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ABSTRACT: Raman spectroscopy was used to establish direct evidence of heterometallic
metal centers in a metal—organic framework (MOF). The Cuy(BTC), MOF HKUST-1
(BTC®" = benzenetricarboxylate) was transmetalated by heating it in a solution of RhCl; to
substitute Rh** ions for Cu®" ions in the dinuclear paddlewheel nodes of the framework. In
addition to the Cu—Cu and Rh—Rh stretching modes, Raman spectra of (Cu,Rh,_,);(BTC),
show the Cu—Rh stretching mode, indicating that mixed-metal Cu—Rh nodes are formed after
transmetalation. Density functional theory studies confirmed the assignment of a Raman peak
at 285 cm ™' to the Cu—Rbh stretching vibration. Electron paramagnetic resonance spectroscopy
experiments further supported the conclusion that Rh®' ions are substituted into the
paddlewheel nodes of Cuy(BTC), to form an isostructural heterometallic MOF, and electron
microscopy studies showed that Rh and Cu are homogeneously distributed in
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(Cu,Rh;_,);(BTC), on the nanoscale.

M etal—organic frameworks (MOFs) are crystalline hybrid
inorganic—organic materials with remarkable synthetic
tunability in terms of the geometry and composition of the
metal centers, the nature of the organic linkers, and the pore
sizes.' > MOFs have found numerous applications in gas
separations and storage’”’ as well as in liquid-phase
catalysis®'°~'* and have also served as materials for electronic
devices and sensors.”>~'” Furthermore, heterometallic MOFs
have attracted attention because of their unique cata-
Iytic®>'*7*° and electronic properties.”*""** Recently our
group demonstrated the first gas-phase catalytic process
occurring at the metal nodes of a crystalline MOF.>
Specifically, (Cu,Rh,_,);(BTC), (abbreviated CuRhBTC)
was active for the hydrogenation of propylene to propane,
with the Rh®" ions in the framework serving as the catalytically
active sites. CuRhBTC was synthesized by transmetalation of
monometallic Cuy(BTC), (HKUST-1, abbreviated CuBTC)
upon heating in a solution of RhCl;. The proposed mechanism
for propylene hydrogenation on the CuRhBTC catalyst is
based on the assumption that some fraction of Cu®* ions are
replaced by Rh?* ions in the paddlewheel nodes of the MOF.>
To date, however, there have been no definitive reports in the
literature proving that the rhodium cations are incorporated
into the paddlewheel nodes in CuRhBTC, and therefore a
number of different experimental techniques were employed to
address this issue.

In this work, we report that Raman spectroscopy and density
functional theory (DFT) calculations were used to identify
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Cu—Rh stretching vibrations in CuRhBTC; this conclusively
demonstrates that Rh®>' ions are integrated into the
paddlewheel nodes of the MOF, and that heterometallic
nodes coexist with pure Cu and pure Rh nodes for Rh
concentrations of ~20—30%. Solid-state electron paramagnetic
resonance (EPR) spectroscopy investigations further support
the presence of mixed Cu—Rh nodes in CuRhBTC. Scanning
transmission electron microscopy (STEM) studies with
energy-dispersive X-ray spectroscopy (EDX) elemental map-
ping show that the copper and rhodium cations are uniformly
dispersed throughout the MOF on the nanometer scale.
Raman spectroscopy experiments were conducted to
potentially identify vibrations associated with the Cu—Rh
stretches in the paddlewheel node. Before all experiments, the
MOFs were activated by heating in vacuo to remove
coordinating solvent or water molecules, as described in
Methods. The Raman spectra of CuBTC, CuRhBTC, and
RhBTC collected at an excitation wavelength of 532 nm are
shown in Figure 1, with the major peak assignments based on
reports in the literature for the monometallic MOFs.>*~*
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Figure 1. Raman spectra at 532 nm for CuBTC (red), CuRhBTC with 21% Rh (blue), and RhBTC (green). Peak positions are given in cm ™', and
the intensities are normalized to that of the 1006 cm™ peak of CuBTC. Ligand vibrational modes at 1381 and 1448 cm™' mix the symmetric COO
carboxylate motion with the degenerate in-plane bending mode of the aromatic C—H groups.”®

Since the peaks for the metal—metal modes all appear below
800 cm™}, they are the focus of Figure 2, which shows Raman
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Figure 2. Raman spectra at 532 nm for CuBTC (red, XO0.5),
CuRhBTC with 21% Rh (dark blue, X5), CuRhBTC with 28% Rh
(light blue, XS), RhBTC (green), and rhodium(II) acetate (purple,
X0.05).

spectra of CuRhBTC at two different Rh concentrations (21%
and 28%) along with those of CuBTC, RhBTC, and
rhodium(II) acetate. The intense peak at 227 cm™' in the
spectrum of CuBTC is attributed to the Cu—Cu stretch for
activated CuBTC and is consistent with previous Raman
studies.”**°"** This peak also has high intensity at an
excitation wavelength of 638 nm, but its relative intensity is
much lower with excitation at 473 nm (Figure S1). The fact
that the CuBTC, CuRhBTC, and RhBTC MOFs have
distinctly different colors (blue, deep blue, and dark green,
respectively; Figure 82) suggests strong resonance enhance-
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ment at specific wavelengths in the visible region. For RhBTC,
the v(Cu—Cu) peak at 227 cm™ is absent, and the peaks at
331 and 142 cm™' are attributed to the Rh—Rh stretch and a
Rh—Rh paddlewheel deformation, respectively.”> In compar-
ison, the Raman spectrum of rhodium(II) acetate exhibits
peaks at 330 and 346 cm™' assigned to Rh—Rh stretching
vibrations that are in the same wavenumber range as those
assigned here for RhBTC. For CuRhBTC with ~20% Rh, a
pronounced feature at 285 cm™ is detected in addition to the
v(Cu—Cu) and v(Rh—Rh) modes. This 285 cm™ peak is
attributed to a Cu—Rh vibration and increases in intensity as
the concentration of Rh in CuRhBTC is increased to ~30%.

DFT Raman calculations for the molecular model with a
Cu—Rh paddlewheel predict that the v(Cu—Rh) mode should
appear at 300 cm ™', which is in agreement with the value of
285 cm™ from experiments. Moreover, DFT calculations for
molecular models with the Cu—Cu and Rh—Rh paddlewheel
structures predict the Cu—Cu stretch occurs at 242 cm™ and
the Rh—Rh stretch occurs at 357 cm ™. These values are within
15—26 cm™" of the experimental measurements (227 and 331
cm™!, respectively) and are also consistent with the stretching
frequencies reported in the literature for CuBTC** and
RhBTC.”

Furthermore, time-dependent DFT (TDDFT) calculations
confirm that the high intensity of the Cu—Cu stretch relative
to the Cu—Rh and Rh—Rh stretches in the Raman spectra can
be attributed to resonance enhancement, given that electronic
excitation results in structural changes that can contribute to
the enhancement of Raman scattering.”” Four d to ¢* excited
states were identified for the antiferromagnetically coupled
singlet of the CuBTC node with energies corresponding to the
532 nm excitation wavelength (Figure S3), whereas no
excitations were observed close to the same energy for the
CuRhBTC and RhBTC nodes. The excitation of the CuBTC
node is found to cause an increase in the Cu—Cu distance by
11.8% relative to the ground state (2.75 vs 2.46 A), and this
distortion is the likely source of the observed resonance
enhancement of the Cu—Cu stretching mode.

Notably, CuBTC does not have a formal bond between the
Cu ions, but there is a Cu—Cu stretching vibration that occurs
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Figure 3. EPR spectra of (a) CuBTC, (b) rhodium(II) acetate, and (c) CuRhBTC. The monometallic and heterometallic paddlewheel structures

are shown in (a) and (c).

Figure 4. (left) HAADF-STEM image of the CuRhBTC MOF drop-cast onto a TEM grid. (middle) STEM-EDX elemental maps for Cu and Rh

and (right) their overlay.

through the associated ligands. Similarly, the #(Cu—Rh) mode
does not necessarily involve a true covalent bond between the
metal centers. In conclusion, the Raman data for CuRhBTC
demonstrate clear evidence that Rh>' ions must be
incorporated into the paddlewheel node in order for the
associated v(Cu—Rh) vibrations to be observed.

Solid-state EPR investigations further supports the presence
of mixed-metal paddlewheel nodes in CuRhBTC. EPR
measurements were carried out for CuBTC, CuRhBTC, and
rhodium(II) acetate as a crystalline standard for the dirhodium
paddlewheel. As shown in Figure 3a, the spectrum of CuBTC
displays an extremely broad isotropic signal centered at g =
2.17, which is consistent with room-temperature EPR spectra
of CuBTC previously reported in the literature.’’” "
CuBTC’”*" and other structures with the dicopper paddle-
wheel motif**™*® are known to have an antiferromagnetically
coupled singlet ground state and a ferromagnetic excited triplet
state that is ~30 meV’’ higher in energy. At lower
temperatures (<90 K), CuBTC is EPR-silent due to the S =
0 ground state, but at temperatures of ~100 K, the active S = 1
triplet state is populated.”’ The broad EPR spectrum for
CuBTC at room temperature is therefore attributed to spin
exchange between the Cu*" paddlewheels via the BTC linkers,
resulting in averaging of the anisotropic spectral features from
individual Cu dimers.”** Rh>* exists as a d’ ion in
rhodium(II) acetate, which is diamagnetic due to the
formation of Rh—Rh bonds and resultant spin coupling.®® As
expected, Rh** is essentially EPR-silent, with a very small peak
at g = 2.00 appearing most likely from trace magnetic
impurities. The EPR signal of CuRhBTC could present two
possibilities: antiferromagnetically coupled Cu®*~Rh*" would
have S = 0 and thus would be EPR-silent, or the signal of
mononuclear Cu would be apparent if the species are not
magnetically coupled. The spectrum of CuRhBTC shows a
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broad signal associated with some remaining CuBTC but also
shows a new sharp signal centered at g = 2.13. This new peak
for CuRhBTC is attributed to mononuclear Cu®** and also
displays the hyperfine splitting pattern that is typically
associated with the mononuclear species.’””® Therefore,
some of the copper cations in the paddlewheel nodes must
be substituted with rhodium cations to produce magnetically
isolated copper sites.

Electron microscopy studies demonstrate that the spatial
distribution of Cu** and Rh** ions in CuRhBTC is uniform on
the nanometer scale. Figure 4 shows a high-angle annular dark-
field scanning transmission electron microscopy (HAADF-
STEM) image of CuRhBTC, and elemental mapping by
STEM-EDX indicates that the copper and rhodium cations are
distributed throughout the CuRhBTC MOF in a homoge-
neous manner. Furthermore, scanning electron microscopy
(SEM) images on a larger scale (micrometers) illustrate that
CuBTC exists as large faceted crystals while CuRhBTC is
composed of smaller crystallites with less well defined facets
(Figure S4), and RhBTC consists of even smaller crystallites
with no distinct facets (Figure SS). EDX elemental maps for
the SEM images also exhibit relatively uniform spatial
distributions for the copper and rhodium in CuRhBTC on
this larger size scale (Figure S6).

In summary, Raman spectroscopy has been used to identify
Cu—Rh mixed-metal centers in the CuRhBTC MOF on the
basis of the v(Cu—Rh) mode, which appears at 285 cm™". For
CuRhBTC with Rh concentrations of 20—30%, v(Cu—Cu)
and v(Rh—Rh) vibrational modes can also be observed
although the latter is rare for the lower 20% Rh concentration.
DFT calculations for a molecular model containing the Cu—Rh
paddlewheel center confirm the assignment of the Cu—Rh
stretch. Solid-state EPR studies further support the presence of
Cu—Rh nodes since distinctive features of mononuclear Cu
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ions are observed. On the basis of the uniform spatial
distributions for Cu and Rh ions on the nano- and micrometer
scales for CuRhBTC, it is reasonable to expect a statistical
distribution of Rh** in the paddlewheel nodes. Specifically, for
a Rh concentration of 20%, 32% of the nodes should be Cu—
Rh, 4% should be Rh—Rh, and 64% should be Cu—Cu. Given
the unique electronic and chemical properties reported for
MOFs with heterometallic nodes, Raman spectroscopy can
serve as a valuable tool for identifying these mixed-metal
centers.

B METHODS

Experimental Methods. CuBTC,* CuRhBTC,” and RhBTC*®
were synthesized by previously reported procedures. The
powder X-ray diffraction patterns for these MOFs demonstrate
that monometallic CuBTC and heterometallic CuRhBTC are
highly crystalline and isostructural (Figure S7).*” RhBTC is
less crystalline than CuBTC and CuRhBTC based on the
greater full width at half-maximum for the RhBTC peaks
(Figure S7), and this result is in agreement with other studies
reporting the difficulty of preparing crystalline RhBTC.”>*!
The concentration of Rh in the CuRhBTC was established by
inductively coupled plasma mass spectrometry after the MOF
was digested in acidic solution.”®> Before Raman, EPR, and
electron microscopy experiments, the Rh-containing MOFs
were activated by heating at 100 °C for 24 h in vacuo, whereas
the CuBTC sample was activated by heating at 160 °C for 48 h
in vacuo. This activation process removes solvent and water
molecules adsorbed at the undercoordinated metal sites as well
as adsorbates from the pores of the MOFs. Rhodium(II)
acetate (99.99%) was purchased from Sigma-Aldrich and used
as received.

Raman spectra at an excitation wavelength of 532 nm were
acquired on a Horiba LabRAM HR Evolution VIS+NIR
Raman microscope equipped with a UP-ULF-532-HREV
ultralow frequency kit (minimum usable Raman shift ~10
cm™). Excitation was performed with 1% of a measured
maximum excitation power of 78 mW; the laser power was set
to avoid damage to the sample, and all of the samples were
examined for damage after measurement. The Raman aperture
was set to 100 #m with a ruled 600 lines/mm grating blazed at
a wavelength of 500 nm, providing a nominal resolution of 3.5
cm™. The detector for this instrument was a standard Horiba
Syncerity OE 1024 X 256 pixel thermoelectrically cooled
charge-coupled device (CCD) provided with the LabRAM
instrument. Each individual spectrum was the result of 60 s of
integration summed over 10 acquisition cycles for a total
measurement time of 600 s. The 638 and 473 nm laser
measurements were carried out on a Horiba X-Plora Plus
instrument using a slit width of 100 ym, a hole size of 500 ym,
and a grating of 1200 lines/mm equipped with a thermo-
electric cooled CCD detector. Additional experimental details
are provided in the Supporting Information.

For the solid-state EPR experiments, CuBTC, CuRhBTC,
and rhodium(II) acetate powders were placed into quartz
tubes, and the EPR spectra were collected using a Bruker X-
band EMXplus EPR spectrometer at room temperature with a
modulation amplitude of 10 mT and a microwave power of 1
mW. The reported spectra are averages of five scans. The
CuBTC and CuRhBTC samples were activated by heating in
vacuo immediately before the experiment as described above.

HAADF-STEM images and STEM-EDX elemental maps
were collected using an aberration-corrected cold field-
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emission gun on a Hitachi HD 2700C scanning transmission
electron microscope equipped with a Bruker SSD EDX
detector operating at an accelerating voltage of 200 kV. This
electron microscope was located at the Center for Functional
Nanomaterials at Brookhaven National Laboratory. Samples
were brushed onto a silicon nitride TEM window grid
(SiMpore Inc.) or drop-cast from a suspension of the MOF
in ethanol. High-resolution SEM images and SEM-EDX
elemental maps were collected using a JEOL JSM 7600F
thermal field-emission scanning electron microscope at the
Center for Functional Nanomaterials at Brookhaven National
Laboratory. The samples were brushed onto carbon tape and
Au-sputtered to create a 10 nm Au conductive surface. The
micrographs were acquired at a working distance of 7.5 mm at
20 kV.

Computational Methods. All of the calculations were
performed with the ORCA 4.2 software package. The PBE"
and B3LYP"™* density functionals were utilized since they
have been shown to be reliable for such spectroscopic studies.
For the transition metals, the def2-TZVPP basis set was used
(with the corresponding effective core potential for Rh), while
the def2-TZVP* basis set was used for all other atoms. Tight
convergence criteria were employed for both the SCF cycles
and geometric optimization steps. Grimme’s D3 semiempirical
correction*” was included with the Becke—Johnson damping
function*® ™" together with the resolution of identity
approximation to accelerate the computation of the four-
index integrals.”’ All of the Raman spectra were computed
numerically with the harmonic approximation, and each mode
was corrected by an empirical scaling factor of 1.0306.”> A
truncated molecular model was used that consisted of a dimer
paddlewheel structure capped with the benzenetricarboxylate
linker, and acidic hydrogens were replaced with lithium cations
to best retain the rigidity of the MOF and to better
approximate the neighboring dinuclear nodes (Figure S8a).
The ground spin states of the nodes considered in this study
are a closed-shell singlet for the RhBTC complex, an
antiferromagnetically coupled singlet for CuBTC, and a triplet
for CuRhBTC. TDDFT calculations were performed in order
to elucidate the electronic structure of the CuBTC node in the
Raman experiments. The CAM-B3LYP density functional®
and a smaller molecular model consisting of the paddlewheel
node capped with acetate groups (Figure S8b) were used to
calculate the excited states of the CuBTC structure around
18 800 cm™’, which corresponds to the excitation wavelength
of 532 nm.

B ASSOCIATED CONTENT
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Raman spectra of MOFs collected with excitation at 638
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maps; SEM image of CuRhBTC with EDX elemental
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