1 AlE 1.773 0
2 144 250 28.7 Al§H,0) 0.717 0.143
3 -11.7 360 7.8 Al{H20), 0.156 0.078
4 94 560 4.4 AlfH.0);  0.066 0.066
AlF 2 71(H20)o0.29

Table 4. Line Label, Isotropic Chemical Shiis, (ppm), Quadrupolar Produsty, (kHz),
Relative Line Intensity (%) as deduced from theoretruction of the’’Al MAS NMR
spectrum of Adgdldo1d2.44H20)054 Line Assignment and Amount of Fons and HO
Molecules around Aluminum ions.

It can be reminded that ageing the sample led ¢éoappearance of the pyrochlore type-
structure as an impurity. Such a structure mostigtains AlR(OH); species. It can be
assumed that the water molecules contained in(AW), and AlR(H.0); species can be
dissociated giving rise to hydroxyl-fluorinated si@s, thus forming the pyrochlore type-
structure. The resonancesdat=-14.4 and -17.9 ppm are assigned tosfi;0) and AlF,

respectively. The disorder around®Alons is clearly evidenced by they, values of the four

resonances which are different from zero when theite symmetry is @m. One can notice
that thevq, value of line 1, assigned to AlBpecies, is higher than thatwfAlF; (32 kHz)"
and is of the same order of magnitude than tha-8iFs; (132 kHz)'' The vo, values
increase from line 1 to 4, e. with the amount of KD molecules around Al ions. The
proportions of the Alk«(H2O), species differ from their probability of occurrencalculated
based on a random,8/F distribution on 3d sites (Table 5) becausehefpresence of Al

vacancies stabilized in the Re@etwork.

AlF¢ AIFs(H;0) AlF4(H20), AlF3(H,0)s AIF(H-0); AIF(H:20)s Al(H20)e

30.4 40.0 22.0 6.4 11 0.1 /

Table 5. Probability of occurrence of the AJKH.0)x species based on a randorpOH-
distribution on 3d sites.

Proportions of Fions and HO molecules around Al ions can be determined from
experimentaf’Al NMR line intensities (Table 4) and lead to therfiula: AlR.71(H20)0.20.
Taking into account the occupancy of*Aion on the 1a site,e. the amount of cationic

vacancy and the compound formulag &o 182.4dH20)0.54 i.€. the amount of Fions and
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H.O molecules, we obtain the following formula:AdF;.2AH20)o.2430.1870.24H20)0.30 Which
gives independent insights of both théAbns and vacancies environments. This indicates
that F ions prefer sitting between two #lions rather than between one*Alon and one
vacancy. However, around 10% of iBns still sit in the vicinity of a vacancy, whiah in
agreement with the proportion of non-bridgingidhs in AlRs.4(H-O)x octahedra determined
from *°F NMR (~12%, Table 2). The occurrence of water mole between two Af ions can

be excluded because of unrealistic electronic gondition. The larger amount of,@
molecules around cationic vacancies than arountf ins reinforces this assumption.
Moreover, some water molecules are located betwservacancies, in agreement with the
high vacancies contentge. 18%. These water molecules are stabilized by lggirdoonding.
The departure of such water molecules matches twéhsecond weak departure observed in
the IC curve m/z=18 occurring at 563 K (Figure 3).

Finally, the annealing process at 773 K leads¢orapound in which th&’Al resonances at
diso = -9.4 and -11.7 ppm have disappeared confirmivg grevious assignments of the
hydrated species. For this compound, a sifgieNMR signal is detected (Figure 8a and SI),
reconstructed (see Sl) using the following paramebg, = -15.9 (+0.2) ppm andg, = 140
(x20) kHz. Thediso value is intermediate between those assigned kg ahd AlR(H20)
species in AJgddo.1d2.44H20)054 before annealing and close to thg value of the line
assigned to Al and AlR(OH) species if3-AlF,¢OH)o4” The quadrupolar produato,
value is significantly larger than that @mAIF3 (vo, = 32 kHz)*® This may be related to a
larger disorder around Alions in Abgido 16 46H20)o 54 after annealing at 773 K thandn
AlFs. Finally the?’Al NMR parameters confirm the IR artl and**F NMR observations,

e, the occurrence of residuab® molecules in the sample annealed at 773 K.

Based on the above results, a representation afttheture of Ad gldo.1d2.4¢H20)0.54 Can
be proposed with a view of the cubic unit cell witle occurrence of one vacancy where a 2:1
(X---H-O-H---X) complex occurs (Figure 9A) and awiof a super cell showing two

vacancies located side by side with an isolate@mmablecule in between (Figure 9B).
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Figure 9. Schematic representation of the structure. (AWad the éubic unit cell with the
occurrence of one Al vacancy with a 2:1 complex. (B) View of the sturet with the
occurrence of two vacancies located side by sidle an isolated water molecule in between

3. Acidic properties

The acidic properties of this new aluminum fluoridgdrate have been characterized by
adsorption of probe molecules (CO and pyridinelpfeéd by FTIR spectroscopy. The use of
two different probes enables a better descriptich® surface properties. As a weak base, CO
enables the detection of Brgnsted and Lewis aegliind the adsorption of small doses
enables the detection of the strongest &fteByridine molecule is a strong base and is
commonly used to probe Lewis acidity and charaotesirong Brgnsted acidic sites.

Prior to the characterization of the surface, thatemal is activated to remove surface
impurities. The activation is carried out at 573ukder vacuum which is a convenient
temperature for the characterization of the surfafcaluminum fluorides? In addition, the
specific surface area of the sample annealed ayferat 573 K is 61 fag* suitable for FTIR
characterization. The material is then charactdrizesing pyridine molecule and CO
adsorption performed at low temperature (100 K)alsecond step, the surface is further
activated successively at 673 and 773 K to invastidgpy using CO adsorption the effect of
the dehydration on the acidic properties.

Activation at 573 K. After activation at 573 K, 133 Pa of pyridine a@sorbed at room
temperature. Physisorbed species were removed dguation under secondary vacuum at
RT. The spectrum showing the vibration modes (14000 cm') of coordinated pyridine

molecule is displayed in Figure 10.
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Figure 10. IR difference spectrum of adsorbed pyridine (133 &fter activation at 573 K and
recorded after evacuation at room temperaturet:les¢ension on the8a vibration mode
from IR spectra recorded at (a) RT and (b) afterrtfodesorption at 573 K.

Note that the band located at 16607cia ascribed to the bending mode of water molecule
which is slightly shifted after pyridine adsorptioBoth Lewis and Bregnsted acidities are
detected. The protonation of pyridine moleculeleady evidenced by the bands observed at
1546 and 1643 cih ascribed to pyridinium species. The bands defeatd 620 and 1454 ¢m

! are related to the8a andv19b modes of coordinated pyridine which charactetie Lewis
acidity. Their position accounts for the strengthtloe Lewis acidity,i.e. the higher the
wavenumber, the stronger the acidity. Same valaes been reported f@AlF3.>> However,

the v8a band which is more sensitive to the Lewis stitepgesents a shoulder (Inset Figure
10) detected at higher wavenumber, 1627 cnit, revealing Lewis strength heterogeneity, the
higher component characterizing strong Lewis at&ssThe strength of such a site has been
ascertained by thermodesorption at 573 K (InseEigire 10) showing the disappearance of
the lowest component at 1620 ¢whereas the contribution at 1627 tnemains.

The concentration of Lewis acid sites per’ritas been estimated by integrating ¢i8b
area band and yields 1.55 sites pef.nfuch a value is higher than that reportedBf@xiFs;
(1.2-1.3 sites/nA)*? certainly due to the denser packed stacking streatiisplayed by the
ReG; type network as compared to the HTB () type structure which exhibits channel
system.

To gain insight into the acidic properties of tloéids CO adsorption has been performed at
about 100 K after activation at 573 K. The IR difiece spectra of adsorbed CO are displayed
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in Figure 11. The use of such a molecule enabladistriminate the nature and the acidic
strength heterogeneity through CO stretching wvibnat Different regions can be
distinguished: (iv(CO) > 2180 cnt which accounts for Lewis acid sites, (i) a broaht
appearing at 2180 ci(spectrum a), shifting downward to 2173 tifior saturated spectrum
(h), (iii) after CO saturation, a band at aroun6@tm’ is detected and can be ascribed either
to Brgnsted or weak Lewis acid sites. Finally, pbyded species are detected ¥(€O) <
2150 cnt. In order to gain insight into the variety of theidic sites, a reconstruction of the
saturated CO spectrum (curve h) has been perfo(mset A, figure 10). The region relative
to Lewis acid sites,e.v(CO) > 2180 cnt, reveals four contributions for which the highlee t
v(CO) positions, the stronger the Lewis acidity. Tiends located at(CO)>2200 crit
account for strong Lewis acidic sité®. 2205, 2215 and 2225 ¢inwhereas the bandCO)
detected at 2195 chis related to mediufi acidic sites. The surface reactivity @f andp-
AlF; has been rationalize by ab initio method highimgptthe occurrence of five-fold
coordinated Al" ions!® The strength of these centres depends on theéssibility. a-AlFs

presents a low Lewis acidity whereas pRaIF; surfaceexhibits strong Lewis acid sités.

A

Abs

3560
Wavenumber (err!)

3640

2240 2220 2200 2180 2160 2140 2120 2100 2080
Wavenumber [crmet)

Figure 11. IR difference spectra of adsorbed CO on aluminluaride hydrate activated at
573 K overnight (increasing CO doses from spectauto spectrum h; the latter being at
equilibrium pressure). Inset A: Deconvolution oespum h. Inset B: Evolution of théOH)
range during CO addition.
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The bands located a{C0O)>2190 crit have been suggested to arise from acidic five-fold
coordinated Al" ions®® By analogy, it can be suggested that aluminumritiieo hydrate
exhibits Lewis acidic centres similar to those tigpd byp-AlF3; surface. The heterogeneity
of the Lewis acidic strength displayed by the salah be correlated to the geomeirg, the
accessibility of the Lewis site but also to a viaoia of the anionic environment of the Lewis
centre affecting the Lewis acidic strength.

In the low frequency region, a band appears at 2486, which is shifted downward to
2173 cm' for saturated spectra. The assignment of this limmubt straightforward because
thisv(CO) range accounts either for Lewis or Brgnstedigc The appearance of such a band
is however correlated to the perturbation ofw@H) at 3675 crit (Figure 11, Inset B) which
reveals the Brgnsted nature of this site. This ban8675 crit can be ascribed either to
surface hydroxyl group or to “free” O-H group fromawater molecule oriented toward the
surface. Due a high intensity of the bands relativerater molecules (Figure 5), the detection
of the perturbedv(OH) bands is not straightforward. Additionally,etHow temperature
required for CO experiments leads to a slight sifithev(OH) band reinforcing the difficulty
to accurately interpret the IR difference speciitae Brgnsted nature of this band (2180-2173
cm?) is consistent with the previous detection of giyium species (Figure 10) which
account for very strong Brgnsted acidity.

Effect of dehydration upon the acidic properties. IR spectra of saturated CO adsorbed after
annealing treatment performed at 573, 673 and 7@BKlisplayed on Figure 12.

The dehydration process induces a drastic changieec$urface structure as revealed by the
evolution v(CO) position. At first, the bands located \{€0)>2200 crit decrease upon
annealing. This is going with an increase of thedsalying between 2180-2195 ¢melated

to medium Lewis acidic sites. Additionally, the batocated at around 2160-2165 tm
strongly increases upon annealing which evidenkesLewis origin of this band. Thermal
treatments clearly converts the strong Lewis aité $/(C0)>2200 crit) into medium (2180-
2200 cm') and weak (2160-2165 ¢thones.
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Figure 12. IR difference spectra of adsorbed CO on aluminluaride hydrate activated at
various temperatures overnight. Inset: Details y@mmglfor samples activated at 673 (down)
and 773 K (top) after successive (4) additions Ofddses.

The Brgnsted contribution previously describedti gresent even after such annealing
treatments. A detailed analysis using small amoahtSO reveals that(CO) lying between
2181 and 2175 cthare present after annealing treatment at 673 @BK7(Inset Figure 12).
The amount of Brgnsted sites decreases upon angedirevealed by th€CO) intensities.
The nature of the Brgnsted acidity is still uncleat one can remind that water molecules can
act as a very strong Bransted $ifEhev(CO) positions as well as the detection of pyridinu
species account for the presence of strong Brgrastiedsites in favour of water molecules
contribution. Moreover, OH groups are unlikely s diable up to 773 K.

The study of the effect of annealing treatment ugmn acidic properties allows a better
view of the surface structure. The acidic behavaepend on the temperature of activation
which is correlated to the remaining water/catiomacancies. After annealing at 573 K
(common procedure), the structure contains a largeunt of water molecules in addition to
cationic vacancies since, as revealed by thermalysis, (Figure 3) the main dehydration
event started above 573 K. In this configuratidrg surface material contains strong Lewis

acid sites which are similar to those modele@-AlF;. Strong Bregnsted acid sites are also
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displayed by the surface which can be ascribedatemmolecules. The relative contribution
between Lewis and Brgnsted acidity has been eskeddli by integration of each band and
using an extension coefficient equal to 2.1 and éwumol™® for v(C0)>2200 crit and
v(C0)<2200 crit, respectively. The estimation leads to 0.544 Leadil sites and 0.504
Bransted site per fmThe difference between the number of Lewis aitiessestimated by
pyridine and CO is ascribed to the strongest hgstisplays by pyridine molecule. Finally,
the surface exhibits an equivalent number of Breahaind Lewis acid sites which defined this
new material as bifunctional.

Since dehydration led to the conversion of thengtrbewis acid sites into weaker ones, it
can be assumed that the occurrence of water mekeeuld cationic vacancies perturbed the
surface structure generating accessible and sttemgs acidic sites. After the annealing
treatment at 773 K, the solid is closely relatethe®rhombohedral form af-AlF; (Figure 4).
CO adsorption performed after such a treatmentatedethe occurrence of weak and medium
Lewis acidity in agreement with the modeled acigehavior for the (0001x-AlF; surface.
Such a result also confirms the role of the watetecules and cationic vacancies on the
occurrence of strong Lewis acid sites. Finally,throremarkable point is the strong Brgnsted

acidity that remains even after annealing at 773 K.

Conclusion.

A new aluminum fluoride hydrate was prepared usimgrowave-assisted synthesis. The
acidification of the medium using high HF contefatgors the stabilization of water molecules
in the first coordination sphere of the cationppposed to OH groups previously described in
the pyrochlore and HTB compounds. The variatiothef charge density upon the octahedra
induced by the substitution of kons by HO molecules is balanced by the occurrence of
cationic vacancies, as revealed by the Rietveltheafent. This is the first example of
aluminum vacancy compound in the Al-based fluoridggstem.’®F NMR investigations
confirm the occurrence of cationic vacancies thiotige identification of bridging and non-
bridging F ions. AlR.4(H20)x species containing various number of water motcwere
quantified using high field’Al NMR spectroscopy. This quantification led to tulowing
formula: Aly gt 2.2H20)0.2400.1d0.24H20)0.30 Which gives independent insights of both the
Al®** jons and vacancies environments and shows therecoe of unusual #0 molecules
surrounded by two cationic vacancies. Hydrogen-biateractions contribute to stabilize the
cationic vacancies. FTIR spectroscopy enables lilaeacterization of a 2:1 complex (X:--H-

O-H---X where X is a proton acceptor) formed byawatolecules, which is stable up to 773
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K. The cubic symmetry is transformed upon anneaiimig a rhombohedral form at around
573 K, i.e. after the departure of isolated water molecules.

The investigation of the acidic properties evidenearious acidic behaviours depending on
the activation temperature. At 573 K, both stromgvls and Brgnsted acidic sites are present
at the surface. Such a configuration can be usecefxtions involving the synergy between
Lewis/Brgnsted acidities. By contrast with the mede-AlF; phase, the strong Lewis acidity
occurring at this temperature has been rationallzedhe presence of waterfAlvacancy
inducing a peculiar surface structure. Further dedtyon leads to a conversion of strong
Lewis acid sites into weaker ones and the obtasuefdce structure resembles to that modeled
for the (001) surface ofi-AlF3. The various acidic behaviors displayed by themahum

fluoride hydrate thus open the possibility to tar@éarge range of catalytic reactions.
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Figure 1. *H MAS (30 kHz) NMR spectrum of Akddo 14 4¢(H20)0.54 after annealing at 773 K

during 24 h under Ar.
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Figure 2. Experimental and calculatédr MAS (30 kHz) NMR spectra of Abddo 1872 46(H20)0.54
after annealing at 773 K during 24 h under Ar. Btar symbols indicate the spinning sidebands.

The three individual contributions to the reconstied spectrum are shown.
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Table 1. Isotropic chemical shifdiso (ppm), line width (ppm) and relative intensity (%9 deduced
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Figure 3. Al MAS (30 kHz) one pulse NMR spectrum recorded at 17.60fT (a)
Alo.gdo.1d2.46(H20)0.54 and (b) Ab.gldo.1d2.46(H20)0.54 after annealing at 773 K during 24 h under

Ar.
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Figure 4. *’Al MAS (25 kHz) one pulse NMR spectrum ofyA o 16 46{H20)0.54 recorded at 7 T.

Central transition is presented in the inset.
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Figure 5. Experimental and calculated central transitionthef’Al MAS (30 kHz) NMR spectrum
recorded at 17.6 T of Abo1d2.46(H20)0.54 after annealing at 773 K during 24 h under Ar. The

fitting takes into account the N = 0 band of bdth satellite transitions (S. T.) <3/2> and the @nt
transition (C. T.) <1/2> and leads to the followipgrametersdis,=-16 (+0.5) ppm andg,=140

(+20) kHz.
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2.4 Combinaison d’'une synthese sol-gel et d'un tri@ment thermique assisté
par micro-ondes: nouvelle voie d’obtention de matéaux fluorés a haute

surface spécifique

Publication:Coupling sol-gel synthesis and microwave-assiggetinique: a new route from
amorphous to crystallized high surface area aluommifluoride, accepted in Chemistry — A
European Journal

Cette étude présente la combinaison originale dex deechniques: un traitement
hydrothermal assisté par micro-ondes d’'un alkoxgifire d’aluminium en milieu organique
obtenu par une méthode sol-gel. Nous avons ainsiiét’influence de la température de
traitement sur les propriétés (structurale et tejtwdes matériaux ainsi synthétisés. Un
traitement sous fluor gazeux a basse températuragpd’obtention d’un matériau a tres
grande surface spécifique. Les propriétés acidesed#ernier seront comparées a celles des

différents matériaux obtenus lors de ces travaux.
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Abstract

Non aqueous sol-gel fluoride has been subject twawiave hydrothermal process. The final
material depends on the temperature heat treatuset Three types of materials have been
prepared: (i) for low temperature heat treatmeat,90°C, X-ray amorphous alkoxy-fluoride
has been obtained, (ii) for the highest temperatised,i.e. 200°C, the metastable forfix
AlF; has been obtained with a very large surface ard2% nf.g*. The mechanism of the
amorphous = crystallized transformation has been rationalizsd the occurrence of a
decomposition reaction of the gel fluoride induttthe microwave irradiation. (iii) Finally,
at intermediate temperatuies. 180°C, a multi-component material mixture exhigtia huge
surface area of 525G has been obtained and further investigated aftier post-treatment
fluorination using k-gas. The resulting aluminium-based fluorides ptil§sess a high surface
area of 330 rhg’. HRTEM revealed that the solid is built from lamarticles,i.e. 50 nm,
identified aso-AlF3 and small ones of about 10 nm and less related wnalentified phase.
This new high surface area material exhibits strbawgis acidity as revealed by pyridine
adsorption and catalytic tests. By comparison teeiotmaterials, it has been shown that
whatever the composition/structure of the Al baBedrides materials, the number of strong
Lewis acid site was related to the surface arehligigting the role of surface reconstruction
occurring at a nanoscopic scale on the formatiah@ktrongest Lewis acid sites.
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Keywords: Non aqueous sol gel fluoride, microwave hydrothérpracess, solid Lewis
acid, nano-sized material, high surface argayds fluorination.

Introduction

A non aqueous sol-gel process has been reportéimitz et af* for the preparation of X-
ray amorphous metal fluorides having high surfamsmand exhibiting very strong Lewis
acidity. In a first step, an incomplete reactiotmi®en a metal alkoxide and hydrofluoric acid
takes place in an organic solvent: M(@QR) x HF - MF(OR)«x + X ROH. Whereas the
formation of M-F bond is thermodynamically favourethen compared to M-OR bond, the
formation of a gel limits the OR/F substitution.té&f drying this gel under heating up to 70°C,
a powdered metal alkoxyfluoride, named dry gelhwiiite general formula MEOR);.x.yROH
can be obtained. In a second step, a fluorinatiost-freatment, using gaseous GHZ
anhydrous HF, is further performed to replace #maining alkoxy-groups by fluoride anions
and get pure high surface aluminium fluoride (H$I

At every step, those parameters which could havfiuence on the properties of HS-AIF
have been fully investigated regarding the surfaa and the reactivity properties of the
final solid? Concerning the liquid phase fluorination step, abéhors have pointed out minor
effect on the final solid properties of parametarsh as the sol-gel synthesis temperature, the
concentration and even the nature of the alkoxide.

On the other hand, due to the peculiar heating oetilting from the interaction between
mater and the electric field component, microwassisied synthesis has been proved to be a
new promising techniqu. Recently, this microwave-assisted hydrothermateadias been
successively applied for the synthesis of nanosirgstallized aluminium hydroxyfluoridés.
The present work deals with the transformation undierowave heating of a fluoride gel
obtained through the sol-gel process previouslycmasd. The influence of the temperature
heat treatment on the final product will be diseasdn addition, the morphology and some
catalytic properties of a high surface aluminiunnofide obtained by fluorination of the dry

gel using k-gas will be reported.

! Kemnitz, E.; GroB, U.; Rudiger, S.; Shekar, CABgew. Chem. Int. E@003 42, 4251.

2 Rudiger, S.; Eltanany, G.; GroR, U.; KemnitzJBol-Gel Sci Tech2007 41, 299.

% Kappe, C. OAngew. Chem. Int. E@004 43, 6250.

* Adam, D.Nature.2003 421, 571.

® Dambournet, D.; Demourgues, A.; Martineau, CcHee, S.; Lhoste, J.; Majimel, J.; Vimont, A.; ladley, J-
C.; Legein, C.; Buzaré, J-Y.; Fayon, F.; Tress@ud;hem Mat (accepted).
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Experimental

1. Synthesis procedure

A wet gel obtained by reacting aluminium isoproplexidissolved in isopropanol with an
anhydrous HF/ether mixture in the following molancentration ratio: /Ca = 3 was used
as the starting precursor. Fifty mL of this gel e@nclosed in a PTFE container for a one
hour duration microwave hydrothermal process. S3s#k were conducted inside a
Microwave Digestion System (MARS 5, CEM Corporajiofihe temperature was monitored
via an optical fiber and was regulated by perceataments of the microwave power (300W,
2.45 GHz frequency). The internal pressure was mreddy a pressure sensor. Four different
temperatures were used: 90, 130, 180 and 200°@r Atat treatment and back to room
temperature, the gel was dried using a second wmaére irradiation. The drying step was
performed using a specific device by which solvewere evaporated through primary
vacuum and argon flow. The obtained dry gel waallgnoutgassed at 200°C for 4h under
primary vacuum.

2. Characterizations

X-ray diffraction analysis: Powder X-ray diffraction patterns were recordedaohilips
PW1820, PANalytical X'Pert diffractometer in a BogpeBrentano geometry{20), using Cu-
Kal/o2 radiation §=1.54051A).

Textural measurements: N, adsorption isotherms were recorded at 77 K usmgA8AP
2000 instrument from Micromeritics. The powder sémpf mass around 200 mg was
evacuated overnight at 473 K under 0.1 Pa, prioNt@dsorption. The total pore volume
Vypore Was calculated from the volume of nitrogen adsoraerelative pressure P/P° = 0.99.
The apparent specific surface arearSvas calculated from the BET method applied in the
P/P° [0.03 — 0.25] range. Pore size distributiors vadtained taking the Barrett-Joyner-
Halenda (BJH) algorithm using the adsorption brariohTable 2, the mesopore size was
taken as the value at the “top”of the (dV / d logdbt, where D is the pore diameter.
Fluorination post-treatment: The sample was placed in a Ni crucible and wasassgd at
80°C for 1h. Undiluted #gas was introduced with a flow of 10 mL.inThe temperature
was increased to 225°C and kept for 5h at this ezaipre. At the end of the experiment,
unreacted fgas was eliminated from the oven by apnflidw and reacted on a soda lime.
T.E.M: High Resolution Transmission Electron MicroscopyRHEM) was performed on
TECNAI F20 equipment with a field emissive gun, @mg at 200 kV and with a point

resolution of 0.24 nm. TEM samples were preparedibgersing a few milligrams of powder
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in isopropanol. The dispersion was then dippedierutes into an ultrasonic bath in order to
disagglomerate the powder particles. One drop wesly deposited on a Formvar/carbon
copper grid.

FTIR spectroscopy: Approximately 20 mg of powder was pressed intel&supported disc
(2 cnt area). Transmission IR spectra were recordedeb€-5600 cim range with a 4 cfh
resolution on a Nicolet Nexus spectrometer. Thé wak connected to a vacuum line for
evacuation and activation steps. Samples wereadethat 300°C for 4 hours under vacuum.
After activation, the acidity of the material wasidied by IR spectroscopy, using adsorbed
pyridine as spectroscopic probe molecules. Pyrididerich, 99+% grade) was dried on
molecular sieves prior to use. Introduction of gyre was performed at equilibrium pressure
(133 Pa) and then evacuated under vacuum to reployssorbed species and at increasing
temperatures.

Catalytic tests Dismutation of CHCIE was performed in a continuous-flow fixed-bed
reactor. A mixture of CHCIEN, (5:20 ml min') was passed through the sample. The
temperature was increased step-wise, held at esgective temperature for 20 min. After
reaching 99% conversion, the reactor was coolechdovb0°C.

The isomerisation of 1, 2-dibromohexafluoropropa®BrFCBrFCF; was tested at room
temperature. Inside a glove box, 20 mg of sample placed in a flask equipped with a
magnetic stirrer. The flask was then sealed wittulgber septum cap. About 3QQ. of
CBrRCBrFCF; was added via the septum using a pL syringe amdnilkture was stirred at
ambient temperature for 2 h. The yield of the tang®duct was deduced byF NMR
spectroscopy (solvent: CD4JI

Elemental analysis:Fluorine and aluminium contents were quantifiedhy Service Central
of Analysis (SCA-CNRS Vernaison: F titration witpexific electrode and Al by ICPMS).
Carbon content was determined by the combustiorhadetusing a LECO CHNS-932

apparatus.
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Results and discussions

1. Microwave-assisted synthesis

1.1. Synthesis features and characterization ofithgel

During the microwave experiment, the synthesis &napire was tuned at four levels: 90,

130, 180 and 200°C. Table 1 summarizes the intgpredsure measured during the heat
treatment; the state of the gel observed aftectineesponding treatment is also noted. Based
on these observations, it appears clearly thasyhéhesis temperature is a crucial parameter.
At 200°C a liquid is obtained after reaction whaevery high internal pressure is measured

during the synthesis.

Heatin Chamber Appearance Final F/A| Weight loss
tem eraturg °O ressure (bars) afteprptreatment molar ratio of | (%) of the dry
P P the dry gel gel at 200°C
90 <1 Gel 1.5 50
130 4-5 Clear sol 1.7 42
2
180 16-18 Clear sol (C: 12wt%) 26
- 2.7
200 48-51 Liquid (C: 0.1wt%) 5

Table 1: Experimental parameters of the microwave procelks.réported chamber pressure
was measured before the end of the heat treatfbetappearance of gel was noted after
cooling down to room temperature.

After the final microwave-assisted drying, the aftal solid depends on the synthesis
temperature. From the powder X-ray diffraction gats displayed on Figure 1, three steps
can be distinguished. At 90 and 130°C, X-ray amoygshmaterials are obtained. At 180°C
the crystallization has started, as revealed bywelh defined X-ray lines at approximatively
20 = 25 and 51° which are related to the main linethe thermodynamically stabke-AlF;
phase® Several additional broad X-ray peaks located aiafid 3.1 A and marked by asteriks
on Figure 1, have been detected but no satisfagtdgxing could be found using the JCPDS
data files. A derived-rutile aluminium oxy-fluorideas been reportédénd the main X-ray
peak of this phase is close to the peak detected At These peaks present large full width at

half maximum (FWHM) as compared to those of #hAlF3;, suggesting that this unknown

® Daniel, P. ; Bulou, A. ; Rousseau, M. ; Nouet, Bourquet, J.L. ; Leblanc, M. ; Burriel, R.Phys.: Condens.
Matter 2. 1990,5663.
" Kutoglu. A.Z. Kristallogr. 1992 199, 197.
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phase consists of smaller particles. Finally, wtien reaction temperature is 200°C, a very
well crystallized aluminium fluoride is formed whi@xhibits the hexagonal tungsten bronze

type structurei.e. B-AlF3.2

200<C
* * 180C
130C
M 90C
T T T T T T T ™
10 20 30 40 50 60 70

26 (9

Figure 1: X-ray diffraction powder patterns of samples oftal after microwave irradiation
at various temperatures. (* unknown phase)

This evolution of the crystalline features can élated to the increase of the F/Al molar ratio,
as displayed in Table 1. A slight increase of tlherine content from 1.5 to 1.7 is observed
when heat treatment temperature is increased fromo9130°C. Treatments at higher
temperature improve largely the fluorine contenbr&bver, the F/Al molar ratio increases
sharply from 2 to 2.7 when the temperature is iasee from 180 to 200°C. In addition, the
content of organic moieties can be basically qfiadtiby measuring the weight loss after
outgassing at 200°C under dynamic vacuum (tableAlyeneral trend can be raised: the
higher the fluorine content, the lower the weigidd and the lower the organics content. For
dry gels obtained at high temperaturee, 180 and 200°C, the carbon contents were
measured to be 12.7 and under 0.1 wt%, respecti®lgh results imply the formation of

intermediate alkoxy-fluorides with the already rdpd general formula: Al

8 Le Bail, A. ; Jacoboni, C. ; Leblanc, M. ; DegeaR. ; Duroy, H. ; Fourquet, J.L1. Solid State Chem.988
77, 96.
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«(OiPr).y.iPrOH when the synthesis was conducted below 200°C.rhet% C content
clearly evidences that the phase obtained at 2@7© more an alkoxy-fluoride but is more
likely an oxy- or hydroxy-fluoride.

Concerning the textural properties of the obtaidgdgels, the nitrogen adsorption-desorption
isotherms, as well as the derived pore size digioh are collected irrigure 2. A). BET

specific surface area, total pore volume and mesogiae are listed ifiable 2

1000 5
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Figure 2: A) N, adsorption isotherms of materials prepared atouaritemperatures. Full
symbols correspond to the adsorption branch andyesymbols to the desorption branch.
For the sake of readability the isotherms are sthifipwards for nx100 mL'gB) Pore size
distribution.

Heating V pore Sger | Pore size
temperature (°C) | [mLg™] | [m%g™] [nm]
90 0.43 426 4.1
130 0.62 468 5.3
180 0.76 524 7.4
200 0.77 126 =50

Table 2: Porosity measurements by iSotherm results

The most salient observation is the very largeasarfarea of the obtained materials. As far as
the textural properties are concerned, a cleaindigin can be made between the sample
prepared at 200°C and those obtained at lower teatyes. Samples prepared below 200°C
are mesoporous materials exhibiting a type 1V isothwith a well defined plateau and a H2-

type (IUPAC) hysteresis loop. When the treatmemperature is raised from 90°C up to

° Ruediger, S. ; GroR, U. ; Feist, M.; PrescottAH; Chandra Shekar, S. ; Troyanov S. |.; Kemriiz). Mater.
Chem 2005 15, 588.
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180°C, the total pore volume increases from 0.48 16 mL-g whereas the surface area only
increases from 425 to 525°my*. This is ascribed to an enlarging of the widthmasopores
which is directly evidenced by a shift of the hystas loop toward higher relative pressures.
The mesoporous network could be described by ailmisbn of mesopores centred at
increasing width, from 3.7 to 6.3 nm (Figure 2. B).

The sample prepared at 200°C exhibits also a typsdtherm but with a very different shape
and a H1-type loop observed at high relative press(above= 0.95). So, it can be observed
on Figure 2. B that this material exhibits a vergda distribution of wide pores. The decrease
of the surface area down to 125 g while a high pore volume is preserved (0.77 MiLis
consistent with the completion of a crystallizatiprocess in agreement with the very well

crystallized state of this material.

1.2. From amorphous to crystallized materials: peggl mechanisms

Based on the above results, it appears that thpeleture at which the microwave treatment
is performed is the main factor which drives théura of the final product. However, the
temperature factor seems to induce a complex mexhanvolving the different constituents
of the mixture and this point will be discussedtia following.

At 90 and 130°C, the fluorination of the alkoxidenrains very low and the resulting
aluminium alkoxy-fluoride is X-ray amorphous due ttee presence of a large amount of
organic moieties which limit the coherence lengthihe crystallites. At these temperatures,
the dry gel should exhibit the topology of the arad gel which consists of an Al(F,OR)
network. An increase of the synthesis temperatyreou180°C favours the formation of
higher fluorinated species, as revealed by theeas® of the F/Al molar ratio up to(Zable

1). This increase of the fluorine content is simudtains with the appearance of crystallized
domains, most of them being theAlF3;. The appearance of this phase within an amorphous
matrix reveals the inhomogeneity of the activatedl mixture. Such inhomogeneities have
also been demonstrated B{Al NMR spectroscopy on the dry gel prepared withoa
Cue/Ca molar ratio (R=2). Aluminium species with varioasionic environmenfs i.e.
fluorinated species located at -10 ppm and oxygehapecies at 14 ppm, are highlighted.
Regarding the low FWHM for the X-ray peaks of thé\IF3; phase obtained at 180°C (Fig 1),

it is clear that this phase consists of large pladias compared to the other constituents. The

other constituents of this sample should be comsiias an Alg(OiPr) and/or an Al
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oxyfluoride phase with very small particle sizeiggyrise to the extremely high surface area,
i.e.525 nf g™.

The crystallization process begins between 130 B@fC and induces an increase of the
kinetics of fluorination and surprisingly an incseaof the surface area. It can be suggested
that the densification ad-AlF3 particles implies a migration of matter which reésuh a high
improvement of the porous volume associated witbrdp slight increase of the surface area.
Finally, the sample obtained at 200°C preserveggh pore volume (0.77 mL'b but the
surface area is decreased by a factor ofi2from 525 to 125 thg™. This drastic decrease
of the surface area is consistent with the comgetif a full crystallization process which is
also unambiguously highlighted by several fact@isthe appearance of tH&AIF; phase
revealed by the XRD pattern (Figure 1), (ii) theosg increase of the fluorine content (Table
1), (iii) the disappearance of organic moietiesesdgd by the very low carbon content (C% =
0.1wt%) and (iv) a strong increase of the inteqrassurej.e. from 20 to 50 bars. The two
last features suggest that between 180 and 200%€,decomposition of the organic
constituents takes place thanks to the high enlergyght to the system. It has already been
reported that microwave irradiation is able to iogluside reactions: decomposition of
organics moleculé§ redox processesand decomposition of ionic liquids.The reaction
mixture also contained some ether molecules asesblvhich are considered as inert under
microwave irradiation since they are non polar. réfme, it can be assumed that ether
molecules are not decomposed under microwave atiadi Additionally, during microwave
synthesis of oxides, K. J. Raet af® reported the formation of ether molecules by
condensation of alcohol molecules. Moreover, MSptedi DTA/TG-investigations on the
dry aluminium alkoxyfluoride clearly evidenced tfemation of ether and water as result of
Lewis-acid (AP") induced alcohol condensatidrHence, it is likely to consider that such
mechanism occurs here too: 2R-GHR-O-R + HO. The released water can thus favour the
hydrolysis of the alkoxy-fluoride species as follvAIF; 4(OiPr) + xHO — AlF34(OH)« +
xiPrOH. The kinetics of fluorination can thus bepiraved by the decrease of steric hindrance
induced by alkoxy ligands. Taking into account #heady mentioned MS-coupled thermal
investigation§ an alternative reaction path can be discussetthidrinvestigation, most of the
solvated isopropanol molecules were desorbed betd@e and 150°C; then the formation of

propene as well as a very small amount of ether eetscted between 175 and 225°C.

10 Kubrakova, 1. V. ; Khamizov, R. KiRuss. Chem. Bull. Inter2005 54, 1413.
1 Jacob, D.S.; Bitton, L.; Grinblat, J.; Felner,Kgltypin, Y.; Gedanken, AChem. Mater2006 18, 3162.
2 Rao, K.J.; Mahesh, K. ; Kumar, Bull, Mater, Sci2005 28, 19.
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Consequently, in this temperature range a fluonigagjas must be provided to complete the
fluorination. This conclusion is in full agreemenith the synthesis experience. By analogy
with the thermal decomposition mechanism of themahium alkoxy-fluoride, the process
inducing the transformation of an amorphous phas® icrystallized fluorides using
microwave heating can be described as followsth@)increase of the synthesis temperature
up to 180°C favours the fluorination of the alreafdymed aluminium alkoxy-fluorides;
thermal motions induced by the microwave irradiatiacreases the reactivity of fluoride
anions toward the alkoxy group substitution, (tij@mperatures above 180°C, breaking of the
Al-OiPr bonds can be considered to occur. In thigeme, bonds are cleaved forming propene
and OH groups, as previously reportedl-O-CH(CHs), — Al-OH + CH,=CH-CH;. This
scheme is in good agreement with the drastic isereaf the internal pressure occurring
between heat treatments performed at 180 and 208d@itionally, after cooling down to
room temperature, an internal pressure still remaiside the vessel, suggesting the presence
of a gas phase.

Another remarkable point is that the decompositbisolvent molecules occurring between
180 and 200°C induces a dissolution/recrystallmaprocess leading to the metastable phase
B-AlF; and the disappearance of the thermodynamicallylestalftasena-AlF3. This reaction
could be compared with the synthesis of nano-siradt aluminium hydroxy-fluorides using
microwave irradiation of an alcoholic solution caining nitrate as aluminium precursor.
During such a synthesis an exothermic phenomenoar®dnvolving the reduction of nitrate
precursor into ammonium species coupled with thdation of isopropanol. In this case also,
the synthesis of the metastable beta phase implisgle reaction which finally, through
drastic variation of the thermodynamic state (P, prpvides the requested energy for the

stabilization of such a metastalfidorm.

2. High surface AlR; and acidic properties

2.1. Post fluorination-treatment usingdas

It has been shown above that the microwave-assstégel synthesis leads to fluoride
materials exhibiting high surface area (above 530y However such a material still

contains large amounts of organic moieties sineecirbon content is still around 12wt%
after microwave treatment at 180°C (Table 1). ldeorto remove these species while
retaining the high surface area, a low-temperafiluaination was performed using gaseous
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F,. The sample obtained at 180°C was selected becaiuses highest surface area of
525 nf g. In order to avoid a full crystallization processmedium temperaturee. 225°C,
was chosen for the fluorination.

This post fluorinated sample still exhibits a higirface area 330 7", providing a suitable
material for catalytic ability. All carbon was remea showing that the post fluorination-
treatment enables the complete removal of orgaroeeties. No significant change was
observed by X-ray diffraction analysis except toe tetection of a peak located at 9.4 A and
noted with a sign “+” in Figure 3. The broad pe&isated at around 4.7 and 3.1 A are still
present (asterisks on Figure 3). It should be ntiiatl these three peaks can be indexed as

multiple of reticular planes with d=94.

a)

+ *
b)

10 20 30 40 50 60 70
26 (9

Figure 3: X-ray diffraction powder pattern of samples micrewdareated at 180°C a) and
after fluorination with undiluted Fgas at 225°C b). (* unknown phase, + shoulder4Ap

Figure 4 displays some T.E.M images of thgetrEated sample. The solid consists of
agglomerates built from large and small particlesaded (1) and (2) on Figure 4.A. Some of
these large particles (50 nm) are displayed in4-B} A zoom on a particle with a rodlike
structure,i.e. 50 nm in length, shows interplanar distances gi@dmately 3.5-3.7A (insert
Fig 4.B) which correspond to (012) inter-reticuthstances ofi-AlF;. These large particles
can therefore be ascribed &AlF3; in agreement with the narrow FWHM of their X-ray
peaks. The second type of particles consistingrailscrystallized domains of about 10 nm or
less, are shown in Figure 4.C These domains presen¢ interplanar distances of about 3 A

(Inset, Fig 4.C). Such a distance is very closthtoX-ray peak detected at 3.1 A, which, in
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turn, is considered to characterize this phaseofting to the high surface area of the solid, it

is clear that these small particles, around 10 nm should be preponderant in the méteria

Figure 4: Transmission electron micrographs A) and HRTEM iew@) C) of high surface
aluminium fluoride.

2.2. Surface acidic properties

The surface acidic properties of this new high aefaluminium fluoride (330 fTg?) have
been investigated by catalytic tests and adsorgtiqoyridine using FTIR spectroscopy.

First, catalytic tests were performed regarding taalytic activity upon the CHCJF
dismutation reaction. According to the data giverd able 3, full catalytic activity of CHCH-
dismutation proceeds after an activation periodQft°C. This inductive period is required to
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remove water molecules adsorbed onto the surfacgee Ghe catalyst is active, the
dismutation reaction proceeds to completion eve&s03€ showing high catalytic properties.
The isomerisation of 1, 2-dibromohexafluoropropfias been also tested. This reaction is a
good indicator of the presence of very strong Leaggl sites since it takes place only in
presence of the strongest Lewis acids (amorphousAlRg Sbk, ACF). The rate of
conversion is found to be 18% and accounts fopteeence of strong Lewis acid sites.

CHCIF, dismutation
1,2-DBP

T(°C) | 100°C | 150°C | 200°C | 150°C | 100°C | 50°C | |somerization

Conversion
rate (%)

2 2 97-98 ~ 100 ~ 100 ~ 100 18

Table 3: Catalytic activities of post-fluorinated high suréaAlF; (330 nf.g") sample toward
the dismutation reaction of CHGlIEnd the isomerisation of 1, 2-dibromohexafluorgaire.

The type of surface acidic sites (Lewis or Brgns@t their number have been determined
using pyridine (Py) adsorption at room temperatiitee high-surface Alf-=sample has been
outgassed at 300°C prior to pyridine adsorptioroatm temperature. The spectrum obtained
after introduction of 1 torr of pyridine and foll@a by evacuation at room temperature is
shown in Figure 5The 1400-1800 cihrange displayed is typical of the vibration modés
coordinated pyridine. Only Lewis acid sites areed&td since no band due to pyridine
protonation (Brgnsted acid site) has been deteckghidinium species are indeed
characterized by bands occurring around 1540 as@ t6i".

The wavenumber of the two bands at 1619 and 1453 @rBa andv19b modes of
coordinated Py species) accounts for the strenigtheoLewis acid sitésg, i.e. the higher the
wavenumber, the stronger the Lewis acidity. Theya@osed to those previously reported for
B-AlF; compound® and higher than those characterizing the Lewidiggoof alumind® (1614
and 1448 cm).

13 Busca, GPhys. Chem. Chem. Phy999 1, 723.

14 vimont, A. ; Lavalley, J. C. ; Francke, L. ; Demgues, A. ; Tressaud, A. ; Daturi, Nl. Phys. Chem. B.
2004 108 3246-3255.

5 Vimont, A.; Lavalley, J. C.; Sahibed-Dine, A.; @ieArean, C.; Rodriguez Delgado, M.; Daturi, 8.Phys.
Chem. B2005,109, 9656.
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1453
Abs

0,2

161%

1630 1600 1550 1500 1450
Warenumber (crnl)

Figure 5: IR spectrum recorded after introduction of 1 tofmpyridine at room temperature
on high surface Alfafter outgassed at 300°C followed by evacuatiao@m temperature.

Pyridine desorption at higher temperature incretts®g8a andv19b wavenumbers (Table 4).
This phenomenon can be explained either by thehgiterogeneity, the weakest sites being
liberated first or by the pyridine inductive effsavhich depend on the amount of adsorbed
pyridine. The concentration of Lewis acid sitegineated from the integrated area of tH®b
band, assuming a molar absorption coefficient vafuk.8 cm pmot,** is equal to about 615
pumol.g*, i.e. 1.1 site.nr.

It was important to compare the strength and thenber of strong Lewis acid sites
determined for this high surface area Aample to those measured for other divideds AlF
materials. Table 4 reports the strength and theuatmaf the Lewis acid sites determined as
reported above from the wavenumber and the intereditthe v19b band after pyridine
desorption at RT, 200 and 300°C. The quoteds;Attaterials are (i) the post-fluorinated
sample exhibiting a high surface area (330gM) and therefore denoted HS-AIKii) two
HTB samples with different surface ar&ay20 and 82 rhg?) denoted LS (low surface) and
HS (high surfacep-AlFs, respectively, (iii) an hydroxyfluoride exhibitinthe pyrochlore
type-structur&® (130 nf.g%) and (iv) a derived form af-AlF; (61 nf.g%)."’

16 Dambournet, D.; Demourgues, A. ; Martineau, C.rdbd , E, Majimel, J,;Vimont, A,; Leclerc, H, ;
Lavalley, J-C.Daturi, M,; Legein, C.; Buzaré, J-Y.; Fayon, F. ; Tressaudsébmitted.

" Dambournet, D.; Demourgues, A. ; Martineau, C.tdbd , E, :Majimel, J,;Vimont, A,; Lavalley, J-C.;
Legein, C.; Buzaré, J-Y.; Fayon, F. ; TressaudSébmitted.
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Samples
Outgassing HS A”:sl LS B-A”:ls HS B-A|Flg Pyrochlorle a-AlF; y-Alumina
3 i i _ ) 2
temperature| 330 nf.g" | 0 nf.g?) | 82 nf.g?) | (130 nf.g") | (61 nf.g?) | (290 nf.g?
19b band RT 1453 1454 1453.5 1451.5 1453 1448
w\;venurﬁger . 200°C 1455.5 1455 1455 1454.5 1455 1454
> 300°C 1456 1456.5 1457 1456 1456 1455
Site numbers RT 615 35 200 336 158 480
(umolgh | 200°C 283 20 100 137 63 110
HmoL.g 300°C 203 10 43 77 32 40
Site numbers RT 11 1.3 1.45 1.45 1.55 1.0
(per i) 3 200°C 0.5 0.75 0.75 0.6 0.6 0.25
P 300°C 0.35 0.35 0.3 0.35 0.3 0.1

Table 4. Strength and concentration of Lewis acid siteectetd by pyridine adsorption on
fluorinated materials and alumina. F-samples amthada are pre-treated under vacuum at
300 and 500°C, respectively.

As far as the Algsamples are concerned, thEOb wavenumber after pyridine outgassing at
RT is slightly lower in the case of the pyrochl@@mple. This can be related to the low
fluorine content (F/AlI=1.8) of this material by cparison to the other compounds
(F/AI>2.5). The inductive effect of fluoride ions ialso evidenced regarding thwd9b
wavenumber ofy-Al,0O3; which possesses weaker Lewis acid sites compardididrinated
materials.

After pyridine desorption at 300°C, thel9b band wavenumber of the residual adsorbed
species is almost similar whatever the sample, sigpwhat the Lewis acid sites present
similar strength. This point should be regardectitdlly and specified by adsorption of other
probes like CO which enables the discriminationwleein Lewis sites with different acid
strengths.

The thermodesorption performed at 300°C charaegrihe strongest Lewis acid sites. The
ratio between the number of sites measured aftermtbdesorption at 300°C and those
measured after evacuation at RT enables the gicaittih of the proportion of the strong
Lewis acid sites exhibited by each solid. The hgglpgoportion of strong Lewis acid is found
on the HS-AIR material with 33% of the Lewis acid sites beingsg. This result suggests

the occurrence on HS-AdlSurface of more homogeneous Lewis acid sites mpared to the
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other materials. In agreement with the promotirfgafof fluoride ionsy-alumina possesses

the lowest fraction of strong Lewis acid sites, 8.3% of the total number of sites.

The most interesting result presented in Tableréletive to the concentration of Lewis acid
sites per gram of material. They are much higherH8AIF; whatever the considered

temperature of pyridine evacuation. Figure 6 cleaxidences that the number of Lewis acid

sites is correlated to the specific area.

m Dy outgassed at room temperature

prL(Um0|-Q_1:' o Py outgassed at 200°C
700
HS AIF,
00 ;_J,!
,f’{-é.fﬂﬂdﬂ&
500 - T -
400 Pj.rrl:uchlcure',*’i
n’
200 | HS p-LIF, ’,f'
200 { walF, &
L

100 {LS p.ATF,

o o

0 S50 100 150 200 250 300 350
Sgerime. g™

Figure 6: Dependence of the concentration of Lewis acidssidetected by pyridine
adsorption on the specific area.

This is the first time that such a correlation anped out. This result underlines the interest of
probe molecules adsorption/desorption experiments dharacterizing the amount and
strength of Lewis acidic sites in highly dividedudrine-based materials. Finally, it is
worthwhile interesting to note that the numberhed strongest Lewis acid sites (Py outgassed
at 300°C) does not depend on the origin of the;Alkmples as illustrated in the case of the
pyrochlore sample. The latter indeed exhibits aydanumber of Lewis acid sites after
thermodesorption at 300°C. This fact can be ratioead by considering finite size effect. The
increase of the surface area is basically relaieal decrease of the particle sizes. Chaudhuri
et af® have clearly shown that a decrease of the paizEewas on going with an increase of

18 Chaudhuri, S.; Chupas, P.; Morgan, B. J.; Mad&em.; Grey, C. PPhys. Chem. Chem. Phy€06 8, 5045.
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the number of under-coordinated*Alions, i.e. potential strong Lewis acid sites. Surface
reconstruction taking into account the nanometceales led to five and even four-fold
coordinated Al" ions which should be regarded as very strong Lewisl sites. This is

consistent with our results where the number obrgirLewis acid sites is related to the

surface aread,e. to the particle sizes.

Conclusion and key points

This work was based on the combination of two sgsithmethods in which non-aqueous sol-
gel fluoride material was further subjected to roveave irradiation. The crystallized state of
the final material depends on the microwave tentpegareatment. An amorphous product is
achieved at 90°C and a crystallized phase exhgoiie HTB type structure at 200°C. The
mechanism of the amorphous crystallized transformation of the gel under micave
irradiation was discussed. It has been suggesttdith decomposition of the gel induces the
crystallization process of the HTB phase.

In addition to a high surface arpaAlFs, i.e. 125 nf g, a multi-component material mixture
exhibiting a huge surface area of 525 git has been prepared. The later material contains
residual organic moieties which have been complet@moved by dw-temperature
fluorination using B-gas. This technique allows preserving a surfacea as high as
330 nf g*. From HRTEM experiments the latter material isltbof two types of nano-
particles: 50 nm crystallites ascribedotéAlF 3 and of smaller particles of about 10 nm related
to an unidentified phase.

This work also confirmed that the microwave-assisggnthesis is a suitable route to achieve
high surface area materials. This method is adiadtsimple procedure which could be easily
applied for the synthesis of other high surfaceainitiorides. It opens a promising way to
develop more divided materials and stabilize nqyehses. Since the interaction between
microwave and the mixture is a decisive step onfit stabilized material, further work
should be performed using the incorporation ofedé@ht organic solvents such as butanol or
ionic liquids to tune the reactivity and the belvavi of the mixture under microwave
irradiation. The ability of solvents to generatathender microwave irradiation could be one
way to obtain both new aluminium based-fluoridesnfework as well as highly divided

materials.
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FTIR spectroscopy evidences for the first time olkbdsed fluorides materials, that the
number of strong Lewis acid sites is primarily tethto the surface area, whatever the
structure/composition of the compound. This reshighlights the role of surface

reconstruction occurring at a nanoscopic scaleingatt the formation of the strongest Lewis

acid sites.
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Dans le chapitre précédent, parmi les diversessphastabilisés, nous avons reporté la
synthése et la caractérisation structurale d’'un doygfluorure d’aluminium adoptant la

structure HTB. En raison de I'importance de ce tgeematériau a des fins catalytiques, ce
chapitre se propose de compléter I'étude relativeetie phase en caractérisant d’'une part

ses propriétés acides et d’autre part son compcetdrthermique.

3.1 Etude des propriétés acides de I'hydroxyfluoruz de type HTB par
adsorption de molécules sondes: spectroscopie iafouge FTIR et

radiotraceurs chlorés

Publication: The use of multiple probe molecules for the stoidyhe acidic properties of
aluminium hydroxyfluorides: FTIR and®Cl radiotracer studies, submitted to Physical
Chemistry Chemical Physics

Cette étude relative a la caractérisation des & acides (Lewis/Brgnsted) de la phase
AlF; ¢(OH)o.4 comporte deux parties. Dans un premier tempsiditécde surface sera étudiée
par l'adsorption de diverses molécules sondes t&epar FTIR. Cette méthode, tres
performante, a permis de dresser une image détaidda surface. Une discussion relative a
I'utilisation de diverses molécules sondes a ét@éeprise. Dans une deuxiéme partie, une
technique non conventionnelle utilisant I'adsorptide marqueurs radioactifs chlorés sera
présentée.
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the acid-base properties of aluminium
hydroxyfluoride having the hexagonal tungsten
bronze structure: FTIR and [*°CI] radiotracer
studies

Damien DambournetHervé Leclerc,Alexandre Vimont,Jean-Claude LavalleyMahmood
Nickkho-Amiry® John M. Winfield,® Marco Daturi,
#Institut de Chimie de la Matiére Condensée de BaugdeCNRS, Université Bordeaux 1. 87,
Avenue du Dr. A. Schweitzer, 33608 Pessac cedexder
" Laboratoire Catalyse et Spectrochimie, UMR 6506 RSNENSICAEN-Université de
CAEN, Boulevard du Maréchal Juin, F-14050 Caen eBeance

S Department of Chemistry, University of Glasgow, &jaw G12 8QQ, Scotland, UK.

Corresponding authors: johnwin@chem.gla.ac.uk

Abstract

The combination of several probe molecules hasleddhe construction of a detailed picture
for the surface of the aluminium hydroxyl fluorid&lF, ¢(OH)o.4, which has the hexagonal
tungsten bronze (HTB) structure. Using pyridineaagrobe leads to features at 1628*cm
ascribed to very strong Lewis acid sites, and 2018623 crit, which is the result of several
different types of Lewis sites. This heterogengtyndicated also from CO adsorption at 100
K; the presence of five different types of Lewitess deduced and is suggested to arise from
the hydroxylated environment. Brgnsted acid sittamedium strength are indicated by
adsorption of lutidine and CO. Adsorption of lutie occurs at OH groups, which are
exposed at the surface, and CO reveals that thelsgr@Qups have a single environment that
can be correlated with their specific location desithe bulk assuming that the surface OH
group may reflect the bulk OH periodicity. A coatbn between the data obtained from CO
and pyridine molecules has been established usirgdsorption experiments, which also
highlight the inductive effect induced by pyridingédsorption of the strong Brgnsted acid,
anhydrous hydrogen chloride, detected by monitotmgB™ emission of 1°CI]-HCI at the
surface, indicates that surface hydroxyl groups lagimave also as a Brgnsted base and that
H.O---HCI interactions, either within the hexagonhbhonels or at the surface are possible.
Finally, the formation of strongly bound3¥€| as a result of the room temperature
dehydrochlorination of 3fCl]-labelled tert-butyl chloride provides additional evidence that
HTB-AIF, ((OH)y 4 can behave as a Lewis acid.

Keywords. Lewis and Brgnsted acidity, hexagonal tungsten zeo(HTB), aluminium
hydroxyl fluoride, FTIR probe, chlorine-36.
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1. Introduction

The development of new routes toward high surfaea eaterials emphasises the importance
of the surface compared with the bulk. It is neaggtherefore to combine crystal and surface
characterization for a detailed understanding @& thactivity of a nanostructured solid.
Infrared spectroscopy of adsorbed probe molecdame of the most powerful techniques
used to investigate solid surfaceShe choice of the spectroscopic molecular proliiesva
specific properties exhibited by a material to bheestigated. Very often a combination of
several probe molecules enables a detailed chasatien and for a better comprehension of
experimental results. Pyridine, carbon monoxideammonia are the most widely known
probe molecules for acidity characterisation butcontrast to aluminium oxide-based
materials, relatively few studies of surface chemazation of aluminium-based fluorides
using such molecules have been matte.

Recent investigations of the chemical reactivibésluminium-based fluoride surfaces have
made use of a monitoring technique based on ratiielled probe molecules. A°CI]
radiotracer approacfi has been used to probe the surface propertieheofietastablg-
aluminium trifluoride phase, which adopts the hewaj tungsten bronze (HTB) structure.
Because of the highly sensitive nature of the taalo@r technique, room temperature
adsorption of F’CI at theB-AlF; surface can be detected and desorption*8€Hwhich is
accompanied by loss of ,8) followed® At higher temperature, replacement of surface
hydroxyl groups by AR°Cl bonds can be detected and surface hydroxyl ditesities
estimated. [*°Cl]-Labelled tert-butyl chloride, BICI, can be used to investigate Lewis
surface acidity. The ability of Lewis acidic oxgléo catalyse the dehydrochlorination of
various hydrochlorocarbons, reactions normallyiedrout at elevated temperatures, is well

established:*'%*in the investigations of metal fluorides that haveployed {°Cl] labelling,

! Busca, GPhys. Chem. Chem. Phy§99, 1, 723.

2 Morterra, C.; Cerrato, G.; Cuzzato, P.; Masierg,Padovan, MJ. Chem. Soc. Faraday Trari€92, 88, 2239.
®Vimont, A. ; Lavalley, J. C. ; Francke, L. ; Demigues, A. ; Tressaud, A. ; Daturi, M. Phys. Chem..E2004,
108, 3246.

“ Krahl, T.; Vimont, A.; Eltanamy, G.; Daturi, M.;émnnitz, EJ. Phys. Chem. 007, 111(49), 18317.

® Barclay, C. H.; Borzorgzadeh, H.; Kemnitz, E.; Nibo-Amiry, M.; Ross, D. E. M.; Skapin, T.; Thomsah;
Webb, G.; Winfield, J. MJ. Chem. Soc., Dalton Trar)02, 40.

® Berndt, H.; Bozorg Zadeh, H.; Kemnitz, E.; NickkAmiry, M.; Pohl, M.; Skapin, T.; Winfield, J. M.J.
Mater. Chem2002, 12, 3499.

" Le Bail, A. ; Jacoboni, C. ; Leblanc, M. ; DepeaR. ; Duroy, H. ; Fourquet, J.LJ. Solid State Cher988,
77, 96.

8 Ballinger, T. H.; Yates, Jr., J. T. Phys. Chen1992, 96, 1417.

°Ballinger, T. H.; Smith, R. S.; Colson, S. D.; ¥stJr., J. TLangmuir 1992, 8, 2473.
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reactions have been performed normally at ambiemipéerature, making use of the great
sensitivity of the isotopic tracer method. For eyden strong Lewis acidic fluorides such as
aluminium chlorofluoride, AIGFsx, x = 0.05 — 0.3>" and high surface area aluminium
trifluoride, HS-AIR;,****'®have been shown to be able to catalyse the detlyidrination of
BU'Cl at room temperature. Whef’l]-labelled BUCI is used, the BCI evolved can be
detected on the surface and its subsequent fatendeed:’*®

Microwave-assisted synthesis is a promising roait@btain nanosized crystallized aluminium
based-fluorides. One of the products recently bt is an aluminium hydroxyfluoride,
whose stoichiometry is Alis(OH)o4 and which adopts the hexagonal tungsten bronze typ
structure’” Its surface area is 82°g*, which is far higher than found for materials e

by conventional routes. In a previous stddlyline broadening analysis/Rietveld refinement
and high field®’Al NMR spectroscopy enabled an accurate knowledgbelocal and long-
range structure to be obtained. According to thetwid refinement, hydroxyl groups are
situated in peculiar anion crystallographic siies,8f (F1) and 16h (F2) Wyckoff positions,
located inside the hexagonal channels of the HTig&ire. These conclusions are confirmed
by high field*’Al NMR, which also enables the identification ahe guantification of
AlFs.«(OH), species. The solid is built of 82% of Al&nd AlRs(OH), 16% of AlR(OH), and

2 % of AIR;(OH); species?

FTIR experiments, performed as part of the stiidgdicated the occurrence of two kinds of
OH groups through the use of Mlddsorption: outer surface OH groups characteriged
v(OH) band at 3677 crhand bulk hydroxyls partly substituting &nions inside the channels,
characterized by a(OH) band at 3669 cth However, the conformation of the surface OH

groups located on the outer surface or at the eeeraf a channel could not be determined.

19 pistarino, C.; Finocchio, E.; Romezzano, G.; Bewh F.; di Felice, R.; Busca, G.; Baldi, IMd. Eng. Chem.
Res.2000, 39, 2752.

! pistarino, C.; Finnochio, E.; Larrubia, M.A.; SerB.; Braggio, S.; Busca, G.; Baldi, Md. Eng. Chem.
Res 2001, 40, 3262.

12 Krahl, T.; Stosser, R.; Kemnitz, E.; Scholz, Geist, M.; Silly, G.; Buzaré, J.-YInorg. Chem 2003, 42,

6474.

*Krahl, T.; Kemnitz, EJ. Fluor Chem2006, 127, 663.

1 Kemnitz, E.; Grf, U.; Rudiger, St.; Shakar, C. 3ngew. Chem., Int. EQ003, 42, 4251.

!> Riudiger, St.; G, U.; Feist, M.; Prescott, H. A.;. Shakar, C. Soyanov, S. |.; Kemnitz, EJ. Mater. Chem.
2005, 15, 588.

' Rudiger, St.; G, U.; Kemnitz, EJ. Fluorine Chem2007, 128 353.

" Nickkho-Amiry, M.; Winfield, J. M. J. Fluorine Chem2007, 128 344.

'8 Nickkho-Amiry, M.; Eltanany, G.; Wuttke, St.; Riger, St.; Kemnitz, E.; Winfield, J. M.;). Fluorine

Chem,2008, in press.

' Dambournet, D.; Demourgues, A.; Martineau, CgHee, S.; Lhoste, J.; Majimel, J.; Vimont, A.; ladey,

J-C. ; Legein, C.; Buzaré, J-Y.; Fayon, F.; Treds#@u Chem Mater2008, 20,1459
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In the present work the acidic character of théasar has been investigated in detail by FTIR
spectroscopy using several basic probe moleculesd-l#ase reactions that involve the
surface have been examined by tHeCI]] method outlined above in order to make
comparisons with other recently investigated aluamnfluorides of high surface areas. This
multi-probe approach using pyridine, lutidine (2ié1ethylpyridine), carbon monoxide and
anhydrous hydrogen chloride, the latter being usiéter directly orvia the precursotert-

butyl chloride, has allowed a detailed picture la§ tmaterial, which exhibits both Lewis and

Bragnsted acidities and Brgnsted basicity.
2. Experimental section

2.1 Sample preparation

The compoundp-AlF,OH)ys has been prepared as described elsewRefe.solution
containing water/isopropanol as solvents, aluminnitrate as the precursor and an aqueous
solution of HF (molar ratio [HF] : [Al] equal to 3yas treated under microwave irradiation at
433 K for two hours in a closed Teffdrontainer. The sample was washed under a pressure
of dinitrogen with a large quantity of ethanol theutgassed at 573 K for 4h under vacuum. A
powdered solid with AlfFg(OH)p4,xHO (x = 0.1-0.2) composition was obtained. The
remaining water was removed: (i) in FTIR experinseibly in situ activation at 573 K and (ii)
in [*°CI] radiotracer experiments, by a further annealirgtment performed at 573 K for
12h. Note that both hydrated and anhydrous sokde been investigated witfPCl]-labelled
probes.

2.2 FTIR spectroscopy

Samples were pressed {1Pa) into self supported discs (2 Tarea, 7-10 mg ci). They
were placed in a quartz cell equipped with Cafdows. A movable quartz sample holder
permitted to adjust the pellet in the infrared bdanspectra acquisition and to displace it into
a furnace at the top of the cell for thermal treatis. The cell was connected to a vacuum line
for evacuation, calcination steps,Rua = 10°-10* Pa) and for the introduction of probe
molecules (in gas or vapour phase) into the inffazell. Spectra were recorded at room
temperature. In CO adsorption experiments, the éeatpre of the pellet was decreased to
about 100 K by cooling the sample holder with l&ji\, after quenching the sample from the
thermal treatment temperature. The addition of eely known increments of probe

molecules in the cell (a typical increment correspexl to 100 pmol of probe per gram of

116



Chapitre 3 : Propriétés acides et comportementniigue de I'hydroxyfluorure de type HTB

material) was possible via a calibrated volumeX1ki#t) connected to a pressure gauge for
the control of the probe pressure (I~E& range). The probe pressure inside the IR @l w
monitored by another pressure gauge (1-P@ range). Transmission IR spectra were
recorded in the 5600-500 &mmange, at 4 cihresolution, on a Nicolet Nexus spectrometer
equipped with an extended KBr beam splitting devacel a mercury cadmium telluride
(MCT) cryodetector. Prior to the adsorption of prabolecules, the sample was activated at
573 K overnight.

2.3[**Cl] radiotracer experiments

Anhydrous hydrogen chloride labelled witffGI] was synthesised by a modification of a
previously reported methdd A standard solution was prepared from a commeseiaiple of
aqueous NHCI and concentrated HCI (10 &m An aliquot, diluted further with conc.
aqueous HCI (to 10 crhusing 1 to 5 cii of the standard), was allowed to react witis8,
(98%) dropwise at room temperature. Purification was bw ltemperature trap to trap
distillation over ROip, with the final distillation conducteth vacuo The radio-labelled
product was stored in stainless steel or Monel &4€xo. Tertbutyl chloride labelled with
[*°Cl] was prepared by a literature methbanodified for f°CI] use® A mixture of 2-
methylpropan-2-ol (1.66 g, 23.0 mmol) and an altowp to 10 cm) of the standard aqueous
H3CI solution was allowed to react at room temperafior 2 h with intermittent shaking.
The organic layer was washed, firstly with aquebia$iCG;, then with water. It was dried
over CaSQfollowed by activated 3A sieves vacuo

The procedure for monitoring®*Cl adsorption aB-AlF; through multiple exposures of ¥l

to the solid at room temperature has been descritesihave the principles that underlie the
application of the Geiger-Muller direct monitorimgethod to the study of room temperature
dehydrochlorination of *fCl]-labelled BUCI.}” A sample of HTB-aluminium hydroxyl-
fluoride to be studied was dropped into the Pymunting cellin vacuovia a Pyrex ampoule,
which could be attached vertically to a Pyrex vaowystenvia a standard joint and an high
vacuum PTFE/Pyrex stopcock (J. Young). Prior to, tise flamed out ampoule was loaded
with the solid sample in a glove box. After it wadded to the cell, the sample (normally 250
— 500 mg) was spread as thinly as possible aloagoise of a moveable Pyrex boat. This
could be positioned, using a magnet and soft irandncased in the boat handle, directly

below one of the G.-M. counters. This arrangemeick grocedure enabled the requirement

2. Rowley, G. Webb, J. M. Winfield and A. McCullocAppl. Catal.,1989,52, 69.
“Vogel, A. I. Textbook of Practical Organic Chemistryith ed., Longman, Londof978, 383.
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for an infinitely thin layer of solid to be locatedirectly below one counter to be
approximately fulfilled. The solid and the cell methoroughly outgassed, then a measured
pressure of ¥Cl]-labelled anhydrous HCI or BOl was expanded into the cell from a
calibrated, gas-handling manifold. The cell wadatd from the remainder of the vacuum
manifold and was allowed to equilibrate for 15 m@ounts from each G.-M. counter were
recorded simultaneously on two scaler-timers fo®@ SO The vapour was removed from the
cell and the sequence of admission of gas, eqaildr and counting, repeated. Usually eight
or nine aliquots were used for each experimenterAfemoval of the last aliquot, the counts
were recorded from both counters. The cell wasdeficuated over a period of at least 18 h,
usually with intermittent pumping before additioralunts were recorded. Background counts
were obtained before and after each experimentntéosiwere replaced when contamination
became significant. Prior to using a new batchabklled HCI or BICI, the intercalibration
factor of the two counters was re-determined. Detaf the intercalibration counting
procedure are given elsewhéfe.

3. Results and discussion

3.1 FTIR spectroscopy

3.1.1 Pyridine adsorption. Pyridine (py) is commonly used as probe molecule tfe
infrared characterisation of the acidity of partata solids. Discrimination among different
types of acid, for example Lewis and Brgnsted acigdsin principle, possible and
determination of their concentrations at the adbéssurface can often be achieved. The
mode of the coordinated molecule, located in th@018630 crit range, is indicative of the
strength of the Lewis acidic sites, the higherghbsition, the higher is the acidic strength. The
relative strengths of the acid sites are commordyemnined by thermodesorption of
coordinated py. The.g, vibrational mode (1440-1460 ¢is indicative of the number of
acid sites; the integrated intensity of the bangr@gportional to the surface density of sies
the molar absorption coefficient. The occurrencstadng Brgnsted acid sites is indicated by
the presence of bands assigned to protonated pgridiv > 1630 cni and more specifically

in the 1540-1560 cihrange.
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Fig. 1 IR spectra off-AlF, §(OH)o 4 after activation at 573K before (a) and afteraduction

of an equilibrium pressure (133 Pa) of pyridinegjb{b) evacuation at room temperature
under vacuum and thermodesorption at (c) 323, 28) &) 473, (f) 523 and (g) 573 K. Inset
A: difference IR spectra after introduction of aguiibrium pressure (133 Pa) of pyridine
followed by evacuation at r.t. Insert B: deconvimat (dotted lines) of theg, vibrational
mode (at room temperature).

Spectra of the activated sample present a main aa8665 crit and a shoulder aa. 3680
cm® (Fig. 1-a). This latter is strongly affected byrigjne adsorption followed by an
evacuation at room temperature (Fig. 1-b) but igdly restored after evacuation at 323 K
(Fig. 1-c). No band ascribed to pyridinium spedias been detected, but its absence does not
mean that Brgnsted acidity is absent, since pratmmaf pyridine requires strongly acidic
OH groups. Subtracted spectrum (c-b) presented lsedicates that the intensity of the
3680 cnT band decreases to the expense of two new broaih lw@mtred at about 3000 and
2500 cnt. In absence of characteristic band of pyridiniymaces, these latter are assigned to
v(OH) band strongly downward shifted by a hydrogemd interaction between the OH
groups and adsorbed pyridine. Thg band at 1600 cthobserved in the spectrum of the
sample outgassed at room temperature (Fig. 14hus assigned to Py H-bonded species in
interaction with Al-OH groups, characterised in #pectrum of freshly activated sample by a

v(OH) band at 3680 crh This result is consistent with the acidic chasacif this hydroxyl
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group, previously reported on the same sample wmimgronia as probe molecule. However,
due to its small size, such a probe does not asceavhly the presence of surface OH groups
but also can enter cavities. The occurrence ofssiloie surface OH groups has been therefore
checked by the use of a bulkier molecule, lutid{@g-dimethylpyridine), which is more
sensitive to the weak Brgnsted acid due to its drighasicity %>** The results will be
presented in the next section.

The evolution of the vibrational modes of coordethpyridine or-AlF; ¢(OH)o 4 (previously
activated at 573 K) during thermodesorption is stanwFig. 1 (spectra b to g). The bands at
1580 and 1500 cthare not specific to a given adsorption mode. Gn dbntrary, thevg,
vibrational mode, diagnostic for Lewis acidity, gi/rise to a weak band at 1600 tamd an
intense envelope at higher wavenumber, for whiah ¢ceamponents can be distinguished. The
band at lower frequencies is due to H-bonded pyispe as confirmed by the spectral
position and by the low stability to thermodesawpti As presented in the inset of Fig. 1,
deconvolution of the high wavenumbey, envelope leads to two features, at 1628 ¢iil)
and 1620 ci (L2). Their positions indicate the relative strérgyof the sites they represent,
the higher (L1) being associated with a strongewxiteacidity. Thermodesorption confirms
this point: spectra recorded after outgassing froom temperature to 573 K show that the
intensity of the component situated at lower wawveber is affected by the desorption
process whereas this is not the case for the coempaituated at 1628 ¢mThe adsorbed py
molecules associated with the higher wavenumber tlage more stable toward thermal
desorption, which indicates a stronger interactiath the coordination sitei.e. a greater
acidity as compared with those generating the Léhgmment. This is highlighted by the
evolution of the integrated areas of both components during the thermodesorption (Fig. 2
left). The higher wavenumber component is almos¢msitive to the temperature (only small
variations due to the decrease of the lateral aoteon between adsorbed species with the
surface concentration can be detected), wheredews one decreases progressively.

In addition, the position of the L2 component shiftom 1620 to 1623 cihduring the
thermodesorption. This shift is commonly observadrdy py adsorption experiments and is
assigned either to the heterogeneity of the Lewid sites or to an electronic effect induced
by pyridine adsorptioh.As shown below, this problem can be resolved leyuse of different
probe molecules.

22 payen, E.; Grimblot, J.; Lavalley, J.C.; Datud,; Maugé, F. Application of Vibrational Spectrogy in the
Characterization of Oxides and Sulfides Catalyat$1andbook of Vibrational SpectroscopyVol. 4, Ed. J.M.
Chalmers and P.R. Griffith, Wile002.

% Morterra, C. ; Cerrato, G. ; Meligrana, Gangmuir 2001, 17, 7053.
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In the case of conventionally prepar@dhIFs, Vimont et af found one band at 1620 &mn
which progressively shifts up to 1627 ¢rat 573 K. The higher component was assumed to
be present also at room temperature but was mdskélde more intense component. In the
present case, the higher component (1628)@fithe py adduct is already visible in the band
envelope recorded at room temperature, being pwartimden only by a larger fraction of
Lewis sites related to the L2 component (1620"crThe larger surface area exhibitedfby
AlF, §(OH)y4 as compared with conventionally prepang@dlFs; enables such sites to be
detected. Additionally, the wavenumber of the Limponent (1628 ci) has not been
reported previously for a solid adiiThe assignment of such a band is not trivial. Eioeet

al® reported, for an aluminium hydroxyfluoride seriesie band at 1620 ¢l which was
ascribed to py coordinated at coordinatively unsaed AP ions in a tetrahedral
environment. From computational studies, Wanderal?>?® have shown that four-fold
coordinated aluminium atoms are not stable andméame to give five-fold coordinated
aluminium sites. A similar situation is assumedoixur on theB-AlF,¢OH) 4 surface.
Additionally, Wanderet al. have shown the occurrence of two different tertnoms on the
(100) surface. Two different five-fold coordinatat" geometries are therefore predicted and
should give rise to different Lewis acidities degieiy on the A" electronic state and the
accessibility of these centres. Generally, it isepted that the lower is the *Alcoordination,
the stronger the Lewis acidity. Conversely, fomailoa, it has been proposed that some of the
five-fold coordinated Al* was more acidic than a four-fold offeSuch a point of view
highlights the importance of the accessibility loé t_ewis centre, as well as the necessity to
undertake deep and multitechnique investigatiorsstiertain the origin and the strength of a

surface site.

The number of coordinated pyridine can be estimatad the integrated intensity of theg,
band, using a molar adsorption coefficient valueld cm pmof. The number of L2
coordinated pyridine has been determined consigehia py spectra recorded in the 323 K -
573 K temperature range. Since only L2 py coordidatpecies are sensitive to the
thermodesorption procedure in the 293 — 573 Kathsorption coefficient of theg, band of
the L2 species can be determined by plotting theghated intensity of theg, band at 1620

**Busca, GChem. Re\2007, 107, 11.

% Wander, A.; Bailey, C. L.; Searle, B. G.; Mukhopgdy , S.; Harrison, N.MPhys. Chem. Chem. Phy§05,
7, 3989.

% \Wander, A.; Bailey, C. L.; Mukhopadhyay, S.; SeaB. G.; Harrison, N. MJ. Mater. Chem2006, 16, 1906.
" Digne, M. ; Sautet, P. ; Raybaud, P. ; Euzen,TRujhoat, H.Journal of Catalysis2004, 226, 54.
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cm’ versus that of theg, band (Fig. 2, right part). The straight line iraties that the molar
absorption coefficient of theg, band is nearly constant whatever the temperatoposed.
The slope of the line is equal to 1 showing tha&t tfolar adsorption coefficients of the,
andvigp band of pyL1 species are the same. From thegityeaf these bands, we deduced
that the total number of py coordinate specie®atnrtemperature is about 1.45 per’rand
that of L2 species about 1.2 entities pefrifis result shows that the strong Lewis acidssite
responsible for the pyL1 species formation (1628%crmre much less abundant that the
weaker ones responsible for the pyL2 adduct. Weulghstress that a position for tivg,
vibration mode such as that found for the L1 congmi§1628 cnt) of adsorbed py has never
been detected before on solids, to our knowledgglighting the occurrence of very strong

Lewis acid sites on the materials investigatedrduthe present study.
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Fig. 2 Integrated areas of the different components efvth (1620-1628 cil) vibrational
mode of coordinated pyridine during the thermodeson (left side). Integrated area of the
Vsa band of coordinated pyL2 species (1620'}ms. the integrated area of they, band of
coordinated py species (right side).

3.1.2 Lutidine adsorption. The IR spectrum of adsorbed lutidine @rRAIF;6(OH)o.4
displayed in Fig. 3, shows three types of spegihgsisorbed (1580 cband), coordinated
(Vga at ~1615 crif andvgp, at 1590 crit) and lutidinium speciesvg, at 1652 crit andvgp, at
~1630 cnit). The formation of the latter indicates the preseaf surface Brgnsted acid sites.
In agreement with this finding, subtracted spedtrathe 3000-3800 crh range show a
decrease of the 3680 €nband intensity (Fig 3. inset). According to theadaeported by
Oliviero et af® the wavenumber detected for lutidinium species Mmode) accounts for

medium Brgnsted acidic sites. Despite the stendraince induced by the methyl groups of

8 QOliviero, L.; Vimont, A.; Lavalley, J-C.; Sarri&:-R.; Gaillard, M.; Maugé, FPhys Chem Chem Phy)05,
7, 1861.
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lutidine, it appears that accessible acidic OH psoware present at the surface [bf
AlF,¢OH)o4 The steric hindrance induced by the two methgugs results in a weaker
Lewis complex?® This is confirmed by the IR spectra obtained aftermodesorption where

the feature arising from the Lewis adduct decreasesresult of the annealing treatment.

Physisorbed
—

‘ 0 Lewis

Bremnsted 1615

|
1652 1631
[ : Adsarption

’—/\/\/Uacﬂ:w
1620 373K
|
423 1

1700 1650 1600 1550

Wawvenumber (cml)

Fig. 3 Difference IR spectra of coordinated lutidine [B#IF, oOH)o 4 after adsorption of
133 Pa at equilibrium pressure, followed by desorptinder vacuum at room temperature
and 423 K. Inset: spectra in théOH) region of the sample activated at 573 K (a] after
adsorption of lutidine (b). The dotted curve is thiéference curve between desorption
obtained at 373 and 473 K.

The use of 2.6-dimethylpyridine can yield additibimdormation about surface Lewis acidity.
In the spectrum recorded under an equilibrium presef lutidine, thevg, vibrational mode at
ca. 1615 cni is indicative of strong Lewis acidity. After ousgng at room temperature, a
contribution atca. 1605-1610 cit could be present but it is masked by the strongibat
1615 and 1595 cth(this latter is theg, band of coordinated species). These features €an b
related to medium Lewis acid sites. Additionallgimee few Lewis acid sites characterized by
a band at 1620 ¢t have been identified by subtraction between lieemodesorption curves

performed at 373 and 423 K. For comparison, thengtest Lewis acidic sites displayedpy
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alumina have been identified throughvg band at 1616-1618 ¢m?*?® and assigned to
tetrahedral A" coordinatively unsaturated sites.

Lutidine and pyridine are very strong bases andsequently not very sensitive to the
heterogeneity of the Lewis acid sites. Pyridineoapison does not indicate the presence of
strong Brgnsted sites, but clearly reveals two sypieLewis acid sites. By contrast, lutidine
adsorption gives rise to protonated species butyhaetect the Lewis acidity of the sample.
In order to clarify these results we have complebtedstudy using CO as probe molecule, a
weaker base more sensitive to the heterogeneityaatie: strength of the Lewis and Brgnsted

acid sites.

3.1.3 CO adsorption. In addition to the problem of surface Brgnsted ii¢icharacterization,
the py adsorption experiments left open the quesifche origin of the 1620 cfnband shift,
which could be due either to the heterogeneityhef Lewis acid sites or to the electronic
effect induced by py adsorption. Therefore, CO gutsan performed at low temperature (100
K) has been used to get more insight into the a@doperties off-AlF,OH)y 4. This probe
molecule is smaller and less basic than pyridinkitdine, therefore it allows discrimination
among Lewis acid sites and enables the detectidBrafisted acid sites presenting various
strengths and different accessibility. In a genevaly, CO addition at 100 K leads to the
emergence of three regions that are due(@D), (i) the 2235 — 2180 chregion, arising
from Lewis acid sites, (ii) the 2180 — 2150 tmegion, arising from Brensted acid sites but
also weak Lewis acid sites, and (iii) the regioB%50 cn' due to physisorbed specfésThe
v(CO) position is a function of acid strength, thgher the wavenumber, the stronger is the
acidity. A correlation between théOH) andv(CO) regions is required to define the nature of
the CO interaction, for examplea coordination owia H bonding with hydroxyl groups, to
distinguish Brgnsted acidity from weak Lewis agidit the 2150-2180 cthrange.

Spectra of an activated sample on which succesisises of CO have been adsorbed at 100 K
are displayed in Fig. 4. Particular sites preséntesy low concentrations can be revealed
using very small CO doses. Indeed, at low coveragak bands are detected in the range
2220-2235 cri, which at high coverage give rise to a very weakdlocated at 2235 ¢
and to a medium band centred at 22157cisee the deconvolutions in Fig. 4).

Simultaneously to the appearance of three low faqy components aa. 2200, 2185 and

9 Hadjiivanov, K. I.; Vayssilov, G. NAdv. Catal 2002, 47, 307.
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2175 cnt', a band at 3525 chascribed to perturbed OH groups begins to appeset(Fig.
4). Finally, at higher coverage, a band at 2168 can be distinguished as a shoulder.

3525
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B Cousaf g species.
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Fig. 4 Left: IR spectra recorded at 100 K after introductof increasing CO doses at 100 K:
10 pmol ¢ (a), 44, 71, 88, 130, 300 umof db to f, respectively) then an equilibrium
pressure (665 Pa) (g). Right: deconvolution of ¥f€O) band envelope on the spectrum f.
Inset: spectral region of the perturbg@®H) bands.

Therefore, CO adsorption leads to the occurrenceiotypes of sites with the following
assignments. Site A is a very strong Lewis adigl éharacterized by a very weaCO) near
2235cm" (AV(CO)A ~ 92 cn'). Site B is a strong Lewis acid site initiallyeitified by a
band at 2220 cthand progressively shifted to 2215 ¢rfor high CO coveragehy(CO)B ~
77-72 cm), which indicates that these sites are not isd|asénce they(CO) shift is due to
the inductive effect of the CO molecules: CO adsorp decreases the strength of the
neighbouring Lewis centres. Site C is a mediurargjth Lewis acid site characterized by a
band at 2200 cth (Av(CO)C ~ 57 crif). Site D is a weak Lewis acid site detected @321
cm’ (AV(CO)D ~ 40 crif). Site E identified by(CO) at 2173 ¢ (Av(CO)E ~ 30 crl) is
due to a Brgnsted acid site, since W(€O) band intensity concomitantly increases witht th
of the perturbed/(OH) band at 3525 cth(Fig. 4 inset). The emergence of the perturbed
v(OH) is related to the disappearance of wi@H) at 3685 cnl, as already indicated from
lutidine and ammonfd experiments. Finally, the assignment of the diteharacterized by a
v(CO) band at 2166 ci(Av(CO)F ~ 23 crit) is potentially ambiguous, since bands in this
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region may arise from either Lewis or Brgnsted i@i¢zidGuccessive difference spectra clearly
show that the emergence of the 2166'dmand is not concomitant with the appearance of a
perturbedv(OH) band (Fig.5, spectrum f-e@vealing that the site F is due to a weak Lewis

acid site. Table 1 summarizes the results from G&dipotion.
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Fig. 5 Successive IR difference spectra of activaetliF; ¢OH)4 after CO adsorption.
Inset: corresponding OH region. Spectra d, e aradrespond to those presented in Fig. 4.

Site label v(CO) / cmt Assignments
A 2235 Very strong LAS
B 2220-2215 Strong LAS
C 2200 Medium LAS
D 2183 Weak LAS
E 2173 Medium BAS
F 2166 Very weak LAS

Table 1. Site labelsy(CO) bands and corresponding assignménté&S and BAS are Lewis
and Brgnsted Acid Site, respectively.
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For Brgnsted acid sites it is well established that acid strength acidity can be evaluated
from the shift of thev(OH) vibration perturbed by CO adsorption. The(OH) shift here
equals 160 cfh and corresponds to medium Brensted acidity. Thésliom acid strength
could explain the discrepancy between the resuitailmed after lutidine and after pyridine
desorption experiments: the acid strength of Al-Qéup is strong enough to protonate
lutidine but not pyridine,.. In relation with thegsent result, it has been shown tpratumina
presents some few OH groups characterized bw@H) shift e of 155 cm after CO
adsorption at 100K, which generates lutidinium s&dbut not pyridinium specie It is
worthwhile noticing that the Full Width at Half Memum of thev( CO) band arising from
Brgnsted-type adducts appears very small (FWHM em?) as compared with the Lewis-
type adducts (FWHM ~ 20 ch. This can be ascribed to the occurrence of homeges
Brognsted surface sites having very high symmetughSa feature is particularly interesting
when the structural OH groups are considered. Bddgydroxyl groups are localized in
peculiar crystallographic sites. The occurrencbahogeneous Brgnsted surface sites can be

related to the crystal structure, the surface céfig the bulk periodicity.

3.1.4 Correlation between pyridine and CO adsorptions. a co-adsor ption study. The use

of CO reveals the range of Lewis acid sites throtlgh detection of five types of Lewis
adducts. The origin of the 1620 ¢nband shift of coordinated pyridine mentioned abisve
therefore due to the heterogeneity of the Lewisliacsites. However, the correspondence
between the various Lewis acid sites found by the probe molecules is still unknown,
especially considering that CO permits a finer niagof the surface, while pyridine gives a
less detailed view of the sites, even modifying ¢berdination neighbourhoods. To resolve
any possible correspondence, Morteetaal®® were the first to use pyridine and CO co-
adsorption onn-alumina. In the present study, we have applied technique on the

fluorinated sample.

Pyridine was first introduced and then evacuatadatasing temperature, 323, 423 and 523
K. After each step, a dose of CO was introduceti0& K and the sample re-evacuated. As
shown previously, at these temperatures, only dlae$t component of thes, mode (1620-
1623 cm') of the coordinated pyridine is affected. Figpfesents the corresponding IR
spectra of co-adsorbed pyridine and CO moleculégr Ahermodesorption at 323 K (Fig. 6-

% Morterra, C.; Coluccia, S.; Garrone, E.; Ghidi,J. Chem. Soc., Faraday Transl979, 75, 289.
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a), the addition of CO does not show any band éztatv > 2180 cn, corresponding to the
strongest Lewis acid sites. However, two componegitded to chemisorbed species can be
distinguished between 2155 and 2170"cifhese bands are related to the weakest Lewis site
(site F) and the Brgnsted acid sites (site E), eetsgely. During the thermodesorption
process, these bands are progressively shiftedigheh wavenumber underlining the
electronic effect induced by pyridine adsorptionor®bver, pyridine chemisorption is a
strongly exothermic process which can produce #ugsation of the original sites probed

and, to some extent, a surface reconstruction.

v8a »(CO)

Abs
|0.1 L1

_/
_/

(a)

1640 1630 1620 1610 1600 2220 2180 2140
fcm-173 -

Fig. 6 Left: IR spectra of adsorbed pyridine followed dBsorption under vacuum at (a) 323,
(b) 423 and (c) 523 K. Right: fitted IR spectra adsorbed CO after the corresponding
successive pyridine desorption steps. Spectrumreesgmonds to the(CO) range of sample
without pyridine treatment.

Thermodesorption at highest temperatures (Figpéctsa b and c) led first to an increase of
the E and F components and the appearance of campbn Thereafter, the intensity of D
increases and site C appears with a quite weakilbotibn. The remaining low, L2 pyridine
feature observed at 523 K (Fig. 6-c) can be camdlavith the unreconstructed band of site C.

Consequently sites D and C evidenced by CO adsaorptin explain the heterogeneity of the
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L2 pyridine band envelope. Therefore, it can begested that the highest pyridine (L1)
component is related to the sites A and B as redday CO adsorption, A being very weak.

3.2[**Cl] Radiotracer study

Experiments carried out using two different samplesich differed in the quantity of water

that still remained in the hexagonal channels,caidid the importance of both Lewis and
Bragnsted activity inB-AlF,6OH)y4 and how the presence of residual water can affsct i
dehydrochlorination ability. The samples differ prih the nature of the post-synthesis
treatment (see Experimental) and are designatédras(OH).4.xH2O where x is estimated

to beca.0.12, and Alg ¢ OH)o 40btained after annealing at 573 K for 16h.

3.2.1 The hydrated sample. The interaction at room temperature between anlugdieCl
and the hydrated HTB solid with the general forméldr,s(OH)4.xH,O is substantial
enough to be detected using pressure changes irevaogsly evacuated closed system
equipped with a Bourdon gauge.

The exact magnitudes of the HCI uptakes differ degend on the post synthesis treatments
and, although this relationship was not exploredietail, it is clear that the uptake of HCI
depends on the water content. By analogy with #&teabiour found previously fo-AlFs,>
direct interactions between HCI and®are likely to be more important at room tempea®atu
than those between HCI and HO-AI groups. Thesalrmbservations guided the subsequent
experiments that involvedCl] labelling.

Three experiments with Afg(OH)o.4.xH2O were carried out; two involve *fCl, the other
[*°CI]-BU'CI. In each case a sequential exposure to the sblal series of EfCl or [°Cl]-
BU'CI aliquots is involved, unchange®l] vapour being removed by distillatian vacuo
prior to the exposure of the solid to the next wdig Relationships betweer°l] surface
counts and additions ofCI or [*°CI]- BU'Cl made are shown in Fig. 7. The medfC][]
count detected from the surface when 9 aliquotd (2Pa) of anhydrous ¥CI are
successively exposed to a thinly-spread sampldef £OH)o 4. xH20 (Fig. 7(a)) is small and,
as a result, is not particularly precisely detemudinit is possible to conclude however, that
there is a strong interaction betweetf® andp-AlF,.gOH)y4.xH,0. The strength and extent
of the interaction result in the retention of eswgiy all H*CI, which is adsorbed by the
solid. For example, in Fig. 7(a) th&€¢l] surface count determined in the presence ofase

aliquot of H°CI added (count 9) is effectively identical to tltermined immediately after
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removal of H®CI vapour (count 10). Count 11 was determined 6sdafier H°Cl removal,
the cell being maintained under vacuum during thesiod, and is effectively identical to

count 10.
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count No. 1-9 (2.4 kPa), 10,11 (after gas removal)
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count No. 1-5 (2.7 kPa), 6-9 (4.0 kPa), 10,11 (after gas removal)

Fig. 7 Surface counts from hydratédAIF, OH)o.4xH,O during exposures to (aj°Cl]-
labelled HCI; relative errors on the individual pta are 4.8 — 5.7%; the line break
corresponds to the removal of gas; BC[]-labelled BUCI; relative errors on the individual
points are in the range 6.4 — 10.2%; line breaksespond to a change in the aliquot pressure
from 2.7 to 4.0 kPa then to removal of vapour.

The data in Fig 7(a) are the result of®&l exposures that involve relatively small gas
pressures. A similar experiment using aliquot gessgures in the range (4.0 — 6.65 kPa)
produced larger surface counts, whose relativeremweere 3.0%; the magnitudes of the
surface °Cl] counts were pressure dependent. They increasexthe first nine additions but
decreased to some extent over the next three.BbEMmaviour is reminiscent of that observed
when H®Cl is exposed t@-AlF 3 under similar condition3By analogy with the latter system,
it is suggested that species such a®-+HCI could be formed on exposure of HCI pn
AlF26(OH)p.4.xH20. An additional interaction involving Al-OH groupsith HCI could be
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formulated also. Although the FTIR results usingdime and CO probes described above
indicate Brgnsted acidity for AI-OH groups, in theesence of the very strong Brgnsted acid,
HCI, the interaction is more likely to be one iniethHCI behaves as the donor to Al-Ot¢.
CI-H---O(H)-Al. A further possibility is that someeplacement of Al-OH groups occurs,
according to the process: Al-OH + HE} Al-Cl + H,0°

This observed Brgnsted activity reflects the po&tmf the probe species HCI to behave as a
strong proton donor. It would be expected thatabhee of the fluoride environment of these
hydroxyl groups, as discussed above, they wouldbéxhcidic characterie. behave as
proton donors) in most other situations, as has bescribed above.

Exposure off-AlF,¢OH)o4xH;0 to a series of*fCI]-Bu'Cl aliquots at room temperature
results in the deposition of &Cl]-labelled species on the surface, presumabRCH There

is a presumption that dehydrochlorination of'®uhas occurred, although there was no
evidence from FTIR spectroscopic examination ofygour above the solid for any reaction,
including hydrolysis of BICI. Under identical conditions, HCI is evolved slgwo the
vapour phase aboyAIF3,> while BUCI is consumed rapidly in the vapour above HS-AIF
yielding a mixture of HCI and hydrocarbon spedfés.appears that dehydrochlorination does
occur but only to a small extent and that any H®irfed is retained by the solid. In tH&J]
experiment shown in Fig. 7(b), the surface couataases to a small extent over the series of
aliquot additions 1 to 9. There is however, a mdrkecrease on pumping the solid after
removal of the last aliquot afBu®**Cl. Count 10 was made immediately after removal of
weakly adsorbed HCI under static vacuum and count 11 was determarethe following
day. The behaviour observed can account for byideretion of an important property of the
chlorine-36 isotope. Like afi emitting isotopes, chlorine-36 is subject to sddborption and
the emitted radiation will not be detectable by aiger-Miller counting tube, unless the
species, PPCI in this case, is adsorbed at the exterior serfat the solid. Any EfCI
adsorbed at grain boundaries within the solid ery\plausibly, hydrogen bonded to® or
Al-OH groups located within the hexagonal chanral$-AlF;¢OH)y4.xH20, will not be
detected. It will be detected only if and wheniffues to the exterior surface, which process
is evidently slow. It appears from this experimémt adsorption within the channels is at

least as important as at the exterior surface.
3.2.2 The anhydrous sample. The behaviour of-AlF,.¢OH)y4 towards H°Cl is shown in

Fig. 8. The post-synthesis treatment of this samn@e designed to remove loosely bound

H,0, including as much as possible of the water pally located in the hexagonal channels,
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and therefore differences in its behaviour compacethat of the previous sample might be
expected. In this experiment the specific coung (@bunt mift mmol?) of the H®CI used
was far higher than in the experiments describem/@bThis enabled the interaction to be

described more precisely than before.
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0

0 2 4 6 8 10 12
count No. 1-8 (3.3 kPa), 9,10 after gas removal

Fig. 8 Surface counts from anhydro@sAlF, OH), 4 during exposure to YiCI; relative
errors on the individual points are in the randge 2.3.9%; the line break corresponds to the
removal of gas.

An increase in the surfacCl] count is observed with increasing number 8fC aliquots,
although a plateau region extending over countg #-discernable. The average count in this
region is 8987 (500 3)determined with a relative error of + 2.4%. Théieathe count
increases (count 8), then suffers a small decreasemoval of the last aliquot (count 9) and
finally increases to a value greater than counté a period of 24 In vacuo The observed
behaviour indicates that the interaction @l is progressive with increasing number of
aliquots used and that both surface and bulk arelied. In this sample, the interaction
apparently involves Al-OH groups both located & #xterior surface and in the hexagonal
channels. The evidence for this is similar from élperiment described above. However, the
counts are larger enabling them to be determineck meecisely and the experiment uses
H3%CI directly. As proposed above, the behaviour olestiis best rationalised by migration
of H*CI during the storage peridd vacug from hexagonal channels in the HTB-structure,
where f°CI] radiation cannot be detected using Geiger-Mitteunting because of self
absorption of °Cl], to sites on the exterior surface where it iedetble.

Contrary to expectation, the activity gfAIF;¢OH)o.4 With respect to room temperature
dehydrochlorination is very low and precis&dl] surface counts were not obtained. This

highlights the apparent role of,8 in promoting the room temperature dehydrochlaidma
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of BU'Cl. However, a Lewis site is required for the agsion of BUCI. The HCI liberated by
the dehydrochlorination is assumed to migrate tarlme water molecules, where it will be
strongly adsorbed. This process evidently drives dehydrochlorination and,B can be

considered to be a promoter in this case.
3.3 Comparisonswith B-AlF; and related aluminium fluorides

Both parts of this study, the detailed mapping e surface structure by FTIR and the
investigation of chemical reactivity using th8Ql] radiotracer, focus attention on acid-base
interactions and reactions. The important elemangscoordinatively unsaturated *Alsites
that are responsible for the Lewis acidity, hydiogsoups present as an integral part of the
structure, accessible hydroxyl groups that disgagnsted activity, behaving as Bregnsted
acids towards lutidine and CO, and probably asd#aseards anhydrous HCI. Of importance
in addition is the water, originally located in thexagonal channels of the HTB structure,
where in company with the [Nff cation’ it acts as a stabiliser for the metastgbferm.
The incomplete removal of J provides a second possible type of Brgnsted Isésic

The pertinent spectroscopic data obtained forptAdF, (OH)y 4 surface are summarised in
Table 2.

Lutidine | Pyridine CO
Probe IR bands vg,v(cc) Vga v(CO)
cm* cm* cm*
2235
2220-2215

Bands due to| 1615-1620| 1628

Lewis activity ~ 1610 1620 gigg
2166

activity 1631 AV(OH)=155
Proton affinity 963 912 598

/ kJ mol*?

Table 2. Characterization of the Lewis/Brgnsted acidicssdesplayed by thg-AlF, §(OH)o 4
surface? Proton affinity of the probe molecué.

What can be designated as strong surface Lewigtygddy making comparisons with similar
work that involves aluminas?*?"?%is evident from the following spectroscopic featur (i)
adsorbed lutidine that hasa ~1620 cn, (ii) adsorbed pyridine witlvg, ~1628 crit, (iii)
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adsorbed CO withcoy ~2235-2210 cm. For comparison, highly coordinatively unsatudate
Al** sites ony-alumina are characterized by adsorbed lutidineh wif, ~1618 crit and
adsorbed pyridine withg, ~1625 cnt. Small but significant differences in the bandiposs
found among the adsorbed species can be relatdek tmductive effect of fluoride ions as
already pointed out for aluminium hydroxyl fluoritteat exhibits the pyrochlore type.

The second factor that has great influence on theid acidity ofB-AlF,¢OH)o4 IS the
method used for its synthesis; this results infémmation of very small particl€S.Using a
molecular dynamic simulatioff, it has been shown that highly coordinatively unssted
Al** sites occur on nanoparticles @ nm) of cubia-AlF; where surface reconstruction takes
place giving rise to strongly under-coordinated*Alentres located mainly on the edges and
corners of the particles. In a similar fashion, pinesence of highly coordinatively unsaturated
Al** sites is suggested to account for the strong Lewidity displayed by the high surface
area, X-ray amorphous HS-AIE**® For example, the unusual properties of the Sudide
been rationalised by the occurrence of strong sffect leading to highly unsaturatedAl
characterized by &(CO) > 2220 crit.* Additionally, by comparison with other aluminium
fluoride materials, it has been shown that, whatéwe composition/structure, the number of
strong Lewis acid sites increases with the surtaea,i.e. with the decrease of the particle
size, highlighting the role of surface reconstmctioccurring at a nanoscopic scale on the
formation of the strongest Lewis acid sitdSuch a trend is well evidenced by the behaviour
of the B-AlF,.¢(OH)o4 surface. The L1 pyridine component situated at8162" is already
detected at RT whereas in the case of conventiopadipared-AlFs,® a band at 1627 chis
only observed after desorption at 573 K.

A third factor could be correlated with the amoaffluorine saturating the At coordination.
The presence of hydroxyl groups as an integral gfatie composition, as opposed to being a
minor element arising from hydrolysis, is beliewedbe the main factor responsible for the
Lewis heterogeneity of thg-AlF,¢OH)o4 surface. This heterogeneity is well demonstrated
by CO adsorption, leading to the observation o tiypes of Lewis sites. Other probes lead to

similar but not identical results. The use of pyralleads to two types of Lewis acid sites.

31 Dambournet, D.; Demourgues, A.; Martineau, C.;dhwar, E..;Majimel, J,;Vimont, A.; Leclerc, H.; Lavalley,
J.-C.; Daturi, M.; Legein, C.; Buzaré, J.-Y.; Fayéit Tressaud, Al. Mater. Chem2008, in press.

DOI: 10.1039/B718856K.

%2 Chaudhuri, S.; Chupas, P.; Morgan, B. J.; Mad&em.; Grey, C. PPhys. Chem. Chem. Phy606, 8, 5045.

% Dambournet, D.; Eltanamy, G.; Vimont, A.; Lavalle}-C.; Goupil, J-M.; Demourgues, A.; Durand, E.;
Majimel, J.; Rudiger, S.; Kemnitz, E.; Winfield, M.; Tressaud, AChemistry — A European Journ&008, in
press.D.O.I: chem.200701831.

134



Chapitre 3 : Propriétés acides et comportementniigue de I'hydroxyfluorure de type HTB

. One important criterion to enable the detectibmasious strengths of Lewis acid sites is the
frequency range displayed by the Lewis-specifiqational mode. For instance, the range of
thev(CO) shift is much greater than that of thg mode of pyridine (up to 100vs 35 cnib).
This can explain why pyridine is not able to distnate site A, its intensity being very low.
Previous investigations on aluminium hydroxyflueriderie$ suggest that the(CO) band
detectecta. 2195 cnit (equivalent to site C in the present work) arisem “oxidic islands”.

It can be deduced therefore that the occurrenc@Hbfyroups inside the network induces the
Lewis heterogeneity observed. The occurrence abuarF/OH anionic environments in the

'"is revealed by high resolutidhAl NMR spectroscopy® Although this result

vicinity of Al
is obtained from a bulk technique, it can be sutggkthat such species can be found in an
under-coordinated configuration at the surfacéhefdolid.

5 interactions between

It seems likely that, in contrast to the behavishown byp-AlFs;,
surface hydroxyl groups and HCI are important, didifion to the HO --- HCI interactions
postulated to occur iff-AlF3. This is not too surprising, since RAIF3 hydroxyl groups are
present solely as a result of trace hydrolysis,red® in the hydroxyl fluoride examined here
they form an integral part of the HTB structure.eféis good evidence that adsorption of
HCI occurs within the hexagonal channels of the HsRictures as well as at the exterior
surface.

It can be concluded from this and related studne¢ &nhydrous HCI can be adsorbed on
aluminium oxides, fluorides and hydroxyfluorides wiifferent ways. It is normally
dissociatively adsorbed at alumirfds>2¢3"-383%|though associative adsorption is known..
Associative adsorption is the obvious possibilitybinary fluorides and their derivatives,
either at coordinatively unsaturated'A$ites as proposed for HS-Affor at hydroxylated or
hydrated sites, as in the HTB solifisAIF,6(OH)o4 , B-AlF,.g(OH)o4xH,0 and p-AlF3°.
However, given the probability that some of the iseacid sites irB-AlF2.¢(OH)o.4 Will have
mixed F/OH nearest neighbours, dissociative adswrgf HC| also becomes a possibility.

A direct comparison amongrAlF, (OH)o.4 , B-AlF2.6(OH)o.4,xH20, B-AlF3 and amorphous
HS-AIF; with respect to their reactivity in the promoti@f BU'Cl dehydrochlorination,
indicates that HS-Alfis the most effective catalyst for the reactianphrt this will be the

% Peri, J. B.J. Phys. Chenml966, 70, 1482.

% Tanaka, M.; Ogasawa, S. Catal 1970, 16, 157.

% Kytokivi, A.; Lindblad, M.; Root, A.J. Chem. Soc., Faraday Trari995, 91, 941.

37Elam, J. W.; Nelson, C. E.; Tolbert, M. A.; Gear§e M. Surf. Sci2000, 490, 64.

¥ Alavi, S.; Sorescu, D. C.; Thomson, D. I. Phys. Chem.,003, 107, 186.

% Mclnroy, A. R.; Lundie, D. T.; Winfield, J. M.Pudman, C. C.; Jones, P.; Parker, S. F.; LenDo@atal.
Today,2006, 114, 403.
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result of its far greater specific surface areaha@ligh,p-AlF,¢OH)y.4 should be regarded as
having Lewis acid character on the basis of theRF3tudy, it can be argued that it is the
strong interaction between,@ in B-AlF;6OH)y.4.xH2O and liberated HCI that drives the
dehydrochlorination reaction in this case rathantlny intrinsic strength of the Lewis acid

sites.

Conclusion

Analysisof the surface properties of an aluminium hydroxgfide exhibiting the HTB type
structure has been performed using two complemgntathods. At first, adsorption of probe
molecules has been detected by FTIR. The use cfetheral probe molecules enabled to get
precise information depending on the spectroscapalecule characteristics. A Lewis
strength heterogeneity has been detected on tlee sutface and depends on the frequency
range and the basicity displayed by the probe mitdecPyridine detects two type of Lewis
acid sites, the first one denoted L1 is very strongpy band at 1628 ci) but is present in
low concentration on the surface (~0.2 sites pef)nifhe second one denoted L2 has a
weaker acid strengtivd, py band at 1620-1623 ¢thbut is much more abundant (about 1.2
sites per nrf). CO adsorption and pyridine-CO co-adsorption expents reveals that both
L1 and L2 sites are heterogeneous: L1 and L2 areselated to two different sites each one,
site A and site B, identified by(CO) bands at 2235 and 2220 tiior L1 , site C and site D
chracterized bw(CO) bands at 2200 and 2183 tror L2. CO adsorption reveals also the
presence of weaker Lewis acid sites characterige@{CO) band at 2166 cfh The Lewis
strength heterogeneity has been suggested to paith from the occurrence of various F/OH
anionic environments as revealed by high figld NMR. However, the origin of the Lewis
acidity is not far straightforward and is currentiynder investigation usingb initio
calculations. CO and lutidine desorption experimerinfirm the presence of surface OH
group ¢(OH) at 3680 cnl), which generate homogeneous Brgnsted acid sitasawnedium
acid strength Av(OH) = 160 cni, v(CO) = 2173 cnf), able to protonate lutidine but not
pyridine. Contrarily to other aluminium-based fligws, B-AlF, (OH)o 4 displays a Brgnsted
behaviour whose characteristics depends on thengabethods. HCI which acts as a proton
donor reveals that both OH groups located at tifase and in the channels could act as a
Bragnsted base. Another remarkable point which leas highlighted by the radiotracer study

is the promoting effect of water molecule on thytkrochlorination reaction of (GHCCl.
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3.2 Préparation et caractérisation de nano-particids (fluorure-oxyde

d’aluminium) a structure type "core-shell"

Publication: Preparation and characterization of nano-structurédtbased fluoride/oxide
core-shell, to be submitted to Inorganic Chemistry.

Cette étude décrit le comportement thermique depHase HTB :B-AlF;¢OH)o4 Les
différentes réactions qui s’opérent lors de traégata thermiques conduisent a une
modification texturale et chimique du matériau aggdnt a des nanoparticules de type coeur-

couronne a base de fluorure et oxyde d’aluminium.
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Preparation and characterization of nano-structured

Al-based fluoride/oxide core-shell

Damien DambournefAlain Demourgue® Charlotte Martinead, Jéréme Majimef, Michael
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ABSTRACT.

The investigation of the thermal behavior [BAIF, ¢OHy 4 compound which adopts the HTB
network shows that this structure is stable up 78 &. As revealed by a detailed analysis
combining HRTEM, XRD, FTIR and’F and*’Al NMR, the sample annealed at 873 K exhibits
an unusual core-shell like structure. The shellcWwhs amorphous contains some AI@IOs and
AlO, species which have been identified and quantifing’Al NMR. Contrarily, the core part
of the material is crystallized and has been idiedtias a phase closely related to the hydroxyl
free compoun@-AlF; in agreement with the dehydroxylation process. aheealing treatment
lowers the Lewis acidity but strong Brgnsted adigsshave been created as evidenced by
pyridine adsorption. These strong Brgnsted sitése drom the reaction between water and
strongly under-coordinated species formed uponame

KEYWORDS. Thermal stability, Aluminum hydroxyfluate, HTB, core-shell nanoparticléSE
and high field®’Al solid state NMR, Lewis/Brgnsted acidities.
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Introduction.

The numerous studies which have been devoted tonimun-based fluoride and
hydroxyfluoride compounds account for the inter@stsuch materials. Investigations on these
materials are mainly related to the developmemteni synthesis routés, catalytic properties">
and computational dafd:® Among the most important criteria to select effectacid catalysts
such as surface area, strength, nature or numbecidic sites, the thermal stability of the
nanosized solids is a decisive parameter whichbeadirectly correlated to the synthesis route.
The number and the nature of trapped moleculeshbyframework during the synthesis play
indeed a key role on the thermal stability of theicture. The metastable forfrAIF3° which
exhibits the hexagonal tungsten bronze type stre¢tdTB) and characterized by channels along
the c-axis, clearly illustrates the importance e synthesis route upon the thermal stabifty.
AlF; can be prepared in a conventional way by thermehtinent ofa-AlF3.3H,O or
(NH.)3AIF6.*° Prepared from these routes, the filahIF; collapses intoa-AlF; and small
amounts of alumina at 748-773 K (ex®) and 973 K (ex-Nb , respectively:** The low
thermal stability of the former (ex-hydrat@}fluoride is ascribed to residual water and OH
groups reacting with ‘'Hons which tend to induce a pyrohydrolysis procds$ge replacement of
Al-F by an AI-O bond leading to the release of HBlesules induces the collapse of the
structure. On the contrary, ammonium species am®ihlly more stable and therefore enable to
keep the framework at higher temperature.

The microwave assisted method which has been tgateloped to prepare HTB aluminum
hydroxyfluoridep-AlF,.(OH)y 4% from aluminum nitrate precursor, leads to the presef both
NH;" and HO as residual molecules inside the framework. Qutire microwave hydrothermal
process, the nitrate ions are reduced into ammorspeties allowing the stabilization of the
HTB framework by a template effect. Due to the oomoce of water and ammonium species
trapped by the network, the stability of this compd should lie in between the compounds
prepared by the two conventional routes. However hiydroxyl content should induce a different
thermal behavior.

This work first investigates the thermal stabildl this material. Then, the evolution of the
structural features upon annealing treatment befwgecollapse of the network is investigated.
The composition, structural features, size and maqgy of the nanoparticles and the acidic

properties of the material are further regardeadthSaistudy has been performed through the use
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of several techniques, including X-ray powder diftion (XRPD), thermogravimetric analysis
coupled with mass spectrometry (TGA/MS), high regoh transmission electron microscopy
(HRTEM), infrared spectroscopy (FTIR), afif and®’Al solid state nuclear magnetic resonance
(NMR).

Experimental Section.

1. Preparation of B-AlF26(OH)o4. This material was prepared as previously described
solution containing aluminum nitrate, water andprepanol as solvents and an aqueous solution
of HF (40%), in the following molar proportions [HFAI]=3, was treated by microwave
hydrothermal process. The powder, washed undeygeitr with a large amount of ethanol, was
outgassed at 573 K under vacuum for 4 hours. Tlenaal composition was deduced from
elemental analysis, FTIR and NMR spectroscopies.

Thermal treatment. The samples were placed in alumina crucibles. The teatpsx was
increased at 10 K.mihand kept at a defined temperature, up to 923 K4liounder vacuum.

2. Characterizations.

X-ray diffraction analysis. Powder diffraction patterns were recorded on a Ryiidal X'Pert
Pro diffractometer in a Bragg—Brentano geomergf(), using graphite-monochromated Cua-K
radiation (K,1=1.54051A).

BET measurement. Specific surface areas were measured at 77 K wmN@ASAP 2000
instrument from Micromeritics. The powdered sampfeabout 200 mg mass was evacuated
overnight at 573 K under 0.1 Pa prior to adsorption

Transmission electron microscopy. TEM was performed on a TECNAI F20 equipment with a
field emissive gun, operating at 200 kV and witpant resolution of 0.24 nm. TEM samples
were prepared by dissolving few milligrams of powaeethanol. The solution was then dipped
ten minutes into an ultrasonic bath in order t@gggdomerate powder particles. One drop of the
solution was finally deposited on a Formvar/carbopper grid. Finally it could be noted that, in
order to have statistically meaningful experimentany images from several regions of various
samples have been recorded and the most chartictesilts are presented here.

NMR spectroscopy. Quantitative’F Hahn echo Magic Angle Spinning (MAS) NMR spectra
were acquired on an Avance 300 Bruker spectronfBter 7 T), using a 2.5 mritF optimised
CP MAS probe, operating at8F Larmor frequency of 282.2 MHz. The 90° and 180fse

durations were set to gs (RF field 60 kHz) and s, respectively, with an inter-pulse delay
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equal to one rotor period. The recycle delay waertao 10 s. Thé°F chemical shifts were
referenced to CFGlat O ppm. These spectra were reconstructed usBd@MFIT software?
which allows a full reconstruction of the spectnacluding the spinning sidebandswjith six
adjustable parameters: isotropic chemical shift chemical shift anisotrop§snisa chemical shift
asymmetry parameteycs, line width, relative line intensity and line sleagn this studyiso
values, relative line intensities and line widths the relevant parameters; the other parameters
are not discussed at all in the following.

2’Al (I = 5/2) MAS NMR spectrum was recorded using.& mm CP MAS probe at spinning
speed 30 kHz on an Avance 750 Bruker spectromBter (17.6 T) operating at ZAl Larmor
frequency of 195.5 MHz. A short pulse length gislwas used to ensure quantitative excitation
of the whole spin system. The recycle delay wascséts and 4096 fids were accumulatéal
spectra were referenced to 1 M aqueous solutiokl(dfO5)s. Quantitative reconstructidh'’ of
the main resonance of th&l NMR spectra was achieved taking into accountNhe 0 spinning
sideband of the satellite transitions <3/2> and the= 0 spinning sideband of the central
transition <1/2> which completely overlap. For edtl NMR site, the isotropic chemical shift

diso and the quadrupolar produeg, were calculated by comparison of the centre ofigra

5:2'% of the Al satellite sidebands with that of the teahtransitiond >, through the following

, [10+12) -3-9m(m -1)]
@ 30v2

equation:3" =38, -V 10°, where | = 5/2 in the case TR, vo = 195.5

S

2
MHz (for the 17.6 T spectrometer) ang, :vQ,/1+n?Q 1% A two-dimensional one pul&&®

(TOP) spectrum was constructed, using DMEIBy stacking sub-spectra shifted by the spinning
frequency from the 1D MAS NMR spectra.

FTIR spectroscopy. The IR spectrometer was a Nicolet Nexus apparatuspped with an
extended KBr beam splitter and a mercury cadmidlarige (MCT) detector (resolution: 4 ¢m
1). Samples were pressed in a self-supported discsf, ~ 20 mg) and placed into an infrared
quartz cell (KBr windows) connected to a vacuune.liSamples were activated under vacuum at
573 K overnight. After activation, the acidity dfet materials was studied by IR spectroscopy,
using adsorbed pyridine as spectroscopic probeaul@ePyridine (Aldrich, 99% grade, dried on
molecular sieves prior to their use) was introduatdquilibrium pressure (133 Pa) into the cell

via the vacuum line and evacuated under vacuuncegasing temperatures.
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TGA/MS. Thermal analysis was performed using a NETZSCHinbanalyzer STA 409 C
SkimmeF. The thermoanalytical curves (T, DTA, TG, DTG) weecorded together with the ion

current (IC) curves in the multiple ion detectiddlD) mode. A constant purge gas flow of 70
mL/min nitrogen (N 5.0, Messer-Griesheim) and a constant heatingaftB) K.min* were

applied.

Results and discussion

1. Thermal behavior of B-AlF,6(OH)o.4

In a first approach, TGA coupled to a mass speatemwas performed of-AlF, ¢ OH)o 4
(Figure 1)
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Figure 1. TGA-MS curves of3-AlF,¢OH)q.4 with the IC curves for m/z=18¢@"), 19(F), and
20(HF). Note the qualitatively different curve shapeoaiing for the distinction between water
and HF.

The DTA curve exhibits a very weak endothermic algm the dehydration range and an
exothermic signal with a peak temperatupea992 K. Two main TG steps with DTG maxima at
about 390 and 720 K can be distinguished and haea lascribed to the departure of weakly
adsorbed water and the dehydroxylation procesqectisely. The IC curves for the mass
numbers m/z=18(+0"), 19(F), and 20(HF) demonstrate that the two steps of water libematio
precede the pyrohydrolysis range starting at aB@0tK. It is almost completed at 1070 K. The

exothermic peak detected at 992 K in the DTA cusveelated to the departure of ammonia, as
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confirmed by the ionic curve of m/z=17 (NHfragment) as it can be seen in Supporting
Information (SI). A comparison between intensitiéghe first departure at 390 K and the third
one at 992 K gives the following:

lm1A390K) : kn1g(390K) = 0.97 13%2.7 10°=1/2.8

Im1A992K) : in16(992K) = 0.69 13%1.2 10'°=1/1.8

Such a result evidences an additional contributanthe m/z=17 ionic curve related to the
departure of ammoniac species during the exotheph@omenon that occurs at 992 K. The
interpretation of this DTA effect is not completediear as it exhibits the typical form of a
crystallization peak together with the mentionedakvéNH; release but other structural data
reported here seem to confirm an earlier phasedom ofa-AlFs.

The case of AlFseems to be somewhat peculiar as literature itefidhat the phase transition
from B-AlF3 to a-AlF; could not always be detected by DTA sigrials.order to identify more
accurately the stability limit of the HTB networB-AlIF,¢OH),4 was annealed at various
temperatures in the range where the loss of HFred@r3-923 K). X-ray diffraction analysis of
the annealed samples enables to define the lintheohetwork stability. The XRPD patterns of

B-AlF; ¢(OH)o 4 before and after annealing at 873 and 923 K a@aijed in Figure 2.

@)

(b)

‘ B—A|F3: 84-1672
I

e wmer o3, TodetecorPd i cmectem 0o Tooma

(©

I a-AlF,: 440231
T ) 5 - - - -

10 20 30 40 50 60 70 80

2609
Figure 2. X-ray powder diffraction patterns (room temperajuwf (a) starting3-AlF, ¢(OH)o 4, B-
AlF, ¢(OH)o 4 treated at (b) 873KB¢(873) and (c) 923K under vacuum for 4h. JCPDS-IGG3
are noted in grey.
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The network is stable up to 873 K. The JCPDS-ICIMON° 84-1672 relative t@-AlFzaccounts
for the purity of the HTB phase. After the anneglineatment at 923 K, it collapses into the
thermodynamically stable phaaeAlF; (JCPDS-ICDD file N°44-0231), as well as minor pd&as
which are detected by X-ray diffraction and showdrrespond to transition alumina in
accordance with previous wofk.

On the basis of the XRPD patterns (Figure 2), thd® hetworkis stable up to 873 K but at
such a temperature, dehydroxylation and pyrohydmelseactions have already taken place, since
the release of HF starts at around T=773 K, as showrigure 1. The structural network should
have collapsed after such a thermal treatment. fidenstand the variation of the structural
features upon annealing treatment, the samplestiext873 K, labeled 45873, is investigated
in the next part.

2. Influence of the annealing treatment on the structural features

XRD and TEM analysis. As already mentioned, XRPD accounts for the pipasity of -873.
Figure 3 displays the profile matching performed 3873. The cell parameters and volume
decrease after annealing and one should have ® that they tend to those found in the

hydroxyl-free compoun@-AlF;° (Table 1).
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Figure 3. Profile matching of the diffraction pattern [@873. The vertical bars correspond to the
positions of the Bragg reflections.
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Sample Cell parameters : a, b, c (&)  Cell volumd (A

B-AlF2.6(OH)o.4 6.9681(2) 599.1
12.0360(3)
7.1434(1)

B-873 6.9399(2) 593.8
12.0010(2)
7.12953(7)

B-AlF3 6.931(3) 593.4
12.002(6)
7.134(2)

Table 1. Crystallographic data g¥-AlF, OH).4 beforé? and after annealing at 873K and those
of the hydroxyl-freeB-AlFs.°

HRTEM was performed of-873 to study the morphological changes inducedhleythermal
treatment at the crystallite scale. The first eipental difference betwegBAlF, OH)o.4*? and
-873 is the ability of the particles of the latter be spread on the grid. A great number of
isolated particles were indeed observed during TEpEeriments. This observation contrasts with
the sintering effect often observed in the caskuofide compounds, thus forming agglomerates.
Examples of the observed particles are displayedFigure 4. Energy-dispersive X-ray
spectroscopy (EDX) analysis confirms that the maltés composed of aluminum and fluorine.
Unfortunately, the detection of oxygen is not pblkesisince already present on the grid.
Additionally, energy filtered TEM analysis was npossible since this technique induces an
evolution of the particle under the electron beBfiRTEM performed omp-AlF; §(OH)o 4 reveals

a high crystalline state of the materialThis observation contrasts with the amorphousufeat

displayed by the annealed particles.
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Inset: several other core-shell

Fie 4, |g resouin Ieto mirﬁf873 saple.
particles.
The observed patrticles exhibit an unusual core-fkelmorphology; the amorphous component
forming a shell hinders the observation of crystall core detected by XRPD (Figure 2). The
amorphization of the outermost surface (shellhefparticle can be explained by the diffusion of
species generated by the thermal treatmiemtH,O and HF, through the HTB tunnels. The
diffusion from the interior to the exterior of tleystallite allows such species to further react
with the framework leading to a disorganizationtieé network. Additionally, the annealing
treatment leads to an increase of the particle §iaen 13-18nm to 40 nm. Such an increase is
going with a decrease of the surface areafrom 82 to 46 mg™.

FTIR spectroscopy. The dehydroxylation oB-873 has been ascertained by FTIR spectroscopy.
IR spectra of3-AlF, ¢OH)o4 and (-873 recorded after in-situ activation at 573 K displayed
in Figure 5. It can be noted thg-873 exhibits ammonia species (Figure 5, inset B
ONH3~1340cnt) showing the stability of such species and theile ron the exothermic

phenomenon observed on the DTA curve at 992 K. déleydroxylation process is clearly
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evidenced by the strong decrease of the band ittesfsoridged Al-OH groups located at 3670
and 1130 cnil, respectively.

A 3665 B

| ooz 1130

—_— 1360 1320 1280
3600 3750 3700 3650 3800 (o) fomy

3670 Ads
|02

B-AlF;g(OH)a 4

T T T T T
3500 3000 2500 2000 1500
Wavenumbers (cm)

Figure 5. Normalized IR spectra @-AlF; (OH)o.4 andp-873 activated in-situ at 573K. Inset A:
enlargement of the(OH) zone off3-873, Inset B: enlargement of tif§e873 spectrum showing
the d(NHs) band.

Nevertheless, a very weak number of OH groups mesnafter the annealing treatment since
weakv(OH) bands are detected at 3665, 3680 and 3725Eigure 5, inset A)B-AlF,.¢OH)o.4
exhibits onev(OH) at around 3670 crelated to bridged Al-OH groups with a shouldeB680
cm’ ascribed to surface OH groupsin order to get more insight into the dehydroxglat
process, the annealing treatment was reproducin@iRTIR cell,i.e. B-AlF, ¢ OH)o 4 was treated

in situ at 873 K (10 K.mitl) under vacuum for 4h. The corresponding IR spetigidisplayed in
the Figure 7a. Only one weakOH) band was detected at 3665 tnThis band accounts for
remaining structural bridged OH groups while thigiarof the bands at 3680 and 3725 tis

not clear. Thesg(OH) bands were assumed to arise from surface tigdra he dissociation of
surface water can be assumed to occur giving dasthdése OH groups. Such hypothesis was

confirmed by adsorbing water on the surface (Figut® and then activating the sample under
vacuum at 573K. The corresponding spectrum (Figyranset c)exhibits threev(OH) bands

located at 3667, 3677 and 3730 tmhich confirms the dissociation of adsorbed water.
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Figure 6. IR spectra of-AlF,¢OH)o.4 recorded a) after thermal treatment at 873K (10K
under primary vacuum for 4h, b) after introductmnl330 Pa HO, c) after evacuation at 573K.
Inset:v(OH) region.

NMR spectroscopy. The evolution of the anionic environment of aluonm ions upon
annealing was followed usirfdAl and **F MAS NMR spectroscopy. Quantitative proportions of
nuclei in both crystalline and disordered part barextracted from spectrum reconstructions.

1% MAS NMR spectra op-AlF, ¢OH)o.4 andB-873 are displayed on Figure 7. TB873 one
was reconstructed using three contributions whbseacteristics are gathered in Sl. The lowest
3iso Values may be related to fluorine atoms ing&lBctahedrads, (“°F in a- andB-AlFs) = -172
ppntd). It is known that*F chemical shifts of octahedral aluminum environtaesith oxygen
and fluorine in the first coordination sphere irme with the oxygen contelft®>3! The
annealing treatment clearly induces a narrowinthefresonance peak and a displacement toward
lower chemical shift showing the disappearance ydrdxyl species and revealing a more
homogeneous fluorinated environmentf873 for the aluminum ions surrounded by fluorine

ions. Such a feature is also evidenced regardiagettolution of the unit cell parameters upon
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annealing (Table 1). By comparison, after annealthg sample is structurally closer to the
hydroxyl-free compoundi.e. B-AlFs. Besides, thé’F NMR spectrum shows that some OH

groups remain (line at ~ -162 ppm) in agreement WitlR spectroscopy.

-140 -150 -160 -170 -180 -190 -200

B-873 x

*

B-AlF, ;(OH), ,

50 6 -\':_;0 -160 -1;50 -260 -2\"50 -360 -3;50 -460
85, (PPM)
Figure 7. **F NMR MAS spectra of8-AlF,6OH)o.42 andB-873 at 30 kHz. The star symbols
indicate the spinning sidebands.

The central transition of tHéAl MAS NMR spectra of3-873 andB-AlF, OH)o 4 recorded at
17.6 T are displayenh Figure 8.

X8

B_AIFZ.G(OH)OA

80 60 20 20 0 20 40
35 (PPM)
Figure 8. Central transition of the one pulS&l MAS (30 kHz) spectrum oB-AlF, gOH)o 4"

and one pulsé’Al MAS (30 kHz) spectrum of-873 with an extension of the high frequency
sites.
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Contrarily to the featureless full spinning sidetbamanifold of B-AlF,OH)y4* the main
resonance spinning sideband manifol«73 shows singularities (see Sl) characteristiessd
disordered environments. This main resonance wamstructed with two components at -15.6
and -11.6 ppm (Figure 9 and Table 2) previouslyribed in B-AlF,¢OH)y4 to AlFs and
AlIF5(OH) and AIR(OH), species respectively.

1
2
c b a Exp.
Cal.
C.T.

" ——

AR

60 40 20 0 -20

80 (PPM)
Figure 9. Experimental (blue) and calculated (red) centrs Ibf the’’Al MAS NMR spectrum

of 3-873. The deconvolution, achieved using two contidns, takes into account the N = 0 band
of both the satellite transitions <3/2> (S. T.) dne central transition <1*2AC. T.).

The vo, value of line 1 is still higher than the), value observed if8-AlF3 (132 kHz)? in
agreement with OH groups remaining in the vicimityluorinated aluminum ions i8-873. The
2’Al high field spectrum (17.6 T) evidences also dppearance of resonances locatedlsat> 0
ppm upon annealing treatment (Figure 8). Theseribaribns were reconstructed using Gaussian
profiles on the full projection of the TOP spectryfigure 10) to get an estimation of the
proportion of these new species (Table 2). Linasdbc are broad and have a shape characteristic
of disordered?’Al sites. An important feature &fAl solid-state NMR is the dependence of the
isotropic chemical shift on local Al coordinatioAtO,4 (~80 to 45 ppm), Al@ (~52 to 14 ppm)
and AlQs; (~20 to -20 ppm¥***For instance, the chemical shifts of lines a ar{@able 4) are
typical of AIOs and AlQ, sites iny-Al ,03, respectively??>2%343Then, chemical shifts of lines a,

b and c allow their assignment to oxygenated AI®IOs and AIQ, sites, respectively?’Al
isotropic chemical shift is also sensitive to theaic environment. The occurrence of fluorine in

the vicinity of octahedral aluminium (AKQF, sites) would shift thé’Al 5, to lower values and
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would induce™F resonances between ~ -130 and -160 Fi?®%***No such resonances being

observed (Figure 7), we can thus exclude the exdstef AlQ;.F sites.

Relative intensity

Sample Line iso (£0.2) van (¥20) (05) Assignments
B-AlF26OH)s 1 -15.5 280 82 AlFg-AIF5(OH)

2 -11.7 610 16 AlF4(OH),

3 -9.5 990 2 AlF3(OH);
B-873 1 -15.6 280 82.5 AlFe-AlF5(OH)

2 -11.6 670 5.1 AlF4(OH),

a 6.4 2.8 AlOg

b 34.0 4.7 AlOs

C 62.3 4.9 AlO4

Table 2. Line labels, isotropic chemical shiit, (ppm), quadrupolar produety, (kHz), relative
intensity (%) and assignment of tHAl NMR lines of B-AlF,.¢(OH)o 4> andB-873.

Exp. C b a

Cal.

—

éO éO 4‘0 2’0 6 -éO -ALO
B0 (PPM)
Figure 10. Experimental (blue) and calculated (red) full potijen of the TOP reconstruction of
the Al MAS NMR spectrum of-873. The deconvolution is achieved using Gaussian
contributions.
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The appearance of these new Adpecies ir3-873 is going with the disappearance of line 3 and
the decrease of the relative intensity of line al€ 2) of3-AlF,.¢(OH)y 4 relative to AlR(OH),

and AlR(OH); species, respectively.The evolution of the relative intensity of th&l NMR
lines evidences both dehydroxylation and pyrohyaiislprocesses. This result also evidences the
lowest stability of hydroxylated species as comgdoethe fluorinated one’s. The new disordered
aluminum environments generated after annealingesept about 12% of the aluminum atoms,
which is too large to be considered as defecthenrHTB structure. Since XRPD analysis shows
only lines corresponding tf-AlFs, it should be deduced that these new componestsllar
crystallized phases and build up the amorphoud shetaled by HRTEM. The use of high field
2’Al NMR spectroscopy gives here some precise inftionasince it allows identifying and
quantifying the amorphous part of the solid. Adihtlly, it enables a better understanding of the
HRTEM observation. Based on the quantificationhaf &amorphous component, the thickness of
the shell appears rather weak.

Adsorption of pyridine. The effect of the annealing treatment on the agdoperties has been
probed by adsorption and temperature desorpti@yridine as probe molecule followed by FTIR
spectroscopy. The IR spectra of coordinated pyeididsorbed on the surface are displayed
Figure 11. The estimation of the number of pyridnelecules coordinated on Lewis acid sites
per nnf using the integration of thel9b band at R¥ shows that an almost similar number of
acid site,i.e. 1.4 and 1.2 sites per Ais observed fop-AlF, OH)y 4 and B-873, respectively.
The strength of the Lewis acidity is regarded tlgfouhev8a vibration mode of coordinated
pyridine in the 1600-1630 chrange,i.e. the higher the position, the stronger the Lewidigc
At room temperature, the maximum of t@a band is detected at 1618 tmand shifts toward
high wavenumber during thermodesorption and isllfirdetected at 1625 cmafter evacuation
at 573 K. FoB-AlF, (OH)o 4, these positions are detected at 1620 and 162adter evacuation
at room temperature and at 573 K, respectiVelyhe annealing process thus leads to the
lowering of the Lewis acidity confirming the occeince of a new surface structure in agreement
with HRTEM and NMR. This acidic behaviour is strenghan those of-Al,O3 and is slightly
lower than those displayed by the pyrochlore alumminhydroxyfluoride AlF; g(OH) >
Additionally, the weak band at 1545 ¢nis characteristic of pyridinium species, evidegcihe
occurrence of some strong Brgnsted acid sites. SudBrgnsted acidity reveals that the

dissociation of surface water molecules generatedicasurface OH groups. Such a reaction
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should occur on very unstable species. The dehythion/pyrohydrolysis process is assumed to
generate strongly under-coordinated species whachfarther react with water creating strong
Bragnsted acid sites. Some authors have reportechskability of under-coordinated fluorinated
Al** specie®* which can dissociate water molecules. One shoane o note that such strong
Brgnsted acidic sites have not been detecte-AlF, OH)o 4% highlighting the peculiar type
of surface structure obtained upon annealing.

Abs
| 005 1618

1545

\H\—/\Kf_
1625
I

I I I I
1850 1600 1550 1500 1450
Weavenumber (o)

Figure 11. Normalized difference IR spectra of pyridine capatled on3-873 after introduction
of an equilibrium pressure of the probe moleculpouat and followed by a) evacuation at RT
under vacuum and thermodesorption at b) 323K, 8K48) 473K, e) 523K and f) 573K.

Conclusion

The thermal behavior of an aluminum hydroxyfluoridee. B-AlF,¢OH)y4 has been
thoroughly investigated for the first time usingvel techniques such as TGA/MS, XRPD,
HRTEM, FTIR and**F and high field*’Al NMR. A detailed thermal analysis reveals both
dehydroxylation and pyrohydrolysis reactions anovahthat the HTB-type network is stable up
to 873 K. The evolution of the structural featuffetlte material upon annealing was studied
before the collapse of the structure. An almostete transformation of the outermost surface
of the nanoparticles, yielding an unusual coreldiled morphology, has been observed. It has
been suggested that the diffusion of species libérdy the dehydroxylation/pyrohydrolysis
process further react on the outermost part ofpduicle leading to a disorganization of the
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network which therefore appears as X-ray amorph8ush a shell, observed by HRTEM, hides
the crystallized part of the material which hasrb@kentified as a closely relat§dAlF; phase
through XRPD and®F and?’Al NMR. The lowest thermal stability of the hydrtdyed species as
compared to the fluorinated ones is then confirndd@s and under coordinated species (AIO
and AIQ;) have been identified and quantified¥#l NMR and ascribed to the amorphous shell.
The newly formed surface exhibits a lower Lewidagithan(3-AlF; ¢ OH)y4. However, strong
Bragnsted acid sites have been revealed by pyratiserption and were assumed to arise from the

dissociation of water on strongly under-coordinagpedcies located at the surface.
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Figure 3. 2’Al MAS (30 kHz) one pulse spectrum @873 recorded at 17.6 T.
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Conclusion générale et perspectives

Ce travail s’est articulé autour de la syntheska ataractérisation de fluorures d’aluminium
présentant de grande surface spécifique en vuerditie la réactivité du solide divisé.

La synthése mise en ceuvre pour atteindre ces dbjeonsiste en un procédé hydrothermal
assistée par micro-ondes. Plusieurs parameétreét@rptimisés en vue d’obtenir des phases
pures qui présentent des particules de taille natrigune.

Trois types structuraux ont été prépares :

- Un hydroxyfluorure de type bronze de tungsténeabenal (orthorhombique, GS : Cmcm)
de formule AlR.¢(OH)o4 (HTB oup) et une surface spécifique de 82 gjt.

- Un hydroxyfluorure de type pyrochlore (cubiqueS GFd-3m) de formule Al»(OH); 2
avec une surface spécifique de 137gh

- Un nouveau fluorure d’aluminium hydraté de stmettype Re® (cubique, GS : Pm-3m)
présentant des lacunes cationiques de formulgssAdi1d—>.46H20)054 €t une surface
spécifique de 61 frg™.

Les parameétres de synthése qui se sont avéré$egisifs sont les suivants :

La nature du précurseur métalliqueeile-ci permet de choisir le type structural. Beemple,

la réduction d’'un précurseur nitrate conduit a tésttion d’'une phase HTB pure. Par contre,
c’est l'utilisation d’alkoxyde qui permet d’obtenim composé de type pyrochlore présentant
une trés grande surface spécifique (13&.

Le rapport molaire HF/AIil a été clairement démontré que le taux de flagait une

influence directe sur la variété stabilisée. Ema@utintroduction d’une grande quantité de HF
en milieu chlorure (AIG) méne a une forte acidification du milieu qui petrde stabiliser les
molécules d’eau en tant que ligand au détrimengdagpements hydroxyles.

Le solvant :dans la synthése de la phgsalF,OH)y 4 la variation du taux de solvant a
permis de limiter la croissance cristalline, I'isopanol contribuant a réduire cette derniére.
L’ajout d’'une faible quantité d'éther, formant umneplexe avec le fluor, a quant a lui

contribué a obtenir une phase pyrochlore possadengrande surface spécifique.

Les trois variétés obtenues ont fait I'objet d’'wéade structurale par la méthode de Rietveld.

Celle-ci a permis de mettre en avant différentsifsoclés qui sont :
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Dans le cas de la phase HTB, deux des quatre @itdallographiques (F1 et F2) ont été
identifiés comme étant partiellement hydroxylésest’ I'étude fine des distances inter-
atomiques et angles de liaisons qui ont permisadeher en faveur de cette hypothése.

Dans la phase hydratée de type Rel®xistence de lacunes cationiques a été pour la
premiere fois mise en évidence dans un fluorudrdty.

La diffraction des rayons X sur poudre a permisaji@ement une étude microstructurale
(micro-contraintes et domaines de cohérence) ddesdla taille moyenne de ces domaines
est de nanométrique : 12 nm pour le pyrochloren5pour le HTB et 50 nm pour la phase
lacunaire hydraté de type Reans le cas du HTB, cette analyse a mis en éve&lene
anisotropie liée a la forme des particules. Unnaffient satisfaisant du profil des raies de
diffraction n’est en effet rendu possible que partrbduction d’'un modéle plaquettaire
confirmé par I'observation microscopique. Les @stiet grandes dimensions des cristallites
ont été établies respectivement selon I'axe a plale bc avec des valeurs de 8 et 34 nm.

La résonance magnétigue nucléaire a permis undenneil description de I'arrangement
structural des réseaux par I'identification et lentification des espéeces octaédriques de type
(AlIFsxOx) formant le squelette de la structure. Cette teglena également permis d’établir
avec plus de précision les compositions chimiquess ghases. Les déplacements chimiques
obtenus pour les noyauXF et Al dans ces composés constituant ainsi de nouvelles
références dans la caractérisation de matériaoxetu

Le couplage de la voie sol-gel non-aqueuse utilpeer préparer des AlFamorphe et la
synthese assistée par micro-ondes a ouvert dgsgpéires non seulement dans I'obtention de
matériaux trés divisés mais aussi dans la préparde nouvelles compositions. Cette étude a
permis de mettre l'accent sur l'importance de é&naiction entre le sol-gel initial et

l'irradiation micro-ondes sur la nature et la masjglyie du matériau final.

Le comportement thermique de la phfs&lF, ¢ OH)o 4 a fait I'objet d’'une étude approfondie
qui a mis en avant les différents mécanismes dehggrolyse et de déshydroxylation. Cette

étude a permis d’isoler le premier exemple desquaes de type coeur-couronne AdAI0s.

L’ensemble des matériaux synthétisés ici, ont araatérisés en termes d’acidité de surface
par adsorption de molécules sondes. Chacun deoogsos€s posseéde un comportement acide
particulier qui peut se résumer comme suit :

La surface de-AlF,¢OH)o4 (HTB) présente une forte hétérogénéité en terméoe de

sites de Lewis. Cette hétérogénéité a été attribuéeprésence des groupements OH et plus

163



Chapitre 4 : Conclusion générale et perspectives

particulierement aux espéces de type sA(BH)y identifiées par RMN du noyat/Al. Les
sites présentant la plus forte acidité de Lewiséé@tattribués a des défauts de surfaces liés a
la taille nanométriqgue du matériau et a des siegggpcoordonnés récemment révélés par des
calculs ab initio. Ce composé possede aussi unié@de Brgnsted qui, contrairement a son
acidité de Lewis, révéle un caractére tres homogemeterme de force et donc de
configuration de site. Il a été supposé que cettmdgénéité était due a la localisation
particuliere des groupements OH dans la structuee,surface reflétant la périodicité du
cristal.

La surface de I'hydroxyfluorure de type pyrochl@x; g(OH), ; reflete parfaitement I'effet

du fluor sur l'acidité de Lewis. L'acidité de Lewiki pyrochlore se situe en effet entre celle
d’'une aluminey et celle de3-AlF;4OH)y4 Les groupements OH possedent une acidité de
Bransted relativement faibles. Toutefois, une faotadité de Brgnsted a été détectée dans
cette phase puisque suffisamment élevée pour motda pyridine. Une étude
complémentaire utilisant I'adsorption de CO a coné la forte acidité de Brgnsted liee a la
présence d’eau résiduelle en surface. Cette étwaessi confirmé la plus faible acidité des
groupements OH de la pyrochlore par rapport a peésents dans la phase HTB.

Le composé lacunaire fdado.1d2.46(H20)0.54 présente un comportement acide dépendant de
son état d’hydratation. Apres activation a 300 surface présente a la fois une forte acidité
de Lewis et de Brgnsted. A plus haute températdf®: et 500°C, les sites forts de Lewis
sont convertis en sites beaucoup faibles. Ce campent a été relié au fait que la surface
tendait vers celle de-AlF3; rhomboédrique qui possede effectivement une fabldité de
Lewis. Au contraire des sites de Lewis, ceux denBred sont toujours présents et aussi forts
a 500°C mais en moindre quantité. Ceci a mis edeéve la stabilité de I'eau dans ce
composé qui s’explique par la force des liaisordrbgene.

Finalement, I'importance de la surface spécifigue B nombre de site acides a été
parfaitement démontrée. De méme, une diminutiordadtille des particules s’est avérée
concomitant avec une augmentation du nombre des &itts de Lewis quelle que soit la
composition du matériau. Ceci a mis en avant lteftel’échelle nanométrique sur la structure

de la surface.

Nous avons ainsi montré le potentiel de la synthesero-ondes dans l'obtention de
matériaux divisés présentant une large gamme dfécid'utilisation de différents solvants
organiques ou encore de liquide ionique seraitvdsager dans le but d’obtenir de nouvelles

phases métastables.
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La synthése d'une phase de type HiM&c une surface spécifique de 125gmh ainsi qu’un
matériau possédant une surface spécifique de 33§ raprés traitement sous gazeux,
permet d’ouvrir des perspectives importantes pauilisation de ces matériaux en tant que
catalyseur.

L'une des perspectives de ces travaux se tourneratl@iment vers la confirmation de
I'efficacité de ces nouveaux matériaux par le bagstests catalytiques. Plusieurs domaines
d’applications peuvent étre envisagés tel que lamieh des fluorocarbones ou des
hydrocarbures. L'étude relative au comportementnticpie de la variété HTB a aussi ouvert
des perspectives au niveau de la fonctionnalisatiences matériaux. Les réactions de
pyrohydrolyse/deshydroxylation génerent des sitesuss coordonnés qu'il serait
particulierement intéressant de fonctionnalisercaliéférentes molécules organiques pour en

faire varier les propriétés.
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aluminium hydroxyfluorides combining experimental
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1. Introduction

The field of nanoscopic metal fluorides is a grogverea of research thanks to the
peculiar properties of such compounds. Some ofetinegterials have indeed been shown to
have a high Lewis acidity comparable to that of the widely used Swarts gstddased on
antimony pentafluoridd. High surface area aluminium fluorides may be amaetive
alternative in numerous reactions including hydrofbcarbon production through halogen
exchangé.In this scope, new routes comprising of plasmarfhation of aluminosilicateor
a sol-gel procedshave been developed leading to X-ray amorphousialum fluorides with
unreached high surface areis, 200 nfg™. Recently, aluminium fluorides with surface areas
in excess to 300 fg* have been prepared by optimizing the sol-gel m$aer by treating
the sol-gel fluorides by a microwave solvothermghthesis’ Such a route has also been
successfully applied for the preparation of narexierystallized aluminium hydroxyfluorides

exhibiting the hexagonal tungsten brohZmbelled HTB orp-) and the pyrochlofetype

! Kemnitz, E.; GroR, U.; Rudiger, S.; Shekar, CASgew. Chem. Int. E@003 42, 4251-4254.

2 Ruediger, S. ; GroB, U. ; Feist, M.; PrescottAH; Chandra Shekar, S. ; Troyanov S. |.; Kemriiz]. Mater.
Chem 2005 15, 588.

% Olah, G. AJ. Org. Chem2005 70, 2413.

4 Kemnitz, E. and Menz, CRProg. Solid State Chem 998 26, 97. Manzer, L and Rao, \&ciencel99Q 249
1215. Manzer, L and Rao, VAdvances Catall993 39, 329. Corbin, D and Rao, V. 2000. U.S. Patent ®,04
486.

® Delattre, J. L.; Chupas, P. J.; Grey, C. P.;\5tAcM. J. Am. Chem. So2001, 123, 5364.

® Rudiger, S.; Eltanany, G.; GroR, U.; KemnitzJESol-Gel Sci Tech2007, 41, 299.

" Dambournet, D.; Eltanamy, G.; Vimont, A.; Lavalle§-C.; Goupil, J-M.; Demourgues, A.; Durand, E.;
Majimel, J.; Rudiger, S.; Kemnitz, E.; Winfield, M.; Tressaud, AChemistry — A European Journ&008
DOI: chem.200701831

8 Dambournet, D.; Demourgues, A.; Martineau, Cghee, S.; Lhoste, J.; Majimel, J.; Vimont, A.; ladiey, J-
C.; Legein, C.; Buzaré, J-Y.; Fayon, F.; Tress#udzhem Mater2008 20,1459.
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structures as well as a new hydrate with the Retficture’® By comparison between various
Al-based fluorides polymorphs including ill-cryditaéd, crystallized and hydroxyfluorides
phases, it has been shown that the formation otitemgest Lewis acid sites can be directly
correlated to the surface area and are therefpeedsipendentSuch experimental results are
deduced from the adsorption of pyridine as a prmb&cule and are in good agreement with
molecular dynamics simulations performed on cubi&lF; nanoparticlesi.e. < 3 nm*! This
latter work has highlighted the fluoride labilitpé surface reconstructions that occur at such
a nano-scale resulting in the formation of strongtyger-coordinated species. Nevertheless,
the occurrence of four-fold coordinated®Alions at the surface of such materials is still
guestionable. Taking into account the advantagearking with high surface area materials,
it is also of great interest to probe in detail sugface structure of aluminium-based fluorides
at the atomic scale. In this scopdy initio calculations have recently been used to model the
surface structures of such materials and to raiisméhe reactivity of both X-ray amorphous
HS-AIF; and crystalline Algmaterials->****In order to model the material under conditions
similar to those that occur during catalytic reaws, the stability of am-AlF; surface has
been predicted as a function of® and HF partial pressures and temperattirds was
shown that OHgroups can substitute surface fluoride ions anmmolecules can adsorb at
the surface. Purely fluorinated Alifaterials are therefore suggested to be extrehaely to
obtain under catalytic reaction conditions. Highface area aluminium hydroxyfluorids
are hence of great interest as their surface apgedne similar to those of AdFmaterials
under working conditions and can be consideredeashmarks for a deeper understanding of
more complex materials, such as the X-ray amorphtSlFs.*

The present study will therefore consider two aliomn hydroxyfluorides with the following
chemical composition: AFE(OH): 3 and AlR §OH)y4 presenting the pyrochlore and the
HTB structure, respectively. Their networks exhigitite similar arrangements with a one
dimensional and a three-dimensional hexagonal tumsystem for the HTB and the

o Dambournet, D.; Demourgues, A.; Martineau, C.;dhar, E.;Majimel, J,;Vimont, A.; Leclerc, H.; Lavalley,
J.-C.; Daturi, M.; Legein, C.; Buzaré, J.-Y.; Fayén; Tressaud, Al. Mater. Chem2008 ASAP Article; DOI:
10.1039/B718856K

1 bambournetD.; Demourgues, A.Martineau, C.; Durand.; Majimel,J.; Legein, C.; Buzaré, J-Y.; Fayon,
F.; Daturi M.; TressaudA. Submitted to J. Am. Chem. Soc.

Y Chaudhuri, S.; Chupas, P.; Morgan, B. J.; Mad&em.; Grey, C. PPhys. Chem. Chem. Phy€06 8, 5045.
2\Wander, A.; Searle, B. G.; Bailey, C. L.; Harrisbh M. J. Phys. Chem..B2005 109, 22935.

13Wander, A.; Bailey, C. L.; Searle, B. G.; Mukhopgady, S.; Harrison, N. MPhys. Chem. Chem. Phy905
7, 3989.

“Wander, A.; Bailey, C. L.; Mukhopadhyay, S.; SeaB. G.; Harrison, N. MJ. Mater. Chem2006 16, 1906.
!> Mukhopadhyay, S.; Bailey, C. L.; Wander, A.; SeaB. G.; Muryn, C.A.; Schroeder, S. L. M.; Linds&;
Weiher, N.; Harrison, N. MSurf Sci 2007, 601, 4433.
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pyrochlore, respectivelfFigure 1). Experimental data will be presented and compared wi
ab-initio calculations. Prior to the surface structure itigasion, the structural relationships
between the bulk framework of the HTB and the plifoe structures will be studied, aiming
to understand the role of OH groups on the finabitized structure. The distribution and
properties of the OH groups within the bulk matendl be considered. The acidic properties
of the surface of these materials have been claisetl using CO as a probe molecule.
Experimental data will be analyzed with the supmdrab inito calculations of CO adsorbed
on the HTB structure. Finally, an attempt to rasilire the reactivity of X-ray amorphous HS-

AlF3; material will be exposed.

Figure 1. Network of the HTB structure along (a) the c-aXl), the a-axis. (c) Structure of
the pyrochlore phase.

2. Experimental and computational methods

2.1 Samples preparation and characterizationsMicrowave-assisted synthesis has
been used to prepare the pyrochlore and the HTBgshalt has been shown that the
stabilization of the polymorph was strongly cortethto the R=[HF]/[Al] molar ratio used.
The pyrochlore and the HTB type structures weree@dd obtained for R = 2 and 3,
respectively’ The chemical compositions have been determinedgusie combination of
elemental analysis, FTIR and NMR spectroscopieditgato AlF, (OH)1.3 and Al ¢(OH)o 4
compositiondor the pyrochlore and the HTB phase, respectivEhe HTB and pyrochlore
phases exhibits surface areas of around 80 andani4g with coherence domains of 15 and
12 nm, respectivel§?
X-ray photoelectron spectroscopy measurements weréormed with a VG 220 i-XL
ESCALAB with a non-monochromatized Mg source (1B58Y) at 100 W. Analysed area
was around 20Qm diameter. The insulating character of the powasded low energy (4-6

eV) electron compensation. Surveys and high resoluspectra were recorded with pass
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energy of 150 eV and 20 eV respectively. Quantiiica was obtained with an Eclipse
processing program provided by Vacuum Generators.

FTIR spectroscopy was performed using a Nicolet Udeapparatus equipped with an
extended KBr beam splitter and a mercury cadmidiarige (MCT) detector (resolution: 4
cm?). Samples were pressed in self-supported disasm ~ 20 mg) and placed into an
infrared quartz cell (KBr windows) connected toacwum line. Samples were activated under
vacuum at 573 K overnight. After activation, thad#y of the materials was studied by
adsorption of CO molecule at low temperature (100l situ fluorination was performed by
introducing an equilibrium pressure of CHRAfter activation at 300°C for 30 minutes, the
gaz was removed by vacuum and the surface acidigstigates by CO adsorption.

2.2 Theoretical calculation details. Calculations were performed using the
CRYSTAL codé® and the B3LYP hybrid exchange functional, whicts leeen shown to
provide reliable geometric and electronic structuand energetic in a wide range of
materials}’ was used to approximate electronic exchange amdlation. Triple valence local
Gaussian basis sets for Al, F were obtained froewipus studied®

Geometries for the clean (non hydroxylat@dhlF; bulk and surface structures were taken

from previous studies.fd The hydroxylated surfaces were obtained by stltisth of F ions
for OH ions. Geometry optimization was performguemergy minimization using a damped
molecular dynamics algorithm as implemented in CRXE The atomic positions were
allowed to relax in all directions consistent wi#yammetry. The structures were taken to be
converged when the residual forces on all atoms bedsw 1x10' Hartree per Bohr. CO
molecules were adsorbed above the under coordirdtehs on the HTB All surfaces and
the structure allowed to relax, as previously désd. The vibrational frequencies of the
molecules were computed by construction of thedamnstant matrix via finite differencing

of the analytic gradients followed by diagonalipatof the resultant dynamical matfik.

1% bovesi R, Saunders V, Roetti C, Orlando R, Zichw¥ilson C, Pascale F, Civalleri B, Doll K, Harrisd\,
Bush I, D’Arco P and Llunell M 2007 CRYSTAL 2006 &is’s Manual (University of Torino)

" Muscat, J.; Wander, A.; Harrison, 8hem. Phys. Let2001, 342, 397.

18 Basis sets are available from http://www.tcm.pagncac.uk/ mdt26/crystal.html.

¥Wander, A.; Bailey, C. L.; Mukhopadhyay, S.; SeaB. G.; Harrison, N. MAccepted in J. Phys. Chem. C.
20 Pascale, F.; Zicovich-Wilson, C. M.; Lopez, F.v&lleri, B.; Orlando, R.; Dovesi, R. J. Comput. @h2004
25, 888.
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3. Results and Discussion

3.1 Structural features
3.1.1 Description of the structures
The pyrochlore structufé crystallizes in the cubic symmetry (Pm-3m) leadincga random
distribution of OH/F anions in the 48f sites. Th&B4form? crystallizes in an orthorhombic
system (Cmcm) with two unequivalent Al atoms andrfanequivalent F atoms. The HTB
and the pyrochlore type structures can be deschlyetie connection of building units. The
pyrochlore can be described through the linkagéhidfe and six membered-rings, the later
forming a 3D inter-connected channel system. In Hid form, anionic crystallographic
sites, labelled F3 and F4, enable to connect thieesl containing the three- and six-membered
rings resulting in a four membered-ring generatimg one dimensional hexagonal channel
system along the ¢ ax(&ig 1.b). The crystallographic data obtained by Rietveldn@ifnent
for both phases are gatheredlieble 1

HTB B-AlF2.OH)o.4 Pyrochlore Al AOH)y.3
Crystal Orthorhombic Cubic
symmetry
Space Group Cmcm Fd-3m
Z 12 16
Unit cell 6.9681(2)
parameters 12.0360(3) 9.7309(1)
A) 7.1434(1)
Volume (&) 599 921
Interatomic Al Al2-F1 2x1.857(12)
: | AIL/AI2-F2 4x1.77(3) / %1.82(2)
F distances(A) AIL-F3 2x1.789(5) 1.824(1)
Al2-F4 2x1.804(8)
Al2-F1-Al2 139.4(5)
Al-F-Al Angles All-F2-All 151.9(11)
) Al1-F3-Al1 173.1(2) 141.12(6)
Al2-F4-Al2 163.8(4)

Table 1.Crystallographic data of the HTB and the Pyroahlohases.

2L Fourquet, J. L. ; Riviere. M. ; Le Bail, A. ; Nyagis, M.Eur. J. Solid State Inorg. Chet988 25, 535.
22| e Ball, A. ; Jacoboni, C. ; Leblanc, M. ; DepeaR. ; Duroy, H. ; Fourquet, J.L. Solid State Chem 988
77, 96.
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3.1.2 Structural relationships: role of OH groups
As already mentioned, a random distribution of ‘@iHd F ions occurs in the case of the
pyrochlore phase, characterized by interatomicadsts of 1.824 lying within fluorinated
and hydroxylated environments. Due to the anisadrepucture displayed by the HTB form,
the occurrence of OH groups inside the network ctgpalearly on the interatomic distances
and angles. Previous investigations have suggebtdthe F1 and F2 sites are partially
hydroxylated, whereas the F3 and F4 sites are fuityinated.
In an attempt to confirm the above hypothealsjnitio calculations have been undertaken by
replacing all of the same types of fluoride crysigdaphic sites by OH groups. This
substitution can be though in terms of a gas pka€emolecule reacting with a crystalline F
ion to form a crystalline OH ion and a gas phasenttifecule. The F/OH substitution energy
for x substitutions per unit volume (at zero tengpere) is equal to the difference in energy of
(1) a fully fluorinated slab and x water molecukssd (2) a hydroxylated slab and x HF
molecules, that is:

E(F/OH) = E[AIF(OH)s) + HRg]l - E[AlF3) + H2O()
The energies used in this calculation are the D& zemperature energies of the isolated
H,O and HF gas molecules and the periodic solid stateulations of bulk Alg and
AlF,(OH).
Four different hydroxylated compounds were thussaered. These were obtained by
replacing successively all fluorides ions presenéach F1, F2, F3, F4 crystallographic sites
by OH ions. The cell parameters and atomic positiongwetimised as to minimise the total
energy of the system. The energies of substitugfoan OH ion for an F ion at each type of
crystallographic site are displayedTiable 2

Type of Pl F2 F3 F4
hydroxylation hydroxylation | hydroxylation | hydroxylation | hydroxylation
Energy (eV) 0.3734 0.4072 0.6729 0.5113

Table 2. Substitution energy per OH for F ion in the fouffedent anionic site of the HTB
structure.

These results confirm that hydroxylation will pnefietially occurs in F1 and F2 sites, F1 sites
being the most stable hydroxylated site. The F1Radhydroxylated bulk conformations are
shown inFigure 2.
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Figure 2. HTB lattice configurations after hydroxylation.
The differences in geometrical structure before afigr hydroxylation, based on cell

parameters, interatomics distances and anglesiarmarized inTable 3.

B-AlF; (A) F1 hydroxylated () F2 hydroxylated (A)
(non hydroxylated)
Cell parameters
a 7.0364 7.0645 7.1728
b 12.1850 12.2572 12.1523
c 7.2614 7.2315 7.1883
Volume 622.6 626.2 626.6
Bond Length
Al2-F1 1.818 1.867 (Al-O) 1.855
Al2-F2 1.818 1.855 1.861 (AI-O)
Al2-F4 1.815 1.829 1.844
Al1-F2 1.817 1.813 1.893 (Al-O)
Al1-F3 1.815 1.829 1.841
Bond Angle
Al2-F1/OH1-Al2  150.8 (148.7) 141.2 152.9
Al1-F2/OH2-Al2  150.8 (148.3 157.1 137.2
Al1-F3-All 179.7 (166.4) 179.1 178.7
Al2-F4-Al2 179.8 (165.5) 178.9 179.0

Table 3. Optimized crystallographic data of calculated HT®ustures with F1 and F2
hydroxylated sites.

It can be seen that the substitution of F ions @ ions leads to an increase of the
interatomic distances at both the hydroxylated aitd at the neighboured fluorinated site.
Since the multiplicity of F2 (16) sites is highdrah that of F1 (8) sites, F2 hydroxylation

leads to a greater increase in the interatomi@ucgts. Additionally, the occurrence of OH
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groups results in smaller Al-OH-Al angles compatedhe Al-F-Al ones. Such a feature was
suggested in previous studféS.The strain induced by the lowering of the hydrosgthsite
angle is compensated by the increase of the Al-Brgle of the nearest anionic site.

The Al-OH-AI angles found in the hydroxylated HTBatarial are close to those found in the
pyrochlore type structurég. 141°. The hydroxylation of the HTB type structusefavoured
for the anionic sites which form the structuralteat, i.e. three- and six-membered rings,
found in the pyrochlore. This observation may ekplat least in part, why increasing the
OH/F molar ratio in the synthesis process favobesformation of the pyrochlore structdre.
The calculated AlI2-OH1-Al2 angle (Table 3) is cldasethe experimental Al2-F1-Al2 angle,
confirming the partial hydroxylation. Contrarilyhe calculated Al1-OH2-Al1l angle is lower
that the experimental one suggesting that thiscaitéains a relatively small amount of OH

groups.

3.1.3 Aluminium environments

From a local point of view, both structures consistorner-sharing [Algx(OH)y] octahedra.
High field 2’Al NMR spectroscopy enables the identification ahe quantification of such
species, leading to a better description of botmé&works. The pyrochlore phase displays
AlFs.x(OH)« species, where x ranges from 0 to 6, whereasarH{hB phase x values range
from 2 to 6 because of the occurrence of pure iiaved F3 and F4 sitéS.The estimated

content of the various Ax(OH)x species is gathered Trable 4.

Pyrochlore HTB
AlFs(OH), species|  AIF; AOH); 3 B-AlF26(OH)o.4
(%) (%)

AlFg 3.3 41
AlF5(OH) 15.2 41
AlF4(OH), 29 15
AlF3(OH); 29.6 3
AlF,(OH),4 17
AlF1(OH)s 5.2

Al (OH)g 0.7

Table 4. The estimated content for the various AIfOH)« species in both pyrochlore and
HTB phases matching with experimental results ftogh field>’Al NMR.’

% Chupas, P. J.; Corbin, D. R. ; Rao, V. N. M.; Hans). C.; GreyC. P.J. Phys. ChenB. 2003 107, 8327.
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To gain more insight into the description of botmapes, X-ray photoelectron spectroscopy
has been used to probe the electronic structuteeoAP" ions in particular the nature of the

Al-F/OH bonding. Such a technique is sensitiven® perturbation induced by anions in the
vicinity of the cation. The presence of strong ®leregative anions such as fluoride ions
leads to an increase of the Al 2p binding enertfi@e Al 2p XPS spectra are displayed in

Figure 3 and the data are summarizedable 5.

Pyrochlore
AlF) 2(CH)y 5

Counts/s

p-AlE, o (OHlg 4

84 82 80 T8 T8 T4 T2 TFO B3
Binding Energy ()

Figure 3. Al2p XPS spectra of the HTB and pyrochlore phases.

Al2p BE (eV) with corresponding relative
Sample
intensity FWHM: 2.1eV
77.4eV 76.0 eV 74.4 eV
B-AlF2.6(OH)o.4 24% 54% 22%
Pyrochlore
10.5% 73.5% 16%
AlF1 AOH)1.3

Table 5. Al2p XPS data of the HTB and the pyrochlore phasas values show relative shift
to lower binding energies as the Al ion is hydratgd.

% Byse, O.; Kemnitz, E.; Lippitz, A.; Unger, W.EBesenius J Anal Chel997, 358, 175.
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The Al 2p XPS spectra of both phases can be fittedthree components at 77.4, 76 and 74.4
eV. Those components can be aligned to each othkerOneV as a standard deviation. It
should be noted that three components have also detected for the F1s BE occurring at
686.8, 685.7 and 684.7 e¥(.2). It appears that the electronic density aroAtd ions is
more homogeneous in the pyrochlore that in the Hplgase. The electronic state
heterogeneity of Al ions in the HTB phase can be rationalized regarttie large range of
interatomic distances, as revealed by the Rietvefthement (Table 1), distances lying
between 1.78 and 1.85. Such a disparity is assigned to the occurrendg/dfoxylated sites,
i.e. F1 and F2 sites, which are assumed to induceemtrehic state heterogeneity around the
Al**ions. Since a statistic OH/F distribution occurstie pyrochlore phase, the resulting*Al
ions electronic state is characteristic of a mi¥¢@H anionic environment. This leads to
complementary information regarding X-ray diffracti which gives average interatomic
distances due to the cubic symmetry. These realdtsshow the flexibility of the HTB-type

structure regarding the heterogeneity of th& &lectronic density state.

3.2 Stable surfaces and crystal morphology
The relative energies of the (100), (010) and (Gikjaces of HTB Alg have been recently
calculated using the CRYSTAL code. These energiage hbeen used, along with the
approximation that the crystal hassPB symmetry, and the use of the Wulff pfab predict
the equilibrium crystal morphology of an HTB cryta.19 This leads a prediction that 59%
of the {010} surfaces, 42% of the {001} surfacesdaB% of the {100} surfaces will be
exposed. This result is consistent with the expenital observation confirming the low
stability of the (100) surface. Information on thérostructure of the solid has been obtained
from an X-ray line broadening analysis which haslded an accurate calculation of the
micro-strains 4d/d) and the coherence domaffiSuch an analysis has been performed on
both the HTB and pyrochlore phases highlightinga}-line broadening effects arising from
coherence domains and micro-strains. It has bearaked that the pyrochlore possesses an
isotropic crystallite shape whereas the HTB criistal present a platelet shape with the short
dimension along the a-afi confirming theab initio calculations. Such a model clearly
indicated that the (100) surface exhibits the ldveéability.

B Wulff, G. Z. Kristallogr. 1901, 34, 449.
% |ine Broadening Analysis Using Fullprof: Deterriioa of Microstructural Properties. Rodriguez-Caaal;
Roisnel, T. EPDIC8 Uppsala. 2002.
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The predicted structures of the (100) and (010jases, within a (1x1) cell, are shown in
Figure 4.a and brespectively. The (100) surface, which is not theadlymamically stable,
consists of alternate six-fold and five-fold comated AF* ions in which the five-fold
coordinated Al* ions are bound to 5 bidentate (“bridging”) F i@l the 6 fold A" ions are
bound to an additional monodentate (“dangling”phk.iThe (010) surface which is predicted

to dominate on HTB crystallites, consists of fiveef coordinated Al".

Rows of 5-fold and 6-fold Rows of 5-fold Rows of 5-fold
coordinated Al ions. coordinated Al ions. coordinated Al ions.

(b) - ©
Figure 4. (a) The HTB AlR(100) surface. (b) The HTB A{K010). (c) The Pyrochlore A
(001) surface.

For comparison, the surface structure of a purerithated pyrochlore (100) surface has also
been predictedFigure 4.b). The Al ions at the surface of the pyrochlore @tecoordinated

to 4 bidentate F ions and one monodentate F ioncagrs at the (010) HTB surface. It has
been shown previously that this type of Al bindaigthe surface is energetically favoured at
AlF; surfaces? Interestingly, the predicted Adfpyrochlore (100) surface exhibits only five-
fold coordinated Al ions.

Previous studies of NHadsorptioA’ have shown that the Al ions that are bound to 5
bidentate F ions display the strongest Lewis agidNe therefore probe both these types of

sites and those that occur on the dominate surface.

27 Bailey, C.; Mukhopadhyay, S.; Wander, A.; SeadBle,Harrison, N. M. 2008 in preparation.
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3.3 Acidic properties through CO adsorption

3.3.1 Experimental data

The acidic properties have been studied by adsorati carbon monoxide at low temperature
(~100K). FTIR spectroscopy is used to detect theraction between CO and the surface. CO
is considered as an ideal spectroscopic probe mileleie to it weak basic character. In this
way, the inductive effect of CO is limited and ltosvs the discrimination of the nature and
the strength of the acidic sites.

Several regions can be distinguished accordinbeachift observed on the stretching mode of
CO in the gas phase/(C0O)=2143 cr): (i) bands atv(CO)<2150 crit are ascribed to
physisorbed species, (ii) bands between 2150-2@8tcharacteristic of Brgnsted acid site or
weak Lewis acid sites and (i) bandsv¢€0)>2180 crit characteristic of Lewis acid sites,
the higher the wavenumber, the stronger the Lewrditg. Normalized IR spectra of saturated
CO adsorbed at the surface of the pyrochlore amdH¥B phases are displayedrigure 5.

Abs BRONSTED
Andfor Physisorbed
0.01 Weak Lewis species
Pyrochlore

A]FI.T(OH)IJ
HTB Abs
B-AlF, ;(OH)g 4 0.01
LEWIS
A
- ~
2240 2220 2200 2180 2160 2140
(cm’l)

2250 2200 2150 2100 2050

Wavenumber (cm'1)

Figure 5. Comparison between normalized IR spectra of adsbrEO on HTB and
pyrochlore phases. IR spectra are recorded afteasion at 573 K and an introduction of an
equilibrium pressure of CO (266 Pa). Inset: sudeesaddition of small CO doses on the
pyrochlore surface.
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A previous stud§? related to CO adsorption on the HTB surface hasaled a large
heterogeneity of Lewis acid sites with the occuceewf five distinct sites lying in a large
range of frequency. Contrarily, the Lewis acidiigpdayed by the pyrochlore surface occurs
in a narrow frequency range. This is well evidenegwn CO is adsorbed using successive
additions of small amounts as shown in the InsethefFigure 5. For low CO coverage, a
weak band centred at around 2215-2220" ésndetected. Going to higher CO doses, a broad
band starts to appear at 2215 cand shifts downward to 2195 &nfor increasing CO doses.
After saturation, in addition to the broad band tossh around 2195 cm-1, a shoulder is
detected at around 2220 ¢mAs for the Lewis acidity, the Brensted behaviofiboth phases
differs drastically. While the HTB surface displayame homogenous Brgnsted site
characterized by a band at 2173 tnthe Brgnsted behaviour of the pyrochlore is
heterogeneous with CO frequency lying between 24@&l 2165 cil. Such heterogeneity is
in part due to remaining water molecules whichasca strong Bransted acid siteStructural
OH groups generate weak Brgnsted acidity witBO) band lying from 2171 to 2165 &m

Table 6 summarizes the various acidic sites displayeddily phases.

v(CO) (cm?) (4vCO)
Compound

Lewis acidity Bragnsted acidity,

Site A : 223592)
Site B: 2220-221%77-72)
HTB Site C: 220057) Site E: 217330)
Site D: 218340)
Site F: 216623)

2165-2181
2215-219572-52)
Pyrochlore (OH groups: 28-
Shoulder 2215-2220 22)

Table 6.Characterization of(CO) adsorbed on the HTB and the pyrochlore susface

Aiming to understand the various acidic behaviodisplay by both phases, in situ
fluorination using CHE has been performed prior to CO adsorption. Theofisefluorinating

agent allows the conversion of the accessible AlHaiAds into Al-F bonds and therefore

28 DambournetD.; Leclerc,H.; Vimont, A.; Lavalley, J-C.; Nickkho-Amiry, M.; Winfield, J. M.; DaturiM.;
Tressaud, A.; Demourgues, 8ubmitted to Phys. Chem. Chem. Phys
% Daturi, M. In preparation.
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enables getting some information on the impacthef @nionic environment on the acidity.
Figure 6 displays the IR spectra of adsorbed CO on thegjooe and HTB phases with and

without in situ fluorination.

E AN 2240 2220 2200
! Wavenumber {cm-1)

T T T T T T T T T T T T T T T T T T
2240 2220 2200 2180 2160 2140 2120 2100 2080 2240 2220 2200 2180 2160 2140 2120 2100 2080

Wavenumber (cm'!) Wavenumber (cml)

Figure 6. Effect of in situ post-fluorination using CHIen the pyrochlore and HTB surface
acidities. IR spectra recorded after activatio®&3 K and an introduction of an equilibrium
pressure of CO (266 Pa) without (full line) andhwitiotted line) CHEtreatment. Insert: CO

adsorption on strong Lewis acid sites.

In general, a decrease in the Brgnsted contribuarbserved as well as the conversion of
weak/medium Lewis acid sites into strong ones. hibutdd be noted that the extension
coefficient varies according to the wavenumberhef{CO) band.The area of the converted
bands is therefore not completely retransmittedhéncase of the HTB surface, the very weak
site A surprisinglydisappears upon fluorination. The intensities o tbkewis acid sites
labelled C, D and F decrease whereas the siteeBsity increases and shifts slightly towards
a higher wavenumber. The decrease in intensityhefsites C, D and F after fluorination
suggests that these sites are surrounded by a naimEshic environment OH/F. On the
contrary the site B is stable upon fluorination gesgging a pure fluorinated site. Concerning
the pyrochlore phase, in situ post-fluorination tedhe appearance of two strong Lewis acid
sites located at 2215 and 2225 twn going with the weakening of the broad bandat
detected at around 2195 ¢m

181



Annexe : Comparaison entre I'approche expérimeetdés calculs ab initio

3.3.2 Ab initio calculations and assignments

In order to better understand how the strength lodwais site depends on it as local geometry
and the hydroxylation of neighbouring anionic sjteb intio calculations were performed on
the HTB AlR; (100) and (010) clean and hydroxylated surfa€hs. CO stretching frequency
was calculated after adsorption on (100) and (GL@face sites labelled as AlOH)x site
where x lies between 0 to 5. The local geometrthefsites at which CO was adsorbed above
are shown irFigure 7 and each of the neighbouring F ions has been &hell

(a) HTB AlF, (100) (b) HTB AIF, (010)

Figure 7. The local structure of the non hydroxylated sugfages on (a) the (100) surface
and (b) the (010) surface. after adsorption of €@l surface calculations were performed,;
these pictures just show the local structure ofadisorption site.

The effect of substituting the F ions for OH ioms several different combinations was
considered. The resultant shifts in the CO stréteuencies are displayed in Table 6. The
resultant local geometries after adsorption of G@ aelection of these sites are shown in
Figure 8.

The calculated CO stretching frequency in the desse was 2220 cfmas compared to 2143
cm?® as found experimentally; this is in-line with piews calculations at this level of
theory®® The shifts in the CO stretching frequency havereftze been scaled by 0.965
(2143/2220) to take into account the discrepancythef CO stretch frequency between
experiment and theory. The resultant calculated 9b{fis obtained after adsorption on the

various sites are shown Trable 7.

30 http://srdata.nist.gov/ccchdb/
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Figure 8. The local structure of the surface sites afteogasn of CO. The top row shows
structures of the sites on the (100) surface wthigebottom rows shows structures that occur
on the (010) surface. Full surface calculationsengerformed; these pictures just show the
local structure of the adsorption site.
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The largest shift occurs for CO adsorbed to ansAlke on the metastable (100) surface, a
shift of 94 cnf is predicted, this type of site has hence beeigrss to the peak that is
observed at the A site (Figure 6). Experimentailyly a low concentration of this type of site
was observed, this is in agreement with the expertal observation anab initio prediction
that only a small amount of the (100) surface igso=ed on HTB crystallites. Furthermore, it
has previously been shown that it is energetidaNypurable for this surface microfacet to the
(010) surface. The fluorination process being eswtfic, this should favour the surface
reconstruction and may explain the disappearantieeoA site.

The calculated CO shift for adsorption to the ngdrbxylated site on the (010) surface is 75
cm™. This type of site can hence be assigned to th& peat occurs at the B site since the
later was prove to be insensitive to the fluoriotprocess. Additionally, the number of B
sites is far greater than A sites in agreement thighHTB crystallite morphology.

On both the (100) and (010) surfaces, substitutiotme F ions for OH ions in the vicinity of
the Al motifs results in a reduction in the CO stretchqtrenciesin agreement with
experimental results.

An interesting point is that the position of theostituted OH group in Al&(OH), species
impacts on the Lewis strength (Table 7). As obsgtiaehe bulk, when an F ion is substituted
for an OH ion the resultant Al-OH-AIl angle is alvgagmaller than the equivalent Al-F-Al
angle. If the Al-F-Al angle is smali.€. the R and k ions) then the change in the angle after
OH substitution is relatively small and the chamgeéhe CO shift is correspondingly small.

This shift in the CO frequency is assigned to theeoved peak at site C for Al sites on the
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(010) surface and to site B for Al sites on theQ)1€urface (only a low intensity of (100) sites

is predicted).

shift in
100 Al environment Substituted F ions N
v(CO) (cm)
a AlFs - 94
b AlF5 nearby OH dangling 77
c AlF4(OH) Fa 88
d AlF4(OH) Fs 79
e AlF4(OH) Fc 65
f AlF3(OH), Fs, Fc 66
g A|F2(OH)3 Fg, Fc, o 17
h AlF1(OH), Fs, Fc, Fo, e 21
[ Al(OH)s Fa, Fs, Fc, Fo, Fe 13
| Brognsted Fs 24
010
k AlFs - 75
I AlF4(OH) Fa 64
m AlF4(OH) Fs 68
n AlF4(OH) Fc 59
o] AlF4(OH) Fe 42
P AlF3(OH), Fc, Bo 24
q AlIF3(OH), Fa, Fc 42
r A|F3(OH)2 FA, Fs 60
S A|F3(OH)2 F/_\| Fe 28
t AlF3(OH), Fs, Fc 52
u AlF3(OH), Fs, Fe 35
\" A|F3(OH)2 FC, Fe 36
W A|F2(OH)3 FA, FB, FC 29
X AlF2(OH)3 Fa, Fs, e 27
y AlF2(OH)3 Fa, Fc, o 21
z AlF2(OH)3 Fc, Fo, Fe 4
aa A|F(OH)4 Fa, s, Fc, B 20
bb AlIF(OH)4 Fa, Fc, Fo, Fe 7
cc Al(OH)s Fa, Fs, Fc, Fo, Fe 9

Table 7. Shifts in CO frequency, referring to the gas phéseadsorption onto an Al ion
bound to 5 bidentate F ions.

If the Al-F-Al angle is close to 18(i.e. at the E and kb ions on both surfaces and theién
on the (100) surface) then the change in the aisglmuch greater, leading to a greater
distortion of the surface, consequently the dee@ashe CO shift is much greater and can be

assigned to the observed peak at site D for At sitethe (010) surface. If more than one of
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these F ions is replaced by an OH group then thdion induced at the surface is large
enough such that the CO will preferentially bind wne or more OH ions.€. at a Brgnsted
site) if they are available, this type of adsormptis assigned to the peak at site E. On the (010)
surface such a Brgnsted site may not be availabie iOH ions preferentially hydrogen bond
to the nearby monodentate F or OH ions (structpraad win Table 6). Consequently, the
CO binds very weakly to the Al ion, this type dfesis assigned to the peak that occurs at site
F. On the (010) surface, if the monodentate F ) (s replaced with an OH ion the CO
stretch frequency is much reduced. It is thought this is caused by changes that occur in
the electrostatic field in the vicinity of the CQplacule as a result of this OH substitution.

In the course of understanding the acidic behaviduroth phases, previous results obtained
from high field?’Al NMR could be take into account. Even if this Haiue belong to the
bulk, it can be assumed that the identified All©H), species (Table 4) can be present at the
surface in an under-coordinated state. While aisAIOH), species can be predicted to occur
on the pyrochlore surface, it can be assumed tieaHT B one contains only A$FAIF,(OH),
AlF3(OH),, AIF(OH); type species. Additionally, the contribution oEtmetastable surface
(100) has been prove to be very weak and henceefarethe A site, the assignments of the
various sites can be assumed to arise from the €iface. An attempt of CO assignment of

the HTB phase is shown in tfi@able 8

Site label and shift (c) | Al environment
A(92) AlFs (100) surface
B(77-72) AlFs
AlF4(OH) (Fs.)
C(57) AlF4(OH): Fa, Fc
AlF3(OH),: Fat+Fg, Rg+Fc
D(40) AlF4(OH): F,
AlF3(OH),: FitFe, FetFg, FotFe
F(23) AlF3(OH),: FctFp
E(30) Brgnsted AlF3(OH),: Fa, Fe

Table 8. Assignment of the various CO stretching frequency
The above assignments of the CO shift frequencyemaxtording toab intio data is in

agreement with the assumption that the identifiées AOH)x species can be present at the

surface in an under-coordinated state.
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At this level, it appears clearly that the Lewidgetegeneity exhibits by the HTB phase is due
to (i) the various surface structure which can ocon a crystallite and characterized by
different acidic strength and (ii) the anionic hetgeneity.

Although calculations have not been performed lier pyrochlore surface our analysis of the
HTB surface enables an interpretation of the pylavehadsorption spectra (Figure 6). The
local structure of the pyrochlore surface is pragtido be similar to the (010) surface and due
to its cubic symmetry, the surface structure isregmc. The occurrence of only one type of
surface structure is confirmed by the absence ®fGB shift at 92 cih that occurs on the
HTB structure characterizing the metastable (10dfpse. The feature that contrasts with the
HTB phase is the apparent Lewis strength “homodggheharacterized by a broad band
centred at 52 cthwith the occurrence of a shoulder at around 77.¢fine broadness feature
of the band is ascribed to the anionic heteroggn@ihe shoulder observed at 77 tris
indicative of the occurrence of some few Alkewis acid sites. The Lewis acidic behaviour
of the pyrochlore is dominated by the CO shift thetur at around 52 ¢frand can be related
to AlF4(OH) and AIR(OH), sites. Such assignments are in full agreement RIS and
NMR data which have evidenced mostly the occurrericgaixed F/OH species. Contrarily to
the HTB phase, the pyrochlore contains some ridiygroxyl species,.e. AlF;(OH),
AIF(OH)s. These types of species should act as Brgnsesl sit

3.3.3 Interpretation of the reactivity of the sofidid HS-AlR

The solid acid X-ray amorphous HS-AlRas been recently studied using CO adsorptidin.
has been evidenced that the HS-Alsurface mostly contains strong Lewis acid sites
characterized by an intense and broagCO) band occurring at around 2220 “tm
(Av(CO)~77cn) after CO saturation. Such sites are similar eodite B found in the HTB-
AlF, ¢(OH)o 4 ascribed to the Al=site that occur on the (010) surface as showngarg 6b.
Additionally, using small CO doses, some few vetsorsg Lewis acid sites have been
detected at a CO shift occurring at around 90 cinhas previously been suggested that such
sites consist of a four-fold coordinated>Alons, i.e. AlF4.31In this study we suggest that
such a site can be assigned to thesAlke found in the metastable (100) surface in tviiee

Al ion is bound to 5 bidentate ions, as shown iguFé 6a. The above assignments enable the
understanding of the reactivity as well as the mappf the HS-AIR surface.

31 Krahl, T.; Vimont, A.; Eltanamy, G.; Daturi, M.;énnitz, EJ. Phys. Chem..Q007, 111(49), 18317.
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The surface structure of the X-ray amorphous HS;AéiSembles those found on the HTB. It
contains both the (100) and (010) surface-typectira. The main difference between both
compounds is the relative contribution of the (180)face-type over the whole surface
contribution. The high surface area, low crystaliize and the amorphous feature of HS3AIF
enables the stabilization and a greater surfact&ibation of the metastable and highly Lewis
acidic (100) surface. Finally, it may be that réacs$ that are catalysed by HS-Alut not
HTB AlF3; require a high concentration of the sites thatuoamn the (100) type-surface.
Furthermore, if such sites occur adjacent to orogheam this may result in an inductive effect
or enable larger molecules to bind via multiplecagion sites.

Conclusion

The present work has compared two hydroxyfluorebdsibiting the HTB and the pyrochlore
type structure using experimental aadinitio data. The stabilization of either phase has been
related to the Al-X-Al angle (X=F, OH). Hydroxyl gups tend to form small angles leading
to the stabilization of three- and six-memberedsibuilding the pyrochlore type structure. In
the case of the HTB phase, the hydroxylation pesfeally occurs in the same structural
pattern constituting the pyrochlore phase highligit the structural effect of the
hydroxylation. While the aluminium electronic ddagsof the pyrochlore phase appears
homogenous and characterized by a mixed F/OH emwiemt, those of the HTB appear
heterogeneous with hydroxylated, mixed F/OH andorthated environments due to
preferential hydroxylation and anisotropic struetur

The prediction of the morphology of an HTB crystallmatched with experimental results
from X-ray line broadening analysis and HRTEM. Suesults have evidenced that the HTB
surface exposed mainly the (010) type surface hatthe (100) surface is metastable and
weakly exposed. The prediction of the surface stinecof a purely fluorinated pyrochlore
revealed a structure similar of those found on(@i®) HTB type surface.

The acidity of the surface Lewis sites have beearatdterised from experimental and
theoretical CO adsorption studies. This has lethéidentification of the local structure of
very strong Lewis acid sites on the metastable (0@face. Understanding the structure of
these active sites may enable real perspectivethéoselection of fluoride-based catalysts.
The next challenge will be to move toward high scef area materials with the development
of shape selective synthesis to improve the camioh of such metastable and Lewis acidic
(100) type surfaces. Another possibility is thethgsis of more anisotropic structures such as

K-AlF3 in order to stabilize new surface structures.
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