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ABSTRACT: The platinum-containing isopolytungstates
[PtsW11044]% (PtsW,), [Pt',W5015((CH3),AsO,),]*
(Pt';Ws), and [Pt";W504g((CH3),AsO,),]* (Pt";Ws) were
synthesized in aqueous media and characterized via
single-crystal X-ray diffraction and multinuclear ("**Pt, *C,
and 'H) nuclear magnetic resonance (NMR)
spectroscopy. The polyanion [Pt;W,,04]** comprises
three {W;0,,} and one {W,0,,} fragments connected via
three platinum atoms forming a linear {Pt;0,,} triad that
exhibit direct Pt—Pt bonding (2.64—2.68 A). The distances
between the two outer Pt ions and oxygens from
neighboring Pt;W,, clusters (2.34 and 2.65 A) are
consistent with [4+1] coordination. Quantum mechanical
calculations enabled the assignment of Pt oxidation
states for the mixed-valence polyanion Pt;W,,. The
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polyanion Pt';,W; contains a monolacunary {WsO,g}* Lindqvist fragment coordinated via two Pt' ions in square-planar
geometry and two terminal dimethylarsinate groups, exhibiting a **Pt NMR signal at 610 ppm in water. By contrast, Pt",W5
comprises two Pt" ions with square-pyramidal coordination and direct Pt—Pt bonding (2.64 A). The polyanions Pt;W,, and
Pt",W; were immobilized on SBA-15-apts and then tested as precatalysts for the hydrogenation of o-xylene under continuous-

flow, high-pressure conditions.
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1 Introduction

Polyoxometalates (POMs) are discrete, soluble, polynuclear
metal-oxygen cluster anions with remarkable structural and
compositional versatility, accompanied by a multitude of unique
physicochemical properties [1]. The subclass of noble metal-
containing POMs represents a new and rapidly growing research
area, mainly owing to its potential applications in catalysis and
nanoscience. To date, several structural classes of noble metal-
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containing POMs have been synthesized (based on metals such as
Pd, Pt, Ru, and Rh) [2-4]. In 2004, Wickleder and co-workers
reported the first polyoxo-12-platinate(III) (POPY),
[Pt",04(SOy),,]* (albeit under rather extreme experimental
conditions) [5]. Our group has been developing novel synthetic
approaches to construct noble metal-containing POMs with
unprecedented structures for many years [6]. In this context, we
pioneered the class of polyoxopalladates(Il) in 2008 [7] and
polyoxoaurates(IIT) in 2010 [8]. This novel class of polyanions is
based on the condensation of oxo-bridged, square-planar MO,
(M = Pd" and Au™) units, with external heterogroups capping the
structure. Recently, we reported the first mixed-valent Pt"-
containing hexaplatinate(II), [Pt"Pt";O¢(AsO,(CHs),)¢]* [9].

The coordination chemistry of platinum has a long history and is
considered a classic field; however, surprisingly little is known about
the coordination of Pt" or Pt" to POMs. Well-established examples
of Pt-containing POMs are sparse and are essentially restricted to a
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series of Pt"-containing Anderson-Evans-type polyanions with
varying degrees of protonation [10, 11]. In 2008, Lee and Kortz
prepared and structurally characterized the first platinum(IV)-
containing derivative of the decavanadate ion, [H,Pt"V3Ox]* [12].
In 2015, the platinum"-grafted polyoxoniobate [NbyOo{Pt"
(OH),}],* was reported [13], followed in 2022 by the Pt"-grafted
[{PtY(OH);(H,0)}sPsW 50154]* [14]. By contrast, square-planar
coordinated Pt' has long remained beyond the scope of POM
chemists. Only a few examples of Pt"-containing POMs have been
reported, such as [Pt,(W;Ou),]" [15], [a-PW  Os(cis-
Pt"(NH,),),]* [16-18], anti- and syn-[Pt",(a-PW,,05),]" [19], and
[a-PW,050{cis-Pt"(Me,ppz)}]™ (Me,ppz = N,N-
dimethylpiperazine) [20]. Later studies described the electrocatalytic
activity of [Pt",(W;0,4),]* in the hydrogen evolution reaction [21,
22]. To date, no complexes of tri-Pt"-containing POMs have been
reported. Hence, the preparation and reliable characterization of Pt-
containing POMs remain a considerable challenge. In platinum(II)
chemistry, it is well known that five-coordinate complexes are
generally less common than four-coordinate complexes, owing to
the tendency of d* ions to adopt a square-planar geometry.
Nevertheless, five-coordinate complexes can be obtained through
rational design of the coordination environment, as exemplified by
cisplatin and its second-generation derivatives [23, 24]. Such
complexes mainly involve halides [25, 26], pseudohalides [27, 28],
hydride [29, 30], hydrocarbyl [31-34], organometal fragments
[35-38], or neutral nitrogen- [39, 40] or sulfur-containing [41]
ligands.

2 Experimental methods

2.1 Synthesis of K, ,Na,[Pt;W;;04]-16H,0 (KNa-Pt;Wy,)

K,PtCl, (41.5 mg, 0.10 mmol) and Na,WO, (33.0 mg, 0.10 mmol)
were added to an aqueous sodium dimethylarsinate (also known as
cacodylate) buffer (2 mL, 0.5 M, pH adjusted to 7 with 68% HNO3)
and stirred for 20 min at 80 °C. The initial orange-red solution first
turned light brown and then deepened to a darker brown. Colorless
and gray-greenish paratungstate crystals formed overnight and
were filtered off after 2 days. After several days, dark red block
crystals of KNa-Pt;W,; (yield = 2.5 mg, 2% based on Pt) and
additional gray-greenish crystals were obtained. The supernatant
was then decanted, and the crystals were washed with 2 M sodium
cacodylate buffer followed by 96% ethanol. Since KNa-Pt;W;
crystals were almost always contaminated with crystalline gray-
greenish paratungstate impurities, they were mechanically separated
under a microscope, which was considerably easy owing to the
color difference. Anal. Caled (%) for KNa-Pt;W,;: Pt 15.66, W
54.11, K 2.51, Na 2.46. Found: Pt 16.30, W 50.60, K 3.07, Na 3.79.
Fourier transform infrared (FT-IR; KBr, cm™): 3,600-3,200(s)
(v(O-H) of structural H,0), 1,622 (m) (6(O-H) of H,0), 1,380 (w)
(8in-pane(O-H)), 933 (m) (W(W-O (terminal))), 890-768 (m)
(M(W-0 (bridging))), 713 (m) (v(Pt-0)), 497 (w) (»(Pt-0)).

2.2 Synthesis of NaK,[Pt",W;0:5((CH;),As0,),]-9H,0

(KNa-Pt",W;) (method 1)

If the filtrate from the synthesis of K,,Na,[Pt;W,,0,4]-16H,0
(KNa-Pt;W,,;) was retained and allowed to evaporate slowly, red,
rod-shaped crystals of Na)K,[Pt",W;04((CH;),As0,),]-9H,0
(KNa-Pt",W;) formed within 2 days, which were collected via
filtration (yield = 15.0 mg, 14% based on Pt). Anal. Calcd (%) for
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KNa-Pt",W.: Pt 18.08, W 42.60, As 6.94, K 3.62, Na 2.13, C2.23, H
1.40. Found: Pt 19.00, W 42.40, As 7.62, K 3.56, Na 2.46, C 2.77, H
1.39. FT-IR (KBr, cm™): 3,600-3,200(s) (v(O-H) of structural H,O),
3,026-2,853 (w) ((C-H) of methyl groups of cacodylate), 1,629
(m) (6(O-H) of H,0), 1,384 (s) (6(C-H) methyl groups of
cacodylate), 1,271 (W) (Gpnpanc(O-H)), 925 (m) (W(W-O
(terminal))), 863 (m) (V(W-O (bridging))), 802 (s) (v(As-O-Pt)),
700-514 (s) (v(Pt-0)), 406 (m) (v(As-C)).

2.3 Synthesis of Na,K,[Pt",W;0,5((CH;),AsO,),]-9H,0
(KNa-Pt",W;) (method 2)

K,PtCl, (16.6 mg, 0.04 mmol) and Na,WO,-2H,0O (33.0 mg, 0.10
mmol) were added to an aqueous sodium cacodylate buffer (2 mL,
1 M, pH adjusted to 7 with 68% HNO,), stirred for 20 h at room
temperature, and then stirred for additional 30 min at 80 °C.
Colorless block-shaped crystals and orange, rod-shaped crystals
formed within 2 weeks via slow evaporation of this solution. The
orange crystals were manually selected and dried in air on filter
paper (yield = 4.3 g, 10% based on Pt). FT-IR and single-crystal
XRD analyses confirmed that this material is identical to that
produced using method 1.

24 Synthesis of
(KNa—-Pt",W;)
KNa-Pt",W; (30 mg, 0.01 mmol) was added to an aqueous sodium
cacodylate buffer (1.5 mL, 0.5 M, pH adjusted to 7 with 68%
HNO;) and stirred at 80 °C for 20 min. Slow evaporation of the
orange solution over a week yielded orange, rod-shaped crystals of
KNa-Pt",W; and red, cuboid-shaped crystals of KNa-Pt™,W;. The
yield of KNa-Pt",W; was very low, and separation of the two
crystalline fractions was difficult; therefore, a bulk sample could not
be collected for elemental analysis. FT-IR (KBr, cm™) on a crystal:
3,600-3,200(s) (V(O-H) of structural H,0), 3,026-2,936 (w)
(W(C-H) of methyl groups of cacodylate), 1,629 (m) (§(O-H) of
H,0), 1,405 (s) (6(C-H) of methyl groups of cacodylate), 1,274 (w)
(8in-pane(O-H)), 964-935 (m) ((W-O (terminal))), 862 (m)
(MW-O (bridging))), 802 (s) (W(As-O-Pt)), 700-514 (s) (»(Pt-0)),
400 (m) (v(As-C)).

Nasz[Ptmzwsols((CH3)2ASOZ)4] 'Hzo

2.5 General methods and materials

Elemental analyses were performed by the Hamburg University of
Technology (TUHH, Zentrallabor Chemische  Analytik,
Eiflendorfer Strafle 38, Gebaude O, 21,073 Hamburg, Germany)
and Analytische Laboratorien (Industriepark Kaiserau, Haus
Heidbruch, 51,789 Lindlar, Germany). Analyses of K and Na were
conducted in-house using atomic absorption (AA) spectroscopy on
a Varian SpectrAA 220 AA spectrometer. The crystal water content
was determined via thermogravimetric analysis (TGA) using a TA
Instruments Q600 device at a heating rate of 5 °C-min™ under N,
atmosphere (20-800 °C or 500 °C). TGA of freshly prepared
KNa-Pt;W,;; and KNa-Pt",W; showed an initial weight loss
between ~ 20 and 150 °C, corresponding to lattice water (calculated:
7.5%, observed: 7.5% and 7.7%, respectively), followed by polyanion
transformation/decomposition above 150 °C. FT-IR spectra (KBr
pellets) were recorded on a Nicolet Avatar 370 spectrometer
(4000-400 cm™). Solution 'H and “C nuclear magnetic resonance
(NMR) spectra were recorded on a JEOL ECS 400 MHz
spectrometer using 5 mm tubes, with resonance frequencies of
399.78 and 100.71 MHz for 'H and “C, respectively. Pt NMR
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spectra were recorded on a JEOL ECA 400 MHz instrument using
5 mm tubes, with a resonance frequencies of 85.94 MHz. Chemical
shifts are reported relative to Na,PtCl; in D,O. Al NMR
measurements were performed at room temperature using
H,0/D,0 as the solvent. Catalytic hydrogenation reactions were
conducted in a PID Microactivity Effi fixed-bed reactor equipped
with a 9 mm SS316 stainless steel tubular reactor (internal diameter
= 9.1 mm, total length = 304.8 mm). A Gilson HPLC pump was
used for feed injections, and an Agilent 6,890 GC-FID with an Rtx-
DHA-100 column (Restek; equivalent to DB-Petro 100 m x 250 um
x 0.5 um, Part No. 122-10A6) was used for product analysis. The
samples were injected into the gas chromatograph using a CI4W.5
switching valve (0.5 pL injection volume) from VICL.

X-ray crystallography. Data for KNa-Pt;W,;, KNa-Pt", W,
and KNa-Pt",W; were collected at 100 K on a Rigaku XtaLAB
Synergy, Dualflex, HyPix single-crystal diffractometer equipped
with kappa geometry (graphite monochromator, Ay, x, = 0.71073
A) using CrysAlis™ software package [42]. The crystal was
mounted in Hampton cryoloop with paratone-N oil. Multi-scan
absorption corrections were applied using the ABSPACK [43] and

SADABS program [44]. The structures were solved using direct
methods aided by successive difference Fourier maps and refined
against all data using SHELXL-2014 [45]. The H atoms of the
cacodylate methyl groups were placed in calculated positions and
refined using a riding model, while the remaining non-hydrogen
atoms were refined with anisotropic displacement parameters.
Refinements were conducted via full-matrix least squares against |F|
using all data. Images of the crystal structures were generated using
Diamond, version 3.2 (Crystal Impact GbR). Some lattice water
molecules were highly disordered, and the corresponding
disagreeable reflections were removed using the SQUEEZE
command in PLATON [46]. Crystallographic data for
KNa-Pt;W,;, KNa-Pt",W;, and KNa-Pt",W; are summarized in
Table 1. CIF files are available free of charge from The Cambridge
Crystallographic Data Centre (CSD 2414132, CCDC 2414130, and
CCDC 2414131).

2.6 Computations

All calculations were conducted using density functional theory
(DFT) with the Gaussianl6 software [47-49]. Gaussian-type

Table 1 Single crystal data and structure refinement parameters for KNa—Pt;W;;, KNa—Pt",W;, and KNa—Pt", W5

Compound KNa-Pt;W,, KNa-Pt",W; KNa-Pt", W5
Empirical formula K, Na,Pt;W,,05,H;," K,Na,Pt,W;As,05,C,H;y" K,Na,Pt,W;As,0:5,CsH,,
fw (gmol™) 3737.54¢ 2157.64° 244556
Crystal system Triclinic Monoclinic Monoclinic
Space group Pl P2/n C2/c
a(A) 12.6266(3) 16.9228(3) 17.2840(3)
b(A) 13.6378(4) 11.8389(2) 11.6921(2)
c(A) 17.5633(4) 17.8814(3) 22.3889(4)
« (°) 82.104(2) 90 90
B () 82.452(2) 93.2993(17) 93.0538(14)
y () 64.519(3) 90 90
V(&) 2695.47(13) 3576.56(12) 4518.08(13)
V4 1 4 4
Dc (g-cm™) 4.459 4.003 3.595
Abs coeff. (mm™) 31.401 25.999 22.056
F(000) 3102 3776 4344
0 range for data collection (°) 2.349 to 25.026 2.411 to 25.025 2.318 to 31.677
Completeness to 0, 99.9% 99.9% 89.2%
-15<h<15 -19<h<20 -24<h<24
Index ranges -16<k<16 -14<k<14 -16<k<16
-20<1<20 -21<1<21 -32<1<33
Reflns collected 31,292 25,593 57,273
Indep reflns 9501 6320 6818
R(int) 0.0616 0.0463 0.0383
Abs corn Semi-empirical from equivalents Semi-empirical from equivalents Semi-empirical from equivalents
Data/restaints/param 9501/30/658 6320/0/443 6818/144/290
GOF on F# 1.039 1.064 1.099
R, wRy [ >20(1)] 0.0487, 0.1304 0.0300, 0.0726 0.0295, 0.063

R, wRy* (all data)
Largest diff peak and hole (e-A)

0.0595, 0.1384
4.389 and —3.800

0.0336, 0.0739
1.922 and -2.000

0.0361, 0.0651
7.618 and -2.147

*The entries represent the formula units and weights obtained from a combination of all experimental techniques, mainly elemental analysis and XPS,

reflecting the true composition of the bulk material.
'R, = 3|IF,| - [FIIZIF,.
“WR, = [Ew(E,’ — F2/Zw(F,)]"
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functions were employed to represent the atomic basis sets. For
oxygen (O) atoms, the 6-31G(d,p) basis set was utilized, while
tungsten and platinum atoms were described using the Los Alamos
National Laboratory pseudopotential with the standard double-zeta
LANL2DZ basis set [50]. The LANL2DZ(f) basis set includes an
effective core potential that accounts for relativistic effects on the
internal electron shells. Geometry optimizations and electronic state
energy calculations were performed with the hybrid PBEO
functional [51]. Empirical dispersion corrections were included
using Grimme’s Dispersion 3 with Becke-Johnson damping
(GD3B]J) [52]. Solvation effects in aqueous solution were modeled
using the polarizable continuum model (PCM) [53, 54].
Additionally, the explicit inclusion of crystal cations (“PCM +
cations” setup) was considered for comparison, as discussed at the
end of the Results section.

3 Results and discussion

3.1 Synthesis and characterization of the tri-Pt-containing
isopoly-11-tungstate [Pt;W,;04]*"

We  synthesized the  tri-Pt-containing isopolytungstate
[Pt;W,,04]* (Pt;W,,) via the reaction of K,PtCl, with
Na,WO,2H,0 in aqueous medium, during which the solution
color changed rapidly overnight (from the initial orange-red to
brown, becoming increasingly intense). Slow evaporation of the
solution yielded gray-greenish and dark red, block-shaped crystals
(Fig. S1 in the Electronic Supplementary Material (ESM)), which
were separated via fractional crystallization. The dark red crystals,
comprising Pt;W,,, were isolated as a mixed potassium-sodium
salt, K, ,Na,[PtV,Pt", ;W,,04]-16H,0 (KNa-Pt;W,,). The mixed
potassium-sodium salt of polyanion Pt;W,; crystallized in a
triclinic lattice with space group P1 (single-crystal data are provided
in Table 1). This unprecedented polyanion features a central, linear
Pt;0,, platinum-oxo unit encapsulated by an unusual WO,
tungsten—oxo ring, which comprises a corner-sharing W;0,; group
(formed via three edge-sharing WOg octahedra), two corner-
sharing WO; groups, and three corner-sharing W,0,, groups. The
three W,0,, groups and two WOj square pyramids alternate along
the ring (Fig. 1). The linear Pt;0,, unit is positioned along the
central axis of the W,,0y, ring, suggesting that the former may act
as a template, resulting in a structure with C, symmetry. The central
Pt atom is six-coordinated, with four oxygen atoms arranged in a
square-planar geometry (originating from three dinuclear and one

Figure1 Combined polyhedral/ball-and-stick representation of [Pt;W;,O,]*
(Pt;W})). Pt red, WO4 blue and green octahedra, and WOj; orange square-
pyramids.
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trinuclear tungsten—oxo units) and a metal-metal bond with the
two neighboring Pt atoms. The two outer Pt atoms are five-
coordinated, each bonded to four oxygen atoms (from three
dinuclear and one trinuclear tungsten—oxo units) and forming a
metal-metal bond with the central Pt atom. The Pt-Pt distances in
Pt,W,, are 2.636(2) and 2.674(4) A, suggesting metal-metal
bonding among the three Pt atoms (see Tables S1-54 and S6 in the
ESM for selected bond lengths) [55]. The Pt--O distances in
[Pt;W,,0,,]°* range between 2.368(1) and 2.630(1) A (Table S6 in
the ESM), and the relevant bond angles are provided in Table S7 in
the ESM. In the solid state, neighboring Pt;W/, ions interact via
Pt--O contacts in a [4+1] coordination mode (four planar Pt-O
bonds and one axial interaction), resulting in a zig-zag chain (Fig.
S2 in the ESM). The exact assignment of oxidation states for the
three platinum atoms in Pt;W/, is complex; hence, we performed X-
ray photoelectron spectroscopy (XPS) combined with quantum
mechanical calculations.

3.2 XPS and quantum mechanical calculations

To determine the oxidation states of the three Pt atoms in Pt;Wj;,
we performed XPS measurements on KNa-Pt;W; after grinding
the crystalline sample to ensure a homogeneous surface
composition. These measurements were supplemented with
quantum mechanical analyses to univocally characterize the system
and explain its behavior. The XPS analysis on KNa-Pt;Wy,
revealed an atomic PtY:Pt" ratio of 1:4 (Fig. 2). This relative
abundance can be formally expressed in terms of a mixed-valence
scenario [PtV Pt", W0, ]°*, although for an individual
polyanion, it must be achieved as a combination of Pt;W,,0,; units
comprising an integer number of Pt ions in a given oxidation state.
In principle, several arrangements satisfy the 1:4 ratio—for
example, a mixture of species such as 1 [PtY;W,,0,]":4
[Pt";W,,0,; 3e]™. In this notation, xe denotes the number of extra
electrons relative to the fully oxidized all-Pt" species, [Pt";W,,0,]*.
Other combinations of oxidation states for the polyanion are also
possible. To explore this, we conducted a quantum mechanical
study on the series of [Pt;W,0,; xe]" species with x = 0-3, which
can give rise to mixtures of Pt oxidation states within a single
polyanion. This analysis provides additional evidence of the most
probable combination of [Pt;W;,0,; xe]™ units in the crystal. For
simplicity, the shortened nomenclature [Pt; xe]™ is used in the
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Figure2 X-ray photoelectron spectrum of KNa-Pt;W,; and fits for the Pt 4f;,

and 4f;;, doublet.
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following discussion.

To determine the most probable composition of the
KNa-Pt;W; crystal structure, i.e., which [Pt; xe]" units are present
and their abundances, the computational analysis focused on the
electronic structures and molecular energies of several [Pt;W,,0,,]"
variants, including possible combinations of Pt oxidation states
within the same Pt; unit. For each species considered that could
potentially satisfy the experimentally observed Pt":Pt" ratio in the
crystal, different spin states were contemplated. The results are
summarized in Table S2 in the ESM.

3.2.1 Ptywith a varying number of electrons

In this section, we refer to calculations performed using the “PCM”
setup—that is, including environmental effects via the PCM
method (see computational details) but not explicitly including the
cations of the crystal, to generate the electronic structure of the
POMs.

Starting with the [Pt;]* and [Pt; 3e]™ systems, we identified the
quintet and quartet spin multiplicities, respectively, as the most
stable (Fig. S3 in the ESM), as shown in Table S2 in the ESM, with
consistent (§*) values. For the [Pt;]* case, we found a nearly
degenerate triplet with a very similar electronic distribution
(corresponding to a flip of a single Pt unpaired electron). Thus, as
suggested above, one possible combination to meet the
experimental 1:4 Pt":Pt" ratio is one [Pt;]* unit together with four
[Pt; 3e] units.

Calculations on the mixed-valence [Pt; 2e]* structure yield three
quasi-degenerate spin arrangements: one singlet and two triplets, in
which the valence Pt 5d electrons are distributed equally along the
Pt; motif. The singlet state represents an open-shell (1-]) broken-
symmetry solution. Its ($?) value of 1.02 denotes large spin
contamination from  higher multiplicities, notably the
aforementioned triplets.

The [Pt; 2e]” structure (ie., formally PtYPt",), combined with
[Pt; 3e]” units in a 3:2 ratio, also reproduces the experimentally
observed Pt"“:Pt" ratio of 1:4. This combination is 62.7 kcal-mol™
more stable than the 1 [Pt;]*:4 [Pt; 3e]” arrangement, a
considerable energy difference revealing that the crystal very likely
contains mixed-valence Pt; units. This finding can be rationalized
via a criterion of maximal similarity of molecular charges among
the various POM moieties in the crystal. In other words, this result
highlights the instability of having in the same crystal molecular
units with very dissimilar charges, such as all-Pt" units (with charge
—4) and all-Pt" units (with charge —7). The energies associated with
electron gain or removal, approximated as the electronic energy
differences between Pt; units with different electron counts, are
shown in Scheme 1.

We observe that the energy required to remove one electron
from [Pt; 3e]” is 4.3 eV, which is significantly lower than the 11.4

43eV
[Pt; 3e]™ - [Pt; 2e]5-
9.7 eV 15.7 eV 11.4 eV
_%e- _2e-
-6.0eV
[Pt, 1e]5 [Pt,]+

Scheme 1 Energies associated to electron gain/loss for the Pt; system.
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eV required to remove the two remaining electrons from [Pt; 2e]”
to reach the fully oxidized form [Pt;]*. These values further support
the likelihood of the 3 [Pt; 2e]*:2 [Pt; 3e]”- combination.

We also analyzed the molecular orbital sequence for the different
systems, as shown in Fig. 3, revealing differences in stability. Given
the open-shell nature of the Pt; motif, the a and [ orbital sets
obtained from DFT calculations are represented separately. For a/p-
compensated electronic configurations (such as [Pt; 2e]™), both sets
are equivalent. However, an excess of a electrons (as in [Pt; 3e]™)
leads to considerable differences in the frontier orbital region. These
differences can impact some properties of the system, including
reactivity and magnetic behavior. When comparing [Pt; 3e]” and
[Pt;]*, the highest occupied orbital (HOMO) of the former is only
0.1 eV lower than the lowest unoccupied orbital (LUMO) of the
latter, indicating marginal (or no) stability and suggesting that one
or more electrons would immediately transfer from the electron-
rich [Pt; 3e]” species to the highly oxidizing [Pt;]*, thereby
compensating their charges. Conversely, the energy difference
between the LUMO of [Pt; 2e]* and the HOMO of [Pt; 3e]™ is
much larger (AE = 1.1 eV), indicating notable stability of the
ensemble for this combination.

Notably, the one-electron reduced species [Pt; le]” (Fig. 3) was
also considered in the present computational study. Calculations
show that the most stable spin state for this species corresponds to a
quartet (Table S2 in the ESM).

Nevertheless, if we do not restrict ourselves to considering only
two types of Pt; moieties, another possibility emerges: combining
the [Pty 3e]” form with the mixed-valence variants [Pt; 2e]* and
[Pt; le]”™ in an overall ratio 3:1:1. When comparing the stability of
this 3:1:1 combination with that of 3 [Pt; 2e]*:2 [Pt; 3e]”, the latter
remains the most stable.

Concerning structural features, we compared the experimentally
determined and the DFT-calculated Pt--Pt and Pt-O distances
(Table S1 in the ESM). The [Pt;]* system presents the poorest
agreement with the experimental data, whereas the mixed-valence
[Pt;W,0,, 2e]* system exhibits the best match.

Moreover, a Bader charge analysis was performed on the
calculated electron density for all systems [56]. In general, although
we formally refer to Pt" and Pt", the complexity of the system
causes the valence electrons of Pt to be delocalized over the Pt;
motif and their neighboring oxo ligands, which can be classified as
class IIT in the Robin-Day scheme of mixed-valence compounds.
To support this, we computed the hypothetical process of electron
subtraction [Pt; 3e]” > [Pt; 2e]* + e, revealing that the electron is
distributed equally among the three Pt atoms, resulting in a
balanced electron loss of ~ 0.2 e per PtO, group (Table S3 in the
ESM), with the remainder drawn from the rest of the polyanion.
This observation aligns with the shape of the donating HOMO of
[Pt; 3e]” (Fig. $4 in the ESM), which shows similar contributions
from all Pt atoms. By contrast, further oxidation of [Pt; 2e]” to
generate [Pt; le]” removes the electron mostly from the central Pt
(~ 0.5 e). These results suggest that the platinum atoms in Pt;W;
cannot always be assigned integer oxidation states.

The same Bader analysis provides information about the nature
of the Pt-Pt interactions. A search for the critical points in all Pt;
systems across different spin multiplicities allowed us to
systematically identify two bond critical points (BCPs) located
within the Pt-Pt-Pt moiety. The corresponding electron density (p)
and density Laplacian (V?p) values are shown in Table S4 in the
ESM and compared with BCP parameters for selected Pt-O bonds
in the same systems. The obtained values are r(Pt-Pt BCP) =
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0.034-0.064 e-bohr? and V?p(Pt-Pt BCP) = 0.071-0.115 e-bohr?,
with variations stemming from differences in Pt oxidation states,
interatomic distances, and electron multiplicities. These results align
with BCP values reported for heavy open-shell atoms, confirming
the presence of Pt—Pt bonds in all cases. Previous studies on similar
moieties have shown comparable features [57, 58]. To complement
these findings, we calculated the multicenter bond index (MCBI)
based on the spin- pure triplet state of the [Pt; 2e]* cluster,
obtaining a value of MCBI = 1.95, consistent with a 2-electron-3-
center bond. Additional pairwise bond indices were also evaluated;
further details are provided in Table S5 in the ESM.

Additional analysis of the molecular orbitals, shown in detail in
Fig. S4 in the ESM, further clarifies some geometrical trends, such
as the [Pt; 2e]” system featuring shorter Pt-Pt distances than its
one-electron reduced partner, [Pt; 3e]”.

3.2.2  Incorporation of explicit counterions

The previous computational results were obtained including the
effect of the crystal environment in a simplified manner; that is, the
positions and nature of the cations surrounding a given polyanion
were not explicitly considered (Table S2 in the ESM, “PCM”
columns). In this setup, the polyanion is treated as being embedded
in a continuum dielectric material with no explicit cations. For
comparison, additional computations were performed by extending
the model with the cations nearest to the polyanion, placed at their
crystallographic positions (Table S2 in the ESM, “PCM + cations”
columns). In general, the results obtained with either setup show
good agreement, with the lowest-energy state of the polyanion in its
different reduction states remaining the same. For the [Pt; 2e]~
system, although the most stable state does not exactly coincide
between the two setups, the three lowest-energy states lie within a
narrow energy range, indicating that any of these states could
dominate the electronic structure at room temperature. The
consistency in energy ordering between the two setups (Table S1 in
the ESM) suggests that crystal packing has a limited effect on the
electronic structure of the polyanion.

The computational results strongly suggest that the coexistence
of the [Pt;W,,0,]* and [Pt;W,,0,, 3e]” species in the crystal is
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unlikely. A more chemically plausible and stable combination
involves polyanions such as [Pt; 2e] and [Pt; 3e]” in a 3:2 ratio, as
supported by their respective HOMO and LUMO energies. In
general, the oxidation state of each Pt center in Pt;W}, cannot be
strictly assigned as +3 or +4.

3.3 Synthesis and characterization of the di-Pt-containing
isopoly-5-tungstates [Pt",W;0,5((CH;),As0,),1*
[Pt",W;5045((CH;),As0,),]*

When the filtrate was retained after the separation of Pt;W;
crystals, red rod-shaped crystals formed within 2 days. These
correspond to a di-Pt'-containing isopoly-5-tungstate capped by
two dimethylarsinate (cacodylate) groups, [Pt,W;0,5((CHs),
AsO,),]*" (Pt",W3; Fig. 4). This polyanion was isolated as a hydrated
mixed  potassium-sodium  salt,  K,Na,[Pt",W;04((CHs;),
AsO,),]9H,0 (KNa-Pt",W; Table 1). The Pt",W; polyanion
comprises a monovacant W Lindqvist fragment with two Pt" ions
coordinated in a square-planar geometry, each bridged via
dimethylarsinate groups (Fig. 4). The Pt-O distances are in the
range of 1.970(7)-2.044(7) A, and the Pt--Pt distance is 2.983(8) A,
indicating the absence of metal-metal bonding, although it is
0.15 A shorter than in the sandwich-type [Pt",(W;0,),]* [11]. The

and

Figure4 Combined polyhedral/ball-and-stick representation of Pt",Ws (left)
and Pt",W; (right). Pt red, {WO,} blue octahedra, {(CH;),AsO,} green
tetrahedra.
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O-Pt-O angles in Pt",W; are 86.7(3)°-91.8(3)° for cis angles and
173.0(3)°-176.8(3)° for trans angles (Table S8 in the ESM).

The Pt"-containing analog, [Pt",Ws0,5((CH;),As0,),]*
(Pt",W;), was synthesized via the reaction of KNa-Pt",W; with
sodium dimethylarsinate Na(CH;),AsO, in aqueous medium. The
Pt",W; polyanion comprises two six-coordinated Pt" ions that are
directly metal-metal bonded, each carrying a terminal
dimethylarsinate ligand (Fig. 4). This high-valent polyanion
crystallized as a hydrated mixed potassium-sodium salt,
K,Na,[Pt",W:0,5((CHs),AsO,),]- H,O (KNa-Pt",Wy). The Pt--Pt
distance in Pt",W; is 2.639(2) A, indicating the presence of a
metal-metal bond. This suggests that Pt™,Wj is likely generated via
air oxidation of Pt",W;, followed by coordination of two extra
dimethylarsinate ligands to stabilize the higher oxidation state of Pt.
Similar coordination geometries with metal-metal bonds are
observed in the {Rh™,} dimer (2.52(2) A) and the {Pt",} dimer (2.46
A) also [59-63].

The Pt-O bond lengths are 1.990(12)-2.144(12) A, with the
longest bond distance corresponding to the terminal
dimethylarsinate ligand. The O-Pt-O angles in Pt"™,W; are
79.8(2)°-91.7(2)° for the angles reflecting bonding to the {W;O 4}
moiety, and 171.51(2)°-172.51(2)° for the more linear angles, which
are slightly smaller than in Pt",W; (Tables S8 and S9 in the ESM).
The O-Pt-Pt-O angles are not colinear, measuring 169.6(1)° at the
Pt atoms, owing to the steric hindrance from the tungsten-oxo
unit, which causes the terminal dimethylarsinate ligands to bend
slightly outward. In the solid state, the discrete polyanions are
surrounded by K* and Na® countercations, which coordinate to
both oxygen atoms of the dimethylarsinate ligands and the water
molecules of hydration.

To complement our solid-state studies of Pt",Wy, we performed
'H, "C, and Pt NMR spectroscopy on KNa-Pt",W; dissolved in
water. The '"H NMR spectrum of the reference compound, sodium
dimethylarsinate (Na-cac), in water exhibits a singlet at 1.4 ppm
and the solvent peak at 4.7 ppm. In the '"H NMR spectrum of
Pt",W;, two peaks are observed at 1.8 and 1.6 ppm, corresponding
to the two structurally and hence magnetically inequivalent methyl
groups on each dimethylarsinate ligand (Fig. 5). The 'H NMR
spectrum of Pt",W; remained unchanged over 5 days, indicating
high solution stability of this polyanion. The “C NMR spectrum of
Pt", W, exhibits the expected two peaks at 19.4 and 16.6 ppm
(Fig. 5), while the ®"C NMR spectrum of the reference Na-cac in
water shows a singlet at 17.4 ppm.

We also performed Pt NMR spectroscopy on KNa-Pt",Wy

(a) 1.8 1.6

5 days l {

2 days | L

1 day ) | |

P, W, |
1.4

Na-Cac

dissolved in water and observed the expected singlet at 610 ppm
(Fig. 6). The corresponding Pt NMR signal for the precursor
K,PtCl, appeared significantly more upfield at —1,616 ppm. To
date, successful **Pt NMR studies on POMs are rather rare owing
to the very large chemical shift anisotropy of Pt [64]. A positive
example is [H,Pt"VyO,]" reported by Lee and Kortz in 2008,
which exhibit a clean singlet at 3,832 ppm [12]. In 2015, the **Pt
NMR spectra of the above-mentioned Pt“-containing
polyoxoniobates  exhibited singlets at 3,189 ppm for
[NbsO,o{Pt(OH),}],* and 3,422 ppm for [Pt(NbsO,),]" [13, 14].
In 2014, Klemperer's [H,SiPt"W,;,0,]* showed a Pt signal at
3,666 ppm in acetonitrile [65]. In 1996, Kuznetsova observed a Pt
NMR signal at —1,179 ppm for an aqueous reaction of [PW ;03]
with [PtCL]* [66]. In 2011, Lefebvre reported a **Pt NMR chemical
shift of —3,962 ppm for a DMSO solution of the [SIW,0,]*
Keggin ion with [Pt"(CH;)(COD)]" moieties grafted on its surface
[67]. Then, Kato observed broad **Pt NMR signals for Pt"-grafted
[PW,05¢(cis-Pt(NHs),),]* [16-18] and [PW,05{cis-
Pt'(Me,ppz)}]™ (Me,ppz = N,N'-dimethylpiperazine) [20]. In 2016,
Dalal and Kortz reported the feasibility of applying high-resolution
solid-state Pt MAS NMR spectroscopy for several Pt"-containing
polyoxotungstates and a polyoxovanadate [68].

Hydrogenation catalysis. The two structurally distinct platinum-
substituted polyanions, Pt;W;; and Pt",W;, were immobilized on
SBA-15 functionalized with aminopropyltriethoxysilane (apts) and
then evaluated for their catalytic performance in the hydrogenation
of o-xylene to cis- and trans-1,2-dimethylcyclohexane (1,2-DMCH)
under high-pressure hydrogen using an EFFI reactor coupled to an
online gas chromatograph. For all catalytic runs, 350 mg of
immobilized POM on SBA-15-apts was used. To ensure proper
heat distribution and flow dynamics, 11 g of silicon carbide (SiC,
120 grit) was first added to the bottom of the reactor tube. This was
followed by the 350 mg of calcined 1% Pt-POM-SBA-15-apts,
placed as a fixed-bed layer. An additional ~ 3 g of SiC was then
added on top to secure the catalyst bed and maintain uniform gas
flow. The reactor was packed in such a way that the thermocouple
tip was positioned precisely within the catalyst bed, ensuring
accurate temperature monitoring during the reaction. Notably,
during calcination and hydrogenation, the initial POMs are fully
reduced, producing metallic Pt(0) nanoparticles, which serve as the
true catalyst species. The hydrogenation activity of both supported
POMs increased steadily with temperature (150-310 °C), with
Pt;W,,-SBA-15-apts showing a maximum conversion of 85% at
310 °C, compared to 78% for Pt",W,-SBA-15-apts (Fig. 7). This

(b)
19.4
16.6

P, W, ‘
17.4
Na-Cac
S N R R A N ——
o (ppm)

Figure5 (a) 'Hand (b) "C NMR spectra of Pt",W in water; the spectra of neat sodium dimethylarsinate are also shown.
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Figure6 Room temperature *’Pt NMR spectrum of Pt",W; in water.

difference is primarily attributable to the structural differences of
the polyanions: Pt;W,;; comprises a compact, fully inorganic
trinuclear platinum cluster stabilized within a tungsten-oxo shell,
resulting in higher platinum density and more thermally stable
active sites post-calcination. By contrast, Pt",W; comprises two
platinum ions sandwiched by two diorganoarsinate moieties and a
pentatungsten—oxo unit, which may reduce framework integrity at
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180 200 220 240 260 280 300
Reaction temperature (°C)

elevated temperatures. The cis/trans product distribution across
temperatures  followed a classic kinetic-to-thermodynamic
transition (Fig. 7). At low temperatures (150-230 °C), cis-1,2-
DMCH was favored owing to rapid formation and surface binding
preferences. At temperatures above 270 °C, the thermodynamically
stable trans-1,2-DMCH dominated, reflecting increased energy
input and surface equilibration.

A fixed-temperature flow-rate study at 310 °C further reinforced
the importance of residence time. As the o-xylene flow increased
from 0.05 to 0.40 mL-min™, the conversion dropped substantially
for both supported POMs, accompanied by corresponding changes
in product distribution (Fig. 8). These results highlight the critical
role of contact time in achieving deep hydrogenation of aromatic
rings.Interestingly, both supported POMs demonstrated excellent
reusability, maintaining stable conversion and selectivity profiles
over five consecutive cycles at 310°C without pronounced
deactivation or structural breakdown (Fig. S8 in the ESM). This
thermal and operational robustness is attributable to covalent
anchoring on SBA-15-apts and the stability of the active catalyst
formed under hydrogen-rich conditions. As controls, SiC and bare
SBA-15-apts supports were tested under identical reaction
conditions, and no measurable conversion of o-xylene was
observed, confirming the essential role of the two Pt-POMs in
catalytic activity. Compared to the supported [Pt;S,(SO;)s]™

(b)
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180 200 220 240 260
Reaction temperature (°C)

Figure 7 Hydroconversion of o-xylene to 1,2-DMCH at various reaction temperatures using (a) Pt;W;;-SBA-15-apts and (b) Pt",W,-SBA-15-apts as the precatalyst.
Conditions: 28 bar H,, flow rate 0.05 mL-min™. The curves represent the percentage of cis-1,2-DMCH (black) and trans-1,2-DMCH (blue) isomers in the product. Neat

SBA-15-apts (purple) and SiC (green) are shown for comparison.
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Figure8 Hydroconversion of o-xylene to 1,2-DMCH under varying substrate flow rates using (a) Pt;W,,-SBA-15-apts and (b)
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", W5-SBA-15-apts as catalysts. The

curves represent the percentage of cis-1,2-DMCH (black) and trans-1,2-DMCH (blue) isomers in the product. Reaction conditions: 310 °C, 28 bar H,.
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reported by Kortz’s group [69], which achieved 100% conversion
under similar conditions, our results for Pt;W; suggest that while
both systems share trinuclear platinum features, differences in
ligand environment (S vs. O), counterions, and Pt-site accessibility,
especially after calcination, have a significant impact on catalytic
behavior [69, 70]. Mechanistically, hydrogenation likely proceeds
via sequential H, activation on the Pt centers, followed by m-
complexation and stepwise hydrogen addition to the aromatic ring,
a pathway well-established for noble metal surfaces [71, 72]. The
performance of Pt;W;; underscores the importance of rational
design of the POM framework, ensuring its thermal stability,
maximizing Pt dispersion, and minimizing steric hindrance to
optimize hydrogenation efficiency under continuous-flow
conditions.

4 Conclusions

The three new platinum-containing isopolytungstates—
[PtsW;04]* (Pt;Wyy), [PhW5015((CH;),A50,),]" (Pt,W5), and
[Pt",W;0.5((CH;),As0,),]*  (Pt",W;)—were synthesized in
aqueous media and characterized via 'H, “C, and Pt NMR
spectroscopy. The polyanion [Pt;W,,0,]*" consists of three
{W50,3} and one {W,0,,} fragments connected via three Pt atoms
forming a linear {Pt;0,,} triad, which exhibits direct Pt-Pt bonding
(2.64-2.68 A). The distances between the Pt atoms and the oxygen
atoms from the neighboring Pt;W, polyanions (Pt--O distances of
234 and 265 A) suggest a [4+1] coordination for the outer
platinum centers, indicating weak inter-polyanion interactions. XPS
analysis of Pt;W,, confirms the presence of a mixture of PtV and
Pt" in a 1:4 ratio. DFT calculations suggest that Pt;W}; comprises a
mixture of [Pt;W,; 2e]* and [Pt;W,; 3e]” in a 3:2 ratio, which is
significantly more stable than a combination of [Pt;W ;] and
[Pt;W,; 3e]” in a 1:4 ratio. A 3:1:1 mixture of [Pt;W, 3e]”, [Pt;W;
2e]*, and [Pt;W; 1e]*is also possible; however, it is slightly higher
in energy than the 3:2 combination. These results indicate that the
oxidation state of each Pt center within a Pt;W,; polyanion cannot
be neatly assigned as +3 or +4, suggesting a Robin-Day class III
behavior within the Pt; moiety. In addition, formal covalent
bonding between Pt atoms was confirmed through a topological
analysis of the calculated electron density. The polyoxoanions
Pt W, and Pt",W; both consist of a monolacunary Lindqvist
fragment, {W,04}*, coordinated via either two Pt" ions in a square-
planar coordination geometry or two Pt" ions in a square-
pyramidal coordination geometry with direct Pt-Pt bonding (2.64
A), respectively. These results demonstrate how the Pt oxidation
state and coordination geometry influence the electronic structure
of POMs, offering new design principles for catalytic or electronic
materials. In addition to the structural characterization, the
immobilized Pt;W;, and Pt",W; ions on SBA-15-apts were
evaluated as precatalysts for the continuous-flow hydrogenation of
o-xylene under high-pressure hydrogen. Notably, during
calcination and hydrogenation, the initial POMs are fully reduced,
yielding metallic Pt(0) nanoparticles as the true catalyst. The
supported Pt;W), showed superior performance, achieving 85%
conversion at 310 °C, compared to 78% for Pt",W,, which is
attributable to its higher platinum density and greater thermal
robustness. A temperature-dependent shift in product selectivity
from cis- to trans-1,2-dimethylcyclohexane was observed, reflecting
a transition from kinetic to thermodynamic control. Flow rate
variation studies at 310 °C further highlighted the significance of
residence time in maximizing conversion. Both catalysts retained
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high activity and selectivity over five consecutive cycles,
underscoring their structural and operational stability. These results
underline the importance of rational POM design, oxidation-state
control, and support functionalization in developing robust and
efficient hydrogenation catalysts.

Electronic Supplementary Material: Supplementary material
(preparation details, experimental and calculated structural data,
electronic information on the Pt; system, details on the catalytic
activity of several systems for o-xylene hydrogenation,
thermograms and FTIR spectra of Pt, and Pt; systems) is available
in the online version of this article at https://doi.org/10.26599/
POM.2025.9140107.
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