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[AlL,(OH),(OCH,),(H,N-bdc);]-x H,0: A 12-Connected Porous Metal-
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The search for new, highly porous, and thermally and
chemically stable compounds has been one of the main
objectives of many investigations in recent years."”! Metal-
organic frameworks (MOFs) present the ideal class of
compounds to achieve this target, as they are built up from
inorganic bricks and organic complexing molecules. Their
modular assembly provides the possibility to adjust pore sizes
and to fine-tune the shape and functionality of the pores.
One important requirement is the reproducible formation of
the inorganic bricks."! Once the reaction conditions for the
inorganic unit have been established, the variation of the
organic linker should in principle allow the synthesis of
isoreticular compounds using larger or functionalized organic
molecules. Thus, many MOF structures depend on the
presence of defined inorganic building units. Often paddle-
wheel units (e.g. {Cu,(O,CR),}), for example in HKUST-1,P!
or tetranuclear {Zn,O} tetrahedra (as in the IRMOF series or
MOF-177)%7 are observed. Trimeric building units {M;(us-
0)(0O,CR),} are found in a series of MOFs, for instance those
based on the MIL-88 topology as well as MIL-100 and MIL-
101.%% Recently, rigid carboxylate linkers were used to
connect substituted polyoxotungstates under hydrothermal
conditions to form inorganic-organic frameworks."'"! We were
able to synthesize iron-containing MIL-53, MIL-88, and MIL-
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101 based on Fe™ and aminoterephthalate!'! as well as the
large-pore analogue of MIL-101, which contains naphthyldi-
carboxylic acid instead of terephthalic acid as the organic
unit.”? In this context, the use of high-throughput methods
has been shown to be a valuable tool for the systematic and
efficient investigation of hydrothermal reaction systems. Such
systematic investigations in the field of inorganic-organic
hybrid compounds are still rare,"*'! although different
reagents, reaction stoichiometries, and process parameters
have a strong influence on the product formation.
Aluminum-based MOFs are known to show good thermal
stabilities (up to 450-500°C for AI-MIL-53)."8! From a
structural point of view, different Al-based MOFs can be
formed from distinct inorganic bricks (Figure 1). MIL-96 is

Figure 1. Inorganic Al-containing bricks in Al-containing MOFs. Left:
octanuclear {Alg(OH),5(O,CR),} cluster in MIL-110. Center: trinuclear
{Al;(15-O) (O,CR)¢} cluster in MIL-96. Right: corner-sharing {AlOg}
octahedra in MIL-96, MIL-69, and MIL-53.

built up from isolated trinuclear {Al;(ps-O)(O,CR)g} clusters
and corrugated chains of corner-sharing aluminum octahedra,
which form a honeycomb lattice containing 18-membered
rings.”® MIL-110 contains octanuclear {Alg(OH);5(O,CR)o}
clusters arranged in a honeycomb lattice.’” A number of
compounds, such as MIL-531"%21 and MIL-69,%>* are based
on chains of corner-sharing aluminum octahedra that are
connected to form one-dimensional rhombic channels. We
have been able to synthesize amine-functionalized Al-MIL-53
and to use it in a postsynthetic modification reaction.”*!
Recently, AI-MIL-53-NH, was shown to be a stable, highly
active, basic catalyst in a Knoevenagel condensation, and to
be well-suited for CO,/CH, separation.>°!

Herein we present the results of our systematic inves-
tigation of the system Al*/aminoterephthalic acid (H,N-
H,bdc)/solvent, which led to the new 12-connected, highly
porous, and stable metal-organic framework [Al,(OH),-
(OCH;),(H,N-bdc);]'xH,0O (named CAU-1; CAU = Chris-
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tian-Albrechts-University), containing the new Al-containing
octameric brick {Aly(OH),(OCH;)}"".

In the course of the systematic investigation of the
formation of new or functionalized isoreticular aluminum-
containing MOFs, high-throughput experiments were per-
formed with various chemical and process parameters,!!!:1417]
Thus, the influence of the molar ratios of starting compounds,
the solvents, and the use of different aluminum salts on the
product formation in the system Al**/H,N-H,bdc/solvent was
studied (Figure 2). Three AI’**/H,N-H,bdc molar ratios (1:2,
1:1, and 2:1) were used in four different solvents. On the basis
of the results of previous studies,”" a reaction temperature of
125°C and reaction time of 5h were chosen as starting
parameters.
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Figure 2. Results of the high-throughput investigation of the system
AP/H,N-H,bdc/solvent at 125°C.

The solvents have the most profound influence on product
formation. In acetonitrile, only recrystallized aminotereph-
thalic acid is recovered, while in ethanol poorly crystalline Al-
MIL-53-NH, is formed. The use of DMF or methanol as the
reaction medium increases the complexity of the system. With
Al(NO;);9H,0 as the starting material, the formation of Al-
MIL-53-NH, is observed in both solvents. Reaction mixtures
containing AlCl;-6 H,O as the starting material result in the
formation of new phases. In addition to the well-known phase
AI-MIL-53-NH,,? for the first time Al-containing MIL-101
is observed. The latter is formed in DMF at molar ratios AI*"/
H,N-H,bdc >1. The reactions in methanol yielded an
unidentified phase and the title compound CAU-1,
[Al,(OH),(OCHj;),(H,N-bdc);]-xH,O (see Figure S1 in the
Supporting Information for all XRD patterns). The synthesis
procedure was optimized using high-throughput methods (see
the Supporting Information), and a procedure for gram-scale
reactions was established.

The crystal structure of CAU-1 was determined from
powder X-ray diffraction data (Figure 3, Tables S1 and S2 in
the Supporting Information).””! High-precision powder X-ray
diffraction data were collected on ID31 of the European
Synchrotron Radiation Facilities (ESRF). Extractions of the
peak positions, pattern indexing, Fourier calculations, and
Rietveld refinements were carried out with the TOPAS
program.” A tetragonal unit cell was found unambiguously
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Figure 3. Final Rietveld plot of the structure refinement of [Al,(OH),-
(OCH3;)4(H,N-bdc);]-xH,0O (CAU-1). The observed data are shown by
dots and the calculated pattern by a solid line. The difference curve is
represented below; vertical bars mark the Bragg reflection positions.
The inset shows a plot enlargement for 26 > 12°.

with satisfactory figure of merit (GoF =110) using the LSI
indexing method. Systematic extinctions were consistent with
the I Bravais lattice, and the I4/mmm space group was chosen
to solve the structure. Calculations were performed with the
EXPO package,” using EXTRAPY for extracting integrated
intensities and SIR97°" for direct-methods structure solution.

The tetragonal structure of CAU-1 is built up from a
pseudo-body-centered-cubic arrangement of the 8-ring build-
ing blocks {Aly(OH),(OCH,),}"*" (Figure 4), which are linked
by 12 aminoterephthalate ions.”” The wheel-shaped 8-rings
are built from corner- and edge-sharing {AlOg} polyhedra

Figure 4. Structure of CAU-1. The brick {Als(OH),(OCH;)g}'*" is
formed by corner- and edge-sharing AlO; octahedra (a). These wheel-
shaped bricks are connected to 12 other units through the amino-
terephthalate linker. Thus, distorted octahedral (b) and tetrahedral (c)
cages are formed. The structure (d) can be derived from a tetragonally
distorted cubic centered cell. For clarity, some of the phenyl rings are
replaced by straight lines, and the disordered NH, groups are omitted.
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through the hydroxide and methoxide groups, respectively.
The AI*" ion resides on a unique crystallographic site and is
coordinated to three carboxylate oxygen atoms, one hydrox-
ide, and two methoxide ions. Each wheel is connected to 12
other units by aminoterephthalate linkers with four linkers in
the plane of the 8-ring as well as four above and four below
the ring. Thus, a three-dimensional microporous framework is
formed with two types of cages, distorted octahedral and
distorted tetrahedral, with effective accessible diameters of
approximately 1 and 0.45nm, respectively, taking into
account the van der Waals radii of the carbon atoms. Access
to the cages is only possible through small triangular windows
with a free aperture of 0.3-0.4 nm. The disordered water
molecules are located close to the middle of the 8-ring units
and are involved in hydrogen bonds.

Both the occurrence of an 8-ring unit and the presence of
a 12-connected net are notable. Very similar octameric rings
with edge- and corner-sharing alternation have been observed
for vanadium, chromium, and iron in vanadium hydroxide
carboxylates [Vg(OH),(OEt)s(0,Ac);,]*! and [V4(OH),-
(OEt)(O,CPh),,],PY  chromium  hydroxide  acetate
[Crg(OH)15(0,Ac¢),,]-34 H,0,”" and iron hydroxide carboxyl-
ate [Feg(OH)s(OPh)s(O,CR);,] (R=Bu or Ph),* but it is
novel in aluminum chemistry. Moreover, the wheel-type
analogues involving transition metals are isolated as discrete
molecular clusters, whereas the octanuclear Al-based unit in
CAU-1 is fully connected to generate an infinite three-
dimensional framework. Such 12-connected metal-organic
frameworks are very rare,’’>" and recently such a net was
observed in the zirconium-based MOF UiO-66, which
contains {Zr,0,(OH),(CO,),,} units. This structure represents
an expanded version of the cubic close-packed structure.”

For a more detailed characterization, IR, Raman, and
multinuclear solid-state NMR spectroscopic studies (Fig-
ures S2 and S3 in the Supporting Information) as well as
thermogravimetric analysis (TGA) and elemental analysis
were carried out. Especially the high-resolution *C and N
NMR spectra unequivocally demonstrate the incorporation
of methoxide ions (“C H;CO~ =48 ppm) and aminoter-
ephthalate ("N NH, 0 =—-327 ppm) into the structure of
CAU-1. The methyl groups of the methoxide ions are also
clearly detectable in the IR and Raman spectrum.

The TGA data of CAU-1 show a two-step weight loss. The
first step, with a weight loss of 6.3 % in the temperature range
of 25-100°C, corresponds to the release of three water
molecules per formula unit, whereas only one water molecule
could be located in the pores from powder diffraction data.
This discrepancy could be explained by a high dependence of
the water content of CAU-1 on environmental conditions.
The second weight loss is due to the decomposition of the
aminoterephthalic acid from the framework and starts at
approximately 310°C (Figure S4 in the Supporting Informa-
tion). These results are in good agreement with the elemental
analysis and with the temperature-dependent XRD measure-
ments, which do not indicate any change in crystallinity or
phase transitions up to 360°C. Above this temperature the
framework collapsed. In comparison to flexible MOFs such as
MIL-53, CAU-1 shows no structural changes upon dehydra-
tion. This thermal stability and the rigidity of CAU-1 could be
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due to the presence of exclusively triangular windows in
combination with the presence of the trivalent metal ions.

The permanent porosity has been confirmed by gas
sorption measurements. The sorption isotherm (Figure 5) of
CAUE-1 exhibits type 1 behavior. The Langmuir surface area is
approximately 1700 m?’g™!, and a micropore volume of
0.52 cm®g~! was determined.
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Figure 5. N, sorption isotherm of CAU-1 activated overnight at 130°C
before measurement.

In conclusion, the field of formation of the new Al-based
MOF [Al,(OH),(OCH;),(H,N-bdc);]-xH,O (CAU-1) has
been determined using high-throughput methods. The struc-
ture contains unprecedented octameric {Aly(OH),
(OCH,)s}*?* building units, which are connected through the
aminoterephthalate ions to a 12-connected net. CAU-1
exhibits high porosity and thermal stability. These properties
in combination with the presence of the amino groups allow
postsynthetic modification reactions. These results will be
presented in a separate publication.

Experimental Section

The discovery and optimization of the synthesis of CAU-1 was
investigated using our 24 multiclave (for details, see the Supporting
Information). The optimized synthesis of CAU-1 in the 24-reactor
system is as follows: a mixture of AICL-6H,0 (92.7 mg, 0.384 mmol)
and H,N-H,bdc (23.32 mg, 0.129 mmol) was suspended in methanol
(1.235 mL) and heated at 125°C for 5 h. Scale-up of the reaction to
the gram scale was performed in a 250 mL Duran screw-cap glass
bottle (Schott). H,N-H,bdc (2.33 g, 12.9 mmol) and AlICL-6H,0
(9.27 g, 38.4 mmol) were suspended in methanol (123 mL). The
resulting dispersion was heated at 125°C for 5 h.

After filtration, a yellow microcrystalline product was obtained.
The as-synthesized product contains large amounts of chloride ions,
which can be removed by stirring the microcrystalline product three
times in deionized water (2000 mL per 0.5 g CAU-1) overnight. The
product was isolated and dried at room temperature in air. Elemental
analysis of the dehydrated phase [Al,(OH),(OCHs;),(H,N-bdc)s]
(M =803 gmol ™) caled (%): C42.35, H3.83, N5.32; found (%):
C41.85, H3.64, N 5.23. Thermogravimetric analysis of the hydrated
phase [Al,(OH),(OCHj;),(H,N-bdc);]-3H,O: calcd weight loss 6.3%;
found: 6.2%.

High-throughput X-ray analysis was carried out using a STOE
high-throughput powder diffractometer. High-resolution X-ray

www.angewandte.org

Chemie

5165


http://www.angewandte.org

Communications

5166

powder diffraction data used for the structural determination were
collected on ID31 of the ESRF from a powdered sample.

BN, BC, and 'H solid-state NMR spectroscopic studies were
performed on a commercial BRUKER DSX Avance 400 spectrom-
eter operating at 9.4 T with resonance frequencies of 40.5, 100.7, and
400.1 MHz. 'H and "*C shifts were referenced relative to TMS and N
shifts to nitromethane. The samples were filled in 4 mm ZrO, rotors,
mounted in a double-resonance probe (Bruker), and rotated with
spinning frequencies of 8-12kHz. A ramped cross-polarization
sequence with contact times between 5 and 20 ms was employed to
excite both the ®C and N nuclei via the proton bath. All 1D
experiments were recorded using broadband proton decoupling by
the SPINALG64 sequence.

Carbon, hydrogen, and nitrogen contents were determined by
elemental chemical analysis on a Eurovektor EuroEA Elemental
Analyzer. For more details, see the Supporting Information.
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