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Reduction of a Metal-Organic Framework by an Organometallic
Complex: Magnetic Properties and Structure of the Inclusion
Compound [(7°-C;H;),Co],s@MIL-47(V)**

Mikhail Meilikhov, Kirill Yusenko, Antonio Torrisi, Bettina Jee, Caroline Mellot-Draznieks,

Andreas Poppl, and Roland A. Fischer*

Probing and fine tuning the physical and chemical properties
of metal-organic frameworks (MOFs) by post-synthetic
functionalization of the organic linkers is a challenging
topic.! For example, redox-inactive MIL-53(Al) can be
made redox-active by functionalization of the bridging OH
groups of the AlOg-type secondary building units (SBUs) of
the framework with 1,1’-ferrocenediyldimethylsilane.”! The
host-guest chemistry of MOFs (including crystalline porous
coordination polymers, PCPs), which exhibit a redox-active
framework and in particular involving charge-transfer
between the framework and the adsorbed molecules, is an
underdeveloped, but very promising area of research.” The
few existing reports include the framework oxidation of a
nickel(IT)-based MOF with 1, silver(I), and gold(III) salts."!
Furthermore, the partial reduction of MOFs with lithium,?!
which also involves the aromatic linkers, was discussed to
increase the hydrogen uptake.!

Herein, we present the first case of a stoichiometric
reduction of the inorganic backbone of a neutral framework
in the course of gas-phase loading with an organometallic
reducing agent (OMR), and the elucidation of the novel
adsorbate structure of the type [OMR"]@MOF].

The adsorption of the volatile OMR cobaltocene,
[(n’-CsH5),Co], in channels of [VO(bdc)] (MIL-47(V);
bdc =1,4-benzenedicarboxylic acid; MIL = materials of the
Institute Lavoisier)’¥ leads selectively to the inclusion
compound of the formula [(n’-CsHjs),Co],s@MIL-47(V) (1;
Figure 1). The MIL-47(V) network is the isostructural
analogue of the well-investigated, redox-inactive phase
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Figure 1. Structure of 1 in the [010] projection. The cobaltocenium
occupancy is 50%; that is, only every second position shown is
occupied. C black, O red, Co purple; {VOg} fragments are displayed as
green octahedra.

MIL-53(Al1).™ The preparation of 1 was carried out accord-
ing to previously published procedures for solvent-free
loading of MOFs with organometallic compounds.”! The
elemental analysis of 1 reveals a V/Co ratio of exactly 2:1. The
FT-IR spectrum of 1 has a strong vibrational band at
860 cm !, which is attributed to the formation of cobaltoce-
nium species (Figure 2).
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Figure 2. FTIR spectra of 1 (a), activated MIL-47(V) (b), and cobalto-
cene (c). The characteristic vibrational band of the cobaltocenium ion,
[(W*-CsHs),Co™], is marked with a star. The vibrational band of
cobaltocene is marked with a circle.

Angew. Chem. Int. Ed. 2010, 49, 6212-6215


http://dx.doi.org/10.1002/anie.200907126

The absence of any vibrational band in the region 750—
790 cm™! indicates that all of the incorporated cobaltocene
molecules are oxidized. The vibrational band y,(CH)m is very
sensitive to the oxidation state of cobaltocene. In the neutral
form of (paramagnetic) cobaltocene, the band appears in the
region around 778 cm™' and is shifted to 867 cm™' for the
(diamagnetic) cobaltocenium cation.”

The crystal structure of 1 (Figure 1) was solved by a
Rietveld analysis of powder X-ray diffraction data (for
details, see the Supporting Information). The MIL-47(V)
framework is known to be very rigid, in contrast to the
breathing nature of MIL-53(Al) that allows large changes of
the cell volume (4470 A%; 33 % ). However, the structure of 1
also reveals quite a significant contraction of the cell volume
by 120 A’ (9%) in comparison to the guest-free, activated
MIL-47(V). This observation can be explained by the
unusually strong host-guest interactions that are due to
electrostatic forces between the negatively charged frame-
work and the positively charged cobaltocenium cations.
Similar changes of the lattice parameters due to charge
transfer are known for related intercalation compounds of
cobaltocene inside layered metal phosphorous trisulfides
(MPS).") The Co—Cpenuoiq Vectors of 1 are aligned into the
c axis, with a tilt of about 15° into the channel direction
(a axis). The orientation only slightly differs from the
adsorbate structure of ferrocene inside MIL-53(Al) (2),
which has ferrocene molecules in a strictly parallel orientation
of the Fe—CPeenioia Vectors.’! The CsHs rings of 2 are coplanar
to the O;Al faces of the AlOg octahedra, which point towards
the channel.'Y! The occupancy of the cobaltocene positions of
1 is only 50%, which means that only every second
cobaltocenium position shown in Figure 1 is occupied. Never-
theless, the packing of the cobaltocenium cations of 1 is as
dense as in case of 2.®l The importance of the framework
reduction of 1 for guest adsorption is clearly illustrated by the
much lower uptake of metallocene and the quite different
adsorbate structure of [(n’-CsH;),Fe],,s@MIL-47(V) (3; Sup-
porting Information, Figure S4) as compared with 1 and 2.

The framework reduction was supported by electron spin
resonance (ESR) measurements. In the pure MIL-47(V), the
signal of an S ="'/, spin system is observed with an anisotropic
g factor corresponding to a d' VVion. The principal values are
8uryy=1.969 and g, =1.943. The axial g tensor revealed a
distorted octahedral environment (axially compressed) for
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the V atom, as expected in MIL-47(V).'”l There is no
'V hyperfine structure observed due to spin-exchange effects
caused by the high-spin concentration in the magnetically
undiluted material. In the ESR spectrum of 1 (Figure 3), the
strong signal of the S ="'/, spin system of MIL-47(V) is absent,
and only a very weak signal is observed. Detailed analysis of
the weak signal in the spectrum of 1 (Supporting Information,
Figure S9) shows the signal of a S = '/, spin system with a well-
resolved *'V hyperfine structure with axially symmetric g and
A tensors (g, 8, =1979,g..=1.941, A ., A,,=0.0062 cm ",
A,,=0.0172 cm™), which is also present in the activated pure
MIL-47(V) starting material (Supporting Information, Fig-
ure S9) and therefore is assigned to isolated extraframework
VY impurities. This VIV ESR signal is superimposed on a
broad background signal with a g value of g=1.96, which is
most likely due to clustered paramagnetic vanadium species
and rules out Co™ species. The ESR parameters could be
determined by simulation using the EasySpin ESR simulation
package.™® The analysis of magnetic susceptibility measure-
ment reveals an antiferromagnetic behavior of 1, with a Néel
temperature of 100 K (Figure 3). The fit of the linear (para-
magnetic) part of the 1/y curve follows a Curie—Weiss law. The
experimental effective magnetic momentum for 1 is .=
2.45 ug. The expected spin-only magnetic moment is 2.83 ug
for VI and 1.73 pg for VIV For a 1:1 VI/V!Y system the
calculated magnetic moment is 2.36 p. The agreement of the
calculated and experimentally observed magnetic moments
confirms the assignment of a stoichiometric mixed-valence
framework. The obtained differential pulse voltammetry
(DPV) data of 1 shows a shift of 0.33 V of the main maximum
to the lower potential and the appearance of a second new
maximum compared to that of activated, empty MIL-47(V)
(Figure 3). Both phenomena can be explained by the mixed-
valence framework. The redox-potential of the couple
cobaltocenium/cobaltocene is much more negative and out
of the range of the measurement (E°~ —1.3 V).[¥

To better understand the electronic state of 1, we
performed DFT single-point energy calculations. The PW91
functional was used in conjunction with DNP (double
numerical plus polarization) basis set. A three-dimensional
model of the MIL-47(V"/V™) structure was used, which
considers three different spin alignments for each system
corresponding to ferromagnetic, ferrimagnetic, and antifer-
romagnetic configurations (A, B, and C in the Supporting
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Figure 3. a) cw ESR spectra of 1 and activated MIL-47 (V) (Vyn, =34 GHz, T=9 K). The ESR spectrum of 1 is shown with a tenfold magnification.
b) The molar magnetic susceptibility of 1 as a function of temperature. c) Differential pulse voltammetry of 1 and activated MIL-47 (V).
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Information, Figure S12). The calculations were performed
with a 321 K point sampling (see the Supporting Information
for details). The calculations indicate the antiferromagnetic
configuration as that with the lowest energy and consequently
as the thermodynamically most favorable. The spin popula-
tion analysis seems to indicate two important factors as main
reasons of the thermodynamic stabilization of the system: The
first is the spin delocalization on the two metal cations with
different valence, and the second is the antiparallel alignment
between the chains. These two factors make the antiferro-
magnetic configuration that with the highest thermodynamic
stability (Figure 4). Interestingly, related calculations on the
magnetic properties of MIL-53(Cr) gave an equally good
qualitative agreement with the experimental values, and the
antiferromagnetic phase was also found to be the most
stable.!"”
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Figure 4. a) Representation of the antiferromagnetic spin configuration
of 3D-MIL-47(V"/V"). b) Snapshot of the spin density for the antiferro-
magnetic spin configuration of 3D-MIL-47(V"/V"). The single-point
energy calculation was performed with the PW91/DNP method.'

The irreversible adsorption of cobaltocene and the
unusually strong binding of the cobaltocenium guest to the
host framework are also shown by the thermal gravimetric
data (TG, see the Supporting Information). There is no weight
loss (that is, no desorption of cobaltocene) below the
decomposition temperature of MIL-47(V) (T=420°C). This
behavior is in contrast to the related inclusion compound
[(7’-CsH;),Fe], s@MIL-53(Al) (2):®1 Quantitative desorption
of ferrocene, [(n’-CsHs),Fe], takes place between 250 and
450°C, which is much below decomposition of the framework.
Quite obviously, electrostatic forces substantially contribute
to the binding of cobaltocene inside the partially reduced
MIL-47(V) framework. Co-adsoption experiments were per-
formed using equimolar mixtures of both metallocenes, and
the results were compared to similar co-adsorption experi-
ments with MIL-53(Al). The elemental analysis and thermal
gravimetry data show preferred uptake of cobaltocene over
ferrocene of 2:1 for MIL-47(V). In contrast, MIL-53(Al)
shows the reversed selectivity of 1:2, with a preference for
ferrocene. The driving force of the selectivity of MIL-47(V) is
the charge transfer between the host framework and the guest
molecule, which also induces unusual framework flexibility.

Finally, the obvious issue of releasing the cobaltocenium
guest from 1 should be mentioned. Simple washing with water
under an argon atmosphere leads to a material with a PXRD
pattern very similar to the hydrated phase of MIL-47(V), but
with a slightly reduced cell volume. The UV/Vis data of the
aqueous washing solution is identical to a cobaltocenium salt
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reference sample. However, re-oxidation of V¥ to V!V in an
aqueous medium under these conditions is difficult to rule
out. Further investigations of selective cation exchange
reactions and keeping the mixed-valence state of the frame-
work unchanged are underway. The transfer of the concept to
iron(III)- and chromium(I1I)-containing frameworks that are
redox-active and isostructural with MIL-53 is in progress as
well.

In summary, we have demonstrated a novel concept for
stoichiometric reduction of the redox-active framework metal
ions of a typical MOF, yielding a well-defined mixed-valence
material by incorporation of a suitable organometallic
reducing agent. The oxidized form of this reductant is
chemically inert and does not interfere with the overall
coordination chemistry and stability of the MOF. The redox
potential of organometallic reductants can be fine-tuned by
substituent effects. The combination of co-adsoption with
other redox-inactive guests under solvent-free conditions and
subsequent cation exchange may offer unique possibilities of
adjusting the mixed-valence states of redox-active frame-
works.

Experimental Section

1: A sample of MIL-47(V) (50 mg, 0.22 mmol) was placed together
with CoCp, (100 mg, 0.53 mmol, 2.5 equiv) in separate small glass
vessels in a Schlenk tube. After reducing the pressure to 10> mbar at
room temperature and sealing under static vacuum, the reaction tube
was heated to 40°C for 72 h. During this treatment, the yellow/green
MIL-47(V) powder turned black. Yield: 95 mg.

Crystal data of 1: space group Imma (no 74); a=6.711(2), b=
18.743(3), ¢=10.281(2) A, V=1293.1(5) A®>; Z=4; Rp=0.021,
Rwp=0.027, Rb=0.13, '4,Co (‘/; /4 /). All details of crystal
structure solution and refinement can be found in the Supporting
Information. CCDC 757792 contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via www.ccdc.
cam.ac.uk/data_request/cif.

Details of the co-adsorption experiments, IR and UV/Vis
spectroscopy, ESR, differential pulse voltammetry, elemental analy-
sis, and thermal analysis of 1 are described in the Supporting
Information.
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