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Abstract: A study of the zeotypic giant pores chromium(lIl) tricarboxylate Cr'"'sOF(OH)1—¢(H20)2+{ CsHz—
(CO2)3}22nH0 (MIL-100) has been performed. First, its thermal behavior, studied by X-ray thermodiffrac-
tometry and infrared spectroscopy, indicates that the departure of water occurs without any pore contraction
and no loss in crystallinity, which confirms the robustness of the framework. In a second step, IR
spectroscopy has shown the presence of three distinct types of hydroxy groups depending on the outgassing
conditions; first, at high temperatures (573 K), only Cr—OH groups with a medium Brgnsted acidity are
present; at lower temperatures, two types of Cr—H,O terminal groups are observed; and at room
temperature, their relatively high Brgnsted acidity allows them to combine with H-bonded water molecules.
Finally, a CO sorption study has revealed that at least three Lewis acid sites are present in MIL-100 and
that fluorine atoms are located on a terminal position on the trimers of octahedra. A first result of grafting
of methanol molecules acting as basic organic molecules on the chromium sites has also been shown,
opening the way for a postsynthesis functionalization of MIL-100.

Introduction MIL-100 and MIL-101 (MIL for Materials of Institut Lavoi-
. - . . . sier)®-8 These solids are unique in terms of pore size with cages

The synthesis of hybrid inorgariorganic nanoporous solids of free diameter between 25 and 34 A and huge Langmuir
is still very active, and the number of new hybrid solids is surface areas (3100 and 590¢ gr?, respectively). Conse-
steadi_ly incrgasing in the pgst few years. This approach gives aquently, such solids are good candidates for many applications,
newS|me|:S|0|j t9 the domglnl_ofkporousgo?pouhabe Iar:ge_ | such as the insertion of large molecules, notably the trapping
number o e>§|st|ng organic inkers an the unique physical of \yasted organic molecules, a challenge in the field of green
properties of inorganic materials lead to a modulatlon. of both chemistry® The peculiar surface and the specific design of the
the shape and th? S|35e of the pores and the pro_pert|e_s _Of thecages are also of a great interest in catalysis, at least as high as
final porous material$.® In th_ese structures, organic m0|et|_es, that manifested for zeolites and MCM-like materials. Moreover,
such as diphosphonates or dicarboxylates, act as pillars or I|nkers[he gigantism of the pore size in these crystallized materials (a
relating inorganic layers, chains, or clusters of transition or rare- variance to MCM-type mesoporous solids) allows conceiving
?"’.“.th metals. In the field of metgl carboxylates,. some of us catalytic reactions with organic molecules larger than those
initiated a global study of the trivalent metal dlcarpoxylate currently used in zeolitic materials. However, prior to any
systems in wa_ter, Wh'ch recently led to_ the _characterlzauon of application, the precise characterization of these porous solids
the two chromium(lll) dicarboxylates with giant pores labeled g \ira) 1t js well established that catalytic and adsorption

properties strongly depend on the nature of the surface sites

T Universitede Caen. . ) . S .

* Universifede Versailles. (i.e., Brgnsted and Lewis a_C|d or basic sites) and on th(_e ox_|dat|on

8 UniversiteRennes . degree of the exposed cati#hTherefore, the characterizations
(1) Sctiuh, F.; Sing, K. S. W.; Weitkamp, Blandbook of Porous Solid/iley- of the acidic and redox properties of the material are crucial to

VCH: Weinheim, Germany, 2002; Vol. 3.
(2) Seo, J. S.; Whang, D.; Lee, H.; Jun, S. I.; Oh, J.; Jeon, Y. J.; Kim, K.

Nature 200Q 404, 982. (6) Faey, G.; Mellot-Draznieks, C.; Serre, C.; Millange, F.; Dutour, J.; Syrble
(3) Feey, G.; Latroche, M.; Serre, C.; Loiseau, T.; Millange, F.; Percheron- S.; Margiolaki, I. Science2005 309, 2040.

Guegan, AChem. Commur2003 2276. (7) Faey, G.; Serre, C.; Mellot-Draznieks, C.; Millange, F.; Surt8e Dutour,
(4) Rosi, N. L.; Eckert, J.; Eddaoudi, M.; Vodak, D.; Kim, J.; O'Keeffe, M.; J.; Margiolaki, . Angew. Chem., Int. EQR004 43, 6296.

Yaghi, O. M. Science2003 300, 1127. (8) Feey, G.; Mellot-Draznieks, C.; Serre, C.; Millange, &cc. Chem. Res.
(5) Chae, H. K.; Siberio-Perez, D. Y.; Kim, J.; Go, Y.; Eddaoudi, M.; Matzger, 2005 38, 217.

A. J.; O'Keeffe, M.; Yaghi, O. M.Nature 2004 427, 523. (9) Anastas, P. T.; Kirchhoff, M. MAcc. Chem. Re002 35, 686.
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Cr+ Cra+
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Figure 1. Structure of MIL-100; (A) trimers of chromium octahedra sharing a common veg€X (B): (a) The primary building unit (trimer of chromium
octahedra) and the organic ligand; (b) the hybrid supertetrahedron; (c) a unit cell of MIL-100 with a supertetrahedron drawn in a polyhedral mode; (d)
schematic view of the MTN topology of MIL-100 with the two types of cages present (free apertures given in angstroms).

evaluate the catalytic and the adsorptive properties of a solid Vas OO

in heterogeneous catalysis. Infrared spectroscopy is the most

powerful technique to identify the active sites in this type of v+B(H0)

zeolitic systent! In the present paper, using IR spectroscopy x g 1"5 COy

of adsorbed probe molecules, we report the first characterization |, ., @

of the surface and of the nature of the adsorbed species present (0) ‘/\/\

into the pores of MIL-100 at various stages of hydration. Our SX0_ S000; 4500

goal was to identify and quantify the Brgnsted and Lewis acid \ U\/\
sites by adsorption of basic probe molecules and to evidence ‘ (a) As-prepared (RT) \J |

the unusual interaction of the adsorbed water species with the (1,0 "k
surface. In addition, MIL-100, which is a chromium trimesate =~ ———_____

with the following chemical composition (gOF(OH);—« (b) Vacuum (RT) *JL
(H20)){ CeH3—(COy)3} 2:2H,0 (y + z~ 28), exhibits a cationic

framework with a negative default charge per trimer of . g - 2000 000

chromium octahedra, which is compensated by one fluorine
atom per three chromia. The second aim of this study was the _ ) ]

localization of these fluorine atoms and their effects on the acid Figure 2.  Infrared spectra of MIL-100; (top) as-prepared; (bottom) after
oca ) : outgassing at room temperature. The inset corresponds to a magnification
properties of the solid. of the rectangular gray zone of the RT spectrum.

Wavenumbers (cm)

Results and Discussion o .
and TGA indicated a huge departure of free wateB@% in

Thermal Behavior. MIL-100 is a chromium carboxylate built  weight) below 373 K followed by a slow release of bound water
up from trimers of chromium octahedra sharing a common between 373 and 523 K and finally the destruction of the
vertex us-O (Figure 1A). The trimers are then linked by the framework at about 600 K. At this stage, the questions were
benzene-1,3,5-tricarboxylate (BTC) moieties in such a way that the following: where are the water molecules localized, and
this leads to the formation of hybrid supertetrahedra which what are the consequences of the water departure? We first
further assemble into a zeolitic architecture of the MTN-type analyzed the dehydration process using infrared spectroscopy
(Figure 1B). Its thermal behavior was investigated previolsly, (Figure 2). The spectrum of MIL-100 (Figure 2) reveals two
massifs in the middle infrared range: one in the low wave-

(10) Boehm, H. P.; Knozinger, H. Nature and Estimation of Functional Groups number region (17001 md). which char riz h
on Solid Surfacesdn Catalysis Science and Technolpdynderson, J. R., umber region (17061300 cnt?, ch characterizes the

Boudart, M., Eds.; Springer-Verlag: Berlin, 1984; Vol. 4, pp-49. carboxylate groups of the framework (intense bands at 1640
(11) (a) Payen, E.; Grimblot, J.; Lavalley, J. C.; Daturi, M.; Mauge In 1)- i 1 H

Handbook of Vibrational Spectroscggghalmers, J. M., Griffiths, R., Eds.; and 1390 cm ,)’ another in the 38063000 cm l:eglon’ due

John Wiley & Sons Ltd.: Chichester, UK, 2002; Vol. 4, pp 36@041. to the stretching modes of OH groups, on which the present

(b) Zecchina, A.; Spoto, G.; Bordiga, S. Handbook of Vibrational ; s
SpectroscopyChalmers, J. M., Griffiths, R., Eds.; John Wiley & Sons study will be focused. Additional bands due to the water

Ltd.: Chichester, UK, 2002; Vol. 4, pp 3043071. molecules are also present at higher wavenumbetsd(H,0)
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Figure 3. Temperature X-ray diffraction pattern of MIL-100 (under primary vacuum).

~ 5300 cnTl). On the spectrum of the as prepared sample at 3585 cm. Its intensity is greater when the sample was
(Figure 2a), the frequency of this combination band is relatively outgassed at lower temperature (473 K) (Figure 4b), and it is
low (5200 cnt?), showing the presence of H-bondedCH stronger at 373 K (Figure 4d). This vibration cannot be ascribed
species. This combination band disappears by evacuation atto a water molecule since no corresponding band characteristic
room temperature (RT) which removes water condensed in of thev + 6(H2O) combination mode is observed in the 5600
cages. A sharp band near 5300 éngFigure 2b) remains in 5400 cm! range (see Figure 4a and 4b). In addition, one
the spectrum of the evacuated sample, revealing that some wateobserves a combination band at 4295 ¢rgFigure 4, inset A)
molecules persist on the sample. Considering the compositionwhose intensity varies in parallel to the intensity of the previous
of MIL-100, CrsFO(HO){ CeH3z—(CO,)3} 2°yH0O (X + y ~ 28), band (3585 cmt) as a function of the outgassing temperature
it appears that the free water (denoethO) can be evacuated applied. This combination band is sensitive to the H/D exchange
quite easily at room temperature under vacuum. As we will see by D,O treatment (see Figure 4, inset B), confirming its
later, the total removal of the remaining water molecules assignment to & + 6(OH) mode. This demonstrates that OH
(denotedxH,0) requires both vacuum and heating4(73 K). groups bound to chromium atoms are present in the structure,
X-ray diffraction under primary vacuum (Figure 3) indicates as it will be further discussed in this paper.
that no significant change occurs both in terms of crystallinity ~ Second, at lower temperatures, water molecules bound to the
and cell volume (cell contraction of-23% only) between room  chromium sites are present (423 K, Figure 4c) since one
temperature and 573 K; above 623 K, the structure collapses.observesy(OH) bands at 3700 and 3608 ci as well as a
Finally, this preliminary study indicates that the complete sharp band at 5274 crhy characteristic of molecular water
desorption of free and bound water molecules from MIL-100 adsorption. HO is an amphoteric molecule, which can interact
occurs at low temperature while keeping the integrity of its both with acidic surface sites (lone pair of the electron-donor
porous framework. The next part of this study concerns the oxygen atom) and with basic sites (hydrogen bonding). This
analysis of the different acid sites of MIL-100 upon the different leads either to a blue shift of thH,0O) mode and a red shift
stages of hydration in order to specify the water adsorption sites.of the v(OH) bands when an hydrogen bond is created, or to a
Analysis of the Hydroxy Groups. The complexity of the  less extended lowering of thgOH) mode and a rather low
IR profile depends on the hydroxylation degree of the surface. wavenumber position of théH,O) mode in the other cadé!?
A series of spectra have been recorded after outgassing thelable 1, first line, summarizes the characteristic vibrations
sample from room temperature to high temperature (573 K). [v3(Va), v1(vs), v2(6(H20))] of the free water molecule in an inert
Nevertheless, the spectra are discussed from the less to the morgolvent!* When several types of adsorbed water species are
complicated (from the higher outgassing temperature to room present, the study of the+ 6(H20) combination bands in the
temperature). First, two mair{OH) peaks, characteristic of the ~ 5000-5300 cn7? range allows one to assigfOH) andd(H20)
hydration or hydroxylation status of MIL-100, are observed bands to each type of water adsorbed configurdfidoreover,
within the 3586-3600 and 36863700 cnT! ranges, respec- this allows one to calculate the bending mode frequency, not
tively (Figure 4). On the basis of the position of these bands, directly accessible due to the presence of intense bands of the
observed at various outgassing temperatures, we will describecarboxylates. From &, + v3 frequency at 5274 cni (Figure
in this section subsequently the different«@H, Cr—H,0, and 4c), and avz at 3700 cnd, taking into account an anharmonicity
Cr—H,0/H,0 species present in MIL-100 at the different stages coefficient of 22 cm?,24 we deduce a(H,O) mode at 1596
of the dehydration process (see Table 1).
First, the presence of €OH groups at high temperatures ~ (12) Burneau, AJ. Mol. Liq. 199Q 46, 99.

oo . . (13) Falk, M.Spectrochim. Actd984 40A 43.
(573 K) is discussed (Figure 4a). Only one OH band is present (14) Bumneau, A.; Corset, J. Chim. Phys1972 69, 171.
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Figure 4. Absorbance spectra of MIL-100 recorded at 100 K after outgassinggl@rmat 573 K(a), 473 K (b), 423 K (c), 373 K (d), RT (e). Inset A:
Spectra of MIL-100 in the 42084400 cn1? range (dotted line, spectrum of MIL-100 previously outgassed at 473 K, after introductiogOofd@por into
the cell (P(DO) = 1333 Pa), and evacuation at 373 K). Inset B: Spectra of MIL-100, previously outgassed at 473 K, after introductiOrnvapér into
the cell (P(BO) = 1333 Pa), and evacuation at room temperature (dotted line).

Table 1. Wavenumbers of the Characteristic Infrared Bands of Water in MIL-1002

water species v (va) (cm™) vy (vs) cm™Y) vy + v (cm™Y) v, (0H;0) (cm™)
H20 in inert solvent? 3710 3619 5284 1598
H,O — Cr3* (species 1) 3700 3608 5274 1596
Hz0 — Cr3* (species 1) 3683 3595 5265 1604
H20-+-H,O— Cr 3680 (2715) 3588 (2623) 52528915 weak) 1603(1184)
H20::-H,0 — Cr 3670 (2715) 2950 (2250) 5326-8915) 1650(1219)

aValues in parentheses are those observed after dehydration at 473 K, treatment ungl@) Pe(B83 Pa, and evacuation at room temperatikéalues
calculated from the, + v3 andvs bands, using a coefficient of anharmonicity equal to 22 trfiValues calculated frond(D20) frequency.

cm~1. The remaining band at 3608 cfis assigned to the; interactions explain the rather high thermal stability of the
mode of a first type of water molecule, denoted spedies  corresponding species since they are coordinated to Lewis acid
Looking at spectrum 4d (evacuation at 373 K), we observe also sSites.

additional peaks at 5265, 3683, and 3595 &¢nwhich imply At lower temperature (RT, Figure 4e), at least two types of
the existence of a second type of adsorbed water moleculesadsorbed water molecules are present which do not correspond
denoted specied’, exhibiting ad(H,O) mode at 1604 cmi to the previous species and 1' since the spectrum is quite

(see Table 1). The position of both bending modes is charac- different, with two strong’ + 6(H20) bands at 5320 and 5252
teristic of water molecules coordinated on a surface. In ¢M % Thevz mode gives rise to a band at 3680 Cyrelatively
particular, Zecchina et al. attributed such positions to water Proad with a shoulder at 3670 cth This would lead t@(Hz0)
molecules bound to coordinatively unsaturated sites (cus)%f Cr bands at about 1662 and 1594 thmasked by the carboxylate
on the surface of GOs.15 Accordingly, specied and1’ water bands_. To dirgctly observe such bending modes, hydration
molecules (acting as electron donors) are coordinated to two&XPeriments with BO have been performed (see caption for

different unsaturated Cr sites, showing their heterogeneity. SuchFi9ure 4 for experimental details), th&D-O) band being
expected in the 11601250 cnT! range, a transparent IR region

(15) Zecchina, A.: Coluccia, S.: Guglielminotti, E.: Ghiotti, &.Phys. chem,  [OF this material (Figure 4, inset B). First, the spectrum presents
1971, 75, 2774. v(OD) bands at 2715, 2623, and about 2250 tmhich are in
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Scheme 1. Location and Interaction of Water Molecules with cus Cr3+

Species 1and 1 Species 2
3700-3680 en? —r—
3610-3580 eni® 1 H }{ 3680 cxi®
(BTC) BTC H M el Ny assgemt
“ o ) < Ny 50 et
+HP + +HL % cm
— —
-— ot 4——
-HP -HP
- 473K 373423 K 293 K
“
“
(BTC)
agreementy(OH)/v(OD) ratio ~1.3613) with thev(OH) bands Measurement of the Brgnsted Acidity.CO can probe both

observed previously with ¥ (Figure 4e) at 3680, 3588, and Lewis and Brgnsted acid sité$When probing Bransted sites,
2950 cntl, respectively. At lower wavenumbers, new bands it gives rise to H-bonded CO molecules, and bet®H) and

are observed at 1219 and 1184 éndue to 6(D,O) modes. 1(CO) shifts depend on the strength of the acid sites: the greater
The presence of two bands confirms the occurrence of two typestheir acidity, the lower the’(OH) frequency, the higher the

of water species. Taking into accountéH,0)/0(D,0) ratio v(CO) perturbed frequency. Interestingly, CO is a suitable probe

equal to 1.3545 the frequency of the correspondidgH,0) molecule to characterize the cationic sites because (G©)
modes can be estimated at 1650 and 1603'cifhese values  frequency is very sensitive to the local cationic environment.
are close to those expected from the analysis o¥/{fH) and To perform such analysis, we have used a method consisting

v + 0(H20) band positions and satisfy the TelidRedlich on the introduction of calibrated small quantities of CO
product rule. This confirms that the two types of water species (typically 100 umol per gram of sample) followed by IR
adsorbed on the surface after outgassing at room temperaturespectroscopy; details are given in the Experimental Section. In

are quite different from the aforementioned spedieand 1'. this section, the CO adsorption will be applied on MIL-100
The band at 1650 cnt is unusually high for the bending outgassed at various temperatures in order to evaluate the
vibration mode of water. Such a blue shift, 52 ¢mis only Bransted acidity of the various OH groups present into the pores

observed when the water molecule is a strong hydrogen of MIL-100. This concerns the GtOH groups, the coordinated
donor!214 This is also evidenced by a broad band at a very water molecule4 andl’, and finally the specie®, that is, water
low wavenumber, 2950 cm (Figure 4e), assigned to the molecules in strong hydrogen-bonded interactions with species
v1(OH) mode of water, strongly downward shifted by the 1 andl'. The evolution of thev(OH) andv(CO) bands as a
formation of hydrogen bondint. The corresponding decoupled  function of the amount of adsorbed CO will be detailed first,
vz mode would give rise to the shoulder present at 3670'cm  then the appearance of new bands will be explained.
The low values of the bending modes of the second species, At a first step, we present the different types of bands
0(Hx0) and v + 6(H.0) bands at 1603 and 5252 cin observed during the adsorption of CO at 100 K on MIL-100
respectively, are related to the electron-donor charactep©f H  outgassed at increasing temperatures (Figureghal hree main
typical for water molecules interacting via the oxygen atdm.  1(CO) bands are observed: (i) the band centered at 2166 cm
Moreover, the observation of both hydrogen-donor and electron- corresponds to CO interacting with Brgnsted acid sites; (i) a
donor water molecules after outgassing MIL-100 at room massif at higher frequency (2232180 cnt?) is assigned to
temperature indicates the presence of additional water moleculesCO coordinated on Lewis acid sites, that is, coordinatively
denoted specie® not bound to chromium atoms but in strong unsaturated Cr sites (cus Cr); (iii) a third band at 2138%m
interaction with the terminal water molecules and 1'. which corresponds to physisorbed species, will not be considered
Hydrogen-bonded molecules alone would present, in fact, the in the present study.
v3 and v, modes at about 3680 and 3588 Cmrespectively Scrutinizing first the spectrum of MIL-100 outgassed at 473
(see Table 1). This does not exclude the presence of extra watek, we mainly observe GrOH groups, as demonstrated by the
molecules forming KO-++(H20), multimers due to the doner »(OH) band at 3585 cri reported in Figure 6a, where the
acceptor properties of water. The different types of water speciesspectrum originally presented in Figure 5d has been retreated
formed from HO addition to cus Cr" and their corresponding  and zoomed for the sake of clarity. The introduction of a large
thermal stability are presented in Scheme 1. The coordinatively amount of CO (Figure 6b) shows that only part of these hydroxy
unsaturated site is localized on the top of the chromium groups is perturbed. By contrast, théOH) band of residual
octahedron. adsorbed water at about 3708650 cnt? (Figure 6b) is totally

In addition, the 3585 cmt sharp band previously assigned affected. To differentiate the acidity of both species, evacuation
to Cr—OH groups and well apparent in the spectrum Figure 4b at 100 K has been performed (Figure 6c). The subtracted
is lacking in spectrum 4e, suggesting that the corresponding spectrum before and after CO evacuation (Figure §shows
hydroxy groups are perturbed when a large amount of water that only COH groups interacting with CO species are
remains; this could occur if extra water molecules are hydrogen- affected by the evacuation. It allows us to deduce that CO
bonded to these OH groups, which would imply that they present adsorption shifts the 3585 crhband to 3495 cm! (A»(OH)
some Brgnsted acidity. Experiments involving CO adsorption = gg cnml). This indicates that the €OH groups are slightly

reported below will confirm such an hypothesis. acidic with an acidity close to that of silanol groups in silicalite
(16) Downey, J. R.; Choppin, G. Rpectrochim. Actd974 30A 37.
(17) Falk, M.; Ayers, G. P.; Pullin, A. D. ESpectrochim. Acta976 32A 1641. (18) Hadjiivanov, K. I.; Vayssilov, G. NAdv. Catal. 2002 47, 307.
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Figure 5. Spectra of MIL-100 recorded at 100 K after outgassing dyélrh at RT (a)during 12 h (spectrum'’anset), 373 K (b), 423 K (c), 473 K (d),
523 K (e), 573 K (f), 623 K (g). (Dotted line, before CO adsorption; solid line, after introduction into the IR cell of an equilibrium pressure of CO equal

to 266 Pa).
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Figure 6. Spectra of MIL-100 outgassed at 473 K recorded at 100 K (a),

after introduction of 266 Pa of CO at equilibrium pressure (b), then outgassed

at 100 K during 30 s (c).

(Av(OH) = 100 cn1?),19 meanwhile explaining their sensitivity

described above. On &3, it has been reported previously that
single-bonded OH groups (type 1) give rise to high frequency
v(OH) (3638 and 3618 cm) with no acidity detectable by the
CO probe, while bridged OH groups (type Il and lll) exhibit
lower v(OH) frequencies and higher acidity (type IKy(OH)

= 73 cnT?; type II, Av(OH) = 63 cn11).20 Consequently, this
high acidity and the low(OH) wavenumber of Cr hydroxy
groups are in favor of a bridged conformation. The presence of
fluorine could also explain their low(OH) wavenumber and
their stronger acidity as compared to thatoefCr,03 since it

has been reported on fluorinated alumina that hydroxy groups
exhibit a higher Brgnsted acidity and then lower wavenumber
v(OH) bands than those detected on pure alurfina.

CO adsorption experiments were performed on MIL-100
evacuated at 373 K to evaluate the acidity of the terminal water
moleculesl andl'. Introduction of a small amount of CO (0.77
mmolg~1) gives rise to perturbed(OH) andv(CO) bands at
3505 and 2163 cnt, respectively, as reported in Figure 7. The

(19) Zecchina, A.; Bordiga, S.; Spoto, G.; Marchese, L.; Petrini, G.; Leofanti,
G.; Padovan, MJ. Phys. Chem1992 96, 4991.
(20) zaki, M. I.; Kntzinger, H Mater. Chem. Physl987 17, 201.

to water molecules adsorbed on the inactivated sample, as(21) Ghost, A. K.; Kydd, R. ACatal. Re’.-Sci. Eng.1985 27, 539.
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Scheme 2. Interaction of CO Molecules with Adsorbed Water
Molecules
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@)
© 2161
(b) ————

(@

2180 2160 2140 2120
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(cn)

Figure 8. Infrared spectra recorded at 100 K of MIL-100 outgassed at
room temperature (a), after introduction of increasing doses of CO at 100
K: 0.44 mmol g? (b), 1.15, 2.53, and 3.10 mmof(c—e, respectively),
then introduction of an equilibrium pressuie € 200 Pa) (f).

water moleculesl and 1' and well characterized by a broad
v(OH) band at 2960 cmt (Figure 8). CO addition does not
displace the hydrogen-bonded water molecule since the intensity
of the broadv(OH) band near 2960 cm is not affected.

In fact, CO adsorption on coordinated water molecules gives However, the first CO added molecules lead to infrared features,
rise to a complex denoted 1:1 (see Scheme 2), inducing athat is, perturbed(CO) andv(OH) bands at 2161 and 3515

decoupling of the two water stretching OH modes, one strongly €M+ respectively (Figure 8b), close to those reported above
perturbed at 3505 cri (hydrogen-bonding interaction), and one  When CO adsorbs on water-coordinated species. Besides, the

“free” near 3665 cm! (i.e., at 20-40 cnt! lower than the
coupledvz mode of the free molecule).

The 1:1 complex is characterized by\a(OH) shift of 160
cmt (uncoupledv(OH), 3665 cnt®; perturbed band, 3505
cm™1). This indicates an acidity clearly higher than that of-Cr
OH groups, but close to that of alkali-exchanged faujasite
zeolites Av(OH) = 160 cnt?),22 or P-OH groups of phos-
phated silicafv(OH) = 180 cnt?) for which Ho (the Hammett
constant) is equal te-6.22 Nevertheless, such an acidity is lower
than that of the HY zeolites, for instancel = —9).2% By
analogy with the results reported elsewhere in liquid pRése,

subtracted spectrum (Figure -8b) indicates that the water-
coordinated moleculed and 1' are even present at room
temperature since the high frequend¥pH) shoulder at 3700
cm! has disappeared upon CO addition. Further CO addition
mainly gives rise to a new intens¢CO) band at 2156 cni.
This band is related, in the(OH) range, to the formation of a
v(OH) perturbed band at 3605 ch From the position of the
v(CO) band, aAv(OH) shift lower than 90 cm! is expected.
This well explains the corresponding decrease oi{aH) band
intensity of specie® at about 3680 cmt when CO is added.
This »(CO) band at 2156 cnt is characteristic of the acidity

all these features can be interpreted as a cooperative effect off the hydrated sample, and it is clearly higher than that reported
the cation on the coordinated water molecule. Previous studies’or CO interacting with ic& and close to that of silanol group,

of complexes of water (HOD) in solution with electron acceptors
of different strength, from Sbgto AICls, show that Bragnsted
acidity is created by water coordination. The higher the

indicating that the OH groups of speci@spresent a lower
Brgnsted acidity than specidsand1'. This is in agreement
with what has been observed on hydrgfedeolites for which

polarizing power of the cation, the stronger the created Branstedthe Bransted acid strength of the water molecule in the (Zeo)
acidity?s The cus Cr sites, as it has been well-established OH***OHz complex (Zee-OH: bridged acid hydroxy group)

previously?® polarize the coordinated water molecule and

increase its hydrogen-donor properties. This well explains the Pridged hydroxy group(CO) = 2175 cnv

strong H-bonding formation occurring on MIL-100 outgassed

at RT involving specied or 1' and a second water molecule,

termed specieg, as it will be shown in the next section.
Finally, CO sorption is applied on MIL-100 outgassed at room

is much lower ¢(CO) = 2162 cnt?) than that of the initial
27

Characterization of the Lewis Acid Sites. This section
concerns the study by CO adsorption of the different Lewis acid
sites present in MIL-100. First, spectra at 100 K of MIL-100
activated by evacuation at increasing temperatures, that is, from

temperature, which mainly presents additional water molecules, RT to 623 K, are reported in Figure 5. On the sample activated

such as speciek which are hydrogen-bonded to the coordinated

(22) Lavalley, J. C.; Anquetil, R.; Czyzniewska, J.; Ziolek, 3.Chem. Soc.,
Faraday Trans.1996 92, 1263.

(23) Lavalley, J. C.; Jolly-Feaugas, S.; Janin, A.; Sausséayijktochim. Acta
1997, 14, 51.

(24) Kammer, T.; Lucks, W. A. PJ. Chim. Phys1993 90, 1643.

(25) Busca, GPhys. Chem. Chem. Phyk999 1, 723.
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only 2 h at RT(Figure 5a, inset), ne(CO) band clearly appears
above 2180 cmt, showing that Lewis acid sites are fully
covered by water. This situation changes when increasing the

(26) Palumbo, M. EJ. Phys. Chem. A997 101, 4298.
(27) Paze, C.; Bordiga, S.; Lamberti, C.; Salvalaggio, M.; Zecchina, A.; Bellussi,
G. J. Phys. Chem. B997, 101, 4740.
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Figure 9. (A) Variation of the number of cus € per triplet of octahedra detected by CO adsorption on MIL-100 versus the temperature of activation. RT
(1) sample outgassed at room temperature for 2 h. RT (2) sample outgassed at room temperature for 12 h. (B) Variatien &Hb®) band of adsorbed
water on MIL-100 versus the area of th€CO) band of CO coordinated to cus3Cr

. . . . Table 2. Relation between the Fluorine Content in MIL-100 and
outgassing time at room temperature with a CO adsorption y,e Fraction of Undetected Cré+ by CO

characterized by a rather broad band (FWHM10 cn1?)

. . treatment molar ratio? fraction of Cré*
centered at. 2192 cm (Figure 5."" inset). !n the spectra of the temperature e undetected by CO”
sample activated at 373 K, this band still appears, but another 173K 0285 030
component (shoulder) shows up at about 2?00’cﬂ¥igure 573K 0.270 0.28
5b). At higher activation temperatures, a high wavenumber
component near 2207 crhis clearly observed (Figure 5d). 3 Determined from elemental analysfsUsing ¢(CO) equal to 2.1 cm

When the temperature reaches 623 K, a supplementary very“mol "
weak band is noted at 2184 ci(Figure 5g), which could be Localization of the Fluorine Atoms. As previously said,

due to the beginning of the degradation of the material since it MIL-100 is a fluorinated solid with approximately one fluorine

has been shown previously that this temperature is close to thatatom er trimer of chromium octahedra composition. On the
of the degradation of the framewofkSo, this band is not P b i

considered as characteristic of the structure of the MIL-100 and basis of )_(-ra_y diffraction data, it was not possible t_o deterrr_u_ne
- . the localization of these atoms, either on a terminal position
will not be discussed further.

. bound to chromium atoms or as a free counteranion in some of
The presence of three{CO) .ban'ds belongs either to.the the cages present in MIL-100. In this part, we will shed some
heterogeneity of the Lewis acid sites or to a band splitting,

. . . light on the position of the fluorine atoms using a quantification
induced by coupling between CO adsorbed species on the sam%gfJ co adso?ption results gadg
site. The latter phenomenon can eventually be particularly i

important at high CO coverage. To determine its contribution The exact molar ratio F/Cr of the same solid used for the IR
. . ; ' ’ experiments was determined by elemental analysis (Table 2
the use of an isotopic mixture dfCO and!3CO has been P y ysis ( )

. . i I .285. Th ivati 473 K i
performed. Since no decoupling phenomena have been show! and is equal to 0.285. The activation at 473 K does not modify

This ratio showing that fluorine ions are strongly bound to the
by 'SOtOp(';_: 2COdd|Iut|gn (see_;i_?:ans 'g Supp?rgngthf?rmat|on), wall. This ratio slightly decreases when the solid is activated at
wemcann gs'[ca(; iui ; posltslfrl Ini/ anb ggnc lIJitt?n a l[(@b:) v OI573 K, in agreement with a destabilization of the structure. First,
components do not result irom a banc Spiting, as obSeVed ., ,qon4ctivated sample contains a large amount of water
previously with dicarbonyl species on chromfayut from the molecules, about 9 #D per Cr, as measured by TGA analysis.
heterogeneity of the Lewis acid sites in MIL-100. . ' L .

To determine th irati ¢ Cr sites. CO has b This study has shown that coordinated water molecules are still
0 determiné the concentration ot cus Lr sites, L1 has eer'present in the sample outgassed at room temperature, but they
quantitatively adsor_be«_j on the S(.)“d aCt'Vatefj at various tem- completely disappear after outgassing at 473 K. Figure 9B shows
peratures (see details in Supporting Information). The CONCEN-4hat the sites liberated by water desorption are involved in CO
tration of free Lewis acid sites versus the temperature of

ation is sh i Fi 9A. A 4 th ‘ adsorption. On the solid activated at 473 K, free of water
?Ct'vﬁt'or.' IS S.dOV,V“ In Figure 9A. hs ﬁxpecﬁe '_t e amount o molecules, quantification of coordinated CO molecules leads
ree Lewis acid sites increases with the activation temperature,, , co/cy ratio equal to 0.7. Since each chromium octahedron

gp to 473 Kh Thr']s is due to thef progressive bound ;Nzterdpossesses one terminal group, the maximum and theoretical
esorption when the temperature of activation increases. Indeedy ¢ g equal to 1. The difference, that is, the fraction of Cr

tI;edreIat(ijw: amoEnt_of waterdmainly c;o;rdingtad onbthedsolid sites undetected by CO, is then equal to 0.3. This value is very
(deduce rom the .|ntegrate area o ek (Hz0) band) close to the F/Cr ratio (0.285) reported in Table 2. This gives
conversely varies with the amount of coordinated CO, as showna fundamental result, that is, that fluorine atoms fill up the

n F'gure ng' For ?(;] gctwghon tedmbpeg[)ure of 473 dK, thi coordination of some Cr sites, preventing CO eHoordina-
number of Lewis acid sites detected by corresponds to ey o the top of the Cr octahedra. The electroneutrality of the

qugntlty of cus _Cr present in the totallly de_hydrated material. material implies an anion/Cr ratio equal to 0.333. Since the F/Cr
This cor_lcentratlop is about 3uBnol mg- N Whlgh_corresponds ratio is lower (0.285), it indicates that other anionic species are
to 2.1 sites per trimer of ogtahedra (this ratio is rellated to the present. Free hydroxy groups were characterized b{Ci)

presence of F in the coordination sphere of'Cas discussed band at 3585 cmt and considered as bonded to chromium ions.
below). Since it is not possible to directly quantify them, we consider

(28) Mihaylov, M.; Penkova, A.; Hadjiivanov, K.; Knozinger, Bl.Phys. Chem. that _hydrOXy groups compensate the missing negative Charge’
B 2004 108 679. leading to a general formula €Fy g5(OH)o.15(H20){ CeHz—
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(CO)3}2:26H0. The weak intensity of the corresponding Table 3. Repartition of the cus Cré* in MIL-100 Determined by
»(OH) band at 3585 cnt is in agreement with the low amount SO Adsorption

of expected OH groups. As for the amount of#@, outgassing configuration of position of the - measured relative  awaited relative

experiments at room temperature for different Iapses of time fluorine atom into ¥(CO) band intensity of the proportion of each
N . ; . triplet of octahed -t band bservable site®

show that it is difficult to obtain only coordinated speciks one Hpet of oclenedron (em™) anes opoenave st

andl’ at the surface, and therefore, the number of such species Dr Er '(:‘:r 2193 0.33 0.374

is difficult to calculate. Further _heating at 573 K slightly g O O 2200 0.44 0.447

decreases the amount of fluorine (Table 2) and strongly Cr Cr Cr

decreases that of €OH groups (Figure 5). These results F (F: ‘g 2207 0.23 0.179

suggest the beginning of structure modifications. It could result ' '

from HF evolution formed by condensation of-€f and Cr- aConsidering a random repartition of the fluorine atom on the material

OH entities. HF departure has been shown ons@n&terial by (with a molar ratio F/Cr equal to 0.85/3), the probability to obtain a triplet

thermal treatment under vacuum or under flow at temperatures®f octahedrawith 0, 1, 2, ahG F atoms is 0.366, 0.437, 0.174, and 0.023,
9 . . respectively (sites wit 3 F atoms are not observable, hence they are not

as low as 373 K? This HF evolution would be one of the  considered in the relative proportions in the table).

reasons for the framework decomposition of MIL-100 observed

between 548 and 673 K. 0/40

The average number of quorine_ per trimer_ of chromium D,C~.__H DiC~ _H
octahedra is equal to 1, but the issue at this stage was to

determine if a distribution of the terminal fluorine atoms on ot cr i
the trimers occurs in MIL-100, that is, if trimers with 0, 1, 2, o5 ”,3525 lo2 21?,0,:' H
or 3 fluorine atoms are present or not. Previous experiments I\ i i
have shown that the Lewis acid sites of MIL-100 are hetero- 3654 \(b) (X04) j\./' \_®)

geneous with CO detecting three types of Lewis acid sites @ /\ / \ e 2089 ™
(»(CO) bands at 2207, 2200, and 2193 @éjnand HO S (a)

adsorption giving rise to two distinct coordinated species 3700 3600 3500 3400 2300 2250 2200 2150 2100

(speciesl and 1'). The difference in the number of different (em) _ em

species detected by these two probe molecules is probably_':’g“’e 10. IR spectrum ofMIL-lOO previously dehydrated at 573 K after
lated to the greater sensitivity of théCO) vibrator for the |ntro_(_ju9t|on of methanotl; in excess at room temperature (532 Pa at

re?‘ i g ) ) Yy T~ ~equilibrium pressure) and then evacuated at 373 K overnight (a), following

cationic sites. A first hypothesis for explaining the heterogeneity by introduction of CO (266 Pa at equilibrium pressure) (b).

of the Lewis acid sites would be that several oxidation states

(Cr(IV)18 or Cr(I1)%9) are present for Cr in MIL-100, which is  vibrations (2306-2050 cnt?l) being less affected by Fermi

ruled out by UV~vis spectroscopy (not shown here), confirming resonance than the correspondirf@Hs) modes of CHOH3Y).

the presence of chromium only in thé-Dxidation state. Thus, On the MIL-100 sample previously dehydrated at 523 K,
our explanation for the presence of thi€€0) bands concerns  deuterated CBDH methanol in excess has been introduced at
a heterogeneity in the fluorine distribution near thé'Gsites. room temperature and then evacuated at 373 K overnight. The

It is well-known that the addition of fluorine noticeably increases spectrum of the persisting methanol species (Figure 10a)
the acid strength of the Lewis sit&sIn our case, the higher  presents the characteristic bands of coordinated methanol: a
the fluorine atom number on a triplet, the stronger the Lewis strongy(OH) band at 3625 cnt and twov(CDs) bands at 2264
acidity of cus Cr and the higher th¢CO) frequency. Thus, on  and 2089 cm?, upward shifted relative to the frequencies of
the basis of a random distribution of fluorine atoms on Cr sites liquid methanoP! It is worth noting that despite the long
within each trimer, with 2, 1, or O fluorine atoms per trimer, a evacuation time, the strong intensity of methanol bands indicates
18, 45, or 37% distribution, respectively, is awaited, as detailed the higher stability of the species formed with respect to what
in Table 3. Interestingly, the relative intensity of the thré€0O) was observed for water. This can be ascribed to the higher
bands at 2207, 2200, and 2193 Chis in agreement with this  basicity of the oxygen atom of the methanol molecule. CO
statistical repartition (Table 3). Experiments on a nonfluorinated introduction on such modified material (Figure 10b) gives rise
MIL-100 sample would be extremely interesting to check such to av(CO) band at 2160 cnt and to a red shift of the methanol

a hypothesis. However, all attempts to obtain such solid were »(OH) band of about 100 cm. These values are lower than
not successful since only poorly crystallized samples were those observed in the case of water and are explained by the
obtained to date. lower Brgnsted acidity of methanol.

Grafting of Organic Molecules. Results reported above This first result is of a great importance since the grafting of
indicate that MIL-100 possesses both Lewis and Brgnsted acida wide range of basic organic molecules (alcohols, amines, etc.)
sites; the latter comes from both-GDH groups and coordinated  can probably be forecasted with a reasonable stability on MIL-
water. These important results suggest that it should be possible100, leading to a modulation of its catalytic, separation, or
to substitute water by an organic molecule presenting OH sorption properties.
groups, such as alcohols, either to modify the Brgnsted acidity _
or to modify its sorption properties. We will report below some  Conclusion

preliminary results relative to methanol grafting. For this study,  Tp;g study has first evidenced a very unusual adsorption mode

CD3OH has been used for spectroscopic reasons({G@s) of water molecules in a porous chromium carboxylate: water
(29) Francke, L.; Durand, E.; Demourgues, A.; Vimont, A.; Daturi, M.; Tressaud,

A. J. Mater. Chem2003 13, 2330. (31) Busca, G.; Rossi, P. F.; Lorenzelli, V.; Benaissa, M.; Travert, J.; Lavalley,
(30) Davydov, A. A.J. Chem. Soc., Faraday Trank991, 87, 913. J. C.J. Phys. Chem1985 89, 5333.
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molecules coordinated on chromium atoms are free from any water, and the mixture was stirred a few minutes at room temperature.
interaction by hydrogen bonding with the adjacent oxygen of The slurry was then introduced in a Teflon-lined Paar hydrothermal
the inorganic chromium trimer. This is very different from bomb and set 4 days at 493 K. The resulting green solid was washed
adsorbed water on metal oxides or cationized zeolites. which with deionized water and acetone and dried at room temperature under
generally involves M"—0O°%~ Lewis acid-base pair sites that air atmosphere. ) .

might further dissociate leading to hydroxy groups. Such X-ray Thermodiffractometry. X-ray thermodiffractometry, per-

. formed in the furnace of a Siemens D-5000 diffractometer inbthé
differences show that MIL-100 framework does not present any mode cKe = 1.5406 A) under primary vacuum, shows several steps

significant_ basicity. This_ peculiarity is an important feature of in the decomposition of MIL-100. Each pattern was recorded within
MIL-100; it can pe ascribed to thg relev_arIII covalent character ihe 1.5-15° (260) with a 2 s/step scan which gave an approximate 1 h
of the benzenetricarboxylate entities building the framework,  |ength for each pattern at the corresponding temperature. The heating
which therefore could give rise to adsorption or catalytic rate between two temperatures was of 5 K/min.
properties different from those of metal oxides. FTIR Spectroscopy. Samples were pressed P1Pa) into self-
Second, Brgnsted acidity is present in MIL-100, resulting supported disks (2 cfrarea, 710 mg cn?). They were placed in a
from both C—OH groups and coordinated water due to a quartz cell equipped with Cafwindows. A movable quartz sample
molecule. This outstanding result is due to the presence of theacquisition and to displace it into a furnace at the top of the cell for
Brgnsted acidity of the OH groups from the terminal water thermal_treatme_nts._The cell was connected to a vacuum line for
. . . evacuation, calcination stepBrdsiqua = 107°—107* Pa), and for the
molecules, polarized by the chromium atoms. To further increase

hi idity f i licati . Id b . introduction of CO gas into the infrared cell. Spectra were recorded at
this acidity for catalytic applications, it cou e pertinent to 5o temperature. In the CO adsorption experiment, the temperature

act on the following parameters: (i) the polarizing power of f the peliet was decreased to about 100 K by cooling the sample holder
the cation; (ii) the initial Brgnsted acidity of the coordinated with liquid N, after quenching the sample from the thermal treatment
molecules. Consequently, it will be interesting to extend this temperature. The addition of accurately known increments of CO probe
study to analogues of MIL-100 having a higher polarizing power molecules in the cell (a typical increment corresponds to/40! of
than CB*, such as F¥, or replacing the terminal water CO per gram of material) was possible via a calibrated volume (1.75
molecules with molecules with a stronger acidity. cn¥) connected to a pressure gauge for the control of the probe pressure
Finally, the preliminary results about substitution of the (1~10'Parange). The CO pressure inside the IR cell was controlled
terminal water molecules by methanol show that the grafting PY another pressure gauge-(10° Pal range). Transmission IR spectra
of basic groups directly on the chromium atoms is possible in were recorded in the 56600 cm range, at 4 cmi resolution, on
. . a Nicolet Nexus spectrometer equipped with an extended KBr beam
MIL-100. This opens the W‘?ly fpr a modulation both Of_ the splitting device and a mercury cadmium telluride (MCT) cryodetector.
strength of the Brgnsted acid sites as well as the sorption or
separation properties of MIL-100. Supporting Information Available: The use of an isotopic
mixture of2CO and'3CO in order to determine the contribution
of the coupling between the CO-adsorbed species on the same
Synthesis: Due to the difficulty of avoiding the presence of  site to thev(CO) band splitting, and the quantification of the
significant amount of metallic chromium during the synthesis conditions concentration of cus Cr sites on MIL-100 by CO adsorption.

reported previously for MIL-100, another synthetic route involving This material is available free of charge via the Internet at
chromium(VI) oxide as the source was developed. To 100 mg of http://pubs.acs.org

chromium(VI) oxide CrQ were added 210 mg of trimesic acid, 0.2
mL of a 5 M hydrofluorohydric solution, and 4.8 mL of deionized JA056906S

Experimental Section
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