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The MIXMOF concept has been applied to the metal–
organic framework compound MIL-53(Al). The random
incorporation of two different linker molecules (benzene-1,4-
dicarboxylate and 2-aminobenzene-1,4-dicarboxylate) in the
framework structure and its influence on thermal stability
were proven using several complementary techniques (XRD,
ATR-IR, MAS-NMR and TG).

Metal–organic frameworks (MOFs) represent an interesting class
of materials for various applications because of their unique
properties.1-4 Besides their huge specific surface areas and pore
volumes, the ordered crystalline structure of this class of materials
gave rise to applications of MOFs in gas storage and separation as
well as in sensor techniques and catalysis.5 The nearly unlimited
number of possible combinations of metal units and linking
organic molecules allows for the design of various structural motifs
with uniform and highly dispersed active sites which are important
for adsorption processes or catalytic transformations. The most
important strategies in the field of MOF catalysis include: (i) the
immobilization of active catalytic species (nanoparticles or clus-
ters) in the pores of the material,6-8 (ii) catalysis at coordinatively
unsaturated framework metal centers,9,10 and (iii) catalytically
active side groups at the organic linker molecule. In the latter
case, the initial functionalities of the linker molecule (e.g basic
NH2 groups of 2-aminobenzene-1,4-dicarboxylate) can act as the
active centers themselves11 or they can be further modified by
post-synthetic covalent reactions leading to additional organic
moieties.12-14 Furthermore, they can act as “surface ligands”
for the immobilization of catalytically active transition metal
complexes, thus representing a heterogeneous analog to homo-
geneous catalysts.15,16 While the strategies mentioned above focus,
in general, on a stoichiometric or quantitative functionalization
at all organic linker molecules (Scheme 1), it might be reasonable
to tune the number and distribution of these active sites by using
mixtures of two types of organic linker molecules. This MIXMOF
concept, where one of the two linkers is only used for building
the framework structure while the other is providing additional
functional side group(s), has recently been demonstrated for
MOFs based on the structures of MOF-517-20 and MIL-101(Cr).21

Here, we present the transfer of the MIXMOF concept to MIL-
53(Al). Based on the known materials of this structure bearing
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Scheme 1

exclusively benzene-1,4-dicarboxylate (BDC, MIL-53(Al))22-24 and
2-aminobenzene-1,4-dicarboxylate (ABDC, MIL-53-NH2(Al))12

we have synthesized a series of mixed-linker MOFs in which the
amount of amine groups can be controlled by choosing the ratio of
the two organic molecules. Since the structures of both ligand-pure
frameworks are isoreticular (i.e. forming the same network), the
replacement of one linker by another should be possible without
changing the framework structure. The synthesized MIXMOFs
have the molecular formula Al(OH)(BDC)1-x(ABDC)x with x =
0.1; 0.5; 0.9.

The synthesis of an isoreticular MIL-53 framework with
randomly distributed organic linker molecules was done under
hydrothermal conditions based on the reaction conditions for
the pure frameworks. For the MIXMOFs 10%, 50% and 90%,
respectively, of BDC were replaced by ABDC. The color of the
material changes from colorless for the pure MIL-53 to yellow
upon admixing of 2-aminobenzene-1,4-dicarboxylate.

The as-prepared materials contain residual acid molecules
(H2BDC and H2ABDC) sitting in the pores of the material.
Removal of these unreacted molecules is necessary to obtain
a high surface area material with accessible pores. While free
H2BDC could be removed from MIL-53 by calcination,22 the
stronger interactions of the NH2 groups with the framework
make a thermal removal of these species impossible without
destroying the framework.12 Therefore the MIXMOFs have been
treated with boiling N,N-dimethylformamide (DMF) to dissolve
the remaining, unreacted acid molecules leading to a porous
structure. After drying of the powder to remove the solvent, water
is adsorbed from air. Upon the exchange of the guest molecules the
framework exhibits breathing behavior,22 which is clearly visible
in the diffraction pattern of the washed sample compared to the
as-prepared one (Fig. S1, Supporting Information†).

Besides monitoring these structural changes by XRD, IR
spectroscopy was applied to ensure the complete removal of the
free acid molecules (see Fig. S2, Supporting Information†). The
signal at 1686 cm-1, corresponding to the C=O stretching mode of
the carboxyl moiety of free acid molecules, has disappeared after
the treatment in DMF and a new band at 1670 cm-1 is visible due to
the C=O vibration of DMF which can be removed by subsequent
drying.
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To prove the random incorporation of both linkers into the
framework, powder X-ray diffraction patterns of the activated
materials have been recorded. In Fig. 1 the diffraction pattern
of the samples in the 2H range between 5 and 55◦ (top) as well
as 8 and 13◦ (bottom) are shown. The diffraction pattern of the
materials look similar which indicates an isoreticular structure
for all MIXMOFs presented here. Since the lattice parameters of
MIL-53(Al) (a = 19.513(2) Å, b = 7.612(1) Å, c = 6.576(1) Å)
and MIL-53-NH2(Al) (a = 19.722(7) Å, b = 7.692(3) Å, c =
6.578(4) Å) differ only slightly, one would expect a small shift
of the signals to lower 2H with increasing content of ABDC in
accordance to Vegard’s law. This is true for the materials here.
The first peak is shifted from 9.37 for the MIL-53 to 9.19 for
the MIL-53-NH2 which is in agreement with the larger lattice
parameters of the latter. Moreover none of the peaks is split or
shows a shoulder as one would expect for a physical mixture
of two different MOFs, where two phases are present. Both
observations confirm that a homogeneously mixed framework was
prepared.

Fig. 1 XRD spectra of the MIXMOFs (0-100% ABDC) in the range
between 5 and 55◦ (top); section of the spectra showing the shift of the
signals with change of composition (bottom); the asterisk indicates the Cu
(111) peak from the Cu reference.

The increasing degree of substitution of BDC by ABDC within
the series has been proven using ATR-IR spectroscopy (Fig. 2 and
S3, Supporting Information†). Four regions have been chosen to

Fig. 2 ATR-IR spectra of the MIXMOFs (0-100% ABDC); regions
of N–H stretch (3550-3300 cm-1, top) and aromatic C–H deformation
vibration (830-720 cm-1, bottom).

exemplify the stepwise substitution of BDC by ABDC. In the
region between 3550 cm-1 and 3300 cm-1 the signals from the
symmetric and antisymmetric N–H stretching vibration of the
amine are shown. The intensity of the two bands at 3498 cm-1

and 3384 cm-1 increases with increasing amount of ABDC (Fig. 2,
top). In addition, a strong change is observed in the region of the
aromatic deformation vibrations due to the different substitution
patterns of the aromatic ring (Fig. 2, bottom). The intensity of
the band located at 759 cm-1 (from BDC) is decreasing with
increasing substitution while the band at 774 cm-1 (from ABDC)
increases. A similar behavior is seen in the regions from 1520 to
1480 cm-1 and from 1360 cm-1 to 1220 cm-1 (see Fig. S3, Supporting
Information†).

Since the activated materials do not contain free acid, it was
possible to monitor the incorporation of the two linker materials
also by solid state NMR. In Fig. 3 the solid-state CP 13C spectra
of the materials are shown. For the pure MIL-53(Al) three signals
could be found, which correspond to the two carboxyl carbon
atoms (174.5 ppm), the two quaternary carbon atoms of the phenyl
ring (136.1 ppm) and the four remaining carbon atoms of the
phenyl ring (129.7 ppm), respectively. With increasing substitution
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Fig. 3 13C CP MAS-NMR spectra of the MIXMOFs (0-100% ABDC);
note that the reference sample MIL-53-NH2(Al) (100% ABDC) was not
completely dried and shows in addition signals from the solvent (DMF).

of BDC by ABDC new signals become visible. The broad signal at
175.0 can be assigned again to the two carboxyl carbon atoms. The
new signal at 149.9 corresponds to the Cphenyl-NH2 atom while the
three signals between 138.3 and 116.3 are attributable to the five
remaining non-equivalent carbon atoms of the substituted phenyl
ring. The observation of the new signals from ABDC and their
increasing intensity within the series as well as the slight shift of
signals upon substitution clearly demonstrate the incorporation
of both linkers in the structure.

The thermal stability of the MIXMOFs was investigated using
TG and DTG. Since the thermal stability of pure MIL-53
(ca. 500 ◦C) is higher than that of NH2-MIL-53 (ca. 410 ◦C),
decomposition of the MIXMOFs should be dependent on the
BDC/ABDC ratio. From the DTG curves (Fig. 4, top) it can
be seen that the maximum of the decomposition rate is shifted
from 593 ◦C for the MIXMOF with 10% of ABDC to 537 ◦C
(50% ABDC) and 494 ◦C (90% ABDC), respectively. Thermal de-
composition of the three materials starts at temperatures between
460 ◦C (10% ABDC) and 410 ◦C (90% ABDC; see TG, Fig. 4,
bottom).

In summary, we have proven that the MIXMOF concept
could successfully be transferred to MIL-53(Al). The synthesis
of isoreticular mixed-linker MOFs bearing both BDC and ABDC
linkers using solvothermal synthesis was proven by powder X-
ray diffraction. The increasing amount of functionalized ABDC
linkers could be visualized using both IR and solid-state NMR
spectroscopy. Thermal analysis revealed that the thermal stability
of the MIXMOFs is dependent on the ratio of the two linker
molecules and can be tuned within the limits set by the pure
materials MIL-53(Al) and NH2-MIL-53(Al).

As a consequence, the MIXMOF concept facilitates the syn-
thesis of materials with tunable number of functional sites which
allows for the rational design of new materials with optimized
properties for post-synthetic modification and/or catalytic appli-
cations (thermal stability, number and distribution of active sites)
which are currently under investigation.

Fig. 4 TG (top) and DTG (bottom) curves of the MIXMOFs (10-90%
of ABDC; 20% O2, balance He, heating rate: 10 K min-1).
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8 F. Schröder, S. Henke, X. Zhang and R. A. Fischer, Eur. J. Inorg. Chem.,

2009, 3131–3140.
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