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ABSTRACT: We report on the synthesis and structural characterization of the giant discrete and neutral molecular disk, 
[Pd40O24(OH)16{(CH3)2AsO2}16] (Pd40), comprising a 40-palladium-oxo core that is capped by 16 dimethylarsinate moieties, resulting 
in a palladium-oxo cluster (POC) with a diameter of ~2 nm. Pd40, which is the largest neutral Pd-based oxo-cluster, can be isolated 
either as a discrete species or constituting a 3D H-bonded organic-inorganic framework (HOIF) with a 12-tungstate Keggin ion 
[SiW12O40]4- or [GeW12O40]4-. 1H and 13C NMR as well as 1H-DOSY NMR studies indicate that Pd40 is stable in aqueous solution, 
which is also confirmed by ESI-MS studies. Pd40 was also immobilized on a mesoporous support (SBA15) followed by the generation 
of size-controlled Pd-nanoparticles (diameter ~2-6 nm, as based on HR-TEM), leading to an effective heterogeneous hydrogenation 
catalyst for the transformation of various arenes to saturated carbocycles.



 

INTRODUCTION 

Discrete metal-oxo clusters, a subset of inorganic coordination 
cage complexes, are comprised of metal ions which are bridged 
by various oxygen-based ligands, such as O2-, OH- or H2O, lead-
ing to molecular entities with well-defined formulae and struc-
tures. The shape, size and composition of such metal-oxo clus-
ters can at times be designed by exerting control over the degree 
of hydrolysis and condensation,1 e.g. by subtly manipulating the 
various reaction parameters, such as concentration and type of 
metal ions, temperature, pH, ionic strength, redox environment, 
and the choice of capping ligands that arrest the aggregation 
process of the metal-oxo clusters, thereby preventing the for-
mation of amorphous and insoluble products. Extensive re-
search in this field has led to the discovery of several transition 
metal- and lanthanide-based metal-oxo/hydroxo clusters,2 
which have shown immense promise as functional materials for 
single-molecular magnetism,3 cryogenic magnetic cooling de-
vices,4 photocatalytic water oxidation,5 and band-gap tuning.6 
In addition, the supramolecular structuring and organization of 
these metal-oxo clusters have led to the realization of either 
metal-organic frameworks (MOFs),7 or all-inorganic open-
framework materials,8 by the judicious choice of organic and 
inorganic ligands, respectively, that connect the metal-oxo clus-
ters (secondary building units, SBUs) in three dimensions. 
These assemblies have shown to be useful materials for gas-
separation as well as heterogeneous electro- or photocatalysis.7,8  

Polyoxometalates (POMs), a prominent subclass of discrete 
metal-oxo clusters, are polynuclear anions that are formed by 
connecting early d-block metal ions in high oxidation states, 
such as VV, MoVI, and WVI, with oxo ligands, and such species 
exhibit a diverse range of shapes, sizes and compositions.9 
POMs exhibit high redox, thermal and electro-/photochemical 
stability and consequently find use as materials for catalysis, 
magnetism and molecular electronics.10 In addition, POMs can 
be covalently or electrostatically linked with other cationic pol-
ynuclear complexes, leading to composite assemblies.11 

Döbereiner’s proposition that structurally precise noble metal-
based oxo-clusters could serve as models to comprehend the 
molecular mechanism of noble metal-based catalysis have in-
spired researchers over the years to isolate POMs with noble 
metals as addenda atoms.12 The breakthrough in 2004 by Wick-
leder’s group with the discovery of the first polyoxo-12-plati-
nate(III), [PtIII

12O8(SO4)12]4− was followed by the discovery of 
the first polyoxopalladate(II) (POP), [PdII

13As8O34(OH)6]8- and 
the first polyoxoaurate(III), [AuIII

4As4O20]8- by Kortz’s group in 
2008 and 2010, respectively,13a-c which eventually prompted the 
discovery of a plethora of composition, shape and size-tuned 
noble metal ion-based POMs.13-16 In addition to PtIII, PdII and 
AuIII, other noble metal ion-derived metal-oxo clusters have 
also been isolated, most of which are either anionic or 
cationic.17 Neutral metal oxo/hydroxo-clusters derived from 
TiIV, ZrIV and AlIII utilizing bidentate carboxylate capping 
groups are common, but there is only a small number of 
corresponding noble metal-based variants.2b-g,18 Very recently, 
we reported the first discrete and neutral ring-shaped 
palladium(II)-oxo clusters, [Pd16O8(OH)8((CH3)2AsO2)8] 
(Pd16), [Pd16O8(OH)5Cl3((CH3)2AsO2)8] (Pd16Cl) and 
[Pd24O12(OH)8((CH3)2AsO2)16] (Pd24).19 

Metal-oxo clusters can be considered as pre-nucleated metal 
nanoclusters which, when distributed uniformly on a support 

followed by reduction, would lead to metal nanoparticles 
having controlled sizes that would be largely dependent on the 
size of the parent metal-oxo cluster. This concept was 
demonstrated recently by utilizing various anionic POPs as 
model metal-oxo clusters14b and allows for improved size-
control of the metal-nanoparticles, which is typically difficult 
to achieve using conventional methods, such as organic ligands, 
ionic liquids or dendrimer-stabilized metal nanoparticles.20 
Here we report on the synthesis, structural and physicochemical 
characterization of a large, discrete and neutral disk-shaped 
palladium(II)-oxo cluster (POC) and it’s utilization as a 
heterogeneous catalyst. 

RESULTS AND DISCUSSION 

Synthesis and structure.  

The neutral disk-shaped 40-palladium(II)-oxo cluster, 
[Pd40O24(OH)16{(CH3)2AsO2}16] (Pd40, see Figure 1), was syn-
thesized by stirring a mixture of palladium(II) acetate and bar-
ium(II) nitrate in a sodium dimethylarsinate ((CH3)2AsO2Na, 
also known as sodium cacodylate, Na-cac) buffer solution at pH 
6.5 for 14 hours at room temperature followed by pH adjust-
ment to ~7.5 by addition of aq. NaOH solution and stirring the 
resulting deep-red solution at room temperature for 10 hours 
more before filtering. A dark-brown precipitate was obtained 
after 1-2 months, which was recrystallized from deionized wa-
ter to obtain dark-red, plate-shaped crystals of 

Figure 1. Structural depiction of the Pd40 molecular disk, top view (upper) 
and side view (lower). Color code: Pd violet, O red, C grey, cacodylate 
cyan tetrahedra. 



 

[Pd40O24(OH)16{(CH3)2AsO2}16]·5Ba(NO3)2·7{Na(CH3)2AsO2
}·2NaCH3COO·NaNO3·80H2O (Pd40-Ba), for details see Ex-
perimental Section in the ESI. Alternatively, Pd40 could be syn-
thesized and isolated in a different form by stirring a mixture of 
palladium(II) acetate and Na10[α-XW9O34] (X = Si, Ge) in a 
cacodylate buffer solution at pH 7 for 2 days at room 
temperature, followed by pH adjustment to ~8 by addition of 
aq. NaOH solution and stirring the resulting deep-red solution 
at room temperature for a day more before filtering. Deep-red, 
cube-shaped crystals of 
Na14[Pd40O32(OH)8{(CH3)2AsO2}16(SiW12O40)1.5]·2{Na(CH3)2
AsO2}·2{Na(CH3COO)}·135H2O (Pd40-SiW12) or 
Na10[Pd40O24(OH)16{(CH3)2AsO2}16(GeW12O40)2.5]·4{Na(CH3)
2AsO2}·110H2O (Pd40-GeW12) were obtained within a week in 
significantly higher yields (29% and 20%, respectively) as 
compared to Pd40-Ba (5%), for details see Experimental Section 
in the ESI. Using the plenary Keggin ion [XW12O40]4- (X = Si, 
Ge) as a reagent instead of the trilacunary derivative 
surprisingly led to lower yields. Single-crystal X-ray structural 
analysis on Pd40-Ba, Pd40-SiW12, and Pd40-GeW12, respec-
tively, indicated that the same neutral molecular disk Pd40 is 
present in all three compounds. Pd40 comprises 40 square-
planar coordinated palladium(II) ions and the structure can be 
visualized as a central square-antiprismatic [Pd8O8(OH)8]8- unit, 
which is surrounded by a cyclic [Pd8O16]16- unit. This, in turn, 
is further encircled by a [Pd24(OH)8((CH3)2As)16]24+ unit, 
leading to the overall neutral Pd40 unit (Figures 1 and S1). 
Alternatively, Pd40 can be seen as being composed of a 
[Pd16O16(OH)8]8- (Pd16) unit,19 which is further encircled by 24 
Pd2+ ions and 16 cacodylate capping groups. Thus, Pd40 can be 
considered as an extended version of Pd16. The higher 
nuclearity of Pd40 can be correlated with the higher reaction pH 
(~7.5 – 8) as compared to the reaction pH of ~5.7 – 7 for Pd16 
and Pd24, respectively. The discrete Pd40 has an idealized point 
group symmetry of D4d with the C4 principal axis of rotation 
passing through the central square-antiprismatic unit. Pd40 
crystallizes either in the monoclinic space group C2/c when 
associated with Ba2+ ions (Pd40-Ba) or in the cubic space group 
Im-3m when associated with either the [SiW12O40]4- (Pd40-
SiW12) or the [GeW12O40]4- (Pd40-GeW12) Keggin ions in the 
solid state (Table S1). Typical Pd-O bond distances and O-Pd-
O bond angles are listed in Tables S2-S5, all indicating a typical 
square-planar coordination geometry for the Pd2+ centers. Bond 
valence sum (BVS) calculations on the central and peripheral 
μ2-O groups yield values of 0.97 – 1.10 (Tables S6, S7), 
suggesting the presence of a single negative charge on the μ2-O 
groups, which could either be charge-compensated by a 
covalently linked proton (μ2-OH groups) or by an 
electrostatically attracted counter cation (Ba2+, Na+). Elemental 
analysis for Pd40-Ba indicated the presence of exclusively μ2-
OH groups, suggesting only a weak interaction with the Ba2+ 
ions surrounding Pd40 (Figure S2). However, from the 
elemental analysis results for Pd40-SiW12 we observed that the 
eight μ2-O groups in the central core of Pd40 are deprotonated 
and associated with eight Na+ ions, which could not be 
identified by single-crystal XRD studies due to crystallographic 
disorder. However, in solution, the eight deprotonated μ2-O 
groups re-protonate to yield the neutral Pd40 as observed from 
ESI-MS studies (vide infra). The eight peripheral μ2-OH groups 
(O5 and O9) of the Pd40 unit in Pd40-SiW12 are strongly H-
bonded to the terminal oxo groups of the [SiW12O40]4- units 
(O16 and O20), see Figures S3 and S6. There are two 
crystallographically independent [SiW12O40]4- Keggin ions per 

formula unit: one of these is fully occupied, whereas the other 
has an occupancy of 0.5 (Figure S4). Each fully occupied 
[SiW12O40]4- ion is H-bonded to four Pd40 in a tetrahedral 
fashion (Figure S5) that leads to a perpendicularly-oriented 
octahedral arrangement with the equatorial positions occupied 
by the Keggin ions, whereas the axial positions are occupied by 
Pd40 (Figure S6). The formation of the plenary Keggin ion at 
pH 7-8 is highly unusual and most likely driven by H-bonding 
interactions with Pd40 and the resulting highly-symmetrical 
supramolecular arrangement. The octahedral units are further 
linked in 3D space via H-bonding interactions to form a 
supramolecular 3D hydrogen-bonded organic-inorganic 
framework (HOIF), consisting of cylindrical channels that run 
in all three crystallographic directions (Figure S6). These 
channels are occupied by the half-occupied Keggin ions (held 
in space via H-bonding interactions) as well as Na+ ions, 
cacodylates, acetates and lattice water molecules (Figure S7). If 
we consider each of the octahedral arrangements as a secondary 
building unit (SBU), then each of the SBUs is connected to four 
other SBUs through the equatorial Keggin unit, leading to a 
four-connected nbo network topology having the Schläfli 
symbol 64.82 (Figure S8). This is only the second example of 
noble metal-oxo-cluster-based HOIFs, the first being reported 
recently by our group.19 The innate difficulty of controlling the 
extent of H-bonding interactions between inorganic and organic 
molecular components is the reason that such types of 
frameworks are rare.21 The formation of the 3D HOIF in Pd40-
SiW12 is the driving force towards a faster crystallization and a 
much higher yield (29%) as compared to Pd40-Ba (5%). The 
framework stability of Pd40-SiW12 was further confirmed by 
powder XRD (PXRD) studies, which showed that the PXRD 
patterns of the as-prepared Pd40-SiW12 and its dehydrated and 
rehydrated forms matched well with the PXRD pattern 
simulated from single-crystal XRD data (Figure S9a). We 
observed only a moderate loss of crystallinity upon dehydration 
and subsequent rehydration, where dehydration was achieved 
by heating the compound at 50 °C for 1 h under vacuum and 
rehydration was achieved by keeping the dehydrated sample in 
an atmosphere of water vapour at room temperature. This 
behaviour was also demonstrated by thermogravimetric 
analysis (TGA) on Pd40-SiW12 (Figure S9b). Thus, we see that 
the introduction of the [SiW12O40]4- Keggin moiety as a H-bond 
acceptor introduces a certain degree of stability and crystallinity 
to the compound via the formation of a supramolecular solid-
state assembly. The unit cell parameters for single crystals of 
Pd40-GeW12 were similar to those of Pd40-SiW12 (footnote of 
Table S1). However, we were not able to collect proper single-
crystal XRD data for Pd40-GeW12 because the crystals consist-
ently formed in very small sizes and the diffraction quality was 



 

poor. However, the TGA curves, IR spectra (Experimental Sec-
tion in the ESI, Figures S10 and S11) and the solution-state 

NMR spectra (vide infra) for Pd40-SiW12 and Pd40- GeW12 were 
found to be very similar, suggesting that they are isostructural. 

Solution, and DOSY NMR spectroscopy.  

In order to investigate the solution stability of Pd40, we decided 
to measure 1H and 13C NMR. As Pd40 is present in all three 
compounds Pd40-Ba, Pd40-GeW12, and Pd40-SiW12, we decided 
to mainly focus on Pd40-SiW12, as it has the highest yield. The 
solution 1H NMR spectra in D2O of the references H-cac and 
Na- cac resulted in sharp peaks at 1.9 and 1.6 ppm, respectively, 
which correspond to the protons of the two equivalent methyl 
groups coordinated to the AsV atom (Figure 2a). The 1H NMR 
spectrum of Pd40-SiW12 in D2O exhibits three distinct peaks at 
1.6, 1.8 and 2.1 ppm, respectively. The peak at 1.6 ppm 
corresponds to the methyl protons of free cocrystallized 
cacodylate ion, and the peaks at 1.8 and 2.1 ppm (1:1 ratio) cor-
respond to the hydrogens of the two cacodylate methyl groups 
in Pd40. Although all cacodylates in Pd40 are structurally 
equivalent, the two methyl groups are not. A careful inspection 
of the Pd40 structure (Figure 1) reveals that one of them points 
towards the Pd40-oxo core and the other away from it, resulting 
in structural and hence magnetic inequivalence. This was 
further corroborated by 13C solution NMR studies. Cacodylic 
acid (H-cac) and sodium cacodylate (Na-cac), exhibited sharp 
singlets at 17.6 and 18.1 ppm, respectively, which correspond 
to the two methyl carbons coordinated to the arsenic atom (Fig-
ure 2b). On the other hand, the 13C NMR spectrum of Pd40-
SiW12 exhibits three distinct sharp peaks (in analogy to its 1H 
NMR spectrum) at 18.1, 18.7 and 20.7 ppm corresponding to 
the methyl groups of free cocrystallized cacodylate ions and the 
two inequivalent methyl groups of cacodylate bound to Pd40, 
respectively (Figure 2b). The stability of the discrete, molecular 
Pd40 in solution was further proven by measuring the 1H NMR 
spectrum of the same solution after a month, which showed that 
all the peaks remained intact and no new peaks that would 
indicate decomposition of the Pd40 appeared (see Figure 2a). 
The 1H-DOSY NMR spectrum of Pd40-SiW12 (Figure 2c) 
confirms the assignments of the 1H-NMR spectrum showing 
that the signal corresponding to the free cacodylate at 1.6 ppm 
has a diffusion coefficient D of 600 μm2/s, whereas both the 
peaks at 1.8 and 2.1 ppm (corresponding to the two inequivalent 
cacodylate methyl groups on Pd40) are perfectly aligned and in-
dicate the same diffusion coefficient D of 170 μm2/s, which 
should correspond to the diffusion rate of Pd40. Such a large 
difference for the D values by a factor of 3 is indicative of the 
binding of the cacodylate ligands to a nanoscopic object such as 
Pd40. The D value of 600 μm2/s for the peak at 1.6 ppm (free 
Na-cac) is smaller than the value of 640 μm2/s observed for Na-
cac alone in solution (i.e. in the absence of any Pd40). This in-
dicates that in solutions of Pd40 the dissociated cacs are in equi-
librium with the coordinated cacs and the degree of dissociation 
has been found to be ca. 20% (from integrating 1H NMR spectra 
of Figure 2a). The ratio of dissociation/coordination has been 
found to remain unchanged even after keeping the solution for 
a month at room temperature. The solution 1H NMR spectra of 
Pd40-Ba and Pd40-GeW12 exhibit peaks fully consistent with 
what is observed for Pd40-SiW12, indicating that Pd40 is the 
same in all three compounds (Figure S12). 

Mass spectrometry.  

The positive mode ESI-MS spectrum of Pd40-SiW12 is shown 
in Figure 3a. In the m/z range of 2300-2800, all the peaks are 

Figure 2. Solution  1H (a) and 13C (b) NMR spectra of Pd40-SiW12 in 
D2O compared with the spectra of cacodylic acid (H-cac) and sodium 
cacodylate (Na-cac) as references. (c) 1H-DOSY NMR spectrum of 
Pd40-SiW12 in D2O. See text for details. The NMR signal at ca. 4.7 ppm 
with D = 1900 μm2/s corresponds to water molecules. 



 

triply-charged and are assigned to different adducts of the 
discrete, neutral Pd40. The leading distribution centred at m/z = 
~2392 corresponds to the molecular formula of 
Na3[Pd40O24(OH)16{(CH3)2AsO2}16]3+ (denoted as Na3Pd403+). 
In the solid-state structure of Pd40-SiW12, the eight μ2-O groups 
in the central core of Pd40 are deprotonated and associated with 
eight Na+ ions. However, in aqueous solution, partial or 
complete re-protonation of the eight central μ2-O groups takes 
place. Figure 3b shows the deviation of the measured isotopic 
distribution of Na3Pd403+ (black) from the simulated isotopic 
distribution (magenta), which may be attributed to the 
contributions from partially de-protonated Na3Pd403+ species at 
higher m/z. The measured distribution reproduced well with a 
combination of the simulated isotopic distributions of Na3Pd403+ 
(magenta) and its one and two Na+-resubstituted forms (blue 
and green, Figure 3b), respectively. Minor peaks at higher m/z 
were assigned to the neutral Pd40 cluster unit with different 
degrees of associated cacodylate and acetate ions present free 
in solution (Figure S13). 

Catalytic Studies.  

The hydrogenation of arenes is an important industrial reaction 
primarily because (i) it provides us with a relatively simple 
route to useful saturated carbo- and heterocycles;22 (ii) hydro-
genation processes provide us with a means to cleaner fossil 
fuels by lowering the percentage of aromatics in diesel fuels, 
thereby increasing the cetane number.23 Metals, especially no-
ble metals and their nanoparticles, have been found to be ex-
tremely useful in this regard.20,22 Noble metal-based nanoparti-
cles are generally formed via two popular routes (i) reduction 
of the salts of the noble metal ions and (ii) decomposition/re-
duction of noble metal-based organometallic compounds fol-
lowed by nucleation, growth and stabilization of the resulting 
nanoparticles by protecting agents, such as ligands or capping 
groups, ionic liquids, surfactants or solid supports in order to 
prevent uncontrolled aggregation of the particles.20,22b,24 How-
ever, these methods do not allow us to predict or tune the nano-
particle sizes before the hydrogenation/decomposition step. 
Therefore, we envisioned that if we design and synthesize dis-
crete noble metal ion-based oxo-clusters of a particular size, 
shape and nuclearity, uniformly load them onto stable and cat-
alytically inert supports having high surface area, such as 
SBA15 (to allow for easy isolation and recyclability), and sub-
sequently reduce them under a H2 atmosphere, we should be 
able to isolate supported noble metal nanoparticles with easily 
tunable sizes.14b The size of the deposited nanoparticle depends 
directly on the size of the parent discrete noble metal oxo-clus-
ter precursor, provided the loading is uniform and low enough 
to prevent aggregation. Thus, we studied the efficacy of the po-
rous silica-supported Pd40 cluster as a heterogeneous pre-cata-
lyst in the hydrogenation of various substituted benzenes.14b For 
the catalytic studies, Pd40-SiW12 was used as precursor and the 
supported pre-catalyst Pd40-SiW12@SBA15-apts was obtained 
by dissolving Pd40-SiW12 in water and slowly adding the 3-ami-
nopropyltriethoxysilane (apts)-modified SBA15 (SBA15-apts) 
to the stirred solution, which was subsequently stirred for a day 
(Pd-loading ≈ 1 wt%, see ESI). The mixture was filtered and the 
residue was washed multiple times with deionized water, air 
dried and subsequently calcined at 250 °C for 4 hours (heating 
rate = 0.5 °C/min) in order to obtain the pre-catalyst Pd40-
SiW12@SBA15-apts that was eventually reduced in situ under 
H2 inside the Parr reactor, thereby generating the actual catalyst 
for the hydrogenation of arenes. It was found that for o-xylene 
as the substrate, the reaction was complete in ~55 mins with a 
~99% conversion and a cis/trans ratio (Sc/t) of 37:63, which is 
expected, since cis-1,2-dimethylcyclohexane is less stable than 
trans-1,2-dimethylcyclohexane (Figures 4, S14 and Table S8). 
The o-xylene was chosen as a model substrate to study the effi-
cacy of the Pd40-SiW12@SBA15-apts catalyst because the re-
action rate for o-xylene was the slowest among the monocyclic 
arenes (vide infra) and because it allows to determine methyl 
group isomerization and demethylation – side reactions that can 
happen under hydrogenation conditions and form unwanted 
side products. The reaction of arenes with SBA15-apts alone 
did not show any hydrogenation activity. The effect of catalyst 
calcination temperatures was monitored, which showed that the 
reaction with o-xylene as the substrate is slower with the Pd40-
SiW12@SBA15-apts pre-catalyst calcined at 200 °C than with 
the catalysts calcined at 250 and 300°C, respectively (Figure 
S15, tcompletion at 200°C = ~135 mins, tcompletion at 250 and 300 °C 
= ~55 mins). Therefore, 250 °C was chosen as the pre-catalyst 
calcination temperature. A hot filtration experiment indicated 

Figure 3. (a) ESI-MS spectrum of Pd40-SiW12. (b) Measured isotopic 
distribution of Na3Pd403+ (black) overlaid with a combination of 
simulated isotopic distributions of intact Pd40 cluster unit with complete 
or partial re-protonation. 

 



 

the heterogeneous nature of the catalytic reaction (Figure S16). 
The catalyst was also found to be recyclable up to 3 consecutive 
reaction cycles with only a marginal increase in the reaction 
times (Figure S17). Also, N2 sorption measurements were per-
formed on the pre-catalyst before and after loading/calcination 
and after catalysis in order to investigate the effect on the sur-
face area (Figure S18, Table S9). We found that both the surface 
area and pore volume of the SBA15 support decreases after 
modification with apts, as expected. Immobilization of Pd40-
SiW12 on the modified SBA15 further decreases the surface 
area and pore volume, which indicates that the pores are par-
tially blocked upon loading, as expected. These values increase 
again upon calcination due to loss of the aminopropyl arms 
from the silica surface. After catalysis, there is a slight decrease 
in the surface area and pore volume, probably due to the for-
mation of Pd nanoparticles, which are slightly larger in diameter 
as compared to the parent Pd40 oxo-cluster (vide infra). Ele-
mental analysis on the freshly loaded Pd40-SiW12@SBA15-
apts indicates a Pd:W molar ratio of ~2.4, which is close to the 
ratio of 2.2 found in the parent material Pd40-SiW12. Interest-
ingly, only a negligible amount of arsenic was present, indicat-
ing that during the loading process the cacodylate groups are 
removed from the parent Pd40 cluster. This was further con-
firmed by measuring the 1H NMR spectrum of the filtrate ob-
tained after loading the Pd40-SiW12 on the modified SBA15 
support, which exhibited a sharp peak at 1.6 ppm, correspond-
ing to free Na-cac in solution (Figure S19). Incidentally, only a 
negligible amount of Na was observed in Pd40-SiW12@SBA15-
apts, suggesting that the loaded Pd40 cluster is not associated 
with any Na+ ions either upon immobilization. Thus, it is likely 
that upon loss of the cacodylate groups, the Pd40 cluster is sta-
bilized by the Keggin units and by the silica surface.25 The 

Pd:W molar ratios in the Pd40-SiW12@SBA15-apts after calci-
nation and after catalysis were found to be ~2.5, which is again 
close to the value of ~2.2 observed for the parent Pd40-SiW12. 
Transmission electron microscopy (TEM) analysis of the 
freshly loaded Pd40-SiW12@SBA15-apts indicates that the 
SBA15 is loaded with small particles (diameter ca. 1-2 nm), that 
are rich in Pd and W (based on TEM-EDS), see Figure S20a. 
The TEM analysis of Pd40-SiW12@SBA15-apts after calcina-
tion and catalysis indicates that the SBA15 is loaded with Pd-
nanoparticles that have diameters in the range of ~2-6 nm, thus 
showing only marginal aggregation (Figures S20b). Pd nano-
particles supported on SBA15 via the incipient wet-impregna-
tion method of mononuclear PdII salts have been used as hy-
drotreating catalysts for the upgradation of biodiesel fuels, 
wherein the Pd nanoparticles on the SBA-15 support were 
found to be in the order of 6 – 10 nm.26 In addition, the Pd par-
ticle sizes in the commercial Pd/C were found to be in the order 
of ~12 nm.26 A point to note is that no arsenic was detected in 
any of the materials by TEM-EDS, which is consistent with the 
elemental analysis results. The TEM-Tomography analysis on 
the catalyst after catalysis indicates that the Pd-nanoparticles 
are located inside the SBA15 structure (Figure S21, see video 
in the ESI).  We have also investigated the scope of the catalyst 
for heterogeneous hydrogenation by utilizing different monocy-
clic and bicyclic arenes as substrates (Figures 4 and S14 and 
Table S8). For monocyclic arenes, the reaction rate was found 
to be in the order o-xylene < m-xylene ≈ p-xylene < toluene. 
Such an order of reactivity is consistent with the literature.27 
Unsaturated hydrocarbons, such as arenes, are thought to adsorb 
on the noble metal surface by means of a π-complex with a net 
transfer of electrons from the aromatic rings to the unoccupied 
d orbitals of the metal.27 As the density of the π-electron cloud 
is higher in xylenes than in toluene (ionization potential of xy-
lenes is higher than that of toluene) due to a larger positive in-
ductive effect,27b the xylenes are expected to adsorb more 
strongly to the noble metal surface. Such high stability on the 
metal surface results in hydrogenation at a low rate. Among the 
xylene isomers, surprisingly, o-xylene hydrogenates at a much 
lower rate than m- and p-xylene, which could be attributed to a 
higher steric hindrance in the case of o-xylene.27 For the bicy-
clic naphthalene, quantitative conversion was observed after 
~200 min with a tetralin : cis-decalin : trans-decalin ratio of 74 
: 4 : 22. Such a slow reaction rate is probably due to the higher 
aromaticity of naphthalene as compared to the benzenes in ad-
dition to steric effects, leading to higher thermodynamic stabil-
ity.27a The activity of Pd40-SiW12@SBA15-apts as a heteroge-
neous hydrogenation pre-catalyst has been compared with the 
industrially useful catalyst Pd/C as well as [PdCl4]2- and various 
polyoxopalladates (POPs) supported on SBA15-apts (Table 
S10).14b The activities of the various pre-catalysts were overall 
comparable, with the POP pre-catalysts resulting in slightly 
smaller nanoparticles in the range of 1-3 nm.14b However, Pd40-
SiW12@SBA15-apts has the distinct advantage of requiring a 
much lower activation temperature (250 °C, as opposed to >550 
°C) and lower Pd-loading (Table S10). 

CONCLUSIONS 

We report here on the synthesis and structure of a giant discrete 
and neutral disk-shaped 40-palladium(II)-oxo cluster, 
[Pd40O56(OH)16{(CH3)2As}16] (Pd40), which is capped by 16 
dimethylarsinate moieties. This is the largest neutral POC ever 
reported, and Pd40 can be isolated either as a discrete unit or as 

Figure 4. (a) Reaction times and (b) Percent conversion and selectivity for 
the hydrogenation of various substituted benzenes using Pd40-
SiW12@SBA15-apts as pre-catalyst. 

 



 

a 3D supramolecular two-component HOIF. In the latter, Pd40 
exhibits strong H-bond interactions between its peripheral μ2-
OH groups and the terminal oxo-groups of the Keggin ions 
[SiW12O40]4- or [GeW12O40]4-. Solution 1H and 13C NMR studies 
have demonstrated that Pd40 is stable in aqueous solution (pH 
7-8) for several weeks. This important fact renders Pd40 highly 
interesting for biomedical studies, which are currently in 
progress. We have also shown that the Pd40 cluster unit sup-
ported on a porous silica support can act as a model system for 
the formation of size-controlled supported Pd-nanoparticles, 
which are an effective heterogeneous catalyst for the 
hydrogenation of arenes. The discovery of the series of neutral 
POCs such as Pd16, Pd24, and now Pd40 has potentially unlocked 
the gateway to a large family of POCs with unprecedented 
structures. 
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The neutral disk-shaped palladium-oxo cluster (POC) [Pd40O24(OH)16{(CH3)2AsO2}16] (Pd40) 

has been synthesized and structurally characterized in the solid state, in solution and in the gas 

phase. The novel compound Pd40 comprises a 40-palladium-oxo core that is capped by 16 di-

methylarsinate moieties, resulting in a discrete POC with a diameter of ~2 nm. Pd40 immobi-

lized on mesoporous SBA15 support is an effective heterogeneous hydrogenation catalyst for 

the transformation of various arenes to saturated carbocycles. 

 

 


