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The bimetallic metal-organic framework Cu—Ru-BTC with the
stoichiometric formula Cu;75Rug 25(BTC),:xH,O, which is isoreti-
cular to HKUST-1, was successfully prepared in a direct synthesis
using mild reaction conditions. The partial substitution of Cu?* by
Ru** centers in the paddlewheel structure and the absence of
other Ru-containing phases was proven using X-ray absorption
spectroscopy.

In recent years, metal-organic frameworks (MOFs) have
attracted increasing interest for various applications due to
their unique properties.””> The copper-based framework
HKUST-1°, also known as MOF-199* or Cu-BTC, in which
dimeric Cu®" units are bridged by benzene-1,3,5-tricarboxylate
(BTC) linkers, represents one of the most prominent and best-
studied examples of this class of materials. Both copper
centers in the resulting paddlewheel structure feature a co-
ordinated water molecule in axial position, which can either
be replaced by substrate molecules or be removed by thermal
treatment therefore generating potential binding sites
for small molecules. Consequently, various applications of
HKUST-1 in the fields of gas storage®” or catalysis have been
reported. For example Cu-BTC exhibited high catalytic activity
in Knoevenagel condensation reactions,® Friedlinder quino-
line synthesis’ as well as in other CC bond-forming
reactions."’
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Although these examples nicely illustrate the potential of
Cu-BTC, various efforts have been made to overcome some
intrinsic handicaps of the HKUST-1 structure. Mixed-linker
Cu-BTC-PyDC materials have been synthesized where the BTC
ligands have been partially substituted by pyridine-3,5-di-
carboxylates (PyDC)."" This replacement resulted in defect
coordination at some copper centers leading to an increased
flexibility of the framework on the one hand side and an
altered electronic structure on the other. Both effects might
have a positive impact on the dynamic processes occurring
during catalytic applications. Moreover, linker molecules with
an additional side group were used for the synthesis of amine
functionalized Cu-BTC.'? In addition, several other isoreticular
M-BTC materials consisting of Fe, Mo, Cr, Ni, Zn and Ru,
respectively, have been reported,>®'*'* which opens up possi-
bilities for further applications involving the special adsorp-
tion or redox properties of the corresponding metal ions.
Recently, a mixed-metal Cu-Zn-BTC has been reported in
which small fractions of Cu were replaced by Zn.'®> The incor-
poration of zinc centers in this structure was confirmed using
NMR and EPR spectroscopic studies and the resulting material
has been subject of further theoretic as well as spectroscopic
studies.'®"”

In the present work, we have synthesized a mixed-metal
Cu-Ru-BTC material using a direct preparation route at
ambient pressure based on a method previously reported for
Cu-BTC."" For comparison, a pure Cu-BTC sample was syn-
thesized. Although an initial Cu:Ru molar ratio of 4:1 was
applied during synthesis, ICP-OES analysis of the Cu-Ru-BTC
sample revealed that 23 wt% of copper but only 3.2 wt%
of ruthenium were present in the material. This metal
ratio corresponds to a stoichiometric formula of Cu, ;5Rug,5-
(BTC),-xH,0, assuming that exclusively an HKUST-like struc-
ture is formed in which approximately 8% of the Cu frame-
work centers have been replaced by Ru (Scheme 1). However, it
might also be possible that other ruthenium species, e.g. small
metallic or oxidic clusters or nanoparticles, have been de-
posited inside a Cu-BTC framework. The resulting material
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Scheme 1 Structural motifs found in Cu—Ru-BTC; left: Cu—Ru paddle-
wheel (approx. 16%); right: Cu—Cu paddlewheel (approx. 84%).
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Fig. 1 XRD patterns of Cu—Ru-BTC (black) and Cu-BTC (grey).

was therefore thoroughly characterized to confirm the success-
ful formation of Cu-Ru-BTC via incorporation of Ru®* ions
in the HKUST-1 framework and the absence of undesired
Ru species.

Powder X-ray diffraction measurements of Cu-Ru-BTC
(Fig. 1) confirmed that the desired HKUST-1 structure was
formed during the synthesis, although the mixed-metal
material was less crystalline than the reference Cu-BTC. No
contributions of other crystalline phases could be detected in
the diffraction pattern, indicating that additional Ru-contain-
ing phases were either amorphous, too small to be detected or
not present at all.

To exclude the presence of undesired residual precursor
species inside the pores, an ATR-IR spectrum of Cu-Ru-BTC
was recorded (Fig. S1t). It was identical to the spectrum
obtained for Cu-BTC and did not show additional bands from
free benzene-1,3,5-tricarboxylic acid molecules indicating that
the pores should exclusively contain solvent molecules which
can be removed upon thermal activation.

The specific surface area and the accessibility of the pore
structure were investigated using nitrogen physisorption
measurements (Fig. S2t). While the specific surface area of the
Cu-BTC sample (Sgpr: 1560 m> g~') was similar to values
found for HKUST-1 in literature, a significantly lower value of
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Fig.2 TG (solid lines) and DTA (dotted lines) curves of Cu—Ru-BTC
(black) and Cu-BTC (grey).

570 m*> g~' was found for Cu-Ru-BTC. Similar observations
have been made by Gul-E-Nor et al. for mixed-metal Cu-Zn-
BTC, where the surface area dropped from more than 1100 m?
¢~ to only 830 m*> g~ for a sample with a comparatively high
Zn content.” The authors explained this by possible coordi-
nation defects around the zinc centers, which may prevent the
full formation of 3D porosity. In addition to this, the larger
size difference of Ru®>" and Cu®" ions (compared to that of Zn**
and Cu** ions in Cu-Zn-BTC) might cause an increased dis-
order of the lattice, which provides a reasonable explanation
for the reduced porosity of Cu-Ru-BTC.

Thermogravimetric analysis also supported a reduced poro-
sity of Cu-Ru-BTC (Fig. 2). While a mass loss from water of
approx. 35 wt% was observed for pure Cu-BTC in the tempera-
ture range <150 °C, only 15 wt% of incorporated water mole-
cules were found in the pores of Cu-Ru-BTC. Furthermore,
evaluation of the TG curves of the two materials revealed that
the thermal stability of Cu-Ru-BTC was slightly reduced and
framework decomposition started earlier (at 265 °C compared
to 290 °C for Cu-BTC). This behavior was also confirmed by
the shift of the minimum of the DTA curve from 310 °C for
Cu-BTC to 290 °C for Cu-Ru-BTC, indicating the maximum
rate of thermal decomposition at these temperatures.

Since X-ray absorption spectroscopy (XAS)'® is a predesti-
nated method for the examination of coordination structures
and oxidation states of metal centers in amorphous
materials,'® porous structures*® and MOFs,*"** XAS spectra for
the bimetallic Cu-Ru-BTC have been recorded at the K-edges
of both Cu and Ru to identify the location and environment of
the metal centers in the framework. Information about the oxi-
dation state and the coordination geometry of a metal center
can be obtained using XANES (X-ray absorption near edge
structure) spectroscopy. For the bimetallic Cu-Ru-BTC spectra
of the Cu K-edge (Fig. 3, left, black) and of the Ru K-edge
(Fig. 3, right) were recorded. Additionally a spectrum of pure
Cu-BTC was recorded at the Cu K-edge (Fig. 3, left, grey) as
reference. The Cu K-edge XANES spectra of both samples
(Fig. 3, left) do not differ significantly which proves an identi-
cal structure at the copper centers for both pure Cu-BTC and
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Fig. 3 Normalized X-ray absorption spectra of the copper K-edge (left)
of Cu—-Ru-BTC (black) and Cu-BTC (grey) and the ruthenium K-edge
(right) of Cu—Ru-BTC.

the mixed-metal Cu-Ru-BTC. A prepeak of very low intensity
can be found at 8977 eV. Since such small intensities are
characteristic of a quadrupole transition, a Cu®" state with d°
configuration can be concluded.?>**** Moreover the 1s—4p +
ligand-to-metal charge transfer shake-down transition, which
is visible as a weak shoulder at 8985 eV, supports this
interpretation.”>*’

The resemblance of the modified Cu-Ru-BTC (Fig. 4,
middle) and pure Cu-BTC (Fig. 4, top) is also visible in the
EXAFS analysis of the Cu K-edge spectra, which offers details
about the local structure. The parameters obtained from
EXAFS analysis (Table 1) show that in both cases five oxygen
atoms are coordinated to the Cu centers at a distance of
1.95 A. Four of the oxygen atoms can be attributed to the co-
ordinated carboxylate groups of the BTC linker molecules. The
fifth oxygen atom originates from a solvent molecule like
water, which has a slightly larger distance to the Cu center.
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Fig. 4 EXAFS spectra k%(k) (left) and the corresponding Fourier trans-
formed functions (right) of Cu-BTC (top), Cu—Ru-BTC (Cu K-edge,
middle) and Cu-Ru-BTC (Ru K-edge, bottom).

However, this second shell could not be resolved. For both
samples the second copper atom of the paddlewheel structure
is found at a distance of about 2.63 A, which is in good agree-
ment with crystal structure analysis® and data from previous
EXAFS analysis®® for Cu-BTC. In the analysis of Cu-Ru-BTC an
additional metal shell at a distance of 2.72 A could be attribu-
ted to a Cu-Ru shell containing 0.1 Ru neighbors. This small
value is consistent with the Cu:Ru molar ratio of approxi-
mately 11:1 found by ICP-OES. It has to be emphasized that
this shell is statistically significant, since without the Ru shell
the mismatch between experiment and theory (R-factor and
Jred”, definition see ESIf) increased. At a larger distance of
2.84 A four carbon atoms of the carboxylate groups of the
linker molecules were detected. The number of carbon back-
scatterers differed significantly from the expected value. This
is due to the higher noise level and the intrinsic backscattering
properties of carbon as light backscatterer.

Table 1 EXAFS analysis fitting parameters and results for the spectra of Cu—Ru-BTC and Cu-BTC

€ o,
R[ 219]
Xred
E¢® [eV]
Sample Abs-Bs® N(Bs)” R(Abs-Bs)‘ [A] ey Afac”
Cu-Ru-BTC Ru-O 3.9+0.3 2.071 + 0.020 0.032 + 0.003 9.564
Ru—edge Ru-Cu 1.1+0.1 2.672 + 0.026 0.089 + 0.008 1.4013 x 107°
Ru-C 4.1+0.4 2.738 + 0.027 0.112 + 0.011 —2.062
0.4294
Cu-Ru-BTC Cu-0 4.9 +0.2 1.950 + 0.019 0.077 + 0.007 31.27
Cu—edge Cu-Cu 1.3 +0.1 2.649 + 0.026 0.112 £ 0.011 6.0317 x 107°
Cu-Ru 0.1 £0.01 2.720 + 0.027 0.081 + 0.008 8.350
Cu-C 5.6 +0.5 2.860 + 0.028 0.112 + 0.011 0.7878
Cu-BTC Cu-0 4.7 £0.2 1.946 + 0.019 0.077 + 0.007 28.48
Cu—edge Cu-Cu 1.1+0.1 2.624 + 0.026 0.102 + 0.010 4.5141 x107°
Cu-C 3.3+0.3 2.835 + 0.028 0.074 + 0.007 7.189
0.7946

“ Abs = X-ray absorbing atom, BS = backscattering atom. ” Number of backscattering atoms. ° Distance between absorbing and backscattering
atom. ¢ Debye-Waller-like factor. ®Fit index. /Reduced y* error (considers besides error to experiment the number of independent points and
number of varied parameters). ¢ Fermi energy, that accounts for the shift between theory and experiment. ” Amplitude reducing factor.
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Due to an edge energy of 22126 eV and a characteristic
whiteline structure the oxidation state of Ru in Cu-Ru-BTC
could be determined as Ru**.?® In the EXAFS analysis the self-
absorption effect is reflected in a comparatively small value of
the amplitude reducing factor of 0.4294 (Table 1). Owing to
the low Ru concentration EXAFS analysis was only possible to
k=10 A™" in y(k) after Fourier filtering (Fig. 4, bottom). An
oxygen shell containing four atoms could be adjusted at a dis-
tance of 2.07 A. This is a slightly longer distance than
expected, since the ionic radius of Ru®" is smaller than that of
Cu*". Furthermore, the Ru-Cu distance in the ruthenium
K-edge spectrum (2.67 A) is marginally smaller than in the
copper spectrum (2.72 A). These two effects can be attributed
to the low signal to noise level of the ruthenium spectrum.
Due to this, a smaller k-range could be used in the fit, causing
a loss in resolution. A substitution of the copper by a second
ruthenium shell resulted in a strong increase of the error
values. Therefore, adjacent Ru sites in the dimers can be
excluded, which also means that no other ruthenium contain-
ing phases like clusters or nanoparticles could be found
within the detection limits of the method. Consequently, the
Ru centers have to be incorporated in the lattice structure. The
carbon atoms of the linker carboxyl groups are discernible in a
distance of 2.73 A which is also in good agreement with the
results at the copper K-edge. In general, the results of the Ru
K-edge analysis fit the results of the analysis of the Cu K-edge
spectrum very well.

In summary, a new mixed-metal framework Cu-Ru-BTC
containing copper as well as ruthenium centers was success-
fully synthesized at ambient pressure and low reaction temp-
erature (60 °C). X-ray diffractometry and thermogravimetric
analysis proved that the new material is isoreticular to the
well-known framework HKUST-1 and stable up to 260 °C in
air. ICP-OES analysis resulted in a Cu:Ru molar ratio of
approximately 11:1 in the material corresponding to a stoi-
chiometric formula of Cu,_;5Rug,5(BTC),xH,0. X-ray absorp-
tion spectroscopy revealed no contributions of other Ru
containing phases and confirmed that Ru®" ions were exclu-
sively incorporated into the framework lattice replacing Cu**
in the paddlewheel structure.
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(European Synchrotron Radiation Facility) in Grenoble, France,
for providing beamtime at the XAS beamline (ANKA) and
beamline BM25A (ESRF), respectively. Roland Schoch and Mat-
thias Bauer thank the German ministry for education and
research (BMBF) for funding in frame of the project SusXES
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