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The thermal behaviour of the nanoporous iron(ii) terephthalate
MIL-53 is in stark contrast to its chromium and aluminium
analogues which show an expansion of the cell during dehydra-
tion; with iron, reversible dehydration occurs via evolution of the
structure through a highly distorted metastable anhydrous phase
to a more regular phase above 423 K in which pore volume
remains approximately constant.

Among the most striking new families of materials discovered in
the past few years are the open-framework metal-organic frame-
work materials (MOFs)."* The structures of these crystalline,
hybrid solids are built up from metal coordination centres or
oxy-clusters, linked by organic ligands to yield three-
dimensional extended structures that often possess considerable
porosity. Some of these MOFs show the largest surface areas
known for crystalline solids (up to 6000 m* g~').%® MOFs are
now multifunctional materials with applications in separation
and sorption that can rival traditional zeolite materials. This
currently concerns hydrogen storage’ '° and carbon dioxide
storage'"!? for energy and environmental purposes, but uses
in other areas such as drug delivery,'? catalysis'* and electrode
materials'> are also emerging. The richness of MOFs relates to
their easy tunability from micro- to mesoporous, by playing on
the nature of the organic linker. The MIL-n family (MIL =
Materials of Institut Lavoisier) illustrates these ideas well: by
combining simple octahedral metal clusters with organic car-
boxylates a range of complex, porous structures are found, some
of which exhibit a remarkable breathing property upon
introduction of simple guest molecules, resulting in reversible
expansion/contraction of unit cell volumes by hundreds of
A31020 I this paper we describe a striking new example of
this phenomenon, where the choice of the metal in the frame-
work dramatically alters the behaviour of the solid.
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MIL-53(Fe)_It or Fe"(OH){0,C-C¢H,-CO,}-H,O  was
isolated as a phase-pure pale-orange crystalline powder under
solvothermal conditions.i The material has analogies with Cr**
and A" materials MIL-53(Cr)'*2! and MIL-53(Al)** but is
not isostructural, as established from powder X-ray diffraction.t
It is built up from corner-sharing #rans chains of Fe octahedra
linked by benzenedicarboxylate (BDC) moieties to form an open
framework with one-dimensional channels running parallel to
the c-axis. In the as-prepared hydrated form, the superstructure
leads to two types of occluded water molecules that are located
at the centre of two sets of diamond-shaped channels with
similar sizes. Within each channel there are distinct types of
water molecule: one channel contains a water molecule that is
strongly hydrogen bonded to a partner of the same type
generated by symmetry (dowi...ow1 = 2662 (1) A) and also to
an oxygen of the inorganic framework (do;...ow1 = 2.708 (1) A),
and in the other channel the water interacts weakly with its
partner (dowa...ow2 = 3.443 (1) A), although it is also hydrogen
bonded to a framework oxygen (do...ow2 = 2.759 (1) A).

The thermogravimetric analysis of MIL-53(Fe)_It shows two
weight losses of 6.97% (calc: 7.06%) below 333 K and 62.02%
(calc: 61.62%) above 573 K corresponding to the departure
of the occluded water molecules and the bound terephthalic
acid, respectively, ultimately leading to decomposition of
the phase at the highest temperature (supplementary
informationt). Variable-temperature powder X-ray diffraction
studies, performed at up to 473 K under atmospheric pressure
(Fig. 1), show that two major structural changes clearly
occur upon dehydration, to produce finally the anhydrous
Fe(OH){0,C-C¢Hs-CO,} or MIL-53(Fe)_ht above 423 K.
At lower temperatures (323 K < T < 413 K), a triclinic
metastable anhydrous phase MIL-53(Fe)_int is observed. The
hydration—dehydration process is reversible and reproducible
as shown in Fig. 1.

Fig. 2 compares the structures of the three MIL-53(Fe)
materials to those of the two related MIL-53(Cr) materials.'®%!
MIL-53(Cr) shows a hydrated phase with contracted pores and
a dehydrated phase with open pores, corresponding to an
expansion of the unit cell volume by around 483 A In
contrast, the loss of water from MIL-53(Fe)_lt results in a
closing of the structure to form the metastable anhydrous
phase MIL-53(Fe)_int, followed by a further small opening
of the structure to obtain MIL-53(Fe)_ht. The volume change
during the dehydration/rehydration of MIL-53(Fe) is actually
rather small, around 87 A®. Further proof that the intermediate
phase is fully dehydrated was provided by heating a sample at
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Fig. 1 Thermal evolution of diffractograms during dehydration—
hydration process. Red: MIL-53(Fe)_lt; blue: MIL-53(Fe)_int; green:
MIL-53(Fe)_ht.

523 K in a quartz capillary for 24 h, sealing under dry air: then
the high resolution powder XRD measured at room tempera-
ture is consistent with the presence of only MIL-53(Fe)_int.
The topologies of the hydrous phase and the intermediate
metastable phase are identical to that of the final anhydrous
material, but the lower symmetry means that there are two sets
of diamond-shaped channels with different sizes. These can be
described in terms of iron-iron distances within each structure.
The distances between two nearest iron(ii) cations along the c-axis
(small diagonal of the lozenge) in MIL-53(Fe)_It are Fe,—Fe; =
7.353 A and Fe—Fe;, = 7.702 A in the largest diamond-shaped
tunnel while the distances are Fe,—Fe; = 7.518 A in the smallest
channel. In comparison, the distances between two nearest iron(ii)
cations along the a-axis (small diagonal of the lozenge) in
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Fig. 3 (a) Representative in situ Mossbauer spectra and (b) tempera-
ture dependence of the mean quadrupolar splitting and mean isomer
shift (inset).

MIL-53(Fe)_int are Fe,-Fe, = 7.762 A and Fe,—Fe, = 7.499 A
in the largest diamond-shaped tunnel while the distances are
Fe,~Fe, = 5.723 A and Fe,—Fe; = 5.993 A in the smallest
channel. For MIL-53(Fe)_ht the unique Fe-Fe distance is
6.759 A.

Further evidence for the structural changes accompanying the
dehydration process is provided by in situ >’Fe transmission
Mossbauer spectra recorded from samples held in a custom-built
cryofurnace under room pressure, as illustrated in Fig. 3. The
quadrupolar hyperfine structures allow three different temperature
regimes to be distinguished: these different profiles may be fitted
by one quadrupole broadened line component at temperatures
from 77 K to 333 K, two quadrupolar components from 333 K to
363 K (with two slightly different quadrupolar splitting values)
and one quadrupolar component from 363 K up to 423 K. The
low temperature regime spectra are in fact better described by
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Fig. 2 Left: Crystal structures of the hydrated and anhydrous chromium phases. Middle: Crystal structures of the hydrated (It), intermediate
anhydrous (int) and anhydrous (ht) iron phases. Right: Final Rietveld refinements of the three iron dicarboxylates.
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three quadrupolar components with absorption ratio 2 : 1 : 1, in
agreement with powder diffraction results. The isomer shift values
suggest that the octahedral coordination of ferric ions in a high-
spin state is maintained over all temperatures, while those of the
quadrupolar splitting demonstrate that the local environment of
the metal is subject to small changes in bond distances/angles
upon dehydration. The temperature dependence of the quad-
rupolar splitting is clearly consistent with two structural phase
transitions which can be matched to the departure of structural
water molecules and then the transformation from intermediate
anhydrous into final anhydrous phase (Fig. 3(b)). The three
regimes show evidence for the presence of three Fe(in) sites, then
two different Fe(in) sites and then a single Fe(in) site, consistent
with the structures determined by powder diffraction. The shift of
transition temperature is due to the instrumental conditions (each
Magssbauer spectrum requires about 12 h acquisition time while
each X-ray pattern is obtained in 30 min). The reversibility of these
phase transitions has also been checked by in situ cooling. The two
observed temperature dependences of isomer shift are due to the
change of local electronic density attributed to the departure of
water molecules.

It is difficult to find reasons for such a striking change in
behaviour between MIL-53(Cr) and MIL-53(Fe). Despite the
similar ionic radii and electronegativities of Cr** and Fe*" the
materials show a very different response towards a simple guest
molecule such as water. The bond distances within the octahedral
building units are rather similar in each case (for MIL-53(Fe)_lt
Fe-O,, = 2.00 A, for MIL-53(Fe)_int, Fe-O,, = 2.00 A and for
MIL-53(Fe)_ht, Fe-O,, = 1.99 A and for MIL-53(Cr)_lt, Cr—O,,
= 1.99 A). The M—O-M chains are disrupted very little upon
hydration—dehydration and small changes in the relative orienta-
tion of the terephthalate linkers could be responsible for the
behaviour of the framework structure upon hydration. The
dramatically different dehydration/hydration behaviour of a
MOF material depending on the identity of the framework metal
suggests that this might be a subtle means of modifying the
properties of these materials for practical application. Studies of
the sorption and separation properties of these materials® and
how they are affected by the choice of metal are now underway.
Preliminary results have already shown that the CO, sorption is
very different between MIL-53(Fe) and MIL-53(Cr), for example.

This work was supported by CNRS, EU funding via
FP6-Specific Targeted Research Project “DeSANNS” and
French ANR “CONDMOFs” funding.

Notes and references
1 MIL-53(Fe)_lIt was solvothermally synthesised as previously de-

scribed.'> Quantitative elemental analyses gave the following results:
Fe: 23.7%; C: 35.6%; H: 2.68% and F: 1.31% which compare well

with those calculated from the formula Fe'(OH)(O,C-C¢H,4-CO,)-
(H,0): Fe: 21.9%; C: 37.6%; H: 2.68% and F: 1.48%. Powder
X-ray diffraction data were collected on ID31 of the ESRF from
powdered samples contained in a | mm diameter quartz capillary. The
beamline receives X-rays from the synchrotron source (which operates
with an average energy of 6 GeV and a current beam of typically
100 mA) from an undulator device. The incident X-ray wavelength
was 0.79989667 A using an incident beam size of 2.0 mm (horizontal)
x 1.0 mm (vertical). The sample was rapidly spun during data
collection to ensure good powder averaging. Extractions of the peak
positions, pattern indexing and Rietveld refinements were carried out
with the TOPAS program.>*
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