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ABSTRACT: Seven polyoxopalladate compounds,
[Pdy5(SeO03)10(#3-0)10]'*7, with Na* (1) and K* (2) as
counterions, and Na,[M™{Pd,,(SeO,)s(1s-0)g}]-nH,O
(M = Co (3), Zn (4), Ni (), Cu (6), Mn (7); n = 7—
9), have been prepared and characterized by SXRD, FT-
IR, UV—vis, EA, TGA, and ESI-MS. These compounds
comprise two distinct cluster configurations, {Pds} and
{M"Pd,,}, which reveals the possibility of obtaining
desired noble metal clusters with a certain nuclearity by
using different cations as potential structural directing or
template agents in synthesis. All compounds showed
apparent absorptions in the visible light region, while 3 and
7 were found to show paramagnetic behavior typical of
mononuclear Co" and Mn" complexes with zero-field

splitting.

C onventional polyoxometalates (POMs) have shown great

potential in catalysis and promising magnetic properties
due to the scope of available building units based on early
transition metals (Mo, W, V, Nb, and Ta).l’2 Beyond the realm
of conventional transition metals, noble metals, as the active
ingredients of many catalysts, find their way to lots of critical
industrial applications.” The investigation of noble-metal-
containing POMs is an area of great importance and has
drawn much attention in recent years.*””

Several noble metal—oxygen clusters based on Pt, Pd, and Au
have been synthesized.’ For instance, the first noble-metal-
based POM [Pt;,04(SO,),,]* was prepared by Wickleder and
Pley,* and the palladium-based POMs have promoted the area
since the first polyoxopalladate [Pd;;As305,(OH)s]®" synthe-
sized by Kortz et al.*® Several other polyoxopalladates, {Pd,;},
{Pds}, {XHIPdlz}; {Pd,;}, {Pd;Ve}, and {Cu,Pd,,}, bridged by
PhAsO;*", Se0,*", AsO,*", VO,;7, or PO,*”, have also been
reported lately.””® It is shown that the assembly of these
clusters is largely affected by hydrolyzation condensation and
selection of various bridging groups.’ However, the role of
guest cations in the construction of these clusters is rather
unclear, and controlled synthesis of polyoxopalladates with
desired nuclearity remains challenging.

Herein, we report two {Pd;s} cages comprising free guest
H,0O molecules instead of metal ions with the formulas
Na; Ho[Pd;5(SeO3)10(¢3-0)10],-38H,0 (1) and
KH[Pd;s(SeO3)0(¢5-0)10]-21H,0 (2). Moreover a new
class of {Pd;;} derivatives, Nag[M"{Pd,,(SeO;)s(ps-
0)s}]-nH,0 (M = Co (3), Zn (4), Ni (5), Cu (6), Mn (7);
n = 7—9), has been prepared, all of which share an identical
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cubical topology ({Pd;,} cage) with a unique eight-coordinated
central M?* cation. This, for the first time, demonstrates the
controllability of polynuclearity using metal cations as the
potential templating and/or structural-directing agents.

In this study, to systematically investigate the configurations
of polyoxopalladates affected by different cations, we selected
alkali metal cations, Na* and K, and a handful of representative
transition metal cations M*', to prepare the SeO;*” group-
based polyoxopalladates. Under similar synthetic conditions,
Pd*, SeO,*", and corresponding M** were used to give two
types of distinctive clusters, {Pd;s} and {M"Pd,,}, in a one-pot
reaction. All clusters are stable when exposed to air over days
and can be recrystallized in water. These new polyoxopalladates
have been characterized by single crystal X-ray diffraction
(SXRD), FT-IR, UV—vis, EA, TGA, and ESI-MS. Furthermore,
the variable-temperature magnetic susceptibility of 3 and 7 was
also measured.

Single-crystal X-ray diffraction analysis exhibited that 1 and 2
share a [Pd;5(SeO;);o(15-0)10)'" cluster shell with a pseudo-
S-fold symmetry. As shown in Figure la, {Pd;s} consists of 15

Na*, K*
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Figure 1. Ball-and-stick diagrams of [Pd;5(SeO;);o(t5-0)10]'*" and
[M"Pd,,(Se0;)s(4-0)]°". Pd, purple; Se, deep green; O, red; M,
blue (¢ = Z/r; Z, charge; r, radius of the cation).

Pd atoms as the backbone and is completed by 10 SeO;*~
groups. All Pd atoms are further connected by 10 internal ;-
oxo groups with a common square-planner geometry and are
arranged in three pentagonal ABA layers. Ten out of these 15
Pd atoms serve as vertices of a pentagonal prism, while the
remaining five Pd atoms sit above the center of each side face of
this prism. In contrast to other polyoxopalladates with similar
topology reported so far, 1 and 2 have a {Pd;s} shell without
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any central metal ions.
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Compounds 3—7 have a {Pd,,} shell with a general formula
of [M"{Pd,,(SeO,)s(14-0)s}]°". As proved by SXRD, the five
clusters are isoreticular and crystallize in an orthorhombic
crystal system with the space group Pnma. Their underlying
topology is very similar to the previously reported {Pd;}
clusters,®® with the central Pd** being replaced by the
corresponding M** (Figure 2). This central cation M*' is
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Figure 2. Ball-and-stick representation and corresponding MOy
clusters of 3—7 . The ionic potential @ of M>* ions is calculated
according to the eight-coordinated ionic radius in Lang’s Handbook of
Chemistry, 13th ed.; MeGraw-Hill: New York, 1985.

complexed by eight inner y,-O’s to form a pseudo-cubic body-
centered constitution. The {M"Pd,} cluster can be viewed as a
cube with the central MOy cluster encapsuled by 12 Pd atoms.
Each O atom in the MOg serves as a cube vertex and is further
coordinated by three Pd atoms situated on a trigonal face of the
cube. Each Pd exhibits the expected square-planar geometry by
two u,-O and two oxygen atoms of SeO;*". As such, 24 outer
oxygen atoms form a truncated-cube-shaped shell, capped by
eight selenites. Eight coordination is unusual among the first-
row transition metals, since the central M>" ion must be large
enough to accommodate eight ligands.'® To the best of our
knowledge, the transition metal M?* with a cubic eight-
coordinated geometry in a stable cluster is rather rare. For the
first time, we have obtained a series of M"Og clusters
encapsuled in a {Pd,,} shell. Selected y,-O—M bond lengths
in 3—7 are shown in Table S3.

By systematically altering the cations, compounds 1—7 were
synthesized in a one-pot self-assembly reaction. On the basis of
structual analyses, some general synthetic principles can be
derived. When only alkali cations are present, as shown in the
case of 1 and 2, {Pd;s} clusters tend to form upon controlled
hydrolysis and polycondensation of Pd**. However, when
transition metal cations, such as Co?*, Zn**, Ni*, Cu**, and
Mn?*, are introduced, no {M"Pd,;} is found. Instead, the shell
of {Pd;,} with M** encapsuled in the center is formed. It
suggests that these cations may possibly serve as the structual
directing agents in the formation of the targeted polyoxopalla-
dates. Furthermore, in the case of compounds 3—7, transition
metal cations also perform as the potential templating agents
and help the construction of the outer shell.

A closer analysis of the ionic radius and ionic potential (¢) of
the selected metal cations reveals that the ionic potential of M**
in the MOg cuboctahedron is very close to, yet slightly larger
than, that of Pd** (Pd, 2.26; Mn, 2.42; Co, 2.62; Zn, 2.62; Cu,
2.70; Ni, 2.70). As such, with similar polarity to Pd*" but a
smaller size, these transition metal cations can replace the
central Pd ion in {Pd;;} and the inductively formed cavity of
{Pd,,} (Figure 2). Na" and K, on the other hand, have much
smaller ¢ values, 1.20 for Na* and 0.73 for K, and therefore
only lead to {Pd s} clusters. This finding is also consistent with
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the result of XOg reported in [X"'Pd;,(AsPh)305,]°” (X =Y,
Pr¥, etc.).’

In the process of SXRD data analyses and refinement of 1
and 2, Na* and K" ions, according to the known {NaPd,}
structure,® were originally assigned as the central atoms,
respectively. However, an unusually hiﬁh equivalent isotropic
displacement parameter, Uy is shown." In contrast, when O
was used instead, U, fell into a normal range. Thus, to
thoroughly investigate the details of 1 and 2 and determine the
central atoms encapsulated, we decided to analyze the clusters
in solution using ESI-MS (Figure 3a,b). These results exhibited
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Figure 3. Negative ion mass spectra of Na;Ho[Pd,s (SeO;);o(sis-
0)10],38H,0 (), KHs[Pd;5(Se0;);0(43-0)10]-21H,0 (b), and
Na6[Pd12(5e03)8(/44-0)8Ni]-9HZO (o).

that the {Pd,s} shell in both 1 and 2 indeed encapsulated a free
water molecule instead of Na* or K* . For the peaks observed,
m/z = 757.89 and m/z = 762.39 are present in both 1 and 2,
which can be assigned to —4 charged hexaprotonated
dehydrated and hydrated species, with the formulas of
[HePd;Se;004]* and [HPd,sSe;q040(H,0)]*". Unlike the
Na* ion found in the previously reported {NaPd,;} cluster,® the
central H,O molecule in 1 and 2 can be readily removed, giving
an empty {Pd,} shell. Despite the fact that K" is heavier than
Na* and H,O, the ionization behavior of 2 resembles that of 1
in the ESI-MS. The —3 charged peaks in both 1 and 2 observed
at m/z = 1016.85 can be assigned to [H,Pd;s(SeOs) (s
0),0H,0]*". In the spectrum of 1 (Figure 3a), the peaks at m/
z = 1024.18 and m/z 1031.51 can be assigned to
[NaHéPdls(SeO3)10(,u3—0)10H20]3_ and
[Na,H;Pd,5(Se03)10(13-0)10H,0]°". In the spectrum of 2
(Figure 3b), peaks at m/z = 1029.51 and m/z = 1042.16 will be
assigned to [KHgPd;(Se0;)0(¢3-0),,H,0]*>" and
[K,HPd,5(Se05) ,0(15-0),0H,0]°". Therefore, the ESI-MS
combined with elemental analyses and crystallographic data
can unambiguously determine the guest molecule in POMs and
solve the challenge faced in crystallography to distinguish
species with same electron configuration, as in the case of Na*
and O*".

Further, we measured mass spectra of 3—7 and confirmed
the encapsulation of M** with a general formula of {M"Pd,,}
(Figures S12—S14). For instance, in the mass spectrum of §
(Figure 3c), the —3 charged peaks at m/z = 827.32, m/z =
834.65, and m/z 841.98 can be assigned to
[H;3Pd,(SeO;)s(ps-0)sNi]*", [NaH,Pd;,(SeOs)s(py-
O)eNi]*7, and [Na,HPd,,(SeO;)s(1,-O)gNi]>~. Also, in the
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same spectrum, we spotted some fragment peaks, m/z = 784.35
and m/z 791.68, that can be easily assigned to
[HPd,,Se,;0,0Ni]*~ and [NaPd;,Se;O,oNi]*~. This indicates
that SeO;*” can be removed from the {M"Pd,,} during the
iniozation process in ESI-MS measurement, while the rest
remains intact. Clearly, these fine structures in mass spectra are
helpful in investigating the structural stability of such novel
polyoxopalladates.

To further analyze the impact of cations on polyoxopalladate
configurations, UV—vis spectra of 1—7 were measured in
aqueous solution. Three absorption peaks are displayed in the
range of 190—550 nm. Two peaks are shown in the ultraviolet
region, while an apparent absorption peak emerges in the
visible light region. That might bring new photocatalytic
properties to POMs (Figures SS and S6).'> The measurments
of magnetic susceptibility on 3 and 7 showed paramagnetic
behavior typical of mononuclear Co(II) and Mn(II) complexes
with zero-field splitting (ZFS; Figure S15).

In conclusion, by introducing various metal cations, we have
synthesized seven polyoxopalladates under similar synthetic
conditions. The presence of different cations plays a critical role
in the formation of desired clusters and thus can potentially
perform as structural directing and/or template agents.
Specifically, alkali metals, such as Na* and K, will preferably
lead to {Pd,s} with a free H,O molecule inside. Meanwhile,
early d-block transition metals, M, will most likely generate
{M"Pd,,} clusters with a corresponding M" center. One
possible explanation is that cations with similar ionic potentials
can assist the formation of polyanion structures with the same
underlying topology. In addition, we embarked on an extensive
study and comparison of ESI-MS data of each compound and
determined the details of the cluster structure and species
inside. These results and findings shed light on the pursuit of
controlled synthesis of targeted POMs, polyoxopalladates in
particular, and possibly lead to the discovery of more new
functional clusters. An investigation of other multiple-charged
metal cations as structural directing agents is in process and will
be reported.
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