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A mixed-valent manganese tricapped Keggin polyoxo-
metalate (3) has been designed by insertion of three Mn
atoms from [Mn"Mn'",(u;-0)(2-Cl-benzoato)s(py)s] (1) into
the vacant sites of the trilacunary precursor Na;o[A-a-

SiWgO34] (2). This compound exhibits strong antiferromag-
netic interaction between the spin carriers of the Mn mixed-
valent trinuclear moiety, which suggests an S = 5/2 ground
state.

Introduction

Polyoxometalates (hereafter designated as POMs) consti-
tute an important class of materials that exhibit versatile
electronic properties as well as structural diversity. This
leads to applications in numerous fields such as catalysis,!
material science and magnetism,?! medicine,®! photochem-
istry, bio- and nanotechnology® etc. While the mecha-
nism of POM formation remains a poorly understood phe-
nomenon, researchers often utilize natural self-assembly
processes to functionalize POMs by choosing suitable
building blocks and by exploring proper reaction condi-
tions. Indeed, the rational synthesis of POMs is still a
dream goal of synthetic chemists in this field of research,
but the knowledge gained so far indicates that sandwich-
type complexes are the usual final products when transi-
tion-metal ions react with dilacunary POM precursors,
and, in most of the cases, the structure of the POM precur-
sor is preserved. Although, dilacunary tungstosilicates have
been used extensively by different groups,>%7! the use of
trilacunary tungstosilicates for surface modification of
POMs is limited.[’] Pope and co-workerst®! synthesized a
series of trimetallo derivatives SiWoM3 of both a- and
isomers with M = Cr'™, Fe', Mn", Col, Ni'l and Cu',
but failed to get X-ray quality single crystals, and hence the
magnetic properties were not analyzed in relation with the
structural information.
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Considering the importance of these tri-substituted Keg-
gin POMs as a model for soluble catalytic metal oxide sur-
facesP! and the possibility of tuning the spin-exchange be-
haviour within the substituted transition-metal com-
plexes!!?) we felt the need to find rational synthetic pro-
cedures to obtain tri-substituted POMs with mixed-valent
metal environments. Therefore, a novel strategy was
adopted by considering a suitable manganese precursor
containing a trinuclear mixed-valent [Mn"Mn',] complex,
[Mn;(p3-O)(2-Cl-benzoato)s(py)s] (1, with py = pyr-
idine),!'"T that could eventually occupy the three vacant sites
of the lacunary silicotungstate precursor Na;o[A-0-
SiWy034] (2) and ultimately build up the transition-metal
substituted Keggin polyanion (3) (Scheme 1).

From [Mn3(u3-0)(2-Cl-benzoate)s (Py);] Precursor

O

[A-0-SiWy O5,]1%

Scheme 1.

Results and Discussion

Syntheses and Structural Characterization

The mixed-valent tri-manganese-substituted Keggin-type
dodecatungstosilicate (3) was synthesized by a simple one-
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pot reaction of tri-lacunary 9-tungstosilicate (2) with [Mn'!-
Mn'!,(u5-0)(2-Cl-benzoato)s(py)s] (1) in aqueous acetic
acid medium (pH = 4.50). The composition of 3 is sup-
ported by elemental analysis and a TGA study, which shows
a loss of weight of ca. 7.10% that corresponds to a loss of
24 water molecules (7.35%) from its unit-cell volume. At
room temperature, complex 3 is fairly stable in air and also
soluble in water.

The X-ray crystallographic analysis reveals that tri-la-
cunary [A-a-SiW054]'% (2) takes up three manganese ions
from 1 to give a highly symmetrical polyanion 3 (Figure 1).
The central tetrahedral Si site is surrounded by twelve octa-
hedra, of which nine have W and three have Mn at their
centres (Figure 2). The O atoms are located at the vertices
of each of the polyhedra. Four O atoms (O1, OS5, O5%*,
O5**; %' 1 —y, x—y, z; ¥: 1 —x + » 1 — x, z) connected
to tetrahedral Si (Si4) constitute the common vertex of
three edge-shared octahedra, which divide the twelve octa-
hedra into 4 groups. Three of these groups are identical,
in which two W octahedra and one Mn octahedron share
common edges; in the other group, the edges are shared by
three W octahedra (Figure 2). The anion is highly symmet-
ric with a C3 symmetry. It is worth mentioning that the

Figure 1. ORTEP diagram with atom numbering scheme of the
[Mn"Mn",(H,0);SiW,037]* ion (3) (30 % ellipsoidal probability).
Symmetry operators *: 1 —y, x —y, zand ¥*: 1 —x + y, 1 - x, z.

Figure 2. Polyhedral presentation of [Mn"Mn!',(H,0);SiW,03,]*"
anion (3). The SiO4, WOg4, MnOg polyhedra are shown in brown,
violet and red, respectively.
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manganese precursor that was used to occupy the lacunary
sites of the parent polyoxoanion, also exhibits a C; sym-
metry. A recent report on grafting a MngCe-carboxylate
complex on the vacant sites of a tri-lacunary Wells—Daw-
son-type POM gives another example of our synthetic ap-
proach.['? Interestingly, the MngCe-carboxylate precursor
retains its molecular core after grafting onto the POM sur-
face, even if the symmetry of the vacant sites on the POM
surface do not match those of the precursor. This self-as-
sembly was possible, likely because the reaction was carried
out in strong acetic acid medium that prevents the removal
of coordinated carboxylate ions. In the present case, the
Keggin POM has a C;-symmetric vacant site as well as a
guest precursor in order to fit suitably into the cavity. The
removal of benzoate groups occurs as a result of the fact
that the reaction was carried out in aqueous MeCN buff-
ered with dilute NaOAc/AcOH at pH = 4.50, and under
such conditions, the surface oxygen atoms are assumed to
be sufficiently basic to displace the benzoate groups.

Mn-O bond lengths along the joining lines of the three
Mn centres that form the cap of the POM are alternately
1.978(9) A (Mn1-012) and 2.006(9) A (Mn1-O12**). The
Mn centres form an equilateral triangular arrangement of
Mn atoms and the Cj axis passes through its centre. The
terminal oxygen atoms (O1W, O1W*, O1W**) attached to
three Mn centres are water molecules with an Mn-O dis-
tance of 2.160(8) A; the other oxygen atoms act as oxo brid-
ges.

Bond valence sum (BVS) values!!3! for the oxygen atoms
in the polyanion fall in the range 1.59-2.03, with the excep-
tion of Mn-O1W with a BVS value of 0.33. The former
oxygen atoms (W-O/Mn-O) are presumed to arise from
oxo groups, while the later (attached to Mn) are terminal
oxygen atoms from water molecules and this result is con-
sistent with other manganese(II)-substituted polyanions
with terminal aqua ligands.'¥! The BVS of tungsten (5.97—
6.22) and silicon (3.96) fall within the expected limits. The
BVS of three manganese atoms (2.76) indicates a mixed-
valence [Mn;] unit with one Mn!! and two Mn!!"" atoms;
this result is also consistent with those obtained from the
magnetic data (vide infra). It is difficult to differentiate
crystallographically the Mn'" and Mn'"" sites, as the three
Mn atoms are threefold-symmetry related and are equiva-
lent. According to the BVS value and magnetic data, a dis-
ordered model is proposed for the Mn sites in which every
Mn position is occupied by Mn!! and Mn! atoms in a 1:2
ratio.

Redox Properties

Cyclic voltammetry of 3 in water at neutral pH gives
E\,» values that correspond to the oxidation processes
[Mn,™"Mn!"] — [Mn;"1] at 0.106 V and [Mn;"1] — [Mn,"!-
Mn'V] at 0.395 V (Figure 3). We have intentionally chosen
a neutral pH range for the present case in order to avoid
the complications arising from POM-based redox processes.
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Figure 3. Comparison of cyclic voltammogram of (i) 3 in H,O with
0.10 M KCI used as supporting electrolyte (red line), (ii) 3 after de-
position on the electrode surface during cyclic voltammetry studies
in 0.10 m KCI (black line) and (iii) POM 2 in 0.10 M KCI (green
line); scan rate = 50 mV s L.

It is interesting to note that with an increase in the
number of scans there is an increase in peak heights (Fig-
ure 4), which clearly indicates the progressive deposition of
3 on the electrode surface. Moreover, the deposited material
gives a single oxidation peak ([Mn,""Mn"] — [Mn;"1]) but
not the [Mn;"] — [Mn,""Mn'V] transformation on the
electrode surface (Figure 3). This result implies that this
conversion occurs only in solution. The E;, value of the
deposited material is cathodically shifted by 0.031 V (E, =
0.152 V and E. = -0.091 V), which means that the oxidized
species (product) is more strongly adsorbed onto the elec-
trode surface and thus inhibits the [Mn;"] — [Mn,""Mn!V]
transformation because of its stability on the electrode sur-
face. The parent POM 2 does not show any oxidation pro-
cess under the identical experimental conditions. The peaks
at —0.25V (3), -0.22 V for the deposited materials on the
electrode surface (3) and at —0.13 V for [SiW¢O34]'* (2) are
common and can be attributed to the reduction at the WV!
centre in the POM fragments. It is interesting to note that,
in the case of 3, this peak is somewhat cathodically shifted
both in solution and in the deposited phases.

The parallel analysis on the sample obtained from the
controlled experiment by using Mn'" acetate, Mn!! acetate
and 2 in a molar ratio 2:1:1 at the same sweep rate in aque-
ous solution (20 mL, 1.0 mmoldm™) between —1.0 to
+1.0 V shows two oxidation peaks at 0.46 and 0.66 V and
a broad reduction peak at 0.35V (vs. SCE). There is also
no cathodical deposition of this material on the electrode
surface (Figure 5) as indicated by the lack of any increase
in peak current with an increase in the number of scans. We
have also carried out the cyclic voltammetry studies on the
precursor complex 1 in MeCN with tetrabutylammonium
perchlorate as supporting electrolyte, and two reduction
peaks appear at —0.25 and —1.08 V and the corresponding
oxidation peaks appear at 1.16 and —-0.41 V (vs. Ag/AgCl),
respectively. Similar observations were also made in
[Mn3(p3-O)(n-O,CCH,»-1-NAPH)6(py)s] (HO,CCH,-1-
NAPH = naphthylacetic acid).l'! It is therefore evident
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Figure 4. Cyclic voltammogram of 3 (1.0 X 10moldm™3) in water
with a sweep rate of 50 mVs!.

from the perspective of the electrochemical studies that
compound 3 is different from that prepared by mixing
Mn'!! acetate, Mn" acetate and 2 in a 2:1:1 ratio.
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Figure 5. Cyclic voltammograms of 1.0 mmoldm ™ of 3 and 4 in
aqueous KCI (0.10 m) media and of 1 in MeCN (TBAP = 0.10 m).
Sweep rate = 50 mVsec .

These experiments suggest that the mechanism of forma-
tion of 3 involves the direct insertion of the trinuclear,
mixed-valence manganese precursor 1 into the three vacant
sites of 2, which subsequently displaces the carboxylate li-
gands by more basic oxo groups from the POM complex
(Scheme 1). This assumption is strongly corroborated by
the observations that (i) the reaction of trilacunary POM
with precursors [Mn"Mn",(p;-O)(X-benzoato)(py)s] (X,
2-F, 2-Cl, 3-Cl) results in the same polyanion 3 and (ii) the
reaction of Mn!! acetate, Mn!! acetate and 2 in the molar
ratio 2:1:1 under the identical reaction conditions does not
lead to 3 (the product obtained in this reaction is different
from 3 as supported by cyclic voltammetry studies shown
in Figures 3 and 5). Several attempts to generate single crys-
tals for the latter reaction were not successful. The above
hypothesis is further supported by the retention of the Cs
symmetry of the bridged [Mnjs] unit as well as of the oxi-
dation states [Mn""Mn'",] even after its incorporation into
the anion.
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Magnetic Properties

The magnetic susceptibility measurements reveal a para-
magnetic behaviour of 3 in the temperature range 1.8-
300 K (Figure 6). At room temperature, the y7 product is
about 10.1 cm?K/mol. Upon cooling, the 7 product de-
creases very rapidly to reach a minimum value of about
4.0 cm?K/mol at 8.7 K before increasing, below 3 K, to
reach 4.5 cm® K/mol at 1.8 K. This global behaviour reveals
strong antiferromagnetic interactions between the Mn
centres. By considering the molecular structure of the
mixed-valence [Mns] unit (inset, Figure 6), an isotropic Hei-
senberg triangular model with the following spin Hamilto-
nian was first used:

H= 72J(SMHIIIA + SMnIIIB)SMnII — 2J,SMHIIIASMHIIIB

with S; = 2 and S, = 5/2 for the Mn""" and Mn"" metal ions,
respectively, and J and J' are the exchange interactions in
the trinuclear unit between adjacent Mn'" and Mn™ ions
and between Mn"" ions, respectively.
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Figure 6. y T vs. T plot for 3 at 1000 Oe (where y is M/H). The solid
line is the best fit obtained with the Heisenberg trinuclear model
described in the text. Inset: y7 vs. T semi-log plot for 3 at 1000 Oe.
A scheme of the spin topology is shown on the right side of the
figure.

Application of the van Vleck equation!'® to the Kambe’s
vector coupling schemel!”! allows an analytical expression
of the magnetic susceptibility as, for example, given by Vin-
cent et al.l'® This Heisenberg model was able to reproduce
the experimental data very well from 300 to 1.8 K as seen
on Figure 6 with the best set of parameters: Jikg =
-1.3() K, J'/kg = -7.8(1) K and g = 2.0(1). The ground
state of the [Mnj;] unit is thus S = 5/2 as further confirmed
by the field dependence of the magnetization at 1.8 K (i.e.
the magnetization is almost saturated at 7 T and reaches
5 up). As expected with regard to the dramatic change in
the bridge natures between the Mn spin carriers in 3 relative
to those in 2 (with carboxylate and p;-O bridges), the mag-
netic interactions in the [Mn;] unit are completely modified
even if they remain antiferromagnetic in nature and have a
similar amplitude.l'"! The most important change induced
by the modification of the J/J' ratio is the spin ground state
of the [Mnjs] unit, which is 5/2 in 3, while only 1/2 or 3/2
spin ground states are observed in the family of [Mn'l-
Mn",(u5-0)(X-benzoato)s(py)s] precursors. Finally, it is
5520
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worth mentioning that the single-ion anisotropy of the
Mn'"! sites have also been considered in a more sophisti-
cated Heisenberg model,l'”! but the quality of the simula-
tion was not improved.

Conclusions

In summary, a mixed—valence, manganese tricapped Keg-
gin polyoxometalate has been designed by controlled inser-
tion of three Mn atoms from [Mn""Mn"";(u;-O)(2-ClI-
benzoato)s(py)s] into the vacant sites of the trilacunary pre-
cursor. Both [Mnj] and [A-0-SiWyO1,4]'% units have been
assembled whilst keeping with a C; symmetry and retain
their original molecular structure. Magnetic measurements
reveal that the final Mn3-POM complex possesses an anti-
ferromagnetic coupling between Mn centres, which induces
an S = 5/2 ground state.

Experimental Section

Materials and Reagents: Unless otherwise mentioned, materials
(reagent grade) were obtained from commercial suppliers and used
without further purification. The precursors [Mnj(p;-O)(2-Cl-
benzoato)e(py)s] (DI and Nao[A-0-SiWe034]?% (2) were pre-
pared by using the literature procedures.

Physical Methods: Elemental analyses were carried out by using a
Perkin-Elmer 240 elemental analyzer. IR spectra (4004000 cm™!)
were recorded in KBr pellets on a Nicolet Magna IR 750 series-11
FTIR spectrophotometer. TGA/DTA thermograms were recorded
on a Perkin—Elmer Pyris Diamond TGA/DTA thermal analyzer
under a dynamic nitrogen environment. Electrochemical measure-
ments were carried out by using a computer-controlled AUTOLAB
(model 263A VERSASTAT) electrochemical system with glassy
carbon as the working electrode, Pt-wire as the counter electrode
and a saturated calomel electrode as the reference electrode. Cyclic
voltammograms were recorded at 25 °C in deionized water from
Millipore — Milli-Q Water Purificiation Systems under pure N, at-
mosphere with 0.1 M KCl as supporting electrolyte.

Synthesis of {[Mn3(H,0)3SiWo03,]*},-24H,0(2Na*,11K*,3H"):
[Mn3(p3-O)(2-Cl-benzoato)s(py)s] (1) (0.243 g, 0.18 mmol) in
MeCN (15mL), trilacunary Na;o[A-a-SiWyO34] (2) (0.442 g,
0.18 mmol) and potassium chloride (0.16 g, 2.1 mmol) were treated
in a simple one-pot reaction in aqueous acetic acid medium (pH =
4.50) in the molar ratio 1:1:11.6. Brown, hexagonal-shaped crystals
of 3 suitable for X-ray analysis were obtained by slow evaporation
at ambient temperature of the reaction solution (yield = 30%). Ele-
mental analysis: caled. H 0.86; found 0.87%.

Magnetic Measurements: The magnetic susceptibility measure-
ments were obtained with the use of a Quantum Design SQUID
magnetometer MPMS-XL housed at the Centre de Recherche Paul
Pascal. This magnetometer operates between 1.8 and 300 K for dc
applied fields ranging from -7 to 7 T. Measurements were per-
formed on a polycrystalline sample of 26.87 mg. The magnetic data
were corrected for the sample holder and diamagnetic contri-
butions. Before any measurement, the samples were checked for the
presence of ferromagnetic impurities by measuring the magnetiza-
tion as a function of the field at 100 K. For pure paramagnetic or
diamagnetic systems, a perfect straight line is expected and is ob-
served for these compounds, which indicates the absence of any
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ferromagnetic impurities; ac susceptibility measurements were mea-
sured with an oscillating ac field of 3 Oe and ac frequencies ranging
from 1 to 1500 Hz, but it is worth noting that no out-of-phase
ac signal (that could be the signature of single-molecule magnetic
properties) was detected.

X-ray Crystallography: X-ray single-crystal diffraction measure-
ments for complex 3 (Table 1) were carried out on a Bruker Smart
1000 CCD area detector diffractometer equipped with a graphite
crystal monochromator. The determination of the unit-cell param-
eters and data collection were performed with Mo-K, radiation (4
=0.71073 A) by the w-scan mode. There was no evidence of crystal
decay during data collection. The program SAINT??!l was used for
integration of the diffraction profiles. Semiempirical absorption
corrections were applied by using the SADABS program.??! The
structure was solved by a direct method by using the SHELXS
program of the SHELXTL package and refined with SHELXL.?3]
Metal atoms in complex 3 were located from the E-maps, and other
non-hydrogen atoms were located in successive difference Fourier
syntheses and refined with anisotropic thermal parameters on F2.
Some of the water hydrogen atoms were located from the difference
Fourier map and refined isotropically.

Table 1. Crystallographic data for compound 3.

Formula (HGMH3O4()SiW9)2'
24H,0(3H",11K*,2Na*)

F,, 5871.31

Crystal System trigonal

Space group R3 (no.148)

a, b, c [A] 12.4088(5), 12.4088(5), 52.0106(15)

a B,y [°] 90, 90, 120

VA3 6935.6(4)

Z 3

Dcalcd. [gcmfi] 4217

#(Mo-K,) [mm] 23.736

F(000) 7827

Crystal size [mm)] 0.08x0.11x0.14

T [K] 273

A[A] 0.71073

6 min, max [°] 1.2, 28.3

h, k, [ —-16/16; —16/16; —69/69

Reflections: total, unique, R(int) 19041, 3038, 0.052

Observed data [/ >2.00(])] 2480
Niety Npar 3038, 216
R(F,) 0.0316
WRy(F,) [[=20(1)] 0.0897
Stal 1.08

[a] S = S[w(F,> — F2)(n - p)]">
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