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This contribution deals with the hydrothermal synth-
esis of the metal-organic framework aluminum trimesate,
analogous to the MIL-100-type, previously reported with
chromium(IIl) and iron(ITl). MIL-100(Al) crystallizes
within a very narrow pH range (0.5—0.7) after heating a
mixture of aluminum nitrate, trimethyl 1,3,5-benzenetri-
carboxylate (Mesbtc), nitric acid, and water at 210 °C for
3.5 h. The resulting product consists of tiny octahedral
shaped crystals of 2 um size, which have been used for the
atomic structure determination. It was carried out by
means of single crystal using the microdiffraction setup
together with microfocalized synchrotron radiation at
station ID13 (ESRF, France). Solid-state NMR character-
ization was fully consistent with XRD structure but with
higher local symmetry. The three-dimensional open fra-
mework obtained from direct methods calculations re-
veals the arrangement of supertetrahedral (ST) building
blocks based on the MTN topology (related to the zeolite
ZSM-39). Each ST motif is built up from four u3-oxo-
centered trinuclear unit (Al;O) located at each corner
and linked to the four btc ligands located on each face
of the tetrahedron. MIL-100 (Al) exhibits BET and
Langmuir surface area of 2152(39) m* g~ ! and 2919(44)
m? g~ !, respectively (pore volume: 0.82 cm® g~ ).

For the past decade, the class of crystalline metal-
organic frameworks (MOF) materials has attracted
growing attention due to the occurrence of their fascinat-
ing porous infinite networks.'”* These hybrid orga-
nic—inorganic compounds exhibit rather low-dense and
relatively robust three-dimensional architectures delimit-
ing systems of well-defined cavities and/or tunnels and
they offer new potential applications in the field of gas
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storage, molecular separation, catalysis, drug delivery,
and ionic conductors."® These specific frameworks are
usually based on the combination of metallic centers
connected with rigid aromatic linkers such as benzene-
polycarboxylates. Beside the variety of organic species
(Iength, geometry, number of functionalities, etc.), sev-
eral connection modes of the inorganic cations have been
observed in the chemistry of metal carboxylates, which
could define different oligomeric building blocks such as
square planar (for example paddle-wheel), tetrahedral,
octahedral or trigonal prismatic motifs,” chains, or even
planes and 3D arrangements.

The trigonal trimer, corresponding to the u3-oxo-cen-
tered trinuclear metal cluster, has received special atten-
tion because it was encountered as a building unit for the
formation of the giant pore compounds of the mesopor-
ous series MIL-100,° MIL-101,” and flexible hybrid fra-
meworks MIL-88® with very large swelling effect. The
existence of isolated metallic trimers is well-documented
in the literature for the transition metals’ and was also
observed in MOF-type compounds with the divalent
cations nickel'™!" or zinc'? and trivalent cations scan-
dium,"? vanadium,'* chromium,* ®'° or iron.'®"'® More
recently, such a unit was also reported in MOF phases
incorporating the p elements, such as aluminum,'” gal-
lium,?° and indium.>"** However, the formation of such a
trinuclear metallic block is still challenging for aluminum
when compared to the transition metals. Its occurrence
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was described only recently by Roesky>* and Bekaert®* as
isolated molecular cluster with acetate ligands. The ex-
istence of the trinuclear oxo-centered prototype in the
aluminum trimesate MIL-96'° opens the way to design
structures analogous to the MIL-100/101 topologies. The
choice of aluminum for making MOF-type compounds is
based on different considerations. As a light element,
relatively low density materials can be obtained and solids
with high gas storage capacity can be investigated. More-
over, as a cheap metal, aluminum-based material could be
produced at relatively low cost at the industrial scale.?>**°

We therefore investigated the chemical system invol-
ving aluminum and the trimesate (or btc or 1,3,5-
benzenetricarboxylate) ligand in order to reproduce the
synthesis of MIL-100 network, which was previously
obtained with chromium’ or iron."”

Many difficulties arose from the complexity of this
system in order to isolate pure phases. Indeed, pH repre-
sents an important and subtle parameter of the syntheses.
Depending on it, two porous aluminum trimesates have
been previously isolated. The phase MIL-96" is formed at
pH values varying from 1 to 3 after 24 h, whereas MIL-
110°” appears in very acidic conditions (pH ~0—0.3) after
heating at 210 °C for 72 h (or at pH 3.5—4.0, but after
heating for only 3 h*®). During the course of our work, we
observed the formation of the aluminum-based MIL-100
trimesate (Al;O(OH)(H,0),[btc],-nH»0, at very short re-
action times (3—4 h) in a very narrow range of pH (0.5—0.7)
from a mixture of aluminum nitrate, trimethyl 1,3,5-benze-
netricarboxylate, nitric acid, and water.?” Out to these
specific synthesis conditions, a mixture of MIL-96/MIL-
110 is always observed. SEM analysis of MIL-100 (Al)
indicated the occurrence of tiny single crystals with a typical
octahedral shape of 0.5—2 um size (Figure 1).

For the X-ray diffraction experiment, this small size
obliged us to use synchrotron radiation and the new setup
developed by Riekel and co-workers at station ID13 at
ESRF (Grenoble, France). For its first test, this setup
allowed the determination of MIL-110 from a crystal of
3 x 3x 10 um.*” The crystal of MIL-100 (Al) with a volume
of ~8 um® (10 times smaller than MIL-110) gave us the
possibility to explore the limits of the setup (see the
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Figure 1. SEM images of the aluminum-based MIL-100 (Al) compound
showing the typical octahedral shape crystals of 0.5—2 um length. On the
right, a selected crystal of MIL-100 (Al) used for the diffracted intensities
collection at station ID13 (ESRF).

Supporting Information). Although the network of
MIL-100® was previously analyzed with iron or chro-
mium from powder data in combination with computer
simulation, the structure presented here was determined
for the first time by means of “classical” direct methods
and further characterized by solid-state NMR.

The structure of MIL-100 (Al) is built up from the
trinuclear octahedrally coordinated aluminum building
units, which are arranged in some manner to form a
supertetrahedral block (Figure 2). Within this tetrahedral
unit, each corner is occupied by the trimeric unit con-
nected to each other through the trimesate ligands located
on each face. This {Al;O(OH)(H»O),}4btc]4 supertetra-
hedral motif corresponds to an “augmented” version of
the SiO4 unit encountered in zeolites, and MIL-100 to the
“augmented” zeolite ZSM-39,** with the MTN?! topo-
logy (Figure 2). The corresponding three-dimensional
framework exhibits two types of cavities. The first one
is delimited by 12 pentagonal rings defining a dodecahe-
dral cage (5'% noted S) with window diameter of 5.2 A.
These cages are connected together by sharing 5-ring
faces in order to form infinite layers stacked in an ABC
sequence. The second cage is generated at the intersection
of the rods and delimited by 12 pentagonal rings and 4
hexagonal rings leading to a hexakaidodecahedron cage
(5'%6%, noted L). The L cages are also connected to each
other via the hexagonal faces (window diameter of 8.8 A)
with a diamond type. Other MOF-type compounds are
also recently reported to adopt such a MTN topology like
cadmium-hexamethylenetetramine hybrid** or the ter-
bium triazine-1,3,5-tribenzoate.*?

From the XRD analysis, the MIL-100 structure con-
tains seven nonequivalent crystallographic sites for alu-
minum that belong to three distinct supertetrahedra,
designated from the standard MTN topology T1, T2
and T3 and containing four aluminum trimers. Each
trimer is designated t;; where ijk are three aluminum
indices (AliAljAlk). There are four different trimers,
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Figure 2. Representation of the zeolite MTN topology related to the high
silica zeolite ZSM-39, showing the cubic arrangement of the two types of
cavities with small (S) cages and large (L) cages.

tiir, tsoo, te3s, trag. Therefore, the three distinct super-
tetrahedra can be described by their connections to the
four trimers constituting its vertices: T1 (t744 ts»s ts2o tg33),
T2 (ts22 tsan tsno tig1), and T3 (ty1y tygg tigg tigr), with the
respective site symmetries m, 3m, and —43m. Each trimer
is an augmented realization of the corresponding oxygen
atoms of the MTN topology. Their correspondence
with the standard notations of the MTN is the following:
Ol = t744, 02 = ts502, 03 = 1633, and O4 = tinn. For each
trinuclear building unit, the Al=O distances are typically
within the range 1.831(10)—1.995(11) A. Shorter AlI-0O
distances are observed for the u;-bridging species within
the trimer (1.815(13)—1.875(13) A) and bond valence
calculations™ suggested the existence of a us-oxo ligand
(1.78—1.80). Terminal Al—O bonds occur along the axis
with the u3-oxo group within each AlOg octahedron and
distances are ranging from 1.894(15) to 2.005(14) A.
From the bond valence calculations, it could correspond
to water molecules (0.38—0.52) and hydroxo group (10H
and 2H,O per Al trimer) should be present in order to
ensure the electroneutrality of the framework. Each of the
terminal group also strongly interacts with the water
molecules located within the cavities S and L, with typical
hydrogen bond distances (2.6—2.9 A).

The?’ Al MAS NMR spectrum of as-synthesized MIL-
100 exhibits in the chemical shift range of —20 to 10 ppm a
pattern of overlapped lines (Figure S3, Supporting
Information), specifying 6-fold coordination for alumi-
num sites. The 2D 2’Al MQMAS spectrum (Figure S3a,
Supporting Information) indicates that they are composed
of three overlapping isotropic resonances with contrasted
anisotropic line-shapes due to the difference in quadrupo-
lar coupling. Simulation of the 2D map provided accurate
determination of second-order quadrupolar line-shape
parameters for all these aluminum sites. They display a
very close isotropic chemical shift within the range of 1—3
ppm but different quadrupolar Cy varying from 1.3 to 5.6
MHz. The simulation of the anisotropic projection allows
to check these parameters, showing an excellent agreement
with those from the 2D simulation. Quantitative informa-
tion is obtained from simulation of the 2’Al 1D spectrum
(Figure S3b, Supporting Information) using these para-
meters. It leads to three components with a relative popu-
lation ratio of 1.5:10.0:5.4 assigned to All, Al2,3,4, and
Al5,6,7 sites, respectively, on the basis of their population

(34) Brese, N. E.; O’Keeffe, M. Acta Crystallogr., Sect. B1991, 47, 192.

Chem. Mater., Vol. 21, No. 24, 2009 5697

ratio of 2:10:5. Two kinds of trimeric units exist: t;;; on one
hand and ts», or tgzz or ty4s on the other hand with a
multiplicity of 2 and 6 or 3 or 6, respectively. Their relative
proportion of 2 ty1;:15 (t52, te33, t744) provides the expected
theoretical multiplicity of 2:10:5 for All, Al2,3,4, and
Al5,6,7 sites, respectively.

The XRD crystallographic multiplicity of the non-
equivalent Al sites respective to Ali is 2:4:2:4:2:1:2 for
respective Ali, and reduces to 2:10:5 classes of NMR
nonequivalent aluminum sites meaning the symmetry
order is higher for NMR than for XRD. The origin of
this higher symmetry stems from protons motion on the
framework averaging the different environments by
groups, All, Al2,3.4, and Al5,6,7 sites, respectively.

The '"H MAS spectrum (Figure S4a, Supporting In-
formation) shows 3 signals at 4.8, 8.0, and 9.1 ppm
assigned to free and bonded water molecules, aromatic
protons of extra-lattice trimesic acid Hzbtc entrapped
into the pores system, and to aromatic protons of frame-
work trimesate btc. Assignments of the aromatic signals
are based on the observation of a substantial decrease in
the 8 ppm resonance (about 80%) upon activation. In the
BC{'H} CPMAS spectrum of the activated sample,
where almost all trapped organics were removed
(Figure S4b, Supporting Information), the overlapped
signals in the chemical shifts range of 132—138 ppm are
assigned to the aromatic carbons and the resonances at
171 and 172 ppm to the carboxylate groups of framework
trimesate btc. Interestingly, the carboxylates signals ap-
peared in a relative proportion of 2:1, respectively. This
corresponds to an average btc around a 2 or m symmetry
axis, leading to a 2:1 ratio for every carbon of the btc.
Furthermore, the overlapping aromatic signals can be
decomposed into 6 components of roughly equal popula-
tion corresponding to the 6 aromatic carbons, thus
supporting distinct crystallographic sites for each carbon
in the btc moieties. The carbon atoms can therefore be
decomposed into 2 sublattices (carboxyls groups and
aromatic ring). It indicates for the former an averaging
through protons hoping on the inorganic part of the
framework and for the latter, aromatic flipping differ-
entiating all carbons.

Performed on an activated MIL-100 (Al) sample, the
thermogravimetric analysis shows two-step weight losses.
The first event occurring below 70 °C is assigned to the
departure of free water molecules. The second step then
corresponds to the removal of the btc ligand (from 370
°C) together with the collapse of the three-dimensional
framework. The final product at 520 °C is AlLO3. The
surface area of the activated MIL-100 (Al) was measured
to be 2152(39) m* g~ ' (p/p, range 0.01—0.2 for BET) with
a micropore volume of 0.82 cm® g~ ' and 2919(44) m? g~
(p/po range 0.06—0.2 for Langmuir).

Supporting Information Available: Experimental details for
synthesis, activation procedure, crystallographic and refine-
ment details, solid-state NMR spectroscopy, TGA and BET
curves (PDF); CIF file of MIL-100 (Al). This material is
available free of charge via the Internet at http://pubs.acs.org.



