FULL PAPER

A Rationale for the Large Breathing of the Porous Aluminum Terephthalate
(MIL-53) Upon Hydration

Thierry Loiseau,**! Christian Serre,” Clarisse Huguenard,“’] Gerhard Fink,™
Francis Taulelle,’”’ Marc Henry,"” Thierry Bataille,’! and Gérard Férey*!> 9

Abstract: Aluminum 1,4-benzenedicar-
boxylate Al(OH)[0,C-CH,—CO,]
[HO,C—CH,—CO,H],; or MIL-53as
(Al) has been hydrothermally synthe-
sized by heating a mixture of aluminum
nitrate, 1,4-benzenedicarboxylic acid,
and water, for three days at 220°C. Its
3D framework is built up of infinite
trans  chains  of  corner-sharing
AlO4(OH), octahedra. The chains are
interconnected by the 1,4-benzenedi-
carboxylate groups, creating 1D rhom-
bic-shaped tunnels. Disordered 1,4-ben-
zenedicarboxylic acid molecules are
trapped inside these tunnels. Their
evacuation upon heating, between 275
and 420°C, leads to a nanoporous
open-framework (MIL-53ht (Al) or
Al(OH)[O,C—CsH,—CO,]) with empty

hibits a Langmuir surface area of
1590(1) m*g™" together with a remark-
able thermal stability, since it starts to
decompose only at 500°C. At room
temperature, the solid reversibly ab-
sorbs water in its tunnels, causing a
very large breathing effect and shrink-
age of the pores. Analysis of the hydra-
tion process by solid-state NMR ('H,
BC, ¥Al) has clearly indicated that the
trapped water molecules interact with
the carboxylate groups through hydro-
gen bonds, but do not affect the hy-
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droxyl species bridging the aluminum
atoms. The hydrogen bonds between
water and the oxygen atoms of the
framework are responsible for the con-
traction of the rhombic channels. The
structures of the three forms have been
determined by means of powder X-ray
diffraction analysis. Crystal data for
MIL-53as (Al) are as follows: ortho-
rhombic system, Pnma (no. 62), a =
17.1292), b = 6.628(1), ¢ =
12.182(1) A; for MIL-53 At (Al), ortho-
rhombic system, Imma (no. 74), a =
6.608(1), b = 16.675(3), ¢ =
12.813(2) A; for MIL-531r (Al), mono-
clinic system, Cc (no. 9), a =
19.513(2), b = 7.612(1), ¢ =
6.576(1) A, p = 104.24(1)°.

pores of diameter 8.5 A. This solid ex-
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Introduction

There is currently considerable interest in the synthesis and
characterization of hybrid organic-inorganic solids with in-
finite 1D-3D architectures.! Beside metal-organic poly-
mers,” built up by the assembly of discrete metal (M) cen-
ters with functionalized organic ligands containing N- and/or
O-donors, it has been shown that the dimensionality of the
inorganic sub-network can be 1D or 2D, giving rise to
original electronic, magnetic, or optical properties in addi-
tion to the usual zeolite-like!® ones (catalysis, gas separation,
and, more recently, hydrogen storage!’!). The apparent struc-
tural diversity observed for these topologies is often corre-
lated with the atomic arrangements encountered in the basic
structures of solid-state chemistry (diamond, quartz, rutile,
and so on).IRecently, searching for hybrid frameworks with
1D or 2D inorganic sub-networks, we focused our attention
on the hydrothermal synthesis of dicarboxylates with various
metals (rare earth elements®'” and 3d transition
metals!™ %), in particular using the well-known rigid linker
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1,4-benzenedicarboxylate (BDC), which has already been
used to create several novel 3D architectures containing
metallic clusters of zinc,'”*® copper,!”! and rare earths.””)
With trivalent metals such as vanadium(mi) and chromiu-
m(1m), two isotypic original porous hybrid frameworks, MIL-
4721 and MIL-53P% were isolated, in which the connection
of infinite trans-chains of M(m1) octahedra with BDC entities
generates one-dimensional rhombic channels. From the
topological point of view, the occurrence of infinite
M—O—M chains was new, since only discrete metal clusters
had hitherto been observed in this class of solids. Moreover,
under calcination/hydration, the chromium solid was seen to
exhibit an unusually large amplitude of breathing (close to
5 A), without changing its topology.??!

A combined XRD/NMR/modeling study conducted after
the synthesis of the Al homologue provided an insight into
the origin of the flexible behavior. Only a few contributions
have appeared in the literature for p elements.”>*! Herein,
we report the first synthesis and structural characterization
of the different forms of an aluminum dicarboxylate
AI(OH)(BDC) isostructural to MIL-53,?2 which exhibits
unexpectedly high thermal stability. A combination of ’Al,
BC, and '"H NMR spectrometries has allowed analysis of the
breathing effect that accompanies the hydration/dehydration
processes. This has revealed that hydrogen-bonding interac-
tions between water molecules trapped within the channels
and the carboxylate groups of the BDC linkers are responsi-
ble for the dynamic switching of the structure.

Results and Discussion

Structure description: The three crystal forms of aluminum
MIL-53 exhibit the same topology (Figure 1). The frame-
work is built up by the interconnection of infinite trans
chains of corner-sharing (via OH groups) AlO,(OH), octa-
hedra by BDC ligands (Figure2). Bond valence calcula-
tions,”™ which generate values of 1.11 (as), 1.19 (If), and
1.32 (ht), confirm the occurrence of a hydroxide anion on
oxygen (2), required for the electroneutrality balance of the
structure. The two carboxylate functions of each BDC anion
are linked to two distinct adjacent aluminum cations. The in-
teratomic distances are typical for Al-O in an octahedral
surrounding (AI-O ~1.82-2.00 A) and for C—C and C—O
of the BDC ligand (C—C ~1.43-1.51, C=C ~1.35-1.46, and
C-O ~1.39-1.23 A). This connection mode in the frame-
work generates 1D channels with different pore sizes de-
pending of the nature of the inserted molecules, and it is
these that are responsible for the large breathing effects.

In MIL-53as (Al), the tunnels (free dimensions 7.3x
7.7 A?) are occupied by disordered templating BDC mole-
cules, present in their protonated form (see IR analysis).
Their irreversible expulsion upon heating at 275°C (see TG
analysis) generates the high temperature form MIL-53 At
(Al), which has empty pores. The channel dimensions
become 8.5x8.5 A2 In spite of the hydrophobic character of
the aromatic walls of the channels, the reversible adsorption
of one water molecule per Al at room temperature gives
rise to MIL-53/¢ (Al) and induces a significant modification
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Figure 1. Views of the 3D structure of MIL-53 (Al) showing the channel
system: a) Al(OH)[O,C-CH,—CO,]-[HO,C—C,H,—CO,H],; or MIL-
53as (Al), in which the channels are occupied by free disordered 1,4-ben-
zenedicarboxylic acid molecules; b) calcined form, MIL-53Ar (Al) or
Al(OH)[O,C—CH,—CO,] with empty channels; c)room temperature
form, MIL-531t (Al) or Al(OH)[O,C—C,H,—CO,]-H,0, in which a water
molecule is located at the centre of the channels. Gray octahedra:
AlO,(OH),; black circles: carbon; gray circles: oxygen.

of the dimensions of the channels (2.6x13.6 A?) through the
establishment of a pair of hydrogen bonds between water
and the hydrophilic part of the network (see NMR section).
The two cell parameters affected by this modification vary
from 16.675(3)x12.813(2) A> for the calcined form to
19.513(2) x7.612(1) A? for the hydrate. The final cell param-
eter, corresponding to the periodicity of the Al chains, re-
mains almost identical in both cases.

Within the accuracy limits of powder data, the water mol-
ecule seems to preferentially interact with the oxygen atoms
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Figure 2. View of the infinite chains of corner-sharing octahedral
AlO,(OH), units connected through the 1,4-benzenedicarboxylate li-
gands; gray circles indicate the hydroxyl groups bridging the aluminum
atoms.

of the carboxylate function (Ow--O(2) = 3.18(3),
Ow--O(2b) = 2.92(4) A) and the hydroxy group bridging
the aluminum atoms (Ow--O(1) = 2.70(2) A). However,
without being able to locate the hydrogen atoms, it is diffi-
cult to establish the hydrogen-bonding scheme since there
may also be some hydrogen-bonding interactions between
the water molecules (Ow--Ow = 3.36(6) A). This lack of in-
formation necessitated an NMR study to gain a better
knowledge of the hydration and to rationalize the breathing
effect.

Thermal behavior: The TG curve of MIL-53as (Al) (Fig-
ure 3a) shows two main events between room temperature
and 700°C. As previously observed for MIL-53as (Cr),
first the departure of the free disordered acid occurs in two
steps within the range 275-420°C, with the observed total
loss (36 %) corresponding to 0.7 equivalents of BDC acid
encapsulated within the pores. The first weight loss of 19 %
(0.37 BDC) induces the crystallization of an intermediate
phase above 300°C (Figure 4), which disappears when the
BDC molecules have been completely expelled (second loss
of 17% (0.33 BDC) starting at 375°C). The second event,
above 500°C, corresponds to the elimination of the BDC
linkers from the framework. Between 500 and 600°C, MIL-
53as is transformed into amorphous Al,O; (obsd 47.8%;
caled 48.4%).

The thermal behavior of MIL-53 It (Al) is characterized
by two weight losses (Figure 3b). The first (25-100°C) is as-
signed to the dehydration process, and corresponds to the
removal of one equivalent of water molecules (obsd. 7.0 %
caled. 7.9%). The compound reversibly adsorbs and desorbs
water in the ambient air. The dehydrated structure, which is
stable up to 500°C, eventually collapses with the departure
of the bound BDC acid (obsd 70.0%; caled 70.2%). At
700°C, the final residue is again an amorphous form of
AlLO;.

A noticeable feature of MIL-53 (Al) is its remarkable
thermal stability with respect to the vanadium®! or chromi-
um! analogues, which are only stable up to 350°C. Such a
high decomposition temperature is quite unusual for this
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Figure 3. TG curves of a) MIL-53as (Al) and b) MIL-53/t (Al) in air
(heating rate 5°C min ).
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Figure 4. X-ray thermodiffractogram of MIL-53as (Al) in air (40-800°C).
For clarity, a 26 offset is applied for each pattern, which were collected
at intervals of 20°C, except for the last two, which were collected 100°C
apart.

class of solids, which are typically only stable below 400°C.
Moreover, a nitrogen sorption experiment on MIL-53/t (Al)
(degassed at 200°C overnight) revealed a type I isotherm
without hysteresis upon desorption, which is characteristic
of a microporous solid. The measured BET surface area is
1140(39) m?g~! and, assuming a monolayer coverage by ni-
trogen, the Langmuir surface area is 1590(1) m*g .

NMR study: The three forms, that is MIL-53 as (Al), the cal-
cined MIL-53 At (Al), and the monohydrate MIL-531t (Al),
were subjected to 'H, C, and Al NMR measurements.
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NMR characteristics of the three forms: The 'H, *C, and
Al NMR spectra of MIL-53as, -ht, and -It are displayed in
Figure 5. The samples of MIL-53as and MIL-53 It exhibit
stable characteristics and the spectra do not evolve with
time. In the 'H spectrum (Figure 5c), the three signals at
0=2.9, 7.2, and 12.5 ppm can be assigned to the AI-OH—ALl
bridging hydroxides, the aromatic CHs, and the COOH
groups, respectively.

Figure 5a,b display the *C NMR spectra. The signals be-
tween 0 = 127 and 136 ppm , attributable to the aromatic
carbons, the CH units, and the quaternary carbons, are split
due to the co-existence of the anionic form of the dicarboxy-
late of the framework and the acidic form present inside the
pores. Signals in the region 6 = 169-172 ppm can be as-
signed to the carbons of the carboxylic functions in both the
protonated and deprotonated forms.

In the ¥ Al NMR spectrum (Figure 5d), the single quadru-
polar second-order pattern of MIL-53as (0cs = 2.2 ppm, a
Co of 7.60 MHz, and a g of 0.1) is flanked on its right-hand
side as a shoulder with a broad line characteristic of amor-
phous Al(OH);. As MIL-53as is calcined, before degrada-
tion of the carboxylic acid molecules that occupy the pores,
some of them may react with the slight excess of AI(OH);
to form some additional MIL-53 At. This is confirmed by the
YAl NMR spectrum of the calcined form of MIL-53, which
indicates no trace of any other aluminum-containing
phase.

Study of the hydration: Figure 6a—d exhibit the series of
BC{'H-decoupled}, *C{'H, cross-polarized}, 'H, and *Al
NMR spectra obtained on going from calcined (bottom) to
fully hydrated samples (top). The two other sets of spectra
represent intermediary steps of the hydration.

For the calcined sample, the 'H NMR spectrum (Fig-
ure 6¢) features two lines at 0 = 1.7 and 7.2 ppm attributa-
ble to the AI-OH—AI bridges and the aromatic CH, respec-
tively. The “C{'H-decoupled} spectrum (Figure 6a) features
three lines at 0 = 128, 136, and 170 ppm. The latter two
lines have about the same linewidths, and are much narrow-
er than the CH signal at § = 128 ppm. The relative integrals
of the signals at 6 = 128, 136, and 170 ppm are in the ratio
2:1:1, in agreement with their assignment. The *C{'H, cross-
polarized} spectrum (Figure 6b) is almost identical to the de-
coupled spectrum. This indicates a very strong localization
of the hydrogen atoms and a good efficiency of polarization
transfer. The Al NMR spectrum exhibits a well-defined
quadrupolar pattern with a chemical shift of 6 = 3.3, a Cq,
of 8.36 MHz, and a 1 of 0.

The '"H NMR spectrum of the fully hydrated sample fea-
tures three lines at 6 = 1.7, 4.5, and 7.2 ppm. The first is
almost identical to that in the spectrum of the calcined com-
pound. The signal at 6 = 4.5 ppm is clearly due to the pres-
ence of water in the structure. The poorly resolved signals at
0 = 4.5 and 7.2 ppm are much broader than that at 6 =
7.2 ppm in the spectrum of the anhydrous compound. In the
BC{'H-decoupled} spectrum, three lines are seen at 0 =
128, 136, and 174 ppm. The first two appear at the same
chemical shifts as in the spectrum of the anhydrous sample,
and can still be assigned to the aromatic CH and the aro-
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Figure 5. MAS NMR spectra of MIL-53as (Al), MIL-53At (Al), and
MIL-531t(Al): a) “C{'H-decoupled}; b) *C{'H-cross-polarized}; c)'H;
d) 7’Al, in which the MIL-53as (Al) simulated component has been plot-
ted in order to make clear that the line marked by with an asterisk corre-
sponds to residual AI(OH); (see text).
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Figure 6. MAS NMR spectra of hydrating calcined MIL-53 (Al): a) *C
{'H-decoupled}; b) *C {'H-cross-polarized}; c) 'H; d) ’Al. From bottom
to top for each series: first and second, spectra recorded after sample
preparation according to Procedure 1 at t+ = 0 (ht form) and 45 min (ap-
proximately 30 % hydrated, as can be roughly estimated from the spec-
tra); third and fourth, spectra recorded after sample preparation accord-

matic quaternary carbons, respectively. The line at 0 =
174 ppm is attributable to the carboxylic group under the in-
fluence of a water molecule. The “C{'H, cross-polarized}
spectrum exhibits a noticeable loss of intensity of the signal
at 0 = 174 ppm. The two types of hydrogen atoms leading
to cross-polarization are those of the CH units and those of
the H,O molecules. As the cross-polarization efficiency of
the CH in the anhydrous compound proved to be sufficient
to cross-polarize all the carbons, the loss of efficiency must
be due to the additional, mobile water molecules. The *’Al
NMR spectrum exhibits a well-defined quadrupolar pattern
with a chemical shift of 6 = 3.4 ppm, a Cq of 10.67 MHz,
and a nq of 0.15.

Analysis: The above observations concerning the three
forms of MIL-53 (Al) are fully consistent with their respec-
tive structural analyses by XRD. However, the hydration
process has unusual manifestations. Thus, while the 'H
NMR spectra show an increase in intensity of the water
signal upon hydrolysis, both the CH and H,O signals are dis-
placed from their original positions, the latter showing an in-
crease and the former showing a decrease in chemical shift,
with a concomitant broadening of the lines. The AlI-OH—AlI
signal shows a striking invariance with the increasing hydra-
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ing to Procedure 2, at “+ = 0” (about 50 % hydration has already occur-
red) and 2 h (I, fully hydrated form). For the sake of clarity, the '*C spec-
tra plotted in this figure are simulations. In the ?’Al spectra of both inter-
mediate hydrated states, the simulated component corresponding to the
wet averaged structure is shown to indicate the dependence of the aver-
age quadrupolar interaction on the water content.

tion state of the samples. The *C NMR spectra can be ap-
proximately viewed as being sums of contributions from the
anhydrous and hydrated forms. The CP carbon spectra show
a progressive decrease in intensity of the carboxylic signals.
The YAl NMR spectra show a superposition of two lines,
each with a quadrupolar pattern. One of these exhibits the
same lineshape as seen for the anhydrous sample, while the
second shows a continuous variation between the lineshapes
seen for the anhydrous and hydrated samples. This continu-
ously changing signal corresponds to the structure of the
wet grains, being a static average between the signals due to
dry open rhombic channels and the fully hydrated closed
rhombic ones.

To rationalize these features, we attempted to localize the
hydrogen atoms by applying the partial charges and hard-
nesses analysis method, PACHA.**! For a given geometry
of atoms in a structure, the principle of PACHA relies on
calculation of the partial charge on each atom, followed by
an electrostatic energy calculation over periodic boundary
conditions. Only the positions of hydrogen atoms are al-
lowed to undergo a redistribution; all other atoms are fixed
in the positions located in the diffraction analysis. The mini-
mum energy obtained then corresponds to the best estimate
for hydrogen atom localization. From this “static localiza-
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tion” for the fully hydrated phase, some characteristics of
the hydrogen atoms should be revealed.

In fact, for the MIL-53 case, two possible consistent struc-
tural models can be proposed on the basis of the PACHA
calculations, and these are displayed in Figure 7 (the hydro-
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Figure 7. Hydrogen-bonding interactions between the occluded water
molecule and the oxygen atoms of the MIL-53 network derived from
PACHA calculations. Top: the hydrogen H16 of the hydroxyl group
points towards the water molecule. Bottom: the hydrogen H16 of the hy-
droxyl group points towards the oxygen atoms of the carboxyl groups.

gen coordinates are provided as Supporting Information as
an additional CIF file). Depending on the location of the
hydrogen atom (H16) of the hydroxyl group, two situations
may arise. Thus, this hydrogen H16 may be directed towards
the water molecule and be involved in a strong hydrogen-
bonding interaction (O1-H16—-Ow = 1.73 A), or it may be
directed towards the oxygen of a carboxylic group. The
latter case represents a weaker hydrogen-bonding interac-
tion (O1-H16—Ow = 2.33 A). In both situations, the hydro-
gen atoms of the water molecules interact preferentially
with the oxygens of the carboxylic functions of the BDC
linker (Ow—H22--02 = 2.31 A, Ow—H21--03b = 2.63 A,
Ow—H21--02 = 2.63 A). The interatomic distances be-
tween the water molecules are much longer (>3.12 A) and
prevent any significant hydrogen-bonding interactions along
the channels (c axis). However, from the NMR results, it
would seem that only the carboxylic groups are affected by
the presence of occluded water within the pores. This obser-
vation would rule out the situation in which there is a strong
hydrogen-bonding interaction between the bridging OH and
the water molecules. It should be possible to confirm this
specific point by either neutron diffraction analysis or NMR
analysis, which would allow the positions of the hydrogen
atoms in this structure to be determined. A study addressing
this matter will be presented in the near future.
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The above NMR results also provide information on the
process involved during hydration. Indeed, some of the data
show that the intermediate spectra are the sum of two con-
tributions corresponding to the anhydrous and hydrated
forms. This would imply that two types of crystallites coexist
during the process, hereafter designated as “wet” or “dry”
depending on their water content. If “dry” crystallites are
present, they should give rise to the characteristic 'H, *C,
and Al spectra of the calcined form. This is indeed the
case; in each spectrum one can discern the presence of a
partial sub-spectrum characteristic of the “dry” crystallites.
This does not hold for the “wet” crystallites: one cannot
identify the sub-spectrum of the fully hydrated crystallites.
For the “wet” crystallites, the water diffuses through the
channels of the crystallites and gives rise to only one signal.

The NMR observations can now be rationalized. In the
'H spectra, the following situations may be observed. For
the “dry” crystallites, two signals are seen, due to the
Al-OH—Al and aromatic CH hydrogen atoms. For the
“wet” crystallites, the AI-OH—AI signal remains unchanged
(indicating that the hydroxides of the AI-OH—AI linkages
are not affected by the water molecules), while the CH sig-
nals are shifted from their “dry” crystallite position. In the
“wet” crystallites, a new H,O signal is seen, which changes
progressively as a result of an average water—framework in-
teraction that is modified according to the amount of water.
There is no exchange between “dry” and “wet” crystallites.
The centers of gravity of both the “dry” and “wet” CH sig-
nals move towards lower chemical shifts, while the water
signal moves towards higher chemical shifts.

Analyzing the »C NMR spectra, the aromatic signals are
seen to be hardly influenced by the hydration, but the car-
boxyl group signals are distinctly affected, appearing at 6 =
170 and 174 for the “dry” and “wet” cases, respectively. The
situation as regards the *’ A1 NMR spectra is one of a fixed
sub-spectrum due to the “dry” crystallites and a continuous-
ly varying component that depends on the water content,
paralleling the continuous variation of the water signal seen
in the 'H spectra. On increasing the amount of water, the
water diffuses through the whole crystallite and gives rise to
only one “wet” signal for all nuclei. In the "H spectra, only
the center of gravity of the CH signal of the “dry” and
“wet” crystallites moves with the amount of water. In the
BC spectra, there are only two signals, the “dry” and the
“wet” signals showing minute variations in the chemical
shift of the “wet” carboxyl group signals with the amount of
water. As regards the Al NMR spectra, the lineshape of
the “wet” signal indicates a continuous second-order quad-
rupolar interaction, which can be attributed to the continu-
ously varying structure according to the amount of water.

This diffusional exchange process is possible because of
the dynamic flexibility of the framework.”! Indeed, coming
back to the structure of MIL-53, it contains rigid parts, that
is, the aromatic rings and, to a lesser extent, the chains of Al
octahedra. However, owing to the contrasting natures of the
Al—O and C—O bonds, the linkage between the octahedra
and the carboxylic groups is flexible, and the linker can
rotate about the O—O axis. Therefore, «, the
BDC—-AI-BDC angle, can vary within a large range, from
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70.8° in MIL-53as, to 75.0° in MIL-53 At and 42.6° in MIL-
531t. Moreover, despite a significant rigidity, the octahedral
chains have a certain degree of flexibility with various possi-
bilities for tilting within the chains, specifically variation in
the AlI-OH—AI angle and the opposite rotation of two con-
secutive octahedra about the axis of the chain. Whereas the
former is only slightly affected by the breathing effect
(128.8°, 132.3°, and 129.0° for MIL-53as, -ht, and -It, respec-
tively), the rotation angle, which is zero for MIL-53as and
-ht, reaches 20.3° after hydration.

When water enters the structure, the alternate rotation of
aluminum octahedra begins to occur and propagates in the
chains at the places in which the water is located owing to
the creation of hydrogen bonds with the framework. These
hydrogen bonds are also responsible for the contraction of
the rhombic tunnels and the drastic decrease of the angle a
from about 75° to 42°, thus providing a rationale for the
breathing effect. As the water diffuses in the channels
(along the c-axis) of the flexible framework, the net result
observed is an “averaged” wet structure at intermediate
levels of hydration between fully “dry” and fully hydrated.
This averaged structure is well “sensed” by the quadrupolar
interaction of aluminum, which provides a continuous meas-
ure of the constraint that water imposes on the structure.

Conclusion

The three forms of the aluminum 1,4-benzenedicarboxylate
with the MIL-53 topology have been structurally character-
ized. MIL-53 (Al) belongs to the class of flexible net-
works,® with water hydrogen bonding being responsible for
the switching between the MIL-53ht and MIL-531t forms.
The very large breathing effect observed during hydration/
dehydration has been explained in terms of the role of hy-
drogen-bonded water, as evidenced by a combined XRD/
NMR/modeling study. These effects, previously reported for
a metal organic network,”® have been analyzed, as is com-
monly the case, on the basis of the localization of the
oxygen and nitrogen atoms.

As hydrogen-bonding is crucial to understanding the
structural changes, further work in this direction will require
accurate location of the hydrogen atoms by means of neu-
tron diffraction or NMR analysis, or as we have done here
with appropriate modeling. Such accurate hydrogen atom lo-
cation can be expected to aid in the rationalization of many
other known hydrogen-bonded networks.

Experimental Section

Synthesis: The synthesis was carried out under mild hydrothermal condi-
tions using aluminum nitrate nonahydrate (AI(NO;);-9H,0, 98+ %, Al-
drich), 1,4-benzenedicarboxylic acid (C¢H,-1,4-(CO,H), >98%, Merck,
abbreviated as BDC hereafter), and deionized water. The reaction was
performed in a 23 mL Teflon-lined stainless steel Parr bomb under autog-
enous pressure for three days at 220°C. The molar composition of the
starting gels was 1 Al (1.30 g):0.5 BDC (0.288 g):80 H,O. After filtering
off and washing with deionized water, the resulting white product was
first identified by powder X-ray diffraction analysis. It was found to con-
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sist of a mixture of the as-synthesized MIL-53 (MIL-53as or Al(OH)-
[0,C-C¢H,—CO,]-[HO,C—CH,—CO,H],7) and unreacted BDC acid
(easily identified by large needle-shaped crystallites). The solid was puri-
fied upon heating in air (330°C, 3 days). At this temperature, the un-
reacted BDC species and the occluded BDC molecules contained in the
structure are expelled, thereby leading to MIL-534s (Al) or Al(OH)-
[0,C—CcH,—CO,]. After cooling to room temperature, the phase absorbs
one equivalent of water molecules to give MIL-53/t (Al) (Al(OH)-
[0,C—C¢H,—CO,]-H,0). Similar thermal behavior has been described for
the chromium-based benzenedicarboxylate MIL-53 (Cr).*!

Infrared spectroscopy: IR spectra were recorded on a Nicolet 550 FTIR

spectrometer at room temperature in the range 400-2000 cm ™', with sam-
ples in potassium bromide pellets. The IR spectra (Figure 8a,b) of MIL-

a) %Transmission
50
40
30
4000 3500 3000 2500 2000 1500 1000 500
Wavelength (cm-1)
b)

%Transmission

4000 3500 3000 2500 2000 1500 1000 500
Wavelength (cm-")

Figure 8. IR spectra of a) MIL-53as (Al), and b) MIL-53 /¢ (Al).

53as (Al) and MIL-53/t (Al) exhibit vibrational bands in the usual
region of 1400-1700 cm™ for the carboxylic function.”® For the as-syn-
thesized material, two absorption bands, located at 1604 and 1503 cm™,
can be assigned to -CO, asymmetric stretchings, whereas bands at 1435
and 1414 cm™ can be assigned to -CO, symmetric stretchings. These
values are consistent with the presence of CO,” groups that are coordi-
nated to aluminum. An additional absorption peak is observed at
1669 cm™!, which can be attributed to molecules the free BDC acid that
are encapsulated within the pores of the structure in their protonated
form (-CO,H). The IR spectrum of the hydrated form (MIL-531) is
quite similar, except for the absence of an absorption band at around
1700 cm ™. In this phase, free BDC molecules initially present within the
pores but expelled upon heating have been replaced by water. The ob-
served vibrational bands at 1632 cm ™' and in the region 3600-3500 cm
correspond to the bending and stretching modes of water, respectively.
They also overlap with the signature of the hydroxyl group bridging the
aluminum atoms.

Structure determination

X-ray powder diffraction: All attempts to obtain single crystals of MIL-
53 (Al) were unsuccessful. Thus, the structures of the different phases
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were determined on the basis of laboratory powder X-ray diffraction
data. These were collected either on a Siemens D 5000 diffractometer (6—
26 mode, step size: 0.02° (26), time acquisition/step: 20 s) using Cuy, ra-
diation (A = 1.5418 A) at room temperature (MIL-53as (Al) and MIL-
531t (Al)) or on a Siemens D 5005 diffractometer (6-26 mode, step size:
0.02° (20), time acquisition/step: 50s) equipped with an Anton Parr
HTK 1200 high-temperature chamber at 275°C (MIL-53 ht (Al)).

For MIL-53as (Al) and MIL-53h¢ (Al), the atomic coordinates of the
chromium MIL-53 structural analogue® were taken as a starting model
for their structure determinations. For MIL-53/#(Cr),®! an anisotropic en-
largement was observed for some reflections in its powder X-ray diffrac-
togram, thus preventing any cell indexing and further structure determi-
nation analysis. No such peak enlargement was observed for the alumi-
num MIL-53/t (Al). Using the TREOR?" software, a monoclinic cell
with satisfactory figures of merit was found for the aluminum form of
MIL-53/t. The crystal parameters are as follows: a = 19.513(2), b =
7.612(1), ¢ = 6.576(1) A, § = 104.24(1)(, and the structure may be de-
scribed as belonging to the space groups C2/c or Cc. The pattern-match-
ing procedures were performed with Fullprof2k using the WinPLOTR
software package.”?! A direct calculation method, using EXPO,*" was
applied to solve the structure of MIL-53/t (Al), while refinements of
MIL-53as (Al) and MIL-53 Az (Al) were based on the atomic coordinates
of MIL-53as (Cr) and MIL-53A¢ (Cr), respectively. All the structures
were refined using Fullprof2k. A small amount of unreacted 1,4-benze-
nedicarboxylic acid was found to be present, and this was refined as a
secondary phase in the case of MIL-53as (Al). In the case of MIL-531t
(Al), the structure was refined first in C2/c but a disorder was observed
for the occluded water molecule; an ordering was observed when the
structure was described in Cc, and hence the latter space group was
chosen for the final refinements. Full details of the structure determina-
tion, including bond distances, are reported in the supporting informa-
tion. The formulae deduced from the structure determinations of MIL-
S53as  (Al), MIL-53ht (Al), and MIL-53lt (Al) are Al(O-
H)[0,C—-C¢H,~CO,]-[HO,C—C¢H,—~CO,H], 7, Al(OH)[O,C-CH,—CO,],
and Al(OH)[O,C—C¢H,—CO,]-H,O0, respectively. The final reliability fac-
tors®!! (Table 1) are satisfactory. The corresponding Rietveld plots are
shown in Figure 9. Atomic coordinates for the three forms of MIL-53
(Al) are given in Table 2.

Thermodiffractometry: X-ray diffractometry was performed in the 6-6
mode in air with the sample in the furnace (Anton Paar HTK 16 high
temperature chamber) of a Siemens D 5000 diffractometer (cobalt radia-
tion). Each powder pattern was recorded in the 7-35° range (26) (at in-
tervals of 20°C up to 600°C; at intervals of 100°C up to 800°C) with a
2 s/step scan, corresponding to an approximate duration of 1 h. The tem-

perature ramp between two patterns was 5°C min .

Thermogravimetry: TG experiments were performed in air with a heat-
ing rate of 5°C min~' using a TA Instrument TG 2050 apparatus.

Surface area study: The porosity of the dehydrated MIL-531t (Al) was
measured by means of a gas sorption isotherm experiment in liquid nitro-
gen using a Micromeritics ASAP 2010 apparatus (for surface area calcula-
tions, P/P, range: 0.01-0.3 (BET); 0.06-0.2 (Langmuir)).

Solid-state NMR spectroscopy: Solid-state Al °C, and '"H NMR studies
were performed on a Bruker DSX500 spectrometer with a 11.7 Tesla
magnetic field, in which these nuclei resonate at 130.3, 125.7, and

Table 1. Crystal data for MIL-53as (Al), MIL-53ht (Al), and MIL-53lt (Al) or AI(OH)[O,C-CH,-
CO,]{HO,C-C4H,-CO,H}, 5, Al(OH)[0,C-C¢H,-CO,] and Al(OH)[0,C-C4H,-CO,]-H,O0.

Table 2. Atomic coordinates for MIL-53 (Al).1!

atom xla /b zle
MIL-53as (Al)
Al 0 0 0
O(1) 0.000(2) A —0.071(1)
0(2) 0.0867(9) —0.083(2) 0.088(1)
0(3) 0.0650(9) 0.083(2) —0.110(1)
C(1) 0.102(2) A —0.130(3)
C(2) 0.123(2) A 0.111(3)
C(3) 0.165(2) A —0.207(3)
C(4) 0.185(1) 4 0.194(2)
C(5) 0.2312(9) —0.072(2) 0.198(2)
C(6) 0.197(1) 0.074(2) —0.242(2)
X(7a)* 0.014(3) s 0.309(2)
X(8a)* 0.140(3) —0.04(1) —0.473(4)
X(9a)* 0.138(3) 4 0.447(4)
X(10a)* 0.131(2) 0.137(3) 0.459(2)
X(11a)* —0.025(2) s —0.265(2)
X(12a)* 0.046(1) 0.118(4) 0.374(2)
X(13a)* 0.085(2) —0.063(5) 0.403(2)
X(14a)* —0.003(4) —0.157(7) 0.397(3)
MIL-53 At (Al)
Al Ui A a
O(1) 0 A 0.693(1)
0(2) 0.156(1) 0.1670(4) 0.8417(6)
C(1) —0.192(1) 0.0362(7) 0.974(1)
C(2) 0 0.060(1) 0.957(2)
C(3) 0 0.1292(9) 0.883(1)
MIL-531t (Al)
Al —0.0012(8) 0.000(2) —0.001(3)
O(1) —0.000(2) —0.110(1) 0.744(5)
0(2) 0.0638(9) 0.173(3) 0.949(3)
O(2b) —0.0625(9) —0.180(4) —0.940(3)
0(3) 0.0914(9) 0.099(2) 0.660(2)
O(3b) —0.0844(8) —0.150(3) —0.637(2)
Ow —0.009(2) 0.545(2) 0.830(6)
C(1) 0.1065(8) 0.179(6) 0.840(3)
C(1b) —0.1064(7) —0.175(6) —0.835(2)
C(2) 0.2002(6) —0.277(4) 0.629(2)
C(2b) —0.2036(8) 0.242(4) —0.630(2)
C(3) 0.2744(4) —0.300(6) 0.719(2)
C(3b) —0.2754(8) 0.299(6) —0.712(3)
C(4) 0.1818(7) —0.211(5) 0.422(3)
C(4b) —0.1796(5) 0.228(5) —0.410(2)
[a] *X = Cor O.

500.0 MHz, respectively. An H/X 4 mm MAS probehead and a classical
ZrO, rotor spun at 12.5 kHz were used. For the acquisition of Al MAS
spectra, the RF field frequency, pulse duration, number of scans, and rep-
etition time were 50 kHz, 1.5 ps, 8192 scans, and 400 ms, respectively. The
corresponding parameters were 50 kHz, 5 ps, 32scans, and 2s for 'H
MAS spectra, and 50 kHz, 5 ps, 128 scans, and 4 s for *C MAS spectra
with 'H broadband decoupling, (referred to as '*C{'H-decoupled} in the
text). For 'H to "C CPMAS with 'H
broadband decoupling (referred to as
BC{'H, cross-polarized}), we used 47.5
and 60 kHz RF field frequencies in the

C and 'H channels, respectively, for

Formula MIL-53as (Al) MIL-53 ht (Al) MIL-531t (Al) .

CP. The contact time was 3 ms, and
crystal system orthorhombic orthorhombic monoclinic the repetition time was 2s for
space group Pnma (no. 62) Imma (no. 74) Ce (no.9) 1024 scans. Chemical shift references
a [/}] 17.129(2) 6.6085(9) 19.513(2) (0Oppm) are AI(NO,), in aqueous
b [A] 6.6284(6) 16.675(3) 7.612(1) nitric acid solution for ¥Al and TMS
c[A] 12.1816(8) 12.813(2) 6.576(1) for 'H and C.

B L] . 10424(1) NMR measurements were performed

number of reflections 219 256 179 on the three forms of MIL-53 (Al)

Rp 10.6 13.7 11.4 . ’

R 142 170 151 namely as-synthesized MIL-53as, the
WP N : . calcined MIL-53At, and the hydrated

Ry 4.82 10.1 3.74 MIL-53 It

1380 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim  www.chemeurj.org  Chem. Eur. J. 2004, 10, 1373-1382
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Figure 9. Final Rietveld plots of a) MIL-53as (Al); b) MIL-531t (Al);
¢) MIL-53ht (Al). For MIL-53as (Al) powdered sample, a second minor
phase (second row of vertical bars) corresponding to unreacted 1,4-ben-
zenedicarboxylic acid was also refined together with MIL-53as (Al) (first
row of vertical bars).

The hydration process of the MIL-53/4¢ (Al) form was studied by room
temperature NMR. No change in the hydration state of the sample in the
closed rotor ever occurred during the measuring time necessary to study
the series of nuclei. Two procedures for sample preparation were tested.
Procedure 1 involved heating the MIL-53 4t (Al) sample for four days at
140°C, followed by rapid transfer into a rotor, which was left open in the
oven at 140°C for one day and then closed. In this way, a fully dehydrat-
ed sample could be obtained for NMR studies. The various hydrated
states could subsequently be attained by allowing atmospheric water to
diffuse into the open rotor for defined periods of time. In Procedure 2,
the sample was simply enclosed in a rotor directly after dehydration in
the oven. Thus, a significant amount of water was already present in the
sample, leading to the occurrence of a very fast hydration process during

Chem. Eur. J. 2004, 10, 1373-1382 www.chemeurj.org

the 1-2 minutes necessary to fill the rotor with the powder in air. When
following this procedure, different hydrated states were obtained by re-
moving the sample from the rotor, dehydrating it once more in the oven,
and allowing it to rehydrate in the surrounding atmosphere for chosen
times before enclosing it again. In this way, after exposure to air for 2 h
the hydrated sample was at equilibrium. Both sample preparation proce-
dures led to fundamentally the same hydration process, as monitored by
NMR, but with delayed kinetics and a more reproducible state when
using Procedure 1.

CCDC-220475-CCDC-220477 contain the supplementary crystallograph-
ic data for this paper. These data can be obtained free of charge via
www.ccde.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12, Union Road, Cambridge CB21EZ, UK;
fax: (+44)1223-336033; or deposit@ccdc.cam.ac.uk).
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