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ABSTRACT: Interaction of the trilacunary Keggin polyanions [A-
a-XW304,]"" (X = Si", Ge') with Co" and phosphate ions in
aqueous, basic media and under mild heating leads to the

formation of the tetrameric, Co 4-containing heteropolytungstates T
[{Co,(OH);PO,},(A-a-XW,05,),]*~ (X = SiV¥% Ge"). Both 5 ol o
polyanions were characterized in the solid state by single-crystal s nS /

sl A
X-ray diffraction, IR spectroscopy, and thermogravimetric and ‘

elemental analyses. Furthermore, the electrochemical and
magnetic properties of these isostructural polyanions were
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investigated.

INTRODUCTION

Polyoxometalates (POMs) have nowadays acquired a signifi-
cant place in the field of inorganic chemistry due to their
evolving structural diversity and applicability in various fields
such as catalysis, analytical chemistry, magnetism, nano-
technology, and medicine." Furthermore, lacunary (vacant)
heteropolytungstates are known to act as all-inorganic,
diamagnetic ligands for various transition metal ions.”” In
particular, trilacunary polyanions have a high tendency to
stabilize cationic, multinuclear metal-oxo assemblies, leading to
compounds with interesting and unusual electronic and
magnetic behavior.” POM formation in aqueous solution is
highly dependent on different variables such as pH, temper-
ature, concentration, reaction medium, and counterions.®> The
chemistry of POMs continues to attract more and more
researchers around the world, trying to shed more light on the
formation mechanisms, which are still not well understood in
general, and often described as self-assembly.

Recently, much attention has been paid to the synthesis of 3d
transition metal—oxo assemblies stabilized by lacunary POMs,

due to their potential in catalysis and magnetism. In particular,
an overview of magnetic transition metal-containing hetero-
polytungstates has been compiled in two recent reviews.* Some
examples of multinuclear (n > 6) manganese- and nickel-
containing heteropolytungstates are {Mn,oW;Si,},”
{Mn7w36Si4}J5 {MngP 8W43};6 {[MnIVZMnm6MnH4Si2Wl2}17
{Ni7W18P2(A1e)2},8 {Ni7W18P2(AIeNapht)2},8
{Ni7W18P2(AlePy2)2},8 {N17W18P2(A13A52)2}:8 {NigSi,W 5Ly}
(L = Ce¢H3Oy C10H804))9 {Ni,WsP,(HAle),}, 1o
{Nil1P2W13(IDA)3(en)z(Hen)z},l1 and {Nil4P12W60}'12
Transition metal-substituted POMs constitute the largest
subclass of polyanions, and hence Co'-containing hetero-
polyanions have been intensively investigated, resulting in a
large number of structures. The chemistry of cobalt-containing
POM:s was pioneered in 1956 by Baker. The preparation of two
very closely related compounds was reported, with the
proposed formulas “[Co''Co''W,,0,,]*"” and



“[Co"Co™W,,0,,]77"."* However, in 1966, Baker and Pope
showed that these dicobalt derivatives were actually species
wherein Co" had replaced a W atom in a Keggin structure, and
were then reformulated as [Co"(H,0)(Co"W,,05)]% and
[COH(HZO)(COHIWHO39)]7_.13b Later on, magnetic studies
were carried out on these compounds.'** Since then, much
research has been performed in order to explore the chemistry
of cobalt-containing POMs. A large number of dimeric,
sandwich-type POMs with 2—4 Co'' centers encapsulated by
lacunary Keggin and Wells—Dawson units have been
reported.'* The pentanuclear Tourné-type sandwich structure
{Co3;WCo0,W g} comprises tetrahedral and octahedral sites for
the Co'l centers.™'® The hexanuclear {CocP;W,,},"°
{CogV,W,,},"” and {Co™,Co™,Si,W,5(Ac)},'® as well as the
heptanuclear {Co,P,W,}"° polyanions have also been
reported. The octanuclear, carbonate-bridged
{CogSi,W,5034,(CO;),} along with four other Co"-containing
tungstosilicate complexes have been recently reported by
Mialane’s group.20 The nonanuclear trimer {CoyPW,,},
which was first identified as a byproduct by Weakley in
1984,”" was then fully characterized by Coronado in 1994
including magnetic studies.”® Recently, Cronin’s group has
reported the Wells—Dawson analogue { CogPgW,s} and also the
tetrameric {Co,,P;,W,}.>

Our group has also been working extensively on the
interaction of transition metal ions with lacunary POM
precursors.>*"** In particular for Co',, we have reported several
compounds covering a range of structures and composi-
tions.>>*®>* Recently, we also reported the largest cobalt
aggregate in polyoxotungstate chemistry, [{Co,(OH);PO,},(4-
a-PW,0,,),]**", which exhibits single-molecule magnet
(SMM) behavior, vide infra.”*"

Multinuclear clusters of magnetic ions with large spins and
large magnetic anisotropy exhibiting ferromagnetic exchange
coupling might also possess SMM behavior. The observation of
slow relaxation of magnetization in such metal clusters is of
great interest, due to their potential applications in high-density
information storage and quantum computation at the molecular
level.® The first and probably most studied member of the
SMMs remains to date the mixed-valence manganese-12
complex [Mn;,0;,(0Ac),,(H,0),]-2HOAc-4H,0, commonly
known as “Mnj,-acetate””® On the other hand, the field of
cobalt(II) SMMs is relatively new, as only a few SMMs of
Co(II) have been reported to date. The first Co"-based SMM
was reported in 2002,” which jump-started this area, and
meanwhile some more examples have been published.”®* POMs
have also contributed to this area, as shown above, and several
POM:-based SMMs have been reported recently.#*>3°

As part of our ongoing effort to synthesize heteropolytung-
states containing high-nuclearity transition metal clusters for
magnetic and catalytic purposes, we recently reported the
synthesis, structural characterization, and magnetic properties
of the 16-cobalt(Il) containing 36-tungsto-8-phosphate
[{Co0,(OH);PO,},(A-a-PW403,),]**~ (1). Polyanion 1 repre-
sents to date the POM with the highest nuclearity cobalt(II)
aggregate and also exhibits SMM behavior.” Wheel-type POM
structures containing a total of 16 cobalt(II) centers in the form
of four tetramers are also known, but here the tetracobalt
assemblies are isolated from each other.>' To date, there are
only a few reports on systematic comparative magnetic and/or
electrochemical studies of isostructural polyanions, where only
the heteroatom is substituted.>

In order to examine a possible influence of the heteroatoms
X (X = PY, Si'", Ge") on the magnetic exchange and redox
properties of the central {Coys} unit in [{Co,(OH);PO,},(A-
a-XWy05,),]"", the synthesis of the germanium and silicon
derivatives of 1 is of interest.

EXPERIMENTAL SECTION

Reagents and Materials. The precursor salts Na, o[ A-a-SiW,O5,]-
23H,0 and Na, [A-a-GeW,0;,]-18H,0 were prepared according to
the published procedure and characterized by IR spectroscopy.®® All
other reagents were used as purchased without further purification.

Synthesis of Na,[{Co,4(OH);PO4}4(A-a-SiW,03,),]-78H,0 (Na-
2). To a solution of CoCl-6H,0 (0.15 g, 0.63 mmol) in 25 mL of
H,0 was added 0.50 g (0.17 mmol) of Na,,[A-a-SiW,0,,]-23H,0,
and the mixture was stirred until a cloudy pink solution was obtained.
The pH of the mixture was then raised to 8 by adding 0.10 g (0.61
mmol) of solid Na;PO,, and the mixture was stirred for 1 h at room
temperature. The clear purple solution obtained after 1 h was then
filtered, and the filtrate was allowed to evaporate in an open vial at
room temperature. After about a week a purple crystalline product
appeared, which was collected then by filtration and air-dried. Yield:
140 mg (27%). IR (2% KBr pellet, v/cm '): 3461 (s), 1627 (s), 1090
(m), 988 (w), 932 (m) 798 (m), 676 (w), 590, 523 (w) (Figure SI in
the Supporting Information). Elemental analysis (%) for
Nay,[{Co,(OH),P0,},(A-a-SiW,05,),]-78H,0, calculated (found):
Na 5.85 (5.90), P 1.0 (1.0), Co 7.50 (7.53), W 52.6 (52.0), Si 0.89
(0.86).

Synthesis of NajzgsK; 5[{C04(OH);PO,},(A-a-GeWy03,),]-
116H,0 (KNa-3). CoCl-6H,0 (0.12 g, 0.50 mmol) was dissolved
in 20 mL of H,0. Then Na,;o[A-a-GeW,0,,]-18H,0 (0.50 g, 0.18
mmol) was added, and the mixture was stirred until a clear, purple
solution was obtained. The pH of the solution was maintained at 8
with 4 M KOH,) and stirring continued for 30 min at room
temperature. Then 0.50 g (3.1 mmol) of Na;PO, was added in small
portions while the pH was maintained at 8.0—8.5 with HCl,;. The
resulting turbid solution was stirred for 1 h at 75 °C and became clear
during heating. The solution was allowed to cool to room temperature
and then filtered. The clear, purple filtrate was kept in an open vial at
room temperature for slow evaporation. After 1 day a purple crystalline
product started to appear, which was collected after 2 days by filtration
and air-dried. Yield: 120 mg (19%). IR (2% KBr pellet, v/cm '): 3460
(s), 1631 (s), 1094 (m), 926 (m), 816 (m), 672 (w), 590 (w), 518 (w)
(Figure S1 in the Supporting Information). Elemental analysis (%) for
Na,o K s[{Co,(OH);PO,}4(A-a-GeW,04,),]-97H,0, calculated
(found): Na 5.34 (5.53), K 0.45 (0.46), P 0.94 (1.01), Co 7.19
(7.34), W 50.5 (48.3), Ge 2.19 (2.21).

IR, TGA, and Elemental Analysis. Infrared spectra were recorded
on a Nicolet Avatar 370 FT-IR spectrophotometer using KBr pellets
(Figure S1 in the Supporting Information). The following
abbreviations were used to assign the peak intensities: w = weak, m
= medium, and s = strong. Thermogravimetric analyses were carried
out on a TA Instruments SDT Q600 thermobalance with a 100 mL/
min flow of nitrogen; the temperature was ramped from room
temperature to 500 °C at a rate of 5 °C/min (Figures S2 and S3 in the
Supporting Information). Elemental analyses for Na-2 and KNa-3
were performed by CNRS, Service Central d’Analyze, Solaize, France.

X-ray Crystallography. Each crystal was mounted on a Hampton
cryoloop in light oil for data collection at —173 °C. Indexing and data
collection were performed on a Bruker D8 SMART APEX II CCD
diffractometer with kappa geometry and Mo Ka radiation (graphite
monochromator, 1 = 0.71073 A). Data integration was performed
using SAINT.>* Routine Lorentz and polarization corrections were
applied. Multiscan absorption corrections were performed using
SADABS.* Direct methods (SHELXS97) successfully located the
tungsten atoms, and successive Fourier syntheses (SHELXL97/2013)
revealed the remaining atoms.*® Refinements were full-matrix least-
squares against |F?| using all data. In the final refinement, all
nondisordered heavy atoms (Na, K, Co, Si, Ge, W) were refined
anisotropically; oxygen atoms and disordered countercations were



Table 1. Crystal data for Na-2 and KNa-3

empirical formula
formula weight, g/mol
crystal system

space group

a, A

b A

¢ A

a, deg

B, deg

7, deg

vol, A3

V4

Dy g/cm?

abs coeft

F(000)

cryst size, mm

theta range for data collection, deg
reflns collected
indep reflns

R(int)

obsd (I > 26(I))
goodness-of-fit on F*
R1 [I > 26(I)]¢

Na-2
H,5C016Na3;0,4,P4Si, Wi
12574.75

KNa-3
H,44Co,6GesK; 50Nasg 500,50Ps Wig
13461.50

wR2 (all data)? 0.2860
aR = YIE,| — IEIl/YIE,. PR, = [Yw(F.> — E2)%/ Yw(F.2)V2

refined isotropically. No hydrogen atoms were included in the models.
For Na-2, the crystal diffracted only to low theta(max), most likely due
to the high degree of disorder of countercations and crystal waters. For
KNa-3 the 1.5 potassium countercations were not found by single
crystal XRD, but rather by elemental analysis. Nevertheless, for overall
consistency, the formula based on elemental analysis, representing the
composition of the bulk material, is used throughout this paper, also in
the crystallographic files. Crystallographic data are summarized in
Table 1.

Electrochemical Measurements. The electrochemical setup was
an EG & G 273 A driven by a PC with the M270 software or a
CHIG660E driven by a PC with the CHI software. Potentials are quoted
against a saturated calomel electrode (SCE). The counter electrode
was a platinum gauze of large surface area. All experiments were
performed at room temperature. The source, mounting, and polishing
of the glassy carbon® or ITO electrodes have been described.*
Controlled-potential coulometry experiments were carried out with a
large surface area carbon plate. The solutions were deaerated
thoroughly for at least 30 min with pure argon and kept under a
positive pressure of this gas during the experiments. The solutions
were 10 * M in POM. The composition of the aqueous electrolyte was
1 M CH;COOLi + CH;COOH (pH 7). The electrochemical
experiments were performed in the dark. UV—vis spectra were
recorded with a Lambda 750 PerkinElmer spectrophotometer. The
solutions were placed in quartz cuvettes with an optical path of 0.2 or
0.1 cm.

Magnetic Suseptibility Measurements. Magnetic susceptibility
measurements (1.8—300 K) were obtained with a Quantum Design
SQUID magnetometer MPMS-XL. This magnetometer works
between 1.8 and 400 K for dc applied fields ranging from —7 to 7
T. The SQUID measurements were performed on polycrystalline
samples of Na-2 and KNa-3. Alternating current (ac) susceptibility
measurements were performed for both compounds with an oscillating
ac field of 3 Oe and ac frequencies ranging from 1 to 1500 Hz. M
versus H measurements were performed at 100 K to check for the
presence of ferromagnetic impurities; none were observed. The
magnetic data were corrected for the sample holder and the
diamagnetic contribution.

rhombohedral cubic
R3 Fd3
24.8510(6) 35.5650(9)
24.8510(6) 35.5650(9)
60.8811(12) 35.5650(9)
90.00 90.00
90.00 90.00
120.00 90.00
32561.2(13) 44985(3)
6 8
3.848 3.975
20423 20.261
34008 49 056
0.40 X 0.35 X 0.06 0.34 X 0.26 X 0.20
3.43-21.96 3.44-30.5
174269 151051
8821 5740
0.1427 0.1020
6472 3890
1.0003 1.004
0.0934 0.0733
0.2433

RESULTS AND DISCUSSION

Synthesis and Structure. Polyanions 2 and 3 were
synthesized in simple one-pot reactions of CoCl,-6H,0 with
Na;,[A-a-SiW404,]-23H,0 and Na;o[A-a-GeW,0,,]-18H,0,
respectively, in aqueous medium at pH 8 in the presence of
phosphate ions, and then isolated as hydrated sodium salts,
Nay,[{Co,(OH);PO,},(A-a-SiW,04,),]-78H,0 (Na-2) and
Naj K, s[{Co,(OH);PO,}4(A-a-GeW,03,),]- 116H,0 (KNa-
3), respectively. Single crystal X-ray diffraction analyses on
these salts revealed that polyanions 2 and 3 are isostructural;
therefore, only the structure of 2 is described in detail here.
Polyanion 2 is composed of four tri-Co"-substituted Keggin
units, {(A-a-SiW,0;,)(CoOH),}, connected by four {PO,}
linkers and encapsulating a central {Co0,0,} cubane fragment in
a tetrameric fashion with idealized T, point group symmetry.
The structure of polyanion 2 can also be viewed as a tetrahedral
assembly with a central [Co,(PO,),]*" core surrounded by four
{(A-a-SiW,0,,)(CoOH);} units at the four vertices (Figure 1).
As shown in Figure 2, the central [Co,s(OH),,(PO,),]*"
fragment consists of four triangular {Co;(OH);} fragments,
four {PO,} linkers, and a central {Co,0,} cubane core. Each
Co" center in the cubane unit is coordinated by three yu;-OH
groups belonging to [(A-a-SiWy03,)(CoOH);]’” units and a
ps-oxygen atom of the three {PO,} linkers. Each of the four
phosphate groups links three [(A-a-SiWy0s,)(CoOH);]"™
fragments via three P—O(c,) bonds, one to each Keggin
fragment.

All the Co" centers in the [Co;(OH),,(PO,),]*" fragment
exhibit a distorted {CoOg} octahedral geometry, and all the
{PO,} linkers show a tetrahedral geometry. The Co—O bond
lengths and O—Co—O bond angles are in the range of
2.00(3)—2.38(3) A and 72.9(11)—172.6(13)°, respectively (see
Table SI in the Supporting Information). For 3 the Co—O



[(Co(OH));(4-0-XW,40,,)]” (X= Si, Ge) {Co,(PO,)3*

[{Coy(OH);PO}(XW,03,),]* (X= Si, Ge)

Figure 1. Combined polyhedral/ball-and-stick representation of the
various building blocks comprising polyanions 2 and 3. Color code:
WOy red octahedra, CoOg violet octahedra, PO, green tetrahedra,
XO, blue tetrahedral (X = Si, Ge), Co violet balls, O red balls.
Protonated oxygens are shown in lavender.

Figure 2. Left: Ball-and-stick representation of the
[Co4(OH) ,(PO,),]** core in 2 and 3. Right: Representation of
the various tetrahedral building units in 2 and 3 formed by connection
of the four X heteroatoms, the four capping P atoms, the four central
Co atoms, and the four triangular Co; groups. The color code is the
same as in Figure 1.

bond lengths and O—Co—O bond angles are in the ranges
2.063(11)—2.226(13) A and 81.0(6)—167.5(3)°, respectively.

Protonated oxygens of the polyanions were located by bond
valence sum (BVS) calculations.®® All H3-0X0(c,) bridges in
polyanions 2 and 3 are monoprotonated, adding up to 12 for
each polyanion, and all phosphate oxygens are nonprotonated,
leading to the general formula [{Co,(OH),PO,},(A-a-
XWy03,)4)*” (X = Si, 2; Ge, 3). The total charge is balanced
in the solid state by 32 sodium countercations in Na-2, and by
30.5 sodium and 1.5 potassium countercations in KNa-3 (the
source of potassium ions being the potassium hydroxide
solution used for pH adjustment). For both compounds the
complete composition including countercations and crystal
waters was determined by elemental analysis (see Experimental
Section), and we also confirmed the number of crystal waters
by thermogravimetric analysis (TGA, see Figures S2 and S3 in
the Supporting Information). Based on both techniques,
elemental analysis and TGA, 78 crystal waters for Na-2 and
116 crystal waters for KNa-3 were included in the final formula
units.

Both polyanions 2 and 3 were synthesized in slightly basic
(pH 8) aqueous medium and with mild heating, and in both
cases the presence of phosphate ions was required. The
presence and possible template effect of small anions including

phosphate in POM synthesis are well-known, and several
examples have been reported.”* The silicon analogue 2
crystallized as a sodium salt Na-2 in the rhombohedral space
group R3, whereas the germanium analogue 3 crystallized in the
cubic space group Fd3. The optimized synthesis of polyanion 2
required only one step, whereas the germanium analogue 3 was
synthesized in a slightly modified, two-step procedure, as this
led to a higher yield and also better quality crystals for single
crystal X-ray diffraction. The important first step for the
synthesis of 3 involves maintaining the pH value to 8 by
addition of potassium hydroxide. For the synthesis of 2 the
sequence of adding the reagents was of importance, as
otherwise the desired product could not be obtained. For
example, if the cobalt(II) salt is added to the aqueous sodium
phosphate solution (pH 8), a large amount of purple precipitate
(most probably cobalt phosphate) is formed, leaving a colorless
supernatant. Moreover, if the Keggin precursor was added
before the Co" ions, the resultant mixture was turbid and gave a
purple colored filtrate, which produced a purple precipitate
with a different FT-IR spectrum compared to Na-2. We
discovered that polyanion 3 could be obtained in higher yield
when more sodium phosphate was added during the synthesis.
Also, the presence of potassium ions from KOH ,q) was crucial
in order to form bulk-pure crystalline KNa-3. The above
indicates a slightly different chemical reactivity of the
trilacunary POM precursors [A-a-SiW,03,]'°" and [A-a-
GeW,0,,]'"" in our reaction system.

Topological Features. In recent years a novel method for
the description of high nuclearity clusters has been
established*’ and developed.*" This methodology is based on
considering each metal center as a node and every monatomic
bridge (O, N, S) as a linker resulting in a decorated motif. The
resulting graph of each polynuclear compound can be described
by a unique NDk-m symbol,*” where N is the set of
coordination numbers of topologically nonequivalent nodes,
D is dimensionality; D = M for finite (molecular) clusters, k is
the number of nodes in the cluster, and m enumerates
topologically different clusters with the same NDk symbol. An
isolated metal atom is designated (0). Thus, every NDk-m
symbol denotes a topological type, ie., a set of topologically
equivalent but likely conformationally different CC skeletons.

This approach can be used to (a) easily identify structural
similarities,*> (b) find all the compounds of the some
nuclearity, and (c) compare the decorated motifs through the
subgraph search.** This methodology has been successfully
applied in compounds which contain organic ligands and solely
Mn centers (539 compounds),""** Co centers (312 com-
pounds),*® and Ni centers (318 compounds).*’

Interestingly, this approach can be successfully applied in
POM chemistry, where inorganic subunits are linked together
in various ways. However, it is worth stating that in POM
chemistry there is a need for classifying all inorganic subunits as
well the entire polyanion, in order to utilize these motifs in
future searches. The application of this approach to POMs may
give the opportunity, after classifying a plethora of compounds,
to identify, through subgraph search, compounds with
structural similarities as well to create libraries for each
inorganic subunit. Moreover, this approach offers an alternative
way of presenting these gigantic but aesthetically pleasing
anions.

In this context, excluding the countercations from the
simplification process, polyanions 1—3 can be described as a
motif enumerated as 4,4,5,6MS52-1 (Figure 3). Finally, the



central {Co,s} unit can be described as 3,6M16-1 (Figure 4),
and a literature survey in the Co library*® shows that such motif
is so far unknown in Co chemistry.

Figure 3. The decorated motif 4,4,5,6M52-1 of polyanions 1—3. Color
code: W (red balls), Co (violet balls).

Figure 4. The decorated motif 3,6M16-1 of the {Co,s} core in 1-3.
Color code: Co (violet balls).

Magnetic Studies. The magnetic properties of polyanions
2 and 3 were investigated using polycrystalline samples
dispersed in Apiezon grease. Such studies also allow for a
comparison with the isostructural analogue 1, and to examine
the effect of the heteroatoms (P vs Si vs Ge) on the overall
magnetic properties. The magnetic plots are shown in Figures
S4 and SS in the Supporting Information as yT vs T and M vs
H. As expected, both compounds exhibit a very similar
temperature dependence of the magnetic susceptibility, in
which, upon lowering the temperature, the yT value first
declines gradually and then increases rapidly to reach a
maximum and finally falls sharply until 1.8 K. Such behavior
indicates that dominant ferromagnetic interactions are present
in both compounds, but the decrease of the T value at high
temperatures originates from spin—orbit coupling of the Co"
ions. The room temperature yT value of 47.81 cm® K mol™" for
2 and 50.56 cm® K mol™" for 3 is much higher than the
expected one (30.0 cm® K mol™") for 16 spin-only high-spin
Co" ions (S =3/2,g=2,C= 1875 cm® K mol™') due to a

strong orbital contribution of the Co" ions. The final decrease
below § K is associated with magnetic anisotropy, as all the Co"
ions are shielded by the diamagnetic POM shells, thus not
allowing for intermolecular antiferromagnetic interactions. It is
noticeable that the product yT for 2 reaches a maximum of
40.64 cm® K mol™" at 4.0 K, higher than that of 36.15 cm® K
mol™' at 4.5 K for 3. In complete agreement with the
isostructural analogue 1, the 16 Co" ions in 2 and 3 are
ferromagnetically coupled, leading to a ground spin state of S =
8, in which the (yT),,,, should reach about 48.24 cm® K mol™!
with g = 2.3. The lower (yT),. observed for 2 and 3, as
compared to 1, result in g = 2.13 and 2.0, respectively, both also
lower than for 1. The electronic configuration and ionic radius
resulting from the outermost shell of different heteroatoms
influence how compact the tetrahedral {Co,(PO,),}*” cores
packed in the lattice. This is evidenced in the Co—O bond
lengths and O—Co—O bond angles, which are slightly different
from compound 2 to 3, as described in the structural part.
Therefore, the most likely reason for these slight differences
between the three isostructural compounds is that, depending
on the different heteroatoms (P vs Si vs Ge) in the respective
POM unit, weak antiferromagnetic interactions mediated
within the tetrahedral {Co,(PO,),}*~ cores appear to become
significant, compared to the overall ferromagnetic coupling.
However, the differences are small; the magnetic properties of
the system do indeed appear to be robust overall, being largely
independent of the type of trilacunary POM precursor used.
Furthermore, the dominance of ferromagnetic interactions in 2
and 3 is further confirmed by the field dependence of the
magnetization at low temperatures, in which the magnetization
increases very fast with a small external field, but without
saturation even up to 70 kOe (Figure SS in the Supporting
Information).

The dynamic properties of compounds 2 and 3 also show
similar behavior as 1. The temperature dependence of both in-
phase and out-of-phase components are frequency dependent,
indicating the presence of slow magnetic relaxation. The shape
and frequency dependence of the ac magnetic susceptibility
both suggest that these two compounds behave as SMMs
(Figures S and 6). The relaxation time can be deduced from the
frequency sweeping ac data. In both cases, the data between 1.8
and 2.8 K follow a thermally activated behavior with an energy
gap (A) of 24.8 K and a pre-exponential factor (7,) of 1.6 X
107% s for 2, as well as 25.9 K and 1.2 X 107® s for 3 (Figure S6
in the Supporting Information). The set of characteristic
parameters observed for these two compounds is very similar,
and is also comparable to the isostructural analogue 1. The
similar SMM behavior observed for all these three compounds
further suggests that their overall magnetic properties are
largely independent of the heteroatoms used in the trilacunary
POM precursor. Furthermore, the ac measurements under an
applied dc field were performed on both compounds to study
the relaxation behavior further and to check for quantum
tunneling effects above 1.8 K. However, application of a dc field
did not influence significantly the relaxation process of these
compounds, indicating that the quantum tunneling effect in this
system is not very pronounced (Figures S7 and S8 in the
Supporting Information).

UV-Visible Absorption Spectroscopy. The UV—visible
absorption spectra of 2 and 3 in a pH 7 acetate medium are
shown in Figure S9 in the Supporting Information. In the UV
region, the spectra exhibit intense absorption bands around 246
nm (the A, are ca. 1.38 X 10° M~' cm™ for 2 and 1.16 X 10°



20,
} 4 \
35 )

b ke
= = 3 ~=10 Hz
= r — 100 Hz

5 00 Hz
'g g 28 200 Hz
e . 400 Hz
: : o
= N
N N
1
05 1500 Hz
0
1
4 --18K
35 e
= = 3 21K
° [ —_—%
[<] 25 22K
E £ —231
B E 2
E S
& 15
N
N N
05
0k 32K

Figure S. Temperature dependence of the in-phase (a) and out-of-phase (b) components of the ac magnetic susceptibility at different frequencies
and frequency dependence of the in-phase (c) and the out-of-phase (d) components of the ac susceptibility at different temperatures for 2 under

zero dc field.

20

7" (cm®mol)

- N
a = 0 Nnoa

o

——1Hz
——10Hz
——100 Hz
——200 Hz
——400 Hz
——600 Hz
——800 Hz

1200 Hz
——1500 Hz

7' (cm®mol™)

0 L

100 1000

1" (Hz)

10

Figure 6. Temperature dependence of the in-phase (a) and out-of-phase (b) components of the ac magnetic susceptibility at different frequencies
and frequency dependence of the in-phase (c) and the out-of-phase (d) components of the ac susceptibility at different temperatures for 3 under

zero dc field.

M cm™! for 3). These absorption bands are due to oxygen-to-
tungsten charge transfer transitions. As expected, the spectra of
the cobalt centers present several absorption bands in the
visible light region (Figure S9B in the Supporting Informa-
tion).>° The characteristics of these Co bands feature distinct
fingerprints of the two POMs. Thus, the spectrum of 2 exhibits
a broad band roughly at 530 nm followed by two peaks at 512
nm (e, ca. 470 M™' cm™) and 484 nm (e, ca. 466 M™!
cm™), whereas that of 3 is characterized by a peak at 538 nm
(Emax ca. 437 M~ ecm™) followed by two shoulders at ca. 512
and 490 nm, respectively.

Electrochemical Studies. The electrochemical behavior of
2 and 3 was studied in an aqueous pH 7 acetate medium. For
this purpose, the stabilities of the compounds in this medium

were assessed by monitoring their respective UV-—visible
spectra. A complementary cross-check of this stability was
obtained by cyclic voltammetry (CV). The two compounds
were stable enough in this medium for their CV character-
ization. The study is restricted to the waves for which no
derivatization of the electrode was observed.** Moreover, the
irreversible waves associated with the W' reduction or Co"
oxidation processes will not be studied here. These processes
are featured by waves located close to the electrolyte reduction
or oxidation. For clarity, the redox processes associated with the
Co" and WY centers are described separately.

Figure 7 shows the superimposed CV patterns of 2 and 3
restricted to their first quasi-reversible W-waves. In agreement
with expectations from previous works,>*** the reduction of
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Figure 7. Cyclic voltammograms of the first WY-waves of 2 and 3,
respectively, run in a pH 7 (1 M CH;COOLi + CH;COOH) medium;
the scan rate was 10 mV s !, and the reference electrode was a
saturated calomel electrode (SCE). The concentration of the
polyanions was 10 * M.

the WY! centers in the Ge derivative 3 are slightly easier than
those of the Si derivative 2. In other words, the W' centers
reduction waves associated with 2 are cathodically shifted with
respect to those of 3. Both complexes present also a large
intensity wave which is the combination of their irreversible
multielectronic reduction and the electrolyte reduction wave.
Indeed, as an irreversible electrode derivatization proceeds in
this potential domain, the potential location of such reduction
waves and that of the electrolyte vary with the number of
cycles.*® Such complex phenomena will not be considered in
the following. The formal potentials E°, calculated as the
average between the cathodic and anodic peak potentials, are
ca. —1.04 V for 2 and —1.00 V vs SCE for 3. As a consequence,
the first redox couple of 2 is very close to the electrolyte
reduction limit (onset potential at ca. —1.180 V vs SCE for the
very first CV), whereas Figure S10 in the Supporting
Information shows that the CV of 3 contains a second W-
wave peaking at —1.13 V vs SCE. This demonstrates that the
CVs represent a fingerprint for 2 and 3, similar to those
reported for other POMs based on {XW,O;,} units.*

In the positive potential domain (vs SCE), the Co" centers in
2 and 3 feature two quasi-reversible oxidation waves with the
same general shape (Figure 8). However, when compared to 2,
slight anodic shifts of ca. 0.05 and 0.07 V were observed for the
formal potentials of the two quasi-reversible processes
associated with 3 (ca. +0.640 and +0.825 V vs SCE
respectively). To our knowledge, such observations represent
only the third example of electrochemically well-behaved Co"
centers in a multi-cobalt-substituted POM. The two other
examples were described by Kortz and Mialane, respective-
ly.2%*** Moreover, there is no report on such results in a pH 7
medium.

Potential-controlled coulometry was used to establish the
actual electron consumption for each oxidation wave of the Co"
centers (0.2 mM 2 or 3). The electrolysis performed on the
first oxidation wave of the Co™ centers in 3 (at +0.780 V vs
SCE) consumes 3.7 electrons per molecule of POM. When the
electrolysis was carried out at +0.95 V vs SCE, just beyond the
second oxidation peak of the Co" centers, the oxidation process
continues even after 25 electrons per molecule, which is ca.
1.56 times the number needed for monoelectronic oxidation of
all the Co" centers to Co™. This observation is likely due to
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Figure 8. Comparison of the cyclic voltammograms of 10 * M of 2
and 3 in a pH 7 (1 M CH;COOLi + CH;COOH) medium and that of
the corresponding background current. The scan rate was 10 mV s *,
and the reference electrode was a saturated calomel electrode (SCE).
The CV patterns feature the redox processes associated with the Co"
centers.

thin film deposition during the electrolysis. Such a phenom-
enon is not unprecedented, as previously reported by Kortz and
co-workers for [Cog(H,0);0{CoyCl,(OH);(H,0)4(p-
SiW,05,);}1°~.>%8 However, we observed that this process is
strongly influenced by the type of heteroatom (Si vs Ge) in the
lacunary Keggin units of 2 and 3. Indeed, the oxidation of 2
performed with the potential set at +0.88 V vs SCE (on the
second Co-wave) showed a progressive inhibition of the
electrode response which prevents a reliable determination of
the number of electrons involved in the Co" oxidation by
potential-controlled coulometry in this medium. The inhibition
of the oxidation process is attributed to the deposition of a
poorly conducting film on the electrode surface. Indeed, the CV
pattern of 2 obtained with this modified electrode exhibits ill-
defined and low intensity waves when compared to the
characteristics of that recorded with the bare electrode. In
contrast, for 3 the patterns observed with both electrodes are
well-defined and a slight cathodic shift of ca. 0.030 V (for the
first oxidation wave) is observed for the modified electrode,
which means that the oxidation of the Co" centers becomes
slightly easier with the modified electrode. The cathodic shift of
the second oxidation wave is not significant (ca. 6 mV).
However, the overall electron transfer process associated with
this redox couple estimated from the anodic-to-cathodic peak
potential differences of the second redox couple is slightly faster
with the modified electrode (AEp, = 0.071 V) than with the
bare electrode (AEp, = 0.094 V). A similar improvement was
also observed for the first redox couple (the AEp, values are
0.095 and 0.125 V, respectively, for the modified and the bare
electrode). Altogether, these observations show that the
modified electrode is more active toward the oxidation of the
Co" centers. The beneficial effect of electrode pretreatment by
continuous scanning of the potential in relatively high potential
was demonstrated by Sadakane in his pioneering work on the
oxidation the Mn(II) center within Ky[Mn(H,0)SiW,;05,].*°
The electrochemical behavior observed with the bare electrode
was restored by repolishing both modified electrodes, which
underscores a modification process occurring during the bulk
electrolyses. It is worth noting that, for both POMs, the
observed electrode modifications proceed very slowly. Indeed,
even for relatively slow scan rates (between 10 and 2 mV s™'),
the variation of the peak current intensities as a function of the



square root of the potential scan rate indicates that the CVs
feature a diffusion-controlled process. Such observations are not
unprecedented. For example, Keita and co-workers reported a
similar observation for the oxidation of the Mn centers in
[(Mn™(H,0));(SbW,03;),]°~.>" The electrochemical quartz
crystal microbalance (EQCM) used in this work demonstrates
that a very thin film deposition process occurs during the
generation of the Mn'V state. However, for scan rates between
20 and 100 mV s7!, the peak current intensity of the Mn'
oxidation wave varies linearly with the square root of v, which
indicates that the CVs feature a diffusion-controlled process at
these scan rates. Moreover, even at slower scan rates (between
20 and 2 mV s7') the oxidation is governed by a mixed
adsorption—diffusion regime (a purely adsorption regime was
not observed). This phenomenon corresponds probably to the
slow formation of a very thin film of MnO, during the Mn
center oxidation. Although we did not perform EQCM for the
investigation of the film formation in the current work, we
attribute tentatively our observation to a slow thin film
formation. Moreover, there are several reports on film
formation on the electrode surface during oxidation of Co-
POMs.”

CONCLUSIONS

We have synthesized and structurally characterized the 16-
cobalt(II)-containing 36-tungsto-4-silicate
[{Co0,(OH);PO,},(A-a-SiW,05,),]**~ (2) and the isostruc-
tural germanate [{Co,(OH);PO,},(A-a-GeW,0,,),]**~ (3) in
a simple, one-pot procedure by reaction of the trilacunary
Keggin precursors [A-a-SiW,05,]'%" and [A-a-GeW,04,]'"",
respectively, with Co™ and phosphate ions in aqueous medium.
Polyanions 2 and 3 are isostructural with their P analogue
[{Co0,(OH);PO,},(PW,05,),]**” (1) and consist of a cationic
[Co,4(OH),,(PO,),]*" assembly stabilized by four trilacunary
[A-a-SiW,0;,]"" and [A-a-GeWy04,]'"" units, respectively,
resulting in a structure with T, point group symmetry. The
hydrated salts Na-2 and KNa-3 were investigated in the solid
state by single-crystal XRD, FT-IR spectroscopy, and
thermogravimetric and elemental analyses. We have also
investigated the electrochemistry of 2 and 3 in aqueous
solution. Furthermore, we have studied the magnetic properties
of Na-2 and KNa-3, in order to examine the effect of the
heteroatoms (Si vs Ge) on the overall magnetic properties, and
to compare them with those of the P-analogue 1. These studies
revealed that all three polyanions 1—3 are SMMs. Our studies
demonstrate that it is worthwhile to try and create isostructural
families of compounds, which allow for rationalizing any small
changes in physicochemical behavior (e.g.,, magnetic, electronic,
redox) as being due to changes in hetero group, and hence
composition and charge of the polyanion. Interestingly, the
synthetic conditions of polyanions 2 and 3 are not strictly
identical, which emphasizes once again the challenges
associated with POM synthesis.

In summary, the synthesis of 2 and 3 (as well as 1)
demonstrates a novel and efficient route for the preparation of
high-nuclearity 3d transition metal complexes encapsulated by
POM ligands. In recent years we have been systematically
developing rational synthetic procedures by using simple
transition metal salts and lacunary polyanions, and we
discovered that aqueous, basic media are ideal. Based on such
a synthetic strategy, we have already succeeded in isolating
several more multinuclear 3d metal-containing polyanions,

namely, {Mn¢}, {Mng}, {Ni;s}, {Ni;3}, {Fe.,}, and {Cu;},
which will be reported elsewhere.
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