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ABSTRACT: A manganese-based metal−organic framework with dipyrazole ligands
has been metalated with atomically dispersed Rh and Co species and used as a catalyst
for the hydroformylation of styrene. The Rh-based materials exhibited excellent
conversion at 80 °C with complete chemoselectivity, high selectivity for the branched
aldehyde, high recyclability, and negligible metal leaching.
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1. INTRODUCTION

Hydroformylation of alkenes for the production of aldehydes
through the so-called oxo-process, (ca. 10 million ton/year) is
one of the most important industrial reactions catalyzed by
homogeneous metal complexes.1−3 Rhodium compounds,
possessing phosphines or phosphite ligands, are the most
efficient catalysts in terms of both activity and selectivity;
furthermore, they operate under mild conditions.4 However,
the oxo-process still suffers from some technical difficulties
such as the separation of the expensive catalyst from the
product mixture. With the aim of combining the high activity
and selectivity of homogeneous catalysts and the easy
separation and recovery associated with heterogeneous
systems, researchers have sought to immobilize molecular
hydroformylation catalysts on solid supports. Within this
context, one of the most convenient and feasible approaches
toward the development of improved catalysts is to incorporate
metal complexes within the pores of inorganic materials to
result in heterogenizing homogeneous catalysts.5−7 Porous
solids have been widely explored as catalyst supports because
of their large internal surface area and thermal stability.8−10

Among these, metal−organic frameworks (MOFs) are
attracting significant interest because of their modular
synthesis that allows for the precise control of pore size,
chemical functionality, and topology.4,11 Indeed, many
examples can be found, where the catalytic performance of
MOFs can be enhanced by tuning the chemical environment

within the pores. For example, incorporating nanoparticles
and/or introducing homogeneous catalysts into a framework
architecture has been shown to facilitate catalysis.4,12−15 To
date, most attempts to combine Rh-based catalysts and MOFs
have focused on dispersing Rh nanoparticles inside their
pores.16−18 This approach, however, can result in a lack of
structural homogeneity; moreover, a high-size dispersion of
NPs and/or pore blockage can lead to the deactivation of a
portion of the catalyst.19,20 An alternative strategy for
supporting Rh-based catalysts in a microporous framework is
the postsynthetic metalation of MOFs endowed with chelating
ligands such as bipyridine21 or dipyrazole units.22 Under
judicious conditions, this approach yields a highly homoge-
neous dispersion (atomically dispersed) of active sites within
MOF pores. To this end, Bloch et al. synthesized a MOF,
based on trinuclear Mn(II) nodes (MnMOF = [Mn3(L)2(L′)],
whe re LH2 = b i s (4 - (4 - c a rboxypheny l ) -1H - 3 , 5 -
dimethylpyrazolyl)methane); L′ possesses a bis(3,5-dimethyl-
pyrazol-1-yl)methane moiety that remains noncoordinated in
the as-synthesized MOF and provides a flexible dipyrazole
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chelating unit poised for postsynthetic metal binding.23 It was
demonstrated that this MnMOF could be quantitatively
metalated with different transition-metal cations (i.e., Co(II),
Cu(II), and Rh(I)) without the loss of the microporous
structure of the material. The crystal structure of the
postsynthetic metalated MnMOF was investigated via single-
crystal X-ray diffraction (SCXRD), and the presence of
atomically dispersed transition-metal cations was demonstra-
ted.23 Notably, the unique structure of this MOF affords only a
single framework-bound coordination site per pore, thus
minimizing the steric congestion within the “nanoreactor”.
Here, we synthesize MnMOF metalated with Rh(I) or Co(II)
(starting from [Rh(CO)2Cl]2 or CoCl2·(H2O)6 precursors,
respectively) to obtain a framework replete with sites suitable
for catalytic reactions (Figure 1).24 We tested the metalated

MOFs (Rh/MnMOF, Co/MnMOF) for the hydroformylation
of styrene, a widely studied model substrate for functionalized
olefins. To the best of our knowledge, this reaction has not
been explored for atomically dispersed catalysts that are an
inherent part of the MOF structure. In addition, we
synthesized the homogeneous counterpart of the investigated
catalysts by means of metalation of the ester of the ligand
molecule to assess the effect of the MOF pore environment on
the catalytic activity.

2. RESULTS AND DISCUSSION
Following the previous report by Bloch et al.,23 we synthesized
the Mn(II)-based MOF, [Mn3(L)2(L′)]. In the L form, the
carboxylate and pyrazole donors coordinate the Mn3 nodes.
Conversely, in the L′ form, only the carboxylate donors are
involved with the Mn coordination. Structurally, the MnMOF
is composed of two-dimensional layers of trinuclear Mn3(II)-
(L)2 nodes pillared by the metal-free (L′) form of the ligand
(Figure 1). Therefore, for each metal node, L′ provides a
flexible dipyrazole chelating unit poised for postsynthetic metal
binding.
We synthesized two different metalated MnMOFs employ-

ing [Rh(CO)2Cl]2 (Rh/MnMOF) and CoCl2·(H2O)6 (Co/
MnMOF) as precursors. The XRD patterns of the metalated
MOFs (Figures 2 and S1) are in accordance with the
calculated XRD patterns reported in the literature for Rh(I)
and Co(II) postsynthetic metalated MnMOF (Figures 2 and

S1).23 Moreover, the XRD patterns exclude the presence of
crystalline clusters of metallic or oxidized Rh or Co. According
to the SCXRD data reported by Bloch et al., in the Rh/
MnMOF, that is, MnMOF·[Rh(CO)2] [RhCl2(CO)2], one
Rh(I) species presents a square planar geometry consisting of
two nitrogen donors from the dipyrazole unit and two carbonyl
ligands. In addition, a counterion (square planar
[RhCl2(CO)2]

−) is present in the pores. In the case of Co/
MnMOF, octahedral Co(II) species (MnMOF·[Co(H2O)4]-
Cl2) are present.23 Energy-dispersive X-ray spectroscopy
(EDX) analysis and inductively coupled plasma−mass
spectrometry (ICP−MS) analysis (Table S1) confirmed that
the metalation was quantitative and confirmed the composition
expected for Rh/MnMOF and Co/MnMOF.23 After metal-
ation, the pillaring ligands undergo significant torsional
rotation (as previously demonstrated via SCXRD.23 This
causes a contraction of the two-dimensional planes, which is
highlighted from the analysis of the XRD patterns and by the
predominance of the (001) and (110) diffraction peaks in the
metalated samples (at 6.8 and 7.7°, respectively) (Figures 2
and S1).
To assess the porosity of pristine and metalated MOFs, we

measured 77 K N2 adsorption isotherms. The MnMOF
isotherm profile shows a step between P/P0 of 0.005−0.06
that is attributed to the degree of structural flexibility (Figure
3) that is associated with the rotation of the pyrazole moieties
and concomitant pore enlargement.23 A total N2 uptake of 250
cm3 g−1 (STP) was observed, and the BET analysis of data
yielded a surface area of 723 ± 5 m2 g−1. The postsynthetically
metalated MOFs Rh/MnMOF and Co/MnMOF both
afforded type I isotherms with BET surface areas of 631 ± 2
and 839 ± 1 m2 g−1, respectively (Figures 3, S2 and S3). These
data confirm that the overall porosity is maintained subsequent
to metalation. Furthermore, we note that the low-pressure step
of the isotherm observed for the MnMOF disappears, as when
the Rh(I) or Co(II) cations are coordinated by the dipyrazole
chelating units, the structural flexibility of the framework is
lost, an observation that is consistent with previous studies and
with the changes observed in the diffraction patterns of the
metalated samples.23

The structural integrity of metalated MOFs was further
investigated by Raman spectroscopy (Figures 4 and S4).
Compared with the pristine MnMOF, the Raman spectra of

Figure 1. Portion of the structure of MnMOF (left) and of the
postsynthetic metalated Rh/MnMOF (right) viewed along the c axis.
The vacant (left) dipyrazole groups poised for postsynthetic
metalation and their metalated counterpart (right) are highlighted
with red circles. (Mn = purple; O = red; C = brown; H = white; N =
light blue; Rh = gray; and Cl = green).

Figure 2. XRD patterns of the fresh and used Rh/MnMOF and the
simulated XRD pattern of Rh/MnMOF (from ref 23).
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M/MnMOFs showed negligible changes in band intensity. The
major differences in the regions 1610−1630 cm−1 (ν(CN)),
1350−1450 cm−1 (ν(NN) aromatic), 1120−1170 cm−1

(N−H deformation, inset Figure 4), and 2900−3000 cm−1

(ν(C−H)) can be attributed to metal coordination by the
dipyrazole moieties. In addition, the Raman data also confirm
the absence of Mn or Rh/Co metal oxide clusters in the
materials.25−27

The presence of Rh and Co only in the pores of the MOF as
coordination compounds is also confirmed by photoemission
measurements (Figures S5 and S6). The Rh 3d core level
photoemission peak is centered at 308.2 eV, which is in
agreement with other soft ligated Rh(I) species.28 The binding
energy (BE) position of the Co 2p3/2 peak at 781 eV, as well as
the position of its final state satellite, is indicative of Co(II)
ions coordinated to very electronegative atoms.29 Moreover,
the chemical composition deduced by the intensity of
photoemission peaks (e.g., at a Mn/Rh w/w ratio of 1.4 ±
0.15) is in good agreement with the IC−MS and EDX data
(Table S1), indicating the absence of any surface segregation
of rhodium or cobalt on the surface. Therefore, we can

conclude that the metalation procedure was successful and
resulted in a homogeneous distribution of atomically dispersed
catalytic sites within the porous structure of the MOF.
Next, we assessed the potential of Rh/MnMOF and Co/

MnMOF to catalyze the hydroformylation of styrene (Scheme
1), a widely studied model substrate for functionalized olefins.

The catalytic tests were performed using a stainless-steel
autoclave equipped with a glass device, and the reaction
products were analyzed by GC (see the Supporting
Information for details). Briefly, the sample is introduced
into the glass vessel containing styrene in anhydrous toluene.
The vessel is then transferred into a stainless-steel reactor and
pressurized with syngas at 4−8 MPa and heated at 50−120 °C
(see Tables S2 and S3).
In the metalated MnMOFs, the atomically dispersed active

sites are anchored to the organic linkers, and therefore will be
affected by the chemical and structural properties of micro-
pores. To investigate how this unique environment affects the
chemical activity of the catalytic sites, we also synthesized and
examined the homogeneous counterparts of M/MnMOF
moieties (vide infra).
First, we tested the catalytic activity of the metalated M/

MnMOF samples. In the case of Rh/MnMOF, a first oxo-
experiment was carried out at 8 MPa of syngas (CO/H2 = 1)
and 50 °C for 18 h with a substrate to rhodium catalyst molar
ratio of 1000: the substrate conversion was practically
negligible (6%), with, almost, exclusive formation of branched
aldehyde II (exp. 1, Table S2). On the other hand, by
increasing the reaction temperature to 80 °C, the Rh/MnMOF
catalyst becomes very active, showing complete substrate
conversion and total chemoselectivity. The regioselectivity
toward branched aldehyde II, even if lower than that exhibited
by homogeneous modified rhodium carbonyl complexes,2,30,31

was (69%) (Tables 1, S2 and S4) comparable to other
heterogeneous rhodium catalysts.17,18,32 Therefore, we con-
clude that the pore structure of Rh/MnMOF does not have a
significant effect on the regioselectivity of the reaction. We
note that the recovered solid catalyst was reused in two
consecutive experiments and the catalytic activity (both
conversion and selectivity) remained unchanged. To further
investigate the recyclability and the presence of deactivation
processes, the Rh/MnMOF was tested for shorter reaction
times (e.g., conversion < 100%33). After 3 h, the substrate
conversion was 78.5%, and the regioselectivity toward
branched aldehyde II was 56.9%. The catalyst was then
recovered and reused in two consecutive experiments (3 h
each): the substrate conversion was slightly reduced after the
third cycle, but the regioselectivity was maintained (Table S2).
An attempt to reduce the syngas pressure to 4 MPa was not
successful: after 18 h at 80 °C, the substrate conversion was
only 60%, and in two consecutive recycle experiments, the
catalytic activity dramatically decreased affording 18% and 11%
conversion, respectively (exp. 5−7, Table S2); moreover, the
regioselectivity toward branched aldehyde II, the main reaction

Figure 3. 77 K N2 adsorption isotherms of MnMOF and of fresh and
used Rh/MnMOF.

Figure 4. Raman spectra of MnMOF and of fresh and used Rh/
MnMOF. The inset shows an enlarged vision of the Raman shift
region pertaining to N−H deformation.

Scheme 1. Schematic View of the Investigated Catalytic
reaction; I: Styrene; II Branched Aldehyde, and III: Linear
Aldehyde
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product, was lower than that observed at 8 MPa. On the basis
of the generally accepted mechanism of rhodium-catalyzed
hydroformylation, a plausible explanation for this result could
be that at 4 MPa of syngas, the migratory insertion on a CO
bound to the rhodium site to form the branched acyl rhodium
species is slower than that at 8 MPa and, as a consequence, it
undergoes a β-hydride elimination giving the linear Rh-alkyl
species that subsequently affords the corresponding linear
aldehyde.34 Very recently, deuteroformylation studies on
styrene at 40 and 80 psia CO, in the presence of the
homogeneous catalyst rhodium bis(diazaphospholane), dem-
onstrated that deuterium scrambling, and hence Rh-alkyl
isomerization, is inhibited by increased CO pressure and
decreased temperature.34 In particular, the reactions at low CO
pressure (20 psia, 313 K) allowed for greater isomerization of
the catalyst to the thermodynamically favored linear acyl
intermediate, while at higher CO pressures (115−200 psia),
the isomerization was slowed, thus favoring the branched
pathway.34 Moreover, isomerization by the reversion of the
acyl complex to the alkyl one is slower at high pressures
because such reversion requires CO dissociation.34 Despite the
fact that the organic phase remained colorless, after each
experiment, we evaluated the possibility of metal leaching from
Rh/MnMOFs. The organic phase recovered after the first
reaction the Rh/MnMOF was used as a catalyst for the
homogeneous hydrogenation of undec-1-ene in toluene: after
18 h at 80 °C and 8 MPa of hydrogen, undecane was formed in
negligible amounts (4%), thus excluding rhodium leaching. In
each of the experiments, neither ethylbenzene nor alcohols
were detected in the reaction mixtures, and both the chemo-
and regio-selectivity remained practically unchanged. Further-
more, the catalytic performance of Rh/MnMOF is comparable
to those of the best-performing literature examples of MOF-
supported Rh catalysts for olefin hydroformylation (i.e., total
chemoselectivity, 70% yield of branched aldehyde).16−18

However, in the case of Rh/MnMOF, the active sites are
precisely located and atomically dispersed in the porous
framework. This feature limits the possibility of chemical/steric
environment inhomogeneity related to agglomeration/size
distribution of NPs within porous structures.10,20,35,36 We
also assessed the catalytic performance of Co/MnMOF toward
the hydroformylation of styrene. The first oxo-experiment was
carried out at 8 MPa of syngas (CO/H2 = 1) and 80 °C for 18
h and at 120 °C for 24 h with a substrate to cobalt catalyst
molar ratio of 1000:1, but the substrate conversion was
negligible. Therefore, we lowered the substrate to cobalt
catalyst molar ratio to 50:1. After 24 h, we obtained 60%
conversion with only partial chemoselectivity (30% of

ethylbenzene was detected). It is well known that Co
complexes have a lower regioselectivity compared to that of
Rh complexes. In fact, under our experimental conditions, we
obtained a branched to linear aldehyde molar ratio of 24:6
(Table S2). Moreover, the recovered solid catalyst was
recycled in a consecutive experiment, but the catalytic activity
was negligible.
Finally, to investigate how the microporous environment

affects the chemical activity of the catalytic sites, we
synthesized and tested the catalytic activity of the homoge-
neous counterparts of M/MnMOF moieties (M/E-LH2, M =
Rh or Co). The M/E-LH2 coordination compound was
obtained via the esterification of the ligand molecule (to obtain
E-LH2), and the subsequent exposure to Rh and Co precursors
(synthetic procedure and metal quantification are reported in
the Experimental section). The M/E-LH2-metalated ester
derivatives of the ligand molecule were tested employing the
same experimental conditions of their heterogeneous counter-
part (Table S3). In the case of Rh/E-LH2 sample, the first oxo-
experiment was carried out at 8 MPa of syngas (CO/H2 = 1)
and 80 °C for 18 h with a substrate to rhodium catalyst molar
ratio of 1000:1. The catalyst showed a catalytic activity
comparable to that of the Rh/MnMOF sample (total
conversion, 70% of regioselectivity toward the branched
aldehyde). However, the resulting organic was pale-yellow
colored, suggesting probable leaching of Rh species. In order to
confirm this hypothesis, the catalyst was recovered and the
organic solution was tested for the hydrogenation of styrene (5
MPa of H2, 80 °C). After 4 h, the styrene conversion was 73%
with the formation of ethylbenzene, confirming the presence of
active Rh species within the organic solution. Therefore, in
order to reduce the leaching of Rh species, we lowered the
reaction temperature to 60 °C. Surprisingly, the styrene
conversion was quantitative and the regioselectivity toward the
branched aldehyde was exceptionally high (9:1). However,
even in this case, we observed the leaching of Rh species, and
the recycled catalyst showed low conversion (49%) and very
low regioselectivity toward the branched aldehyde (11:38). In
the case of Co/E-LH2 sample, the first oxo-experiment was
carried out at 8 MPa of syngas (CO/H2 = 1) and 120 °C for
18 h with a substrate to cobalt catalyst molar ratio of 50:1. We
observed complete substrate conversion and total chemo-
selectivity but with low regioselectivity toward branched
aldehyde II (54%). Similar to the Rh/E-LH2 sample, we
observed leaching of the Co species, and the recycled catalyst
showed lower substrate conversion (77%) and regioselectivity
(almost equimolar formation of branched and linear
aldehydes). The instability of M/E-LH2 samples highlights

Table 1. Summary of the Catalytic Results of Hydroformylation of Styrene of Rh/MnMOF, Co/MnMOF, Rh/E-LH2, and Co/
E-LH2 (the Substrate/Metal Molar Ratio is 1000 and 50, Respectively, for Rh and Co-Containing Catalysts)

sample exp. T (°C) time (h) conversion (%) b-aldehyde (II, %) n-aldehyde (III, %)

Rh/MnMOF 1 80 18 100 69 31
2a 80 18 100 69 31
3a 80 18 100 69 31
4 80 3 78.5 56.9 21.8

Co/MnMOF 5 120 24 60 24 6
Rh/E-LH2 6 80 18 100 70 30

7a 80 18 60 49 11
Co/E-LH2 8 120 24 100 54 46

9a 120 24 77 39 38
aReaction carried out using the catalyst recovered from the previous cycle.
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the role of the MOF structure in anchoring the active sites and
in preventing the metal leaching, as previously reported for
molecular catalysts heterogenized on MOFs.37−39 Moreover,
the crystalline powder nature of M/MnMOF facilitates the
recovery and reusability of the catalyst. To ascertain the
reduction of the catalytic performance of Co/MnMOF and the
stability of the catalytic activity of Rh/MnMOF, we examined
the structure and composition of M/MnMOFs. EDX and ICP
analyses (Table S1) confirmed that the weight ratio between
Mn and Rh is maintained (Mn/Rh = 1.3). Conversely, in the
case of Co/MnMOF, ICP confirmed the leakage of both Mn
and Co (the weight percentage changes, respectively, from
9.65 and 3.45 to 5.5 and 2.2% after the first catalytic cycle and
to 1.4 and 0.83% after the recyclability test). We also
investigated the morphology of crystals before and after
catalysis. The morphology of pristine MnMOF crystals consists
of rhombic plates of ca. 150−300 μm (Figure S8a). Indeed,
SEM experiments showed that the crystal shape is retained
after metalation (Figures S8b and S9a). For the exhausted
materials, only in the case of Rh/MnMOF, the crystal
morphology was unchanged (Figure S8c); the used Co/
MnMOF is composed of undefined particles (Figure S9b). The
structural integrity of M/MnMOF after catalytic tests was also
investigated by Raman spectroscopy (Figures 4 and S4) and
XRD (Figures 2 and S1). Combined Raman spectra and XRD
patterns of used Rh/MnOF suggest that the structural integrity
is maintained. Moreover, X-ray photoemission spectroscopy
(XPS, Figure S5) showed that the Rh 3d photoemission peak
of the used material is centered at 308 eV, as in the fresh Rh/
MnMOF. Conversely, the Raman spectrum of used Co/
MnMOF suggests the degradation of the MOF structure
(Figure S4, broad bands in the 1200−1600 cm−1 spectral
region), and the XRD pattern shows a severe loss of
crystallinity and the formation of Co3O4 (Figure S1). Finally,
we assessed the porosity of the exhausted Rh/MnMOF catalyst
by gas adsorption isotherm analysis. The 77 K N2 adsorption
isotherm of the used Rh/MnMOF catalyst showed type I
isotherm (Figure 3), indicating that the microporosity is
maintained, despite the reduction of the calculated BET
surface area (444 ± 1 m2 g−1) that could be associated with the
presence of residual reagent/products in the pores. Moreover,
the calculated pore size distribution is essentially unchanged
compared to that of the fresh sample (Figure S7).

3. CONCLUSIONS
In conclusion, exploiting a postsynthetic metalation strategy,
we have introduced in the structure of MnMOF two atomically
dispersed catalytic sites based on Rh(I) and Co(II). These
metal centers were tested as hydroformylation catalysts, a
reaction typically performed by homogeneous catalysts or Rh-
supported nanoparticles. For comparison, we investigated the
homogeneous counterpart of the active species in the
metalated MOF. By anchoring the catalytic sites in the crystal
structure of the MOF, it was possible to combine the
performances of a homogeneous catalysts with the advantages
of a heterogeneous catalyst (i.e., recyclability, separation from
the reaction mixture). The best-performing investigated
material was the Rh/MnMOF. In this case, working at 80
°C and 8 MPa of syngas, we obtained the complete substrate
(styrene) conversion, total chemoselectivity, high regioselec-
tivity toward the branched aldehyde II (70%), and good
recyclability over three catalytic cycles. MOF-based materials
were previously tested as hydroformylation catalysts only in

combination with metallic nanoparticles.16−18 The possibility
of having a high loading (i.e., 5.4 wt % of Rh) of active species
precisely located within the porous framework, without the
problem of blocking the pore access in the presence of
nanoparticles, could be exploited in different catalytic
processes, both in liquid and, especially, in the gas phase.
Furthermore, comparing our data with the performance of the
homogeneous catalyst suggests that the mass transport through
the MOF channels is not a significant limiting factor for the
reaction rate. This work provides insights into the hetero-
genization of an important homogeneous catalytic process
within a MOF structure and paves the way for the further
development of atomically dispersed catalysts based on
postsynthetic metalated MOFs.

4. EXPERIMENTAL SECTION
4.1. Materials and Methods. 4.1.1. Materials Synthesis. Unless

otherwise stated, all chemicals were obtained from commercial
sources (Sigma-Aldrich, Alfa Aesar) and used as received.

4.1.2. Synthesis of MnMOF ([Mn3(L)2(L′)]). The ligand LH2 was
synthesized following a previously reported procedure.22 MnMOF was
synthesized as previously reported by Bloch et al.23 Briefly, 24.7 mg of
MnCl2·4H2O and 31.6 mg of LH2 (1.7:1 molar ratio) were dissolved
in 6 mL of dimethylformamide (DMF)/H2O (2:1 vol ratio) and
heated in oven at 100 °C for 48 h in a screw-cap vial. The obtained
colorless crystals (yield: 70%) were washed in DMF (×3) and
methanol (×5) and then dried under vacuum for 12 h. The schematic
view of the MOF structure is reported in Figure 1.

4.1.3. Postsynthetic Metalation of MnMOF. Rh/MnMOF: the as-
synthesized material, MnMOF (25 mg), was solvent-exchanged with
dry acetonitrile. The solvent was replenished five times and the
crystals were allowed to soak in dry acetonitrile for 10 min in-between
each wash. Then, 18 mg of [Rh(CO)2Cl]2 was added to the
acetonitrile dispersion of MnMOF, and the resulting mixture was left
at RT for 60 h. Then, the solvent was exchanged for fresh dry
acetonitrile (×7). The solvent was decanted, and the pale-yellow wet
crystals of Rh/MnMOF were dried under vacuum for 12 h. The
presence of Rh(I) in the final material was confirmed by XPS (Figure
S5).

Co/MnMOF: the as-synthesized material, MnMOF (25 mg), was
solvent-exchanged with methanol. The solvent was replenished five
times and the crystals were allowed to soak in methanol for 10 min in-
between each wash. Then, 23 mg of CoCl2·(H2O)6 was added to the
methanol dispersion of MnMOF, and the resulting mixture was left at
RT for 48 h. Then, the solvent was exchanged for fresh methanol
(×7). The solvent was decanted, and the blue wet crystals of Co/
MnMOF were dried under vacuum for 12 h.

4.1.4. Esterification of LH2. 0.329 mg (0.75 mmol) of LH2 was
suspended in 5 mL of degassed ethanol under an argon atmosphere.
To this mixture, 0.544 g (8 mmol) of sodium ethoxide was added, and
the reaction was maintained with magnetic stirring under reflux
conditions until the disappearance of the initial reagent, as determined
by thin-layer chromatography analysis, typically for 24 h. After cooling
down, the reaction mixture was neutralized with 1 M HCl, and a
white precipitate appeared, which was filtered, washed once with 10
mL of 2 M NaOH, and then thoroughly with water. Drying under
vacuum yielded the esterified product (hereafter called E-LH2) in
quantitative yields. 1H NMR (DMSO-d6, 298 K, δ ppm): 7.98 (d, J =
8.3 Hz, 4H), 7.41 (d, J = 8.3 Hz, 4H), 6.28 (s, 2H), 3.42 (c, J = 7.1
Hz, 4H) 2.15 (s, 6H), 2.08 (s, 6H), 1.05 (t, J = 7.0 Hz, 6H). Reaction
scheme and 1H NMR spectrum of esterified LH2 are presented in
Figure S9.

4.1.5. Postsynthetic Metalation of Esterified LH2. Rh/E-LH2: the
as-synthesized material, E-LH2 (50 mg), was washed five times with
dry acetonitrile. Then, 36 mg of [Rh(CO)2Cl]2 was added to the
acetonitrile dispersion of E-LH2, and the resulting mixture was left at
RT for 60 h. Then, the powder was washed with fresh dry acetonitrile
(×7). The solvent was decanted and the pale-yellow powder of Rh/E-

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://dx.doi.org/10.1021/acsami.0c17073
ACS Appl. Mater. Interfaces 2020, 12, 54798−54805

54802

http://pubs.acs.org/doi/suppl/10.1021/acsami.0c17073/suppl_file/am0c17073_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c17073/suppl_file/am0c17073_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c17073/suppl_file/am0c17073_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c17073/suppl_file/am0c17073_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c17073/suppl_file/am0c17073_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c17073/suppl_file/am0c17073_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c17073/suppl_file/am0c17073_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c17073/suppl_file/am0c17073_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c17073/suppl_file/am0c17073_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c17073/suppl_file/am0c17073_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c17073/suppl_file/am0c17073_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c17073/suppl_file/am0c17073_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c17073/suppl_file/am0c17073_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c17073/suppl_file/am0c17073_si_001.pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c17073?ref=pdf


LH2 was dried under vacuum for 12 h. The amount of Co in the final
product was quantified by ICP analysis (Rh/E-LH2: 13.23 Rh wt %).
Co/E-LH2: the as-synthesized material, E-LH2 (50 mg), was

washed five times with methanol. Then, 23 mg of CoCl2·(H2O)6 was
added to the methanol dispersion of E-LH2, and the resulting mixture
was left at RT for 48 h. Then, the powder was washed with fresh
methanol (×7). The solvent was decanted, and the blue powder of
Co/E-LH2 was dried under vacuum for 12 h. The amount of Co in
the final product was quantified by ICP analysis (Co/E-LH2: 4.69 Co
wt %).
4.2. Characterization Techniques. Powder XRD patterns were

collected on a Bruker D8 Advance diffractometer (capillary) equipped
with a Cu Kα source (λ = 1.5418 Å).
Scanning electron microscopy and EDX spectra were acquired

using a field-emission electron source equipped with a GEMINI
column (Zeiss Supra VP35).
Characterization by Raman spectroscopy was performed using a

ThermoFisher DXR Raman microscope. The spectra were recorded
using a laser with an excitation wavelength of 532 nm (1 mW),
focused on the sample with a 10× LWD objective (Olympus).
Gas adsorption isotherm measurements were performed on an

ASAP 2020 Surface Area and Pore Size Analyzer. Samples were
activated by heating in vacuum at 120 °C for 12 h. UHP-grade
(99.999%) N2 and He were used for all measurements. The
temperatures were maintained at 77 K (liquid nitrogen bath).
XPS spectra were acquired on a custom-designed ultrahigh vacuum

system equipped with an Omicron EA125 electron analyzer, a
nonmonochromatized Al Kα source (Omicron DAR 400, 1486.6 eV),
and a flood gun for charge neutralization (Henniker Scientific,
FS40A1), as MOFs are moderately insulating. The MOF samples
were dispersed in methanol and drop-casted on polished Cu disks,
obtaining homogeneous thin films. The measurements of the as-
prepared materials were taken after short annealing at 150 °C in
ultrahigh vacuum to remove most adsorbed species (water and
contamination debris). The calibration of the BE scale was done using
the C 1s peak as the reference. The photoemission lines were
separated into individual components (after Shirley background
removal) using symmetrical Voigt functions and nonlinear least
squares routines for χ2 minimization.
4.3. Hydroformylation of Styrene. The reactions were carried

out using a stainless-steel autoclave equipped with a glass device that
is described in detail in the Supporting Information. In a typical run,
the basket containing the catalytic complex was introduced, under a
nitrogen purge, in a glass vessel containing styrene in anhydrous
toluene. The vessel was transferred into a 150 mL stainless-steel
reactor, which was pressurized with syngas at 4−8 MPa and heated at
50−120 °C for 18−24 h (see Tables S2 and S3). After cooling at
room temperature, the residual gases were released, and the reaction
products were analyzed by GC. The basket containing the catalyst was
removed from the glass vial and the catalyst was washed several times
with anhydrous toluene, dried under vacuum, and reused in recycle
experiments.
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M/MnMOF with M = Rh or Co, postsynthetic metalated
MnMOF
E-LH2, esterified LH2
M/E-LH2 with M = Rh or Co, postsynthetic metalated E-
LH2
SEM, scanning electron microscopy
XPS, X-ray photoemission spectroscopy
EDX, energy-dispersive X-ray spectroscopy
XRD, X-ray diffraction
ICP−MS, inductively coupled plasma−mass spectrometry
GC, gas chromatography
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