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Abstract: The activation of molecular hydrogen is a key
process in catalysis. Here, we demonstrate how polyox-
ometalate (POM)-based heterogeneous compounds
functionalized with Platinum particles activate H2 by
synergism between a hydrogen spillover mechanism and
electron-proton transfer by the POM. This interplay
facilitates the selective catalytic reduction of olefins and
nitroarenes with high functional group tolerance. A
family of polyoxotungstates covalently functionalized
with boronic acids is reported. In the solid-state, the
compounds are held together by non-covalent interac-
tions (π–π stacking and hydrogen bonding). The result-
ing heterogeneous nanoscale particles form stable
colloidal dispersions in acetonitrile and can be surface-
functionalized with platinum nanoparticles by in situ
photoreduction. The resulting materials show excellent
catalytic activity in hydrogenation of olefins and nitro-
benzene derivatives under mild conditions (1 bar H2 and
room temperature).

Introduction

The self-assembly of supramolecular aggregates from molec-
ular building blocks provides a powerful strategy towards
novel, functional nanostructures.[1–3] One particularly prom-
ising class of molecular components are molecular metal
oxides, or polyoxometalates (POMs): POMs are anionic
metal oxide clusters which bridge the gap between mono-
nuclear metal oxo complexes and solid-state bulk metal
oxides.[4,5] POMs feature unique properties such as tuneable
structure and charge, high redox activity and unique acid-
base chemistry, which has led to their application in fields
ranging from catalysis[6,7] to bio-medicine.[8] However, due to
the high symmetry of many classical POMs, their controlled
and predictable assembly into supramolecular aggregates is
difficult to achieve.

One approach to this end is the use of organo-
functionalized POMs (organoPOMs) where the metal oxo
cluster shell has been covalently functionalized with organic
moieties.[9–11] Organo-functionalization provides control over
the physical and electronic structure of the POMs, making
them ideal building blocks for supramolecular
assemblies.[12–14] Thus organoPOMs have successfully been
employed as molecular components in the assembly of
functional supramolecular systems with unique functions.[15]

Controlled aggregation of organoPOMs has been used
to access a range of functional superstructures including
vesicles, micelles, and hollow spheres, so-called
blackberries.[12,16–18] Also, organo-functionalization of POMs
with metal coordination sites (e.g., pyridines) has been used
for the design of nanostructured organoPOM
aggregates:[19–24] In one outstanding example, Izzet and
colleagues described how Dawson-POMs can be covalently
functionalized with terpyridine metal coordination sites.
Binding of Fe2+ to these sites led to a hierarchical self-
assembly, resulting in the formation of supramolecular
triangles and nano-particles in the 6–10 nm range.[24]

An alternative approach towards supramolecular orga-
noPOM aggregation is the use of non-covalent interactions.
This has been successfully used to link organoPOMs to a
range of functional systems including macrocycles,[25–27]

biomolecules,[28–30] and carbon nanotubes[31,32] This strategy
offers a broad scope, as the component combinations are
almost unlimited.

To-date, most organoPOMs are based on triol-, imido-,
organophosphorus-, organosilicon-, or organotin-
linkages.[15,33] In contrast, the use of organoboronic acids as
versatile and easily accessible organic linkage is still in its
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infancy. Some of us have recently developed this field and
demonstrated its use for designing supramolecular boronic
acid-based organoPOM aggregates including several POM
nanocapsules and a POM-boronic acid-polymer.[34–36]

Here, we aimed at extending this synthetic approach to
the design of boronic acid-based organoPOM assemblies. To
this end we were inspired by earlier studies which showed
that lanthanide ions are ideally suited to link POMs into
larger aggregates.[37–41]

Results and Discussion

In this work, four novel POM supramolecules (Ln-POM)
were obtained by the reaction of 4-pyridinylboronic acid
(4PyBA), Dawson anions [P2Nb3W15O62]

9� (= {Nb3W15}) and
the corresponding lanthanide ions in water. The resulting title
compounds are virtually isostructural with the general
formula of H27[(4PyB)3O2(OH)3][Ln2(H2O)12(P2Nb3W15O62)4-
(4PyBOH)4] xH2O (Ln-POM), (Ln=La3+ for La-POM, Ce3+

for Ce-POM, Pr3+ for Pr-POM, and Eu3+ for Eu-POM).
These compounds were fully characterized by single-crystal
and powder X-ray diffraction, elemental analyses, FTIR
spectroscopy and thermogravimetric analysis, see Supporting
Information for details.

The title compounds are composed of two components:
the first component is a tetramer formed from four {Nb3W15}
Dawson anions: two {Nb3W15} units are covalently linked by
two 4PyBA units. Each boronic acid features one terminal
� OH group and two B� O-Nb bridges which link the
{Nb3W15} units (Figure 1a, and Supporting Information,
Figure S1 and Table S2). The resulting POM dimers are
then linked into tetramers by two Ln3+ cations which form
Ln� O� W bonds between neighboring {Nb3W15} clusters,
resulting in the species [Ln2(H2O)12(P2Nb3W15O62)4-
(4PyBOH)4]

26� (Ln=La, Ce, Pr, Eu), see Figure 1a. The
second component is a T-shaped triboronate formed by
condensation of three 4PyBAOH units, giving the species
[(4PyB)3O2(OH)3]

� , see Figure 1b. This species consists of
three pyridine groups connected by a central {B3O2(OH)}
ring (Figure 1b). In the crystal lattice, both components
form infinite 1D chains where the POM tetramer and
triboronates are linked non-covalently by a combination of
π–π stacking, hydrogen bonding and electrostatic interac-
tions, see Figures 1c and 1d for structural details. Bond
valence sum (BVS) calculations (see SI, Table S2) indicated
that the terminal oxygen atoms of the tetramer-based
boronic acid, as well as three oxygen atoms in the
triboronates are singly protonated, i.e., -OH groups (see
Figure 1a,b, green spheres). All oxygen ligands on the Ln3+

ions were identified by BVS as coordinated water molecules
(Figure 1a, light-blue spheres).

In the following, we will use Ce-POM as model for all
Ln-POMs reported here. As shown in Figure 1e, the POM
tetramers and the triboronates interact with each other
through π–π stacking between neighboring pyridine ligands
(centroid-to-centroid distance ca. 3.6 Å - 3.7 Å) and hydro-
gen bonding interactions between the POM tetramer and
the triboronate (observed by short N···O distances between

2.7–2.9 Å). Note that these hydrogen-bonds involve the 3-
pyridyl groups of the 4PyBA. These interactions might play
a key role in forming the title compounds, as the use of the
closely related 3-pyridyl boronic acid under similar con-
ditions results in a strikingly different POM-organoboronic
acid polymer.[35]

When exploring the principal properties of Ce-POM, we
noted that crystalline particles of Ce-POM can easily be
dispersed in anhydrous acetonitrile using ultrasonication for
�6 h followed by centrifugation to remove large particles.
This process results in a colloidal suspension ([Ce-POM]
�0.165 mg/mL) which is stable under ambient conditions
for more than one year and shows no indication of
aggregation or precipitation. Scanning electron microscopy
(SEM) of the isolated particles shows an average particle
size of�45 nm, with a particle distribution range between
�25 nm to 70 nm (Figures 2a,b). The colloids also show
Tyndall scattering of red laser light (λ=650 nm, Figure 2b,
inset). Dynamic light scattering (DLS) and Small-angle X-
ray scattering (SAXS) measurements verified that the
particle size and distribution is retained in the dispersed

Figure 1. (a) Illustration of the tetrameric polyanion {[Ce-
(H2O)6]2[P2Nb3W15O62]4[4PyB(OH)]4}

26� ; (b) illustration of the T-shaped
triboronate [(4PyB)3O2(OH)3]

� ; (c) illustration of the 1D
supramolecular assembly of tetramers and triboronates; (d) simplified
schematic diagram of the tetramer-triboronate assembly; (e) detailed
illustration of the supramolecular interactions between the tetramer
and triboronate components. All illustrations are based on single-
crystal XRD data. H-atoms have been omitted for clarity.
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phase and gave an average particle size of 61 nm and 46 nm
respectively (Supporting Information, Figure S6 and S7).
Powder X-ray diffraction (PXRD) and IR spectroscopy of
the recovered Ce-POM particles (obtained by high-speed
centrifugation from the colloidal suspension) indicate that
the structure of Ce-POM is retained (Figures 2c,d).

We hypothesize that this facile dispersion of the
compound might be related to the breaking of the weak
intermolecular interactions in Ce-POM, similar to the top-
down exfoliation used to access solid-state layered 2D
materials.[42,43] For experimental details on colloid prepara-
tion and characterization, see SI.

Recent ground-breaking studies have highlighted the
importance of metal-substrate interactions in catalysis. In
particular for hydrogen activation, it has been demonstrated
that the interplay between noble-metal particles (e.g., Pt)
and catalyst supports (e.g., metal oxides) can lead to a so-
called hydrogen spillover.[44,45] In hydrogen spillover, hydro-
gen atoms formed on the noble metal particle are trans-
ferred to the metal oxide support and can then be used for
subsequent catalytic conversions. This phenomenon was first
reported for Pt on WO3,

[46] so we hypothesized that the
concept can possibly be transferred to polyoxotungstate
clusters as catalyst supports also. This idea is inspired by
recent seminal reports, where hydrogen spillover involving
noble-metal-functionalized POMs has been used: Yan and
co-workers studied hydrogen spillover in the molecular
POM-single-atom catalyst (POM-SAC)[47] [PdPMo11O39]

5�

and demonstrated high thermal reduction catalysis, e.g., for
C=O and nitro group reduction.[48] Yamaguchi, Suzuki and
co-workers used mixed-valent {AgI/0

n} clusters stabilized by
polyoxotungstates to model processes related to hydrogen
spillover:[49,50] reaction of the species with H2 led to the
storage of electrons on the {Agn} clusters, while the protons
were transferred to the polyoxotungstate shell. These studies

were focused on designing molecular models for H2

activation, while to the best of our knowledge, POMs have
thus far not been used as heterogeneous molecular metal
oxide supports for noble-metal catalysts in hydrogen spill-
over.

Inspired by these studies, we have explored how the
colloidal Ce-POM particles can be used as heterogeneous
support for Pt catalyst particles. To this end, a suspension of
Ce-POM was surface-modified with Pt by UV-photochem-
ical reduction. To this end, a chloroplatinic acid solution
containing Ce-POM colloidal particles in acetonitrile/
ethanol was irradiated with UV-light, resulting in the
formation of Pt/Ce-POM (for synthetic details see Support-
ing Information). Transmission electron microscopy (TEM)
images show that crystalline Pt nanoparticles (Pt NPs,
average size�3 nm) are uniformly dispersed on the surface
of the larger Ce-POM particles (Figure 3a,b and Supporting
Information, Figure S11). High-resolution TEM indicated
lattice fringes (lattice spacing=0.23 nm) which correspond
to the (111) plane of metallic Pt. Note that due to the low Pt
content, no diffraction peaks from Pt particles could be
observed by PXRD analysis.

A striking first indication for a possible hydrogen spill-
over in Pt/Ce-POM was obtained when exposing the sample
to gaseous H2 (1 bar) at room temperature, which resulted
in the instantaneous colour change from pale-yellow to deep
blue (Supporting Information, Figure S14 and Supporting
Video file). This is indicative of the formation of reduced,
mixed-valent tungsten oxide-based systems, where the
characteristic blue color is due to intervalence charge-
transfer (IVTC) transitions between WV and WVI centers.[51]

Note that this tungsten reduction is reversible: when
exposed to air, the sample returns to its original colour
within approximately six minutes.

X-ray photoelectron spectroscopy (XPS) was used to
gain in-depth understanding of the processes occurring
during the reaction of Pt/Ce-POM with gaseous H2. XPS of
the native Pt/Ce-POM verifies that all W centers are present
as W6+ (binding energies: 35.95 eV for W 4f7/2 and 38.05 eV
for W 4f5/2, Figure 4a), while the deconvoluted Pt spectrum
indicates the presence of mixed-valent species, Pt0 (71.7 eV
and 74.9 eV) and Pt2+ (73.44 eV and 76.60 eV) for Pt 4f7/2
and Pt 4f5/2 respectively (Figure 4b). These results suggest

Figure 2. (a) SEM images and (b) particle size distribution of dispersed
Ce-POM nanoparticles, (c) PXRD patterns and (d) IR spectra of Ce-
POM, dispersed Ce-POM (recovered from acetonitrile) and Pt/Ce-
POM.

Figure 3. (a) and (b) TEM images of Pt NPs on Pt/Ce-POM at different
magnifications. Inset: high-resolution TEM of the crystalline lattice
observed.
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that surface Pt centers in Pt/Ce-POM were partially
oxidized when exposed to ambient atmosphere during
sample preparation and handling. The positive shift of the
binding energy (BE) of Pt in Pt/Ce-POM compared with
bulk Pt metal (71.3 eV for Pt 4f7/2)

[52] is probably due to
catalyst/support interactions between Ce-POM and Pt.[53]

As shown in Figure 4 and Supporting Information,
Table S3, reaction of Pt/Ce-POM with H2, leads to a partial
reduction of the W6+ centers to W5+ (characteristic BE:
34.86 eV and 36.90 eV). From XPS deconvolution, we can
estimate the reduction degree to�15.9 atom-%. Compar-
ison of the deconvoluted O 1s XPS data shows that upon H2

exposure, the amount of protonated oxygen groups (i.e.,
� OH and � OH2) increases from 26.9 atom-% to 39.4 atom-
% (Figure 4c and Supporting Information, Table S3). These
data suggest that reaction of H2 with Pt/Ce-POM leads to a
hydrogen spillover where molecular H2 is dissociated by Pt
and retained as protons (stored by protonation of the POM)
and electrons (stored as reduced W5+ atoms of the POM).
Furthermore, after H2 exposure, the amount of Pt0 in Pt/Ce-
POM increased, and the Pt0 : Pt2+ molar ratio changed from
1:1.2 to 1:0.89, indicating that part of the surface Pt2+ was
reduced.

Based on this insight, and inspired by earlier works on
Pt-on-tungsten oxide hydrogen spillover catalysts,[45,46] we
decided to investigate the catalytic performance of Pt/Ce-
POM for selected model hydrogenations under mild con-
ditions (1 bar H2, room temperature). Based on initial
optimization reactions (details see Supporting Information,
Table S4) we could show that Pt/Ce-POM efficiently cata-
lyzes the hydrogenation of aliphatic and aromatic olefins to
the corresponding alkanes. Full conversion is observed in
most cases within 15 min reaction time at room temperature
and 1 bar H2 using 0.5 mol-% of Pt/Ce-POM (calculated
based on Pt content, see Figure 5).

To gain further insights into the reaction mechanism, a
set of control experiments was conducted using styrene as
the model substrate (Table 1). In the absence of any catalyst,
or when using the non-Pt-decorated Ce-POM, no phenyl-
ethylene can be detected (entry 1). When using commercial
Pt NPs (entry 2) or a physical mixture of Pt NPs and Ce-
POM (entry 3), only low conversion (<20%) is observed,
which indicates that the two components in Pt/Ce-POM act
in a synergistic fashion, as proposed by the hydrogen
spillover mechanism. Both Pt/Ce-POM and Pt/La-POM

show high catalytic efficiency with complete conversion,
suggesting that the type of lanthanide ion present in the
catalyst does not affect the catalytic performance (entries 4
and 5). Without H2, neither Pt/Ce-POM nor Pt NPs catalyze
the conversion of styrene, which indicates that H2 is essential
as the reducing agent, i.e., proton and electron donor
(entry 6).

To understand whether the Ce-POM is actively involved
in the olefin hydrogenation reaction, the following 1H NMR

Figure 4. (a) - (c) deconvoluted XPS data for Pt/Ce-POM before and after exposure to H2: (a) W 4f, (b) Pt 4 f, (c) O 1s. (d) 1H NMR spectra of the
reaction of phenylethylene with Pt/Ce-POM and a Pt NPs reference after hydrogen spillover and replacing the residual H2 with Argon.

Figure 5. Hydrogenation of olefins to the corresponding alkanes
catalyzed by Pt/Ce-POM. Reaction conditions: substrate (0.5 mmol),
Pt/Ce-POM (0.5 mol% with respect to the substrate, based on Pt),
EtOH (2 mL), r.t., H2 (1 bar, H2 balloon). Yields were determined by
GC-MS.

Table 1: Control experiments for the styrene hydrogenation.[a]

Entry Catalyst Yield [%][b]

1 Ce-POM[c] –
2 Pt NPs[d] 15.4
3 Pt NPs+Ce-POM[c] 19.6
4 Pt/La-POM >99
5 Pt/Ce-POM >99
6[e] Pt/Ce-POM or Pt NPs, no H2 –

[a] Reaction conditions: styrene (0.5 mmol), catalyst (0.5 mol% based
on Pt), ethanol (2 mL), reaction time: 15 min; [b] yields determined by
GC-MS; [c] amount of Ce-POM identical to the amount of Ce-POM in
the Pt/Ce-POM experiment, entry 5; [d] commercial Pt NPs, particle
size 10 nm, [e] without H2.
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spectroscopic control experiments were performed. First, we
performed the standard hydrogen spillover experiment for
Pt/Ce-POM and Pt NPs (as reference). Upon reduction of
the Pt/Ce-POM, the excess gaseous H2 was removed by
purging with Argon. Then, styrene was injected into the
reaction vessel and the reaction was followed by 1H NMR,
for experimental details see Supporting Information, Fig-
ure S16). As shown in Figure 4d, 1H NMR spectroscopy
shows that styrene is only hydrogenated by Pt/Ce-POM,
while no hydrogenation is observed for the Pt NP reference.
This indicates that styrene reduction involves the Ce-POM,
and suggests that the protons and electrons stored on the
Ce-POM are used for olefin hydrogenation. Also, we note
that the Pt particles are distributed uniformly across the
external surface of the Ce-POM. This is expected to
facilitate access to Pt� H species by the substrate to allow
direct H transfer during the olefin hydrogenation.[48]

Recycling experiments show that the hydrogenation
performance of Pt/Ce-POM was retained over five runs
(Supporting Information, Figure S17). Further, IR spectro-
scopy and PXRD of Pt/Ce-POM before and after the five
catalytic runs confirm the stability of the material under the
catalytic conditions employed (Supporting Information, Fig-
ure S18).

To investigate the scope of this process, we examined
the catalytic activity of Pt/Ce-POM for the hydrogenation of
nitrobenzene and carbonyl derivatives. As shown in the
Supporting Information, Table S6, Pt/Ce-POM catalyzes the
full conversion of most nitrobenzene derivatives studied to
the corresponding amines within 30 min at room temper-
ature and 1 bar H2. Note that Pt/Ce-POM does not catalyse
carbonyl hydrogenation under the mild conditions used. As
shown in the Supporting Information, Table S8, when
various aldehydes or ketones were used as substrates, no
hydrogenation products (i.e., alcohols) were detected in
acetonitrile as solvent, and only very low amounts were
observed in ethanol as solvent. We suggest that this selective
hydrogenation behaviour is related to the differences in
electron deficiency of the nitro- and carbonyl-compounds,
which is expected to lead to different interactions between
the substrate and Pt/Ce-POM.[54] Also note that acetals were
formed as side-products by reaction of the carbonyls with
the ethanol solvent. We propose that this reaction was
triggered by acid catalysis by Pt/Ce-POM.

Conclusion

In summary, a family of unprecedented boronic acid-POMs
supramolecular assemblies are reported where weak inter-
molecular interactions facilitate the formation of stable
colloidal suspensions. Loading of these aggregates with Pt
particles results in high-performance hydrogenation catalysts
which are considered to operate via a hydrogen spillover
mechanism, see Figure 6. Initial mechanistic studies show
that the title POMs play a key role as electron and proton
reservoirs in the hydrogenation. The new concept presented
in this study can trigger the development of new classes of
technologically important catalysts, e.g., for the environ-

mentally friendly production of fine-chemicals or pharma-
ceuticals. Future work will focus on mechanistic under-
standing of the structural and electronic linkage of Pt and
Ce-POM particles as well as the atomic-level mechanism of
hydrogen spillover to facilitate the observed hydrogenation
reactivity.
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Hydrogenation Catalysis by Hydrogen Spill-
over on Platinum-Functionalized Heteroge-
neous Boronic Acid-Polyoxometalates

Supramolecular colloids based on poly-
oxometalates functionalized with bor-
onic acids are modified with Pt particles
to yield high-performance hydrogenation
catalysts. Mechanistic studies reveal that
the systems operate by a hydrogen spill-
over mechanism, enabling efficient hy-
drogenation of olefins to alkanes and
nitroarenes to amines under mild con-
ditions.
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