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Highly Shielded Peroxo-Cerium(lV)-Containing
Polyoxometalate: Synthesis, Structure,

and Oxidative Studies

Anusree Sundar, Danica Bajuk-Bogdanovi¢, Gordana Ciri¢-Marjanovi¢, Talha Nisar,
Veit Wagner, Arnulf Materny, Geoffrey B. Jameson, Bassem S. Bassil, and Ulrich Kortz*

The peroxo-bridged di-cerium(IV)-di-lithium-containing polyoxome-
talate [(Ce",0,)Lix(P;W;60s0),1'~ (Ce,LiP,Wsy) is synthesized in a
one-pot aqueous synthetic procedure and isolated as a hydrated
mixed alkali salt, Ki3gNa; 4Li[(Ce",0,)Li>(P,W;60s0),]-32H,0 (KNaLi-
Ce,Li,P,W3,). The novel polyanion Ce,Li,P,Ws, comprises a
side-on peroxo-group bridging two cerium(lV) and two lithium ions,
which are encapsulated between two dilacunary, face-on {P,W;¢}
Wells—Dawson units, with a vacant site in each of the two belts.
The polyanion Ce,Li,P,Ws, is characterized in the solid state by

1. Introduction

Polyoxometalates (POMs) are polynuclear, anionic metal-
oxo complexes, which can often be formed from simple inor-
ganic oxoanions by condensation reactions in aqueous, acidic
media. Transition metals of groups 5 and 6 in high oxidation
states can form POMs with main structural building blocks
being the MO¢ octahedra, which are mostly corner or edge
shared. Peroxo-derivatives of POMs have been known since
1985, when Venturello and co-workers reported the peroxo-
tungstophosphate [PO,WO(0,),},]*", comprising a central
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single-crystal X-ray diffraction, Fourier transform infrared spectros-
copy, thermogravimetric analysis, X-ray photoelectron spectros-
copy, and Raman spectroscopy and in solution by *'P NMR and
Raman spectroscopy, respectively. Ce,Li,P,Ws, and the peroxo-
group are shown to be highly stable in a large pH range and up
to almost boiling temperatures, but at the same time the polyanion
is reactive toward oxidation of triphenylphosphine, involving the
peroxo group and the cerium(lV) centers.

phosphate ion surrounded by four oxo-di-peroxo-tungsten(Vl)
units.? This was followed by the synthesis of several peroxo-
POMs, where the peroxo groups are bound to addenda
atoms of the POM skeleton such as (the isopolyniobate
[H3NbgO;3(0.)6l°~ 2" and the heteropolytungstates [AsO4{W,0,
(1-0,)2(0,)-11P~ and B3-[(Co"0,)W;;05;(0,),]1" . This area further
developed when peroxo-containing heteropolyanions were
reported with the peroxo-groups being bound to the incorporated
transition metal ions such as NbY, Zr", and HfV."

The class of lanthanide-containing POMs was developed sys-
tematically by Pope™ and later also Francesconi,” whereas Burns®®
succeeded in the preparation of peroxo-uranyl-based polyanions.
More recently, the first example of a peroxo-Ce-containing POM
was reported by Kortz, with a nona-peroxo-hexa-cerium(IV)-
containing cyclic core coordinated by three [GeW,,0;,1'°" frag-
ments, leading to [Ceqs(0,)s(GeW,405,)s1**, which was active in
selective thioether oxidation.”

POMs in general, and in particular peroxo-derivatives, are
highly attractive in oxidation catalysis, such as for selective alkene
epoxidation, alcohol oxidation, or for sulfoxidation with H,0,.5%'?
Peroxo-groups attached to transition metal centers can often serve
as robust precursors for highly reactive intermediates, such as
hydroperoxo species of the type POM-MOOH, hence becoming
an active site for H,O, activation which is then utilized for various
H,0,-based oxidation catalysis. Lacunary POMs hosting the guest
metal-peroxo unit are believed to stabilize such entity toward
unwanted decomposition. However, there are no systematic stud-
ies addressing the extent to which POM encapsulation can
enhance the stability of peroxo groups, nor how this may affect
their thermal stability, solution stability, or reactivity when a
redox-active metal-peroxo group is incorporated in a POM struc-
ture, with the redox-active metal site actively taking part in oxida-
tions by accepting electrons.'”
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In this work, we synthesized and investigated a peroxo-
cerium(lV)-containing 32-tungsto-4-phosphate sandwich struc-
ture of the Wells-Dawson type, including structure and reactivity.

2. Results and Discussion
2.1. Synthesis and Structure

We have synthesized and structurally characterized the novel per-
oxo-cerium(lV) polyanion [(Ce",0,)Li>(P,W160s0)-1'~ (Ce,Li,P,Ws,)
in aqueous medium starting with a Ce" salt and constructing a
{P.W,60s0} unit insitu from [HoP,W;,046]">~ and Na,WO, at pH
7.5. The title polyanion Ce,Li,P,Ws, comprises a central peroxo-
di-cerium(IV)-di-lithium group, which is encapsulated by two dila-
cunary {P,W;¢} units, see Figure 1. The latter can be visualized as
being formed from the parent {P,W;g} unit by removal of a WO,
octahedron from each of the two belts. Such {P,W,¢} fragment is
very rarely observed, one example being a dimeric non-peroxo pol-
yanion with four central Ce** ions reported by Pope’s group.”” The
{P.W;6} unit with C; symmetry has not been observed yet as an
independent ion, despite not violating the Lipscomb rule'? As
reported in the original investigation on lacunary derivatives of
the Wells-Dawson ion by Massart and coworkers, the metastable,
monolacunary belt-deficient a;-isomer of [P,W,,04,1'°" could be
prepared only from the hexavacant [H,P,W;,0,5]'>~ ion." In fact,
Ce,Li,P,W5, which comprises two Wells-Dawson fragments with
such two belt vacancies was prepared analogously, but at a higher
pH (7.5 vs. 4-5 for {a;-P,W,}), making use of the gradual reaction
and incorporation of tungsten from Na,WO, into the hexavacant
{H,P.W,,}. The addition of Ce" as well as H,O, following the in
situ formation of {a;-P,W,¢} resulted in the oxidation of Ce" to
Ce" by H,0,. The +4-oxidation state of Ce was confirmed by bond
valence sum calculations" and XPS (see Table S1 and Figure S1,
Supporting Information). The resultant Ce,Li,P,Ws, was crystal-
lized and then recrystallized for further purification to obtain a
mixed K*, Li*, and Na™ salt, which was confirmed by elemental
analysis, resulting in the formula unit Ks¢Na;4Li[(Ce™,0,)
Li»(P,W160s0)2]-:32H,0  (KNaLi-Ce,Li,P,Ws,). The crystal water

content was determined by TGA (Figure S2, Supporting
Information) and elemental analysis. Single-crystal XRD (see crys-
tallographic data in Table 1) revealed that the two {P,W;} units are
connected via two 8-coordinated Ce" ions and two square-
pyramidally coordinated lithium ions, which are bridged via a
side-on peroxo group. This is a rare case where lithium ions could
be located by XRD (see Figure 1, right)."™ The Li ions are linked to
the Ce-coordinated peroxo moiety and by oxo-bridges to P and W
centers. This core resembles the coordination in Pope’s cerium(lll)-
containing [Ce",(OH),(H,0)s(P,W160s50),1"*~ where two additional
cerium ions occupy the positions of the two Li* ions in
Ce,Li,P,W;,. The peroxo group in Ce,Li,P,Ws, is encapsulated
by two bulky {P,W;¢} units and hence very well protected from
the environment. The O—0 bond length in the peroxo group is
1.50 A and the distance between the two Ce" ions is 4.40 A.
The FTIR spectrum of KNaLi-Ce,Li,P;,Ws, shows bands which
correspond to the vibrations v, [P—O,] (1117, 1077 and
1022 cm™"), v,([W=04] (943 and 922 cm™"), and v, [W—0,—W]
(793 and 737 cm™") (Figure S3, Supporting Information).'® As
the POM unit {P,W,¢} seen in KNaLi-Ce,Li,P,Ws, has so far not
been isolated as a free ion, we do not have an IR spectrum of
it for comparison. However, the spectrum resembles the mono-
lacunary P,W,; (Figure S3, Supporting Information black), espe-
cially in the P—0, and v,[W=04] region. The intensity of the
band at 1117 cm™' of the phosphate hetero group is strong
for KNaLi-Ce,Li,P,Ws, and consistent with the presence of
two a;-type lacunary sites. For comparison, the corresponding
phosphate band of P,W,, appears at 1130cm~"'"¥ The weak
bands seen at 843 and 633cm™' in the spectrum of KNaLi-
Ce,Li,P,Ws, can be ascribed to the stretching vibration of the
0—0 and Ce—Operoxo groups respectively."” There could be a
possible influence of the adjacent Li—O bond to the v(0O—0) band.
It can be speculated that a slight asymmetry (the lack of rigorous
symmetry) in KNaLi-Ce,Li,P,Ws,, possibly due to the existence of
different conformation, could result in changes in geometry and
electronic structure. This asymmetry might result from interac-
tions between the POM and the three different counter cations
(K™, Lit, and Na™), and/or from hydrogen bonding with H,0, thus
resulting in the appearance of a weak O—O stretching band in the

Figure 1. (Left) Combined polyhedral/ball-and-stick representation of Ce,Li,P,Ws3, (right). View of the coordination environment of the two lithium ions in
the central Ce,Li,P,Ws, core. Color code: WO, octahedra (turquoise), P (orange), Ce" (blue), Li (lilac), and O (red).
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FTIR spectrum, despite the crystallographic centre of symmetry in
the crystal structure, which reports only the average conforma-
tion and composition. In addition, as discussed below, this band
may arise from a combination with the allowed Li-O(peroxo)
band.l'” The solid-state and solution Raman spectra for this sam-
ple were also measured and their close similarity confirms that
the title polyanion [(Ce",0,)Li,(P,W;60s0),1'¢™ (Ce,Li;P4Ws3,) char-
acterized structurally in the solid state pertains also to the solu-
tion state. Detailed spectra are provided in the Supporting
Information Figures S5 and S6, Supporting Information). The *'P
NMR spectrum of KNaLi-Ce,Li,P,Ws, dissolved in water resulted
in a clean singlet at —8.6 ppm (see Figure 2). This is in accordance
with the four structurally and magnetically equivalent P atoms in
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Table 1. Crystallographic data for K;3¢Na 4Li[Ce",05)Li,(P,W;60s6),1-32H,0 86
(KNaLi-Ce;,Li,P,Ws3,).
Chemical formula Ce,KLi,NaO;,,P,W3,
Formula weight 8291.97
Temperature/K 173.15
Crystal system Triclinic
Space group P-1@Z=1)
a’k 12.79790(10)
b/A 15.31760(10) J
/A 20.4259(2) .
al® 75.6010(10) - = L
0 -2 -4 -6 -8 -10 -12 -14
© 73.5910(10
pr (10) Chemical Shift (ppm)
o 77.9060(10)
Volume/A3 3678.37(6) Figure 2. Room-temperature 3'P NMR spectrum of KNaLi-Ce,Li,P,Ws, dis-
solved in H,0.
V4 1
Ppeacg/em’ 3.7431
w/mm™! 25.664
F(000) 3530.9 pH 2.0
Crystal size/mm? 0.13 x 0.10 x 0.07
Radiation/ A Mo Ka (i =0.71073) B P R e e e e s e
20 range for data 6.82 to0 63.02 pH 3.0
collection/®
Completeness 99.8% . . - - . L X . !
— |
Reflections collected 242169 % pH 3.7 |
Independent reflections 24 448 [Ry, = 0.0605, Rsigma = 0.0309, s :l
Rsigma = 0.0309] — | I I | | ]
o
Data/restraints/ 24 448/366/726 pH 5.7
parameters .
Goodness-of-fit on F? 0.959 1 | I i 1 ]
Final R indexes R, =0.0273, wR, =0.0719
U>=20 ()] P
Final R indexes [all data]® R, =0.0334, wR, =0.0753 I - i - I - I - T - ,
IR = 3||F| — |FVEIF). PR, = [EW(F? — FA/EW(F, 1" The structure 2 5 A0 e ol =
(see chemical formula, which included a single well-defined K™ and two Chemical Shift (ppm)
attached water molecules), was "SQUEEZEd” using the protocol in OLEX2,
yielding a single-void volume of 1569 A containing 769 e ™. With respect to Figure 3. 'P NMR spectra of Ce,Li,P,Ws, dissolved in water with pH
the formula deduced from microanalytical data, given in the Table, there adjustment from 7.2 until 2.0 with 0.1 M HCl,q.
are 543 e not included in the chemical formula. The difference of 226 e™ is
attributed to ~22 labile water molecules that are lost prior to TGA and
microanalysis, but not from the freshly harvested sample for X-ray data
collection. the structure. The spectrum remained unchanged for several

weeks, indicating a very high stability of Ce,Li,P,Ws, in solution.

2.2. pH Stability

The pH stability window of Ce,Li,P,;Ws, in water was monitored
using 3'P NMR, starting from a pH of 7.2, which corresponds to
the pH of a solution prepared by dissolving 50 mg of KNaLi-
Ce,Li,P,Ws, in 1 mL of water. This solution was gradually acidi-
fied with 0.1 m HCl to lower the pH to the target value. The NMR
spectrum (Figure 3) indicates that Ce,Li,P,Ws, remains stable
within a pH range of 7.2-2.0, with only slight decomposition
observed at pH 2. The slight upfield shift of the signal is due
to the pH change. Details of the pH changes upon HCl addition,
H* consumption, and monitoring of POM decomposition at pH 2
and below are given in detail in SI, Section 5.
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3. Thermal Stability Studies in Solid and
Solution States

3.1. 3'P NMR Spectroscopy

In order to investigate the thermal stability of Ce,Li,P,Ws, as well
as the stability of the peroxo group inside the structure, we mon-
itored the *'P NMR spectrum of the polyanion in water from room
temperature up to 90 °C. A singlet was observed throughout, indi-
cating a high stability of the polyanion in water even at high tem-
perature (see Figure 4, left). We observed a gradual downfield
shift of the singlet in 3'P NMR spectra with increasing tempera-
ture, as seen in Figure 4. To examine whether this shift is due to
any structural change or peroxo decomposition, we measured
the 3'P NMR spectra of the same solution after repeated heating
and cooling. As shown in Figure 4, right, the chemical shift of the
peak returns to its original position after the solution is cooled
down to room temperature. The same peak shift was observed
after heating and consecutively cooling the solution multiple
times. This clearly demonstrates that the title polyanion
Ce,Li,P,Ws, remains intact throughout.

3.2. Raman Spectroscopy

Solid-state and solution Raman studies were conducted to further
validate the thermal stability of Ce,Li,P,Ws,, with a particular
focus on assessing the thermal stability of the central peroxo
group, which cannot be monitored via NMR spectroscopy.
Heating a solid sample of KNaLi-Ce,Li,P,Ws, was done using
two methods: 1) conventional heating of the sample and 2) vary-
ing the laser power (Section 6.1 in SI).

The Raman spectrum of KNaLi-Ce,Li,P,Ws, in the solid state
at room temperature shows two strong bands at 982cm ™' and
962 cm~! which are assigned to the symmetric and asymmetric
W=04 stretching vibrations, vym(W=04) and v,,m(W=0g),
respectively, and two weaker bands at 837 cm™' and 647 cm™',

L i i i i i i i i i i i

e e e e e s '

2 -3 -4 -5 -6 -7
Chemical Shift (ppm)

-10 -1 -12

1
I

indicative of the cerium-peroxo group and attributable to
O—O0 stretching in the Ce-peroxo Ce(0O,) group, v(0—0), and sym-
metric Ce—O stretching, vym(Ce—0), respectively (Figure S5,
Supporting Information)."® The origin of the band at 878 cm™'
is under consideration. It is at a position of the O—O stretching
band in free H,0, which appears at 875 cm~".'" Therefore, this
band could be an indication of the formation of an H,0, adduct
with the POM.

A comparison of the Raman spectra of KNaLi-Ce,Li,P;Ws,
recorded at two different locations on the solid sample after ther-
mal treatment at 50°C (see Figure 5, left) and at 90°C (see
Figure 5, right) showed that the same bands (and at almost
the same positions) are present in the spectra for both temper-
atures, indicating good thermal stability of the compound. Itis an
important observation that the bands assigned to the Ce(O,)
group at 837 and 647 cm™' remained unchanged upon heating
at 50 and 90 °C, indicating good thermal stability of the cerium-
peroxo group inside Ce,Li,P,;Ws,. There is no indication of any
decomposition of the polyanion to other species.

Raman spectra of aqueous solutions of Ce,Li,P,Ws, at two dif-
ferent concentrations at (1) room temperature and 2) after thermal
treatment up to 50 °C and 90 °C are shown in Figure 6. For both
concentrations the spectra at all studied temperatures are almost
identical regarding the positions and relative intensities of the
bands, indicating excellent thermal stability of Ce,Li,P;Ws, in the
solution state, confirming our *'P NMR results (vide supra). As in
the case of the solid state, the bands assigned to the Ce(O,) group
at 837 and 641 cm™' remained unchanged upon heating the sol-
utions to 50 and 90 °C, respectively, indicating excellent thermal sta-
bility of the cerium-peroxo group inside the Ce,Li,P,W3, structure in
the solution state. There is no indication of any decomposition of
Ce,Li,P,W3, under the conditions studied.

Also, the Raman spectra for solutions of Ce,Li,P,Ws, con-
tained the characteristic bands at the same or very similar posi-
tions (977, 967, 837, and 641 cm™, see Figure 6) to those seen in
the solid state (982, 969, 837, and 647 cm ™', Figure S5, Supporting

Cool RT

L 1 1 1 1 1 1 1 J

Heat T=80°C

L . 1 a 1 " 1 " 1 s 1 2 1 M f — ]

Cool RT l

L " 1 1 1 " 1 M 1 . 1 L 1 " ]

Heat T=80°C

4 5 6 7 -8 -9 -10 -1 -12
Chemical Shift (ppm)

Figure 4. (Left) Temperature-dependent *'P NMR spectra of Ce,Li,P,Ws, in H,0/D,0; (right) *'P NMR spectra of Ce,Li,P,W3, in H,0/D,0 after heating and
cooling cycles (RT = room temperature), indicating complete reversibility of the chemical shift changes.
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Figure 5. Raman spectra of KLiNa-Ce,Li,P,Ws, in the solid state after thermal treatment at 50 °C (left) and 90 °C (right), recorded at two different locations

(1, and 2) on the sample (laser power 1 mW).
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Figure 6. Raman spectra of aqueous solutions of Ce,Li,P,Ws, at two different concentrations (5 mg 100 pL and 5 mg 250 pulL) at room temperature (bottom)
and after thermal treatment up to 50 °C (middle) and 90 °C (top), recorded with a laser power of 10 mW.

Information), indicating a high stability of the title polyanion,
independent of its physical state.

The absence of changes in the relative intensity of the two
v(W=0) bands (982 and 969 cm™") with an increase of the solu-
tion temperature (Figure 6) supports our previous assumptions
about the origin of these changes when the Raman spectrum
was recorded for the sample in the solid state (loss of solvent
and/or hydration water).

Furthermore, we were able to successfully recrystallize KNaLi-
Ce,Li,P,Ws, from an aqueous solution after heating to boiling,
with the polyanion and the peroxo group fully intact. This provides
further support for our assertion regarding compound stability.

4. Chemical Reactivity of Peroxo Group

As discussed so far, the polyanion KNaLi-Ce,Li,P,Ws, contains a
highly thermally stable peroxo group, effectively shielded by two
bulky [P,W,50s50]"2~ units. This raises the question of whether the
peroxo groups are accessible to substrates for oxidation or reac-
tive enough to oxidize challenging substrates. To explore its suit-
ability for catalytic applications, we evaluated the reactivity of the
peroxo group in Ce,Li,P,Ws, using triphenylphosphine (PPhs), a
well-known peroxo-quenching agent. The study was performed
by dissolving 2 equiv. PPh; in toluene and phase transferring 1
equiv. Ce,Li,P4,W3, into toluene from water using Aliquat336 (see
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Figure 7. From bottom to top: 3'P NMR of PPh; in toluene after 1 day;
Ce,Li,P,Ws3, and PPh; in toluene after 4 h; after 12 h; and 24 h of mixing.
All solutions maintained at 70 °C in a closed system.

details in the Experimental Section). The reaction was monitored
over several days using *'P NMR spectroscopy. Although the reac-
tion proceeded slowly and the rate of the reaction was tempera-
ture dependent (Figure S10, Supporting Information), which can be
an indication of the peroxo-POM being a weak electrophile, the
formation of POPh; (0 =254 ppm) was observed (Figure 7).
When the system was stirred vigorously at 70°C for 4h, we
observed 40% oxidation of PPh; to POPh; (calculated by integra-
tion of *'P NMR signals) and by 24 h it reached 77% (1.6 equiv.), as
determined by peak integration (integrated spectra shown in
Figures S11 and S12, Supporting Information respectively). The
observation that a higher equivalence of PPh; is oxidized from
+3 to +5, exceeding the expected 1 equivalent for a single peroxo
group capable of accepting an additional 2 electrons, is a priori
unexpected. This can only be rationalized if both Ce" centers in
the polyanion participate in the redox reaction by accepting an
additional 2 electrons (being reduced from Ce" to Ce"). Hence,
we propose that the peroxo group and the two Ce" ions in
Ce,Li,P,Ws, actively participate in the oxidation of PPh; to
POPh;. The oxidation state of cerium after reaction of Ce,Li,P,Ws;,
with PPh; was identified by XPS (Figure 8). A 3d doublet peak was
observed, resulting from the spin-orbit split core level with j quan-
tum numbers of 3/2 and 5/2. An additional peak, at a binding
energy of 916.7 eV (highlighted in yellow), which typically arises
from hybridization of the 4f state with the 2p orbital of the ligand
in Ce" (see Figure S1, Supporting Information), is absent here.
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Figure 8. Photoelectron spectra and fits for Ce 3ds,, and 3ds,, multiplets
of Ce,Li,P,Ws, after reaction with PPhs;.

This absence indicates that cerium has been reduced to Ce" after

reaction with PPhs, confirming our hypothesis. The absence of Ce"
in the XPS spectra, despite only 1.6 equivalents of PPh; being
oxidized (rather than 2 equivalents), is attributed to the time delay
between the NMR and XPS measurements. By the time XPS was
measured all the PPh; was oxidized to POPh;, as confirmed by the
31P NMR spectrum of the sample taken after the XPS measurement
and dissolved in toluene (Figure S13, Supporting Information).

Another noteworthy observation is the rate of PPh; oxidation,
which is higher during the initial phase of the reaction (~50%
oxidation) before slowing down. This behavior suggests that
the initial rapid oxidation may be driven by facile peroxo quench-
ing, followed by a slower oxidation process likely associated with
the reduction of cerium.

We propose the following reactions.

[(C€,0,)Li,(P,W15059),]'"" + PPhy + H,0 —
[(C€",(OH),)Li,(P,W160s,),]'®” + POPh, M

(2e”reduction of the peroxo group)

[(Ce”5(OH), )Lir(PW160s9), )" + PPhy + H0 —
[H, (Ce"5(OH),)Lir (P,W160s5),] ™ ™~ + POPh, 2

(2e"reduction of the 2 Ce"centers)

In the above reactions we assume that the O atoms originate
from water molecules in toluene, which was exposed to a lot
of water in the beginning of the reaction, when Ce,Li,P,Ws,
was transferred from the aqueous to the organic phase.

Unfortunately, we were not successful in isolating and
crystallizing the peroxo-depleted and reduced form of
Ce,Li,P,Ws,, and hence we cannot confirm with absolute confi-
dence the above proposed formula of the peroxo-depleted
polyanion. We also observed that attempting to regenerate
the peroxo-POM by adding an excess of 30% H,O, leads to
the decomposition of Ce,Li,P,Ws,. This decomposition is attrib-
uted to the acidification of the solution caused by H,0,, which
lowers the pH beyond the stability range of the polyanion.

A control reaction with PPh; in toluene that was exposed to
water maintained at 70 °C, in the absence of Ce,Li,P,Ws,, showed
negligible air oxidation of PPh; over the same time period (bot-
tom spectrum, Figure 7). This confirms that the observed forma-
tion of POPh; arises from reaction with the title polyanion.
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Importantly, the peak at 6 =—9.1ppm, assigned to
Ce,Li,P,W3,, shows a slight broadening after the peroxo-quenching
reaction, but could not be resolved to two individual peaks. The
peroxo-depleted Ce,Li,P,W3, exhibited minimal changes in the
chemical environment of the phosphate moieties within the POM,
as evidenced by 3'P NMR. This is likely attributable to a long (five-
bonds) distance between the phosphorus atoms and the peroxo
group within the structure. This also indicates that the peroxo deple-
tion does not compromise the structural integrity of the POM. Thus,
the peroxo-depleted Ce,Li,P,Ws, is structurally stable, but the sub-
tle changes occurring during the depletion process are difficult to
resolve by 3'P NMR spectroscopy alone.

Therefore, we decided to monitor the depletion of the peroxo-
group in Ce,Li,P,W3, while reacting with PPh; by Raman spectros-
copy. Monitoring the reaction in a single-phase system via solution
Raman spectroscopy was found to be challenging (see Sl for Raman
spectra on this reaction). The intense bands of toluene and
PPh; mask the weaker O—O vibrations in the Raman spectra
(Figure S14, Supporting Information). To address this, the setup
was modified to a biphasic system with Ce,Li,P,W3, in water
and PPh; in toluene allowing for interaction between the two
components via simple mixing of the immiscible phases. This
modification significantly increased the reaction time, which is
understandable, as the reaction occurs at the interface of the
two phases rather than within a single homogeneous phase. The
detailed experimental setup and the *' P NMR monitoring of the
biphasic setup are described in detail in the SI (section 7.2). The
Raman spectrum of an air-dried drop from the aqueous phase con-
taining Ce,Li,P,Ws, showed two bands at ~840 and 640 cm™' from
the Ce-peroxo group and two characteristic very strong bands
at ~2980 and 966 cm ' due to the symmetric and asymmetric W=0,
stretching vibrations, respectively. A comparison of such solid-state
Raman spectrum of the air-dried drop from the aqueous layer after
60 min versus 13 days showed a decrease in the relative intensity of
the band at 836 cm™' ((O—O) vibration of the Ce,(0.) group after
13 days, which is an indication of the slow depletion of the peroxo-
group in Ce,Li,P,Ws, (see Figure 9).

In order to shed more light on the reactivity of the peroxo group
in Ce,Li,P,W3,, we decided to perform a complementary investiga-
tion with FTIR spectroscopy in the solid state, which is a “bulk” ana-
Iytical solid-state technique, by measuring FTIR spectra with time.

The FTIR spectra of solid KNaLi-Ce,Li,P,W3, and the air-dried
drop from the aqueous phase of the Ce,Li,P,Ws,-PPh; biphasic
mixture recorded after t = 12 days are shown in Figure 10. The
two spectra are very similar, implying the overall structural integ-
rity of the polyanion, but the spectra also show some subtle dif-
ferences. The main difference is the disappearance of the band at
841 cm™', assigned to the stretching vibration of the peroxo
group (v(0—0)) mixed with the v(Li—O) stretching, in the spec-
trum of the air-dried drop from the aqueous phase of the
Ce,Li,P,Ws,-PPh; biphasic mixture recorded after 12 days. This
feature is a strong indication for the depletion of the peroxo-
group in Ce,Li,P,Ws, after reaction with PPh; and is consistent
with previous indications from solid-state Raman spectra via the
band at 836 cm ™. Another interesting feature is the modified rel-
ative intensity of the bands at 1076 and 1117 cm™', respectively,
which correspond to the v,[P—0,] vibrations. In the initial
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Figure 9. Solid-state Raman spectra of an air-dried drop from the aqueous
phase of the biphasic Ce,Li,P,;W3,-PPh; system after a) 60 min and
b) 13 days.
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Figure 10. FTIR spectra of a) KNaLi-Ce,Li,P,Ws3, in the solid state and
b) an air-dried drop from the aqueous phase of the biphasic Ce,Li,PsW3,—
PPh; system recorded 12 days after mixing.

spectrum of KNaLi-Ce,Li,P,Ws, the band at 1117 cm ™' is stron-
ger than that at 1076 cm™', whereas in the spectrum of the air-
dried drop from the aqueous layer of the Ce,Li,P,;Ws,-PPh;
biphasic mixture the intensity ratio is reversed, and the band
at 1076 cm™ " is stronger than that at 1117 cm™". This intensity
change could be due to some subtle structural (re)organization
of Ce,Li,P,Ws, upon depletion of the peroxo group by reaction
with PPh;. It is likely that the side-on bridging peroxo-group in
Ce,Li,P,Ws; is replaced by two bridging hydroxo ligands, which
will maintain the negative charge and lead to only minor struc-
tural changes in the core of the polyanion.
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This combined NMR and Raman/IR study demonstrates that
the peroxo-group in Ce,Li,P,Ws, is still chemically active, in
spite of being encapsulated by two large POM units, but at
the same time the peroxo-group is strongly protected from
thermal decomposition.

5. Conclusion

We have prepared the peroxo-cerium(lV)-containing 32-tungsto-
4-phosphate [(Ce",0,)Li,(P,W160s5),1'®~ (Ce,Li,P,W3,) compris-
ing a side-on peroxo-group bridging two Ce" ions, encapsulated
by two divacant {P,W,¢0s0} Wells-Dawson groups with a vacancy
in each of the two belts. The novel polyanion Ce,Li,P;Ws3, and its
central peroxo group demonstrate exceptional thermal and
chemical stability in both the solid state and in solution, maintain-
ing structural integrity across a broad pH range (7.0-2.0) and at
temperatures approaching boiling, as confirmed by *'P NMR and
Raman spectroscopy. Despite being shielded by the bulky POM
framework, the peroxo group in Ce,Li,P;Ws, remains chemically
active, as evidenced by its reactivity with triphenylphosphine. The
incorporation of Ce" as a redox-active metal in the peroxo-POM
Ce,Li,P,Ws, further enhances the oxidative strength of the title
polyanion beyond the activity of the peroxo group. These
findings establish a strong foundation for further exploration
of peroxo-polyoxometalates as robust and efficient peroxo-
activation and oxidation sites, offering a stabilizing effect to
peroxygens and broad potential for catalytic applications.

6. Experimental Section

Instrumentation

X-Ray Diffraction: Data were collected on a Rigaku XtaLAB Synergy,
Dualflex, HyPix single-crystal diffractometer equipped with kappa
geometry (graphite monochromator, Ay, = 0.71073 A using the
CrysAlisPro software package.”” An empirical absorption correction
was applied using the ABSPACK program.”®? The structure was solved
by direct methods, elaborated with the aid of successive difference
Fourier maps and refined against all data using SHELXL-2014,**' as
embedded in OLEX2 version 1.5.24 All refinements were conducted
by full-matrix least squares against |F|* using all data. The heavy atoms
were refined anisotropically, and Li and O atoms were refined aniso-
tropically, but with sphericity restraints (ISOR 0.01 0.02 $0O $Li). Three
reflections at low resolution were omitted as they were partially
occluded by the beam stop (|Fops| < |Fealc|)- The structure (see chemical
formula in Table 1 (Ce,KLi,NaO;,P,Ws,), which included a single well-
defined K* and two attached water molecules) was “SQUEEZEd"” using
the protocol in OLEX2, yielding a single-void volume of 1569 A® con-
taining 769 e™. With respect to the formula deduced from microana-
lytical data, given in the heading, there were 543 e~ not included in the
chemical formula. The difference of 226 e~ was attributed to ~22 labile
water molecules that were lost prior to TGA and microanalysis, but
not from the freshly harvested crystals for X-ray data collection.
Refinements were based upon the formula deduced from difference
Fourier electron density maps (K;,Na[Li,Ce,(O,)P,W5,0;:8]125H,0) and
resulted in R1 = 0.0343 and wR2 = 0.0977 for data with / > 20(/) and to
R1 = 0.0434 and wR2 = 0.997 for all data, being plagued by disordered
cations and solvate structure. The images of the crystal structure were
generated by Olex2, version 1.5. The true elemental composition of
bulk material for the sample was established by elemental analysis
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and hence the actual number of counter cations and crystal water mol-
ecules was also based on elemental analysis. The resulting formula
units were used throughout the manuscript; the CIF file contains
the observed chemical formula and the void volume and electron
count. The crystallographic data and structure refinement parameters
are shown in Table 1. Cambridge crystallographic datafiles CCDC
2 343 046 contain the supplementary crystallographic data for this arti-
cle. These data can be obtained free of charge from The Cambridge
Crystallographic Data Center via www.ccdc.cam.ac.UK/.

Infrared Spectroscopy

The FTIR spectrum was recorded on Shimadzu IRSpirit X-Series FTIR
spectrophotometer (Shimadzu Corporation, Japan). The FTIR spec-
trum of the sample in the solid state was recorded using the KBr pel-
let technique in the wavenumber range from 4000 to 400 cm ™" with
32 scans and 4cm™! resolution.

Thermogravimetric Analysis

TGA was performed on a TA Instruments Model SDT Q600 thermo-
balance under nitrogen flow. The temperature was ramped from
room temperature to 500 °C at a rate of 5°C min.

Elemental Analysis

The elemental analyses were conducted using Inductively Coupled
Plasma Optical Emission Spectrometry (ICP-OES) method at the
Zentrallabor, Technische Universitdt Hamburg-Harburg (TUHH), Am
Schwarzenberg-Campus 1, 21073 Hamburg. The K and Na analyses
were performed in-house by atomic absorption (AA) spectroscopy,
carried out on a Varian SpectrAA 220 AA spectrometer.

Nuclear Magnetic Resonance Spectroscopy

3P spectra were recorded on a 400 MHz JEOL ECX instrument at
room temperature in 5mm NMR tubes with a resonance frequency
of 162 MHz in H,O/D,0 or toluene. The chemical shift values were
reported with respect to the external standard 85% HsPO,.
Thermal stability studies were performed by insitu heating of the
sample in @ 5mm NMR tube and maintaining the temperature
throughout the measurement of the spectrum.

X-Ray Photoelectron Spectroscopy

For the XPS sample preparation, a 50 nm-thick gold layer was sputter
coated on a silicon substrate. Solution samples were used as such, and
solid samples were dispersed in acetone and then drop cast on the
gold surface and let to dry. For the photoelectron investigation, the
sample was introduced into UHV vessel which had vacuum pressure
of 1x107° mbar and was equipped with a water-cooled X-ray source
(Mg/Al-Specs XR 50) and a hemispherical electron analyzer (Specs
Phoebos 100). In this experiment, Mg X-Ray radiation was used as
source of excitation which had an energy value of 1253.6 eV. A large
lens mode was used for the detection of photoelectrons with a pass
energy of 30eV. The obtained data was evaluated by CASATM XPS
software and Shirley’s method was used to subtract the background.

Raman Spectroscopy

University of Belgrade: The Raman spectra of the samples (solid-state
and solution) were recorded on a DXR Raman microscope (Thermo
Scientific, USA), using a diode-pumped solid-state laser with an exci-
tation wavelength of 532nm. The spectra were recorded using
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different laser powers (0.1 to 10 mW) on the sample, 10 s of exposure
time and 10 exposures per spectrum, a grating with 900 lines mm~",
and a 50 um pinhole spectrograph aperture. The solid (powdered)
sample was placed on a slide glass while drops of the sample solution
(5pL) were put on a golden plate (Gold EZ spot micro mounts,
Thermo Scientific). The laser beam was focused on the sample using

an objective magnification x10.

The thermal treatment of the solid-state sample was performed in a
laboratory furnace (ViMS elektrik VMS-10) at 50 and 90 °C under air.
The sample was held isothermally for 30 min.

The thermal treatment of the solution (in a closed vessel) was
performed by gradual heating in a water bath (the temperature
was controlled by a digital thermometer). Aliquots (5 uL) were taken
when the target temperature (50 and 90 °C) was reached.

Constructor University: A B&W Tek iRaman Plus spectrometer was
used to acquire Raman spectra. A fiber optic probe served for both
excitation and signal collection. The spectrometer had an integrated
near-infrared laser source (785nm) for excitation and a charge-
coupled detector that can record data in the range from 65 to
3350 cm . It was equipped with a fixed low-groove-density grating,
which allowed for measurements over a wide spectral range up to
3350 cm™" in a single-detection window.

Additionally, the laser’s optical fiber can be placed inside a collimator
tube, enabling integration with a microscope apparatus. This
arrangement allows for the view and examination of samples with
microscopic resolution. A 50x magnification objective was used in
this study, resulting in a beam spot size of ~230-35 mm on the mate-
rial. A spectral resolution of about 4cm™" can be achieved with the
Raman system. The breathing mode of toluene at 1003.7 cm™" was
employed for accurate wavenumber calibration. The BWSpec soft-
ware was used to control the setup as well as for data acquisition.

Synthesis of K;;sNa; Li[(Ce",0,)Lir(P,W;60s50),]-32H,0 (KNaLi-
Ce,LiP,Ws,)

The hexalacunary polyanion precursor salt K;,[a-H,P,W;,0,¢]-24H,0
(K-P,W;,) was synthesized according to the published procedure of
Contant.” All other chemicals were purchased and used without fur-
ther purification.

K-P,W,, (788 mg, 0.200 mmol) was dissolved in 10 mL 1 m LiCl solu-
tion. Then a solution of Na,WO,-2H,0 (264 mg, 0.800 mmol) dissolved
in 1 mL water was added and stirred for 2 min at room temperature.
The pH of the resultant solution was =~7.5. A solution of
Ce(NO3);5:6H,0 (174 mg, 0.400 mmol) in 400 pL 2 m acetic acid was
prepared and slowly added dropwise to the above solution. The
pH of the resultant solution was adjusted to 5 with 33% H,0,
(~700 puL) and stirred at 60 °C for 20 min. This solution was filtered
at room temperature. After 2 days a white precipitate (Ce(OH);)
was filtered off and the clear solution was then kept for crystallization.
Orange crystals were collected after 3 weeks (crystalline yield:
140 mg, 17%), which were then recrystallized by redissolving in a
minimum amount of lukewarm water to yield orange crystals of
Ki36Na 4Lil(Ce",0,)Lix(P,W160s6),1:32H,0 (KNaLi-Ce,LiPaW3,) upon
cooling to room temperature overnight. IR peaks in cm™" (KBr pellet,
POM fingerprint region only): 1117 (s), 1077 (s), 1022 (m), 943 (w),
922 (w), 841(w), 793 (w), 737 (w), 627 (w), 495 (b). Elemental
analysis (%) calcd: W 62.8, P 1.32, Ce 2.99, K 5.84, Na 0.34, Li 0.22;
found: W 63.9, P 1.13, Ce 2.96, K 6.14, Na 0.39, Li 0.21.

Monophasic PPh; Reaction
714 mg (7.6 umol) KNalLi-Ce,Li,P,Ws, was dissolved in 0.5 mL luke-

warm water. Another solution of 4 mg (15.2 pmol) triphenylphosphine
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in 0.5 mL toluene was prepared and added to the first solution to form
a biphasic setup with an orange aqueous phase and colorless toluene
phase. An excess of Aliquat 336 was added to this and shaken vigor-
ously for 15 min at room temperature. This transferred the polyanion
Ce,Li,P,W3, to toluene as indicated by the transfer of the orange color
from the aqueous phase to toluene and the former eventually became
colorless. Then the water was removed by decantation and the toluene
phase with PPh; and Ce,Li,P;Ws, was heated to 70 °C and the reaction
was monitored over time by *'P NMR.
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