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Rh(0)/Rh(mn) core—shell nanoparticles were prepared by surface
oxidation of Rh nanoparticles with N-bromosuccinimide. They were
employed as heterogeneous catalysts for cyclic carbonate synthesis
from propylene oxide and CO,, and exhibited high activity and excellent
recyclability due to Lewis acidic Rh(in) species on the shells.

Numerous studies have been carried out in the field of homo-
geneous catalysis for fine chemical synthesis, due to the exact
control of catalyst structures leading to high activity and
selectivity of desired reactions.'” However, the difficulties in
separation from reaction products and insufficient catalyst
reusability mean that heterogeneous catalysts are preferred in
industry.*® On the other hand, metal nanoparticles (NPs) not
only have the advantages of heterogeneous catalysts, but also
exhibit high activity and intriguing selectivity resulting from
their well-defined surface facets and variable ligands bound to
the surface.”’* However, metal NPs are employed in only a
narrow range of organic reactions, because the oxidation states of
active surface species are limited to neutral metal(0),'>'* although
high-valent metal complexes are widely utilized for various reactions,
such as Lewis-acid catalysis and C-H functionalization."*"’
Recently, Toste and Somorjai developed new catalytic systems
based on small metal clusters with the expectation of advantages for
both homogeneous and heterogeneous catalysts. Upon activation
with PhICl,, highly charged metal species, such as Pt(iv) and Au(m),
were generated, and showed high activity in hydroalkoxylation
reactions.”**! We have also reported the generation of Pd(wv) species
from Pd NPs using various oxidants, which were successfully
employed as Lewis-acid catalysts.”” These active cationic
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species were embedded on either bulk mesoporous silica or thin
silica shells to ensure their stability against agglomeration.****

In this study, we introduce the surface oxidation of Rh NPs to
provide high-valent metal species for catalytic organic reactions.
Upon a simple treatment with N-bromosuccinimide (NBS), Rh(im)
species were predominantly generated from the original Rh(0)
surface, yielding Rh(0)/Rh(m) core-shell NPs, the detailed structure
of which was analysed by X-ray absorption spectroscopy (XAS).
Additional H, treatment of the NPs regenerated the original Rh(0)
NPs without significant morphological change (Scheme 1). The
activated Rh(0)/Rh(m) NPs, due to the enhanced Lewis acidity, were
found to be highly active for a coupling of propylene oxide and CO,
to selectively provide propylene carbonate. The cyclic carbonate
synthesis is known to be catalysed by various homogeneous Lewis
acid catalysts, such as Al(m), Co(m), or Zn(u).>>>” To meet the
demand of industrial processes, homogeneous metal species
were commonly immobilized on silica, but there have been no
reports thus far on the direct use of heterogeneous catalysts. The
highly active Lewis acidic Rh(0)/Rh(m) catalyst can be recycled
five times without loss of conversion, showing a supreme feature
of heterogeneous catalysis.

The Rh NPs were prepared via thermal decomposition of the
Rh precursor, Rh(acac); in oleylamine.”® The transmission
electron microscopy (TEM) image shows that the particles have
a uniform morphology of a dendritic structure (Fig. 1a) with an
average overall size of 39 =+ 5 nm. The X-ray photoelectron
spectroscopy (Fig. 1c) spectrum at the Rh 3d level shows two
major peaks at 311.9 and 307.2 eV, which are assigned to Rh(0)
species. The shoulders at high binding energies originate from
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Scheme 1 Surface oxidation and H, reduction of Rh NPs.
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Fig.1 (a and b) TEM and (b inset) HRTEM images and (c and d) XPS
spectra at the Rh 3d level of (a and c) the pristine and (b and d) the oxidized
Rh NPs. (e) XRD spectra of the pristine (black), NBS-oxidized (red), and
Hs-reduced (blue) Rh NPs.

H,-reduced
P Ny

electron-deficient species (blue, Rh(5+)).>° The X-ray diffraction
(XRD) spectrum (Fig. 1e, black) has three characteristic peaks of
face-centred cubic Rh (JCPDS No. 05-0685). The average single-
crystalline domain size is estimated to be 5.9 nm from the
FWHM of the Rh(111) peak using the Scherrer equation.

The dendritic Rh NPs were then oxidized by treatment with
2 equiv. of oxidants, including PhICl,, N-chlorosuccinimide (NCS),
and N-bromosuccinimide (NBS) in toluene at 140 °C for 1 h. In the
XPS spectra, the Rh NPs treated with NBS exhibited a distinctive
increment of the shoulders at 313.9 and 309.2 eV at the Rh 3d3/,
and 3ds), levels, respectively, compared to the samples treated
with other oxidants (Fig. S1, ESIT). These shoulders become major
peaks after treatment with 5 equiv. of NBS (Fig. 1d and Fig. S2,
ESIt), for which the de-convoluted peaks (red) are assigned to
Rh(m) species. The peaks at the Br 3d level also appear at the same
time (Fig. S3, ESIT). It is notable that the dendritic structure of the
pristine Rh NPs hardly changes after oxidation with NBS (Fig. 1b).
The high resolution TEM image (Fig. 1b inset and Fig. S4, ESIt) of
the NBS-oxidized Rh NPs indicates that the single-crystalline
domains with distinctive lattice fringe images are covered with
amorphous layers of thicknesses of 1-2 nm, which form core-
shell structures as depicted in Scheme 1. The XRD peaks
are broad, meaning that the original crystallinity is signifi-
cantly broken during the oxidation (red, Fig. 1e). The average
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single-crystalline domain size from the Rh(111) peak is esti-
mated to be 4.4 nm.

The reduction of the oxidized Rh NPs by H, successfully
regenerates the neutral Rh(0) surface. The XPS spectrum of the
reduced NPs shows a large decrease of the Rh(m) peaks,
providing a pattern similar to that of the pristine Rh NPs
(Fig. S5, ESIT). The XRD spectrum also shows that the crystal-
linity is fully recovered by the H, reduction (blue, Fig. 1e). These
observations indicate that the structural framework of the
dendritic Rh spheres is inert enough to endure the harsh
conditions of oxidation and reduction, during which the surface
oxidation state largely changes from Rh(0) to Rh(m) and even-
tually back to Rh(0) (Scheme 1).

To analyse the detailed structure and composition of the
oxidized Rh NPs, XAS analysis of the samples was performed.*°
The Rh K-edge X-ray absorption near-edge structure (XANES)
spectra of the pristine (black) and H,-reduced (green) Rh NPs
are close to that of a Rh foil reference, indicative of the zero-
valence species predominant in both samples (Fig. 2a and
Fig. S6, ESIt). In contrast, the NBS-oxidized NPs show a very
different pattern. The k*-weighted Rh K-edge extended X-ray
absorption fine structure (EXAFS) and their Fourier-transform
(FT) spectra also exhibit similar trends. As shown in Fig. 2¢c, the
pristine and reduced Rh NPs have a strong single peak in the
FT of Rh K-edge EXAFS spectra, which corresponds to single
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Fig. 2 (a) Rh K-edge XANES spectra, (b) k*-weighted Rh K-edge EXAFS
spectra, FT of k?-weight Rh K-edge with (c) Rh(0) and (d) Rh(i) species, and
(e) structural parameters by EXAFS refinement.
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scattering by Rh-Rh atoms. On the other hand, three distinct
peaks appear in the spectrum of the oxidized NPs (Fig. 2d). The
structural parameters obtained by EXAFS refinement (Fig. S7,
ESI+) are summarized in Fig. 2e. The peak at 2.68 A is single
scattering from Rh-Rh atoms. The peak at 2.43 A is assigned to
the scattering of Rh-Br atoms, of which the radial distance is
in excellent agreement with that estimated from the major
scattering peak in the FT of the Br K-edge EXAFS spectrum. The
peak at 2.05 A arises from the scattering of Rh-O atoms, nearly
matching the strong peak of Rh,0; powders. These estimations
are consistent with the bond distances observed in Rh salts and
particles.>"”*> The coordination number (6.6) of the Rh-Rh atoms
in the pristine Rh NPs decreases to that (3.4) in the oxidized NPs,
meaning that the Rh-Rh bonds are partially broken during the
oxidation. Instead, Rh-Br and Rh-O bonds are newly formed to
stabilize the oxidized Rh species. Based on the metal charge (+3)
from the XPS data and the coordination numbers of Rh-Br (1.1)
and Rh-O (1.6) atoms from the EXAFS analysis, we suggest that
the oxidation generates polymeric shells composed of —(Rh(i)
(Br)-O)- repeating units on the surface of the Rh NPs. The
presence of the pure Rh cores, proved by the XRD spectrum,
indicates the formation of a Rh(0)/Rh(m) core-shell structure.*®
Upon the H, treatment, the Rh(m) shells are reduced to Rh(0)
atoms and then the Rh-Rh bonds are recovered with neighbour-
ing Rh atoms, leading to increase of the coordination number to
7.8. The TEM images and EXAFS analysis also confirm that the
Rh NPs are inert during the oxidation and reduction processes,
due to the reversible coordination of heteroatoms, Br and O,
on the Rh atoms.

The zeta potential of NPs is a measure of their electrostatic
stabilization, reflecting an average surface charge.** The zeta
potential of the pristine Rh NPs is 23 mV, for which the positive
charge may arise from oleylamine bound to the surface. The
NBS-oxidized Rh NPs showed an abnormally high potential
of —76 mV, which is negatively more than three times larger
than that of the pristine Rh NPs. This negative potential is
developed due to an electrical double layer formed around
the highly charged Rh(m) species. The H, reduction returns
the zeta potential back to 29 mvV, similar to the potential of the
pristine Rh NPs.

Rh NPs are known as excellent catalysts for various organic
reactions, including hydrogenation and hydroformylation,**~”
but the active catalytic species are restricted to Rh(0). On the
other hand, our NBS-oxidized Rh NPs are promising Lewis acid
catalysts due to the high surface charges resulting from the
Rh(m) species. To verify this idea, we investigated the coupling
of propylene oxide and CO,, which is commonly catalysed by
homogeneous Lewis acid catalysts.*>>” When propylene oxide
(10 mmol) reacted with CO, (10 bar) at 100 °C for 2 h, tetra-n-
butylammonium bromide (nBu,NBr, 2.5 mol%), generally used
as a co-catalyst, produced propylene carbonate only in a con-
version of 21% (Table 1, entry 1). The conversion was not
improved by the addition of either NBS (0.1 mol%) or Rh NPs
(0.1 mol%) (Table 1, entries 2 and 3). However, the simulta-
neous addition of Rh NPs and NBS significantly enhanced the
conversion to 83%, whereas the homogeneous Rh(1), Rh(u), and
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Table 1 Propylene carbonate synthesis from propylene oxide and CO,
using homogeneous and heterogeneous Rh catalysts®

catalyst (0.1 mol%) (0]
0 NBS, nBu,NBr M
/A + COp —— > o7 o
HsC (10 bar) Toluene

)_/
HsC

100°C, 2 h

No.”  Catalyst NBS (mol%) nBu,NBr (mol%) Conv.” (%)
1 — — 2.5 21

2 — 0.1 2.5 22

3 Rh NPs — 2.5 22

4 Rh NPs 0.1 2.5 83

5 Rh(acac)(CO), — 2.5 49

6 Rh,(OAc), — 2.5 28

7 Rh(acac); — 2.5 26

8 Rh NPs 0.5 2.5 >99

9 Rh NPs 0.5 — 0

“ Conditions: propylene oxide (10 mmol) and toluene (0.2 mL) in a
stainless steel pressure reactor without exclusion of air or moisture.
b Determined by 'H NMR spectra.

Rh(m) catalysts showed low to moderate conversions (26-49%)
(Table 1, entries 4-7). In addition, the use of NCS or PhICl,
instead of NBS gave the products in 44% or 28% yields,
respectively (Table S1, ESIt). These results imply that the
heterogeneous Rh(ur) species on Rh(0)/Rh(ur) core-shell NPs
actually behave as a highly efficient Lewis acid catalyst. The
highest conversion was achieved when the NBS concentration
was increased to 0.5 mol% in the presence of nBu,NBr (Table 1,
entry 8). The product could not be obtained under the condi-
tions without the addition of nBu,NBr (Table 1, entry 9). The
crucial role of the co-catalyst is in agreement with the proposed
reaction mechanism that the activated propylene oxide bound
to Lewis acidic Rh(0)/Rh(m) is attacked by a bromide ion,
and CO, is then inserted to form propylene carbonate while
releasing the catalyst and bromide ion.>*¢

To verify these reactions via a heterogeneous catalytic path-
way, filtration and mercury poisoning tests were conducted.®®
After the reaction under the conditions in entry 8, the reaction
mixture was filtered, and the filtrate was analysed by ICP-OES
(inductively coupled plasma-optical emission spectrometry).
No signals were detected above the detection limit (<0.01 ppm)
of the measurement. The reactants, NBS, and co-catalyst were
then added to the filtrate and the reaction was carried out under
the conditions in entry 8 in the absence of the Rh catalyst. As a
result, propylene carbonate was produced in a 20% conversion,
consistent with that in entry 2. The filtered catalyst particles
maintained their original morphology (Fig. S8, ESIt). For the
mercury poisoning test, a drop of mercury added to the reaction
mixture significantly decreased the conversion from >99% to
26% under conditions identical to those in entry 8 (Fig. S9,
ESIT). These control experiments indicate that the propylene
carbonate synthesis mainly occurred on the heterogeneous
catalytic species of the Rh NPs.

In general, the heterogeneous catalysts exhibit superior
recyclability to their homogeneous counterparts. After the reaction,
the Rh(0)/Rh(i) catalysts were recycled five more times under
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Fig. 3 (a) Recycling Rh catalysts under the conditions of entry 8 in Table 1.
(b) TEM image of Rh NPs after recycling five times.

the conditions in entry 8. The reaction conversion varied within the
narrow range of 85-99% during the recycling experiments (Fig. 3a).
After recycling, there was no change in the morphology of the
catalyst from the original dendritic structure (Fig. 3b). This high
stability may result from the existence of a robust Rh(0) framework
at the cores in the form of Rh(0)/Rh(m) core-shell NPs.

In conclusion, Rh(0)/Rh(m) core-shell NPs were generated by
surface oxidation with NBS, and were accurately characterized by
multiple X-ray spectroscopic techniques. The catalyst exhibited a
quantitative yield for propylene carbonate synthesis from propylene
oxide and CO,, due to the high Lewis acidity of the Rh(m) species on
the shells. The reactions proceeded through a heterogeneous cata-
lytic pathway, and thus were successfully recycled five times without
damaging the catalyst morphology. The heterogeneous Rh(m) species
are also expected to behave as efficient catalysts for various reactions.
The similar surface oxidation of metal NPs would open a wide range
of catalytic organic transformations using heterogeneous catalysts of
high activity with excellent separation and recycling abilities.
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