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A new AI-MOF based on a unique column-shaped inorganic building unit
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The new Al-based metal-organic framework [Al;3(OH),7(H,0)s-
(BDC-NH,);Clg(C3H7OH)g|] denoted CAU-6 (CAU = Christian-
Albrechts-Universitiit) was solvothermally synthesized in 2-propanol
and was thoroughly characterized. The framework structure exhibits
a unique column-shaped inorganic building unit, which is based on
stacked, corner-sharing Al z-clusters. The compound exhibits
unprecedented hydrophilicity for metal-organic frameworks.

Metal-organic frameworks or MOFs are often the subject of
research directed towards possible applications in separation
processes' as well as in gas storage® and catalysis.> Besides
their often unparalleled performances in such areas, they are
also investigated regarding their architectural beauty and
sometimes unique inorganic building units. AI** ions exhibit
a rich structural variability in aqueous solutions and many
Al-oxo clusters have been reported.* In contrast only a few A"
containing building units have been reported for Al-based MOFs
synthesized under hydrothermal reaction conditions compared to
e.g. In*" -based MOFs.” Besides trimeric and octameric clusters,™’
one-dimensional infinite chains of corner- or edge-sharing
AlOg-octahedra® as well as continuous two-dimensional layers
were observed.'? The change of the solvent to methanol induces the
stabilization of other structural motifs (Fig. 1). Cyclic cationic
clusters based on eight or twelve aluminium ions, i.e. [Alg(OH)4-
(OCH,;)g]"*" and [Allz(OCH3)24]12+, were shown to be stabilized
by the incorporation into a MOF, while they were never observed
elsewhere.!"'? In principle, these inorganic building units should
also be accessible as discrete clusters and vice versa known
molecular Al-oxo species could act as inorganic units in MOFs.
Our long-standing interest in the chemistry of Al-based MOFs
has been assisted by the use of high-throughput (HT) methods.'?
Since the structural diversity of this class of compounds is often
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Fig. 1 Structural motifs and framework topologies that are observed
in AI-MOFs synthesized from alcohols. Top: inorganic building units
in CAU-1 (left), CAU-3 (middle) and CAU-6 (right). Bottom: topol-
ogies of MIL-53 (left) and MIL-68 (right).

accompanied by a high sensitivity towards synthesis parameters,
these methods have been proven to be very useful for the
discovery as well as the synthesis optimization.'*'> The new
structural motifs observed for the synthesis in methanol inspired
us to further employ alcohols as solvents in the system
AP —H,BDC-X-solvent (H,BDC-X stands for benzene-1,4-
dicarboxylic acid with X = H, -NH,). The use of ethanol yielded
the corresponding well known compounds of the MIL-53-family
Al-MIL-53 and AI-MIL-53-NH, (MIL = Materiaux d’Institute
Lavoisier), independently of the aluminium source. Using the
more hydrophobic solvent 2-propanol, the use of AICl;-6H,O
yielded different framework structures. Employing terephthalic
acid, the formation of A-MIL-68'® could be observed (Fig. S2,
ESIf), while the use of 2-aminoterephthalic acid resulted in the
formation of the new compound CAU-6 (Fig. 1). A list of HT
reactions carried out and the obtained reaction products are given
in the ESIf (Table S1 and Fig. S1, ESI}).

After establishing and optimising the synthetic route by using
HT-methods, the reaction was scaled up. In a Teflon-lined
autoclave (Vpax = 37 mL), 150 mg (0.83 mmol) of 2-amino-
terephthalic acid (H,BDC-NH,), 800 mg (3.32 mmol) of AlCl;-
6H,0 and 5 mL of 2-propanol were heated for twelve hours to
120 °C, held at this temperature for twelve hours and cooled to
room temperature over twelve hours. The precipitate was
filtered and redispersed in 300 mL of water by stirring for
several hours. After filtration and drying under ambient condi-
tions, this washing procedure was repeated four more times.
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Upon this treatment, the cell parameters shift slightly (Fig. S3
and S4, ESII).

By a combination of elemental analysis, EDX-spectroscopy,
thermogravimetry, IR-spectroscopy and solid-state NMR-
spectroscopy, the empirical formula of CAU-6 was established
to be [Al}3(OH),7(H,0)s(BDC-NH,);Clg(C3H,OH)¢]. For the
structure determination, due to the absence of suitable single
crystals, high-resolution XRPD data were recorded at the
beamline G3 at the DESY-synchrotron source in Hamburg.
Indexing of the pattern gave a hexagonal cell, which was
confirmed and refined by the Le Bail method, resulting in
the cell parameters ¢ = b = 19.2275(3) Aandc = 14.0741(3) A.
The extinction conditions are in agreement with the space groups
P31¢, P62¢ and P6s/mmc (Fig. S10, ESI}). The inorganic building
unit could be unambiguously identified using direct methods for
the structure determination in the space groups P31c and P62c.!”
Both structural models exhibited the higher symmetry of the
space group P63/mmec. The complete model of the framework was
therefore constructed in the space group P6s/mmc by insertion of
the linker molecules and subsequently optimised using force field
calculations.'® The framework of CAU-6 is based on the well
known Als-cluster as found in the basic aluminium chloride
[Al15(OH),4(H20)4]Cly5-13H,0 (Fig. 2)."° In CAU-6 these
clusters are stacked along the c-axis and the corner-sharing
connectivity leads to the formation of infinite columns
(Fig. S13 and S14, ESIf). Alternatively, the structure can be
described as composed of heptanuclear cores of edge-sharing

Fig. 2 The Alj3-subunit, its mode of condensation and a section of the
condensed infinite column as found in the framework of CAU-6. In the
latter, heptameric subunits are drawn in light gray, while the bridging
dimers are emphasized in black. Bridging carboxylate groups are shown.
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Fig. 3 Framework structure of CAU-6 as seen along the c-axis.

AlOg-polyhedra, which are interconnected by dimers of corner-
sharing AlO¢-polyhedra (Fig. 2).

The interconnection of these infinite columns is achieved by
aminoterephthalate ions. Two carboxylate groups coordinate
to each dimer. Thus, each column is connected to six of their
neighbouring columns (Fig. 3). By this connection, sinusoidal
trigonal channels with a diameter between 5 and 10 A are
formed. In addition, small cavities with a diameter of ~2.4 A
are found between the heptanuclear cores inside the columns.

These pores are partially occupied by chloride ions, 2-propanol
and water molecules in a non-ordered fashion. Therefore, the
structural model could not be refined by Rietveld methods,
although the simulated pattern is in good agreement with the
measured one (Fig. S11, ESI¥).

The solid-state 1 D-NMR-experiments confirm the incorporation
of the linker molecules and 2-propanol into the MOF, and prove
that the AP™ ion is exclusively octahedrally coordinated to six
oxygen atoms (Fig. S15 and S16, ESIf). 2-Propanol molecules
could not be removed even by extensive treatment with water
and thermal activation at 130 °C. The 2D-NMR-spectrum for
27Al proves that the inorganic unit is built up by AI** ions in
two different chemical environments in the approximate ratio
7 : 6 (Fig. 4).

This is in good agreement with the structural model. The
connection of A" ions within a column must be accomplished
by hydroxide ions or solvent molecules. The chloride ions act as
counterions. Although some chloride is washed out during the
extensive aqueous work-up, residual ions remain inside the
channels, as measured by EDX. The occluded water molecules
can be only partially removed by thermal activation without
damaging the framework structure, as proven by thermo-
gravimetry and in situ IR-spectroscopy (Fig. S6 and S18, ESI{).
Thermal treatment in vacuum up to 100 °C reduces the intensity
of the vop-bands of hydrogen bonded water and propanol
molecules around 3400 cm™'. The complete removal of water
and propanol molecules at temperatures > 150 °C leads to the
decomposition of the framework. This is clearly observed by
broadening and flattening of the vco-bands between 1400 and
1700 cm~'. Thus, it is not possible by thermal activation to
obtain the solvent-free framework structure without structural

This journal is © The Royal Society of Chemistry 2012
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Fig. 4 Deconvoluted F1 projection of the 2’Al MQMAS-spectrum.
Measured signal (blue) fit (green), simulated signals in red, turquoise.
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Fig. 5 Water vapour sorption isotherm for CAU-6, measured at
298 K.

collapse. Therefore the residual solvent and water molecules
and the counterions must be considered as part of the MOF.

The thermally activated (130 °C, 12 h, 0.1 mbar), i.e.
partially dehydrated MOF still exhibits remarkable porosity
towards nitrogen (Fig. S8, ESIf). The apparent specific BET-
surface area is Agpr = 620 m> g’1 and the micropore volume
is Vmic = 0.25 cm® g", as calculated from the amount
adsorbed at p/py = 0.5. More interestingly, the highly polar
surface built up by the protic OH- and NH,-groups, chloride
ions and solvent molecules induces a strong affinity towards
polar adsorbents like CO, (Fig. S9, ESIf) and especially
towards H,O (Fig. 5). The amount of CO, adsorbed at 1 bar
at 298 K is Vogs = 84 mg g~ '.

The type-I-isotherm for the H,O-vapour adsorption is
exceptional for MOFs, and to the best of our knowledge, such
hydrophilicity has not been reported for MOFs yet. Most
often, MOFs are hydrophobic or require a certain partial
pressure, before H,O is adsorbed.?*22 For CAU-6, the combi-
nation of the protic OH- and NH,-groups, guest molecules
and counterions results in hydrophilic properties. Substantial
amounts of H,O-vapour are already adsorbed at low p/py and
the gravimetric capacity at p/pp = 0.9 is ~37%.

Summarizing the results, we were able to synthesize a new
MOF based on unique column-shaped inorganic building
units based on Aljz-clusters. Although the crystal structure
could not be refined by conventional methods, the combi-
nation of various analytical techniques allowed us to establish
a coherent structural model. The combination of micropores,

surface decorating protic groups, solvent molecules and counter
ions leads to exceptionally hydrophilic properties.
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