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ABSTRACT: The five manganese-containing, Keggin—base

tungstosilicates [Mn';(OH);(H,0),(A-a-Siw,0,,)]" (1),
[Mn';(OH);(H,0);(A-a-SiW,05,)]* (2), [Mn";(OH)-
(H,0)5(A-f-SiW,05,)]1*" (3),
(CH,;C00);(A-a-SiW,05,)1¢" (4), and [Mn"™,Mn"O,-
(CH;C00),(A-B-SiWy05,)]%~ (5) were synthesized in
aqueous medium by interaction of [A-a-SiW,05,]'" or [A-
B-SiW ,0,,H]®" with either
[Mn"Mn"",0,,(CH;C00),4(H,0),] (2—5) under carefully
adjusted reaction conditions. The obtained salts of these
polyanions were analyzed in the solid state by single-crystal X-
ray_ diffraction, IR spectroscopy, and thermogravimetric
analysis. The salts of polyanions il, 2,

solution by electrochemistry.

INTRODUCTION

Polyoxometalates (POMs) are inorganic, discrete, and nano-
sized cage complexes' with great prospects in the designing of
diverse devices in the areas of catalysis,” magnetism,3
nanostructured material science,* and medicine.’ POMs are
typically synthesized following polycondensation reactions
(usually in acidic aqueous solution) of simple oxoanions of
early transition metals in high oxidation states. The formation
mechanism of POMs, commonly identified as “self-assembly,”
remains not well-understood;® however, it is affected by several
reaction conditions, such as the ratio of reactants, pH,
temperature, and reaction time, among others.la’d Conse-
quently, controlled synthetic routes allow for a rational design
of tailored POM assemblies with a variety of shape, size, and
complexity."”

The Keggin and Wells—Dawson-type polyanions are of high
interest in the synthesis of transition metal-containing POMs,
due to their ability to form stable lacunary derivatives via loss of
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and 4 were further characterized in the solid state by magnetic studies, as well as in

one or more WOq units.'"® These lacunary precursors can
therefore be viewed as inorganic polydentate ligands, with
vacant sites containing terminal and basic oxygens that can
coordinate to electrophilic centers, particularly transition metal
ions.® With respect to manganese-containing POMs, a
considerable number of structures is reported in the
literature,** =" whereby [Mn,o(OH);,(SiW,,05,)¢]3*7,%
which is synthesized by a one-pot reaction of MnCl,-4H,0
with [A-a-SiW,0,,]'%", contains a very large, discrete multi-
nuclear manganese—oxo cluster encapsulated by a tungstosili-
cate framework. A comprehensive literature survey of
manganese-containing polyoxotungstates is shown in Table 1.

Lacunary POMs are also known to react with preformed
multinuclear 3d transition metal-based coordination complexes,
leading to products that may not be formed using simple metal



Table 1. Survey of Known Mn-Substituted Polyoxotungstates

polyanion
MnII(Hzo)z(SIWmOzs)
M H(OHZ)AIWIIO39]
Mn H(Bf)(PszOsl)]
Mn"Mn"™(OH)(H,0)SiW 40,1
{Mn“(H20)4}2K3{WO2(H20)2}2{WO(HZO)}3(P2W1;_O48)3] -
Z(HZO)ZWO(HZO)(ASW9O33)ZJ
Mn IIzNaz(PW9034)z
(MnSiw,,04,0H),]"~
Mn 3(H20)351W9037]10_
z(H20)3(A5W9033)2
Mn"3(H,0)5(PW50,,),]°
Mn'"';(OH),(H,0)38iW;05,]*
"4(H,0),(PW50,,),]""
Mn";Mn"(H,0),(PW,05,),]°", [Mn"Mn";(OH),(PW,05,),]°
MnH4(H20)z(XW9Oz4)2 - (X = 8i, Ge)
Mn",(H,0),(P,W15056),]"*"
Mn",(H,0),4PsW,50154]%"
{Mn (Slwmoss)(OH)z(Na)m(HzO)os}z(Ns)]w_
Mn 403(AC) (P2W15056)
(Mn 2G3W10038)3]
((MnIIOHZ)MnHZGeW9034)Z(GeW6026)
(MUIH4MHHZO4(H20)4) (GeW9034)z}] -
ManOz(HzO)4(SIW8031)(Slw9034)(51W10036)]18_
{MHH(HZO)Z}{M“H3(H20)(51W9023(0H))(Slwsozo(OH))}z 2
{MnH(HZO)Z}{MnII}(HZO)(GeW9033(OH))(GeW3030(OH))}2 2
M II7C)6(Hlo)ﬁ(P?.VVlSOSé)Z
Mn",{Mn";(H,0) (SiW;03,) (SiWs05) },]~
{ HISMn 404(OH)2(OH2)}2(W6022)(H2W8032)2(H4W13046)2] 2=
Mn";Mn"0,,(PO,),(PW,0,,),]*'"~
MnHw(OH)lz(SlonOw)é]
{(MUHI4P2W14060)(MU 3P2W15058)2}4(P8W480184)]1447

“The number of Mn" ions incorporated in the polyanion structure.
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salts. This methodology has attracted increasing interest, and to
date several polyanions synthesized accordingly are known.”*"°
In particular, the well-known dodecanuclear, high-valent
manganese complex [Mn™Mn",0,,(CH;COO0)((H,0),]
(Mn,,),"* which was shown to exhibit single molecule magnet
behavior,'” has been mostly used. Our group has also just
recently reported on the interaction of Mn;, with the
trilacunary Keggin ion [A-a-PW,05,]°", resulting in a
manganese(III)-containing, sandwich-type tungstophosphate
[Mn™;(H,0)5(A-a-PW,03,),1°~ .

Here we report on the interaction of the two trilacunary 9-
tungstosilicate precursors [A-a-SiWy05,]'°" and [A-f-
SiW,0,,H]°™ with either MnCl,-4H,0 or Mn,, in aqueous
medium under various synthetic conditions.

EXPERIMENTAL SECTION

Synthesis. The hydrated sodium and potassium salts of the
trilacunary 9-tungstosilicate precursor Na,o[A-a-SiW,05,]-14H,0,
Nay[A-f-SiW,0,,H]-23H,0, and K;,[A-a-SiW,05,]24H,0 were
synthesized following published procedures."> The synthesis of the
dodecanuclear coordination complex [Mn';Mn",0,,-
(CH,C00),4(H,0),]-2CH;COOH-4H,0 (Mn,,) was carried out
according to the reported method by Lis.'' The identity of the starting
materials was confirmed in the solid by infrared (IR) spectroscopy as
well as by X-ray diffraction measurements for Mn,,. All other reagents
were used as purchased without further purification.

Na, 5K, s[Mn";(OH);(H,0)5(A-a-SiW,05,)]-15H,0 (1a). A sam-
ple of MnCl,-4H,0 (0.125 g, 0.63 mmol) was dissolved in 20 mL of
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water, and then solid K;o[A-a-SiW,0;,]-24H,0 (0.52 g, 0.20 mmol)
was added and stirred until complete dissolution. The pH of the
mixture was then adjusted to 8 via NaOH solution (4 M), followed by
stirring at 50 °C for 30 min. The mixture was then allowed to cool to
room temperature and filtered. Slow evaporation of the filtrate at room
temperature led to the formation of dark-gray crystals of 1a within two
weeks (yield based on W = 0.08 g, 15%). The structure of polyanion 1
is shown in Figure 1 (see also Supporting Information, Figure S1). IR
(em 1): 995 (m), 970 (sh), 949 (m), 913 (sh), 897 (s), 769 (s), 709
(m), 539 (w), see Figure 2. Elemental analysis for 1a (M, 3000.3 g/
mol) % calc. (found): K 5.8 (5.7), Mn 5.5 (5.4), Si 0.9 (1.2), W §5.1
(55.2).

K4[Mn'"';(OH);(H,0);(A-a-SiW,03,)1-10H,0 (2a) and
NaK3[Mn|"3(0H)3(H20)3(A-ﬂ-SiW9034)]'10H20 (3a). A Sample Of

Figure 1. Combined polyhedral/ball-and-stick representation of 1.
Color code, balls: manganese(Il) (dark-blue), hydroxide (pink);
terminal waters (dark-red); polyhedra: SiO, (green), WOy (red).
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Figure 2. FTIR spectrum of la.

[Mn"Mn"V,0,,(CH;CO0)4(H,0),]-2CH;COOH-4H,0 (Mn,,)
(021 g 0.10 mmol) was suspended for a few seconds in 20 mL of
water, and then solid Na;o[A-a-SiW,04,]-14H,0 for 2a or Na,[A-f-
Siw,05,H]-23H,0 for 3a (0.5S g, 0.20 mmol) was quickly added. The
pH was adjusted to 4 via HCI solution (1 M), and the mixture was
stirred for 1 h at room temperature. Some unreacted starting material,
mainly Mn,,, was filtered off at this stage, followed by the addition of 1
mL of KCl solution (1 M) to the filtrate. Slow evaporation of the
solution at room temperature led to the formation of brown crystals
within two weeks. Yield based on W = 0.28 g (48%) and 0.25 g (43%)
for 2a and 3a, respectively. The structures of polyanions 2 and 3 are
shown in Figure 3 (see also Supporting Information, Figure S2). IR for
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Figure 3. Combined polyhedral/ball-and-stick representation of 2
(left) and 3 (right). Color code, balls: manganese(III) (blue),
hydroxide (pink); terminal waters (dark-red); polyhedra: SiO,
(green), WOq (red). The rotated triad of 3 is shown in dark-red
and is highlighted in bright green.

2a (em 1): 1075 (w), 1039 (w), 1002 (w), 979 (m), 963 (m), 927 (s),
772 (s), 706 (m), 653 (w), 592 (w), 522 (m), 496 (sh), 474 (w), 436
(w), see Figure 4. Elemental analysis for 2a (M,, 2833.2 g/mol) % calc.
(found): K 5.5 (5.5), Mn 5.8 (5.7), Si 1.0 (1.1), W 58.4 (57.1). IR for
3a (cm '): 1100 (w), 999 (m), 958 (m), 912 (s), 851 (sh), 809 (s),
774 (s), 711 (s), 598 (w), 526 (m), 479 (sh), see Figure 4.
Na3.5K2_5[Mn”'3Mn'V03(CH3C00)3(A-a-SiW9031)]'20H20'
NaCH,C00-0.5KCH;CO0 (4a) and Nas K, siMn'"';Mn'VO,-
(CH3COO0);(A-f-SiW;03,)]:19H,0-NaCH;CO0-0.5KCH;COO (5a).
A sample of [Mn"™Mn",0,,(CH,C0O0),4(H,0),]-2CH;COOH:-
4H,0 (Mn,,) (0.42 g, 0.20 mmol) was suspended for a few seconds
in 20 mL of sodium acetate buffer solution (1 M, pH 6), and then
solid Na;o[A-a-SiW,05,]-14H,0 for 4a or Nay[A-f-SiW,05,H]-
23H,0 for Sa (0.55 g, 0.20 mmol) was quickly added. The mixture
was then stirred for 1 h at room temperature. Some unreacted starting
material, mainly Mn,,, was filtered off at this stage, followed by the
addition of 1 mL of KCI solution (1 M) to the filtrate. Slow
evaporation of the solution at room temperature led to the formation
of dark-brown crystals within two weeks. Yield based on W = 0.33 g
(52%) and 0.31 g (49%) for 4a and Sa, respectively. The structures of
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Figure 4. FTIR spectra of 2a (upper) and 3a (lower).

polyanions 4 and 5 are shown in Figure S (see also Supporting
Information, Figure S3). IR for 4a (cm '): 1672 (m), 1575 (m), 1545
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Figure 5. Combined polyhedral/ball-and-stick representation of 4
(left) and 5 (right). Color code, balls: manganese(II) (blue),
manganese(IV) (light-blue), oxygen (red); carbon (dark-gray);
polyhedra: SiO, (green), WOy (red). The rotated triad of Sa is
shown in dark-red and is highlighted in bright green.
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Figure 6. FTIR spectra of 4a (upper) and Sa (lower).

(m), 1424 (s), 1352 (w), 1002 (w), 954 (m), 921 (s), 885 (sh), 789
(s), 726 (m), 679 (m), 576 (w), 529 (w), 475 (w), see Figure 6.
Elemental analysis for 4a (M,, 3341.3 g/mol) % calc. (found): C 3.2
(2.6), H 1.6 (1.3),Na 3.1 (3.1), K 3.5 (3.7), Mn 6.6 (6.5), Si 0.9 (0.9),
W 49.5 (46.7). IR for 5a (cm '): 1706 (m), 1639 (m), 1566 (s), 1412
(s), 1339 (w), 1052 (w), 1021 (m), 927 (w), 804 (m), 643 (m), 524
(m), 473 (w), see Figure 6.



Instrumentation. IR spectra were recorded on a Nicolet Avatar
370 FT-IR spectrophotometer using KBr pellets. The following
abbreviations were used to assign the peak intensities: w = weak; m =
medium; s = strong; sh = shoulder. Thermogravimetric analysis
(TGA) was carried out on a TA Instruments SDT Q600
thermobalance with a 100 mL/min flow of nitrogen; the temperature
was ramped from 20 to 800 °C at a rate of S °C/min. Elemental
analysis was performed by CNRS, Service Central d’Analyze, Solaize,
France.

X-ray Crystallography. Single crystals of la—Sa were mounted
on a Hampton cryoloop in light oil for data collection at —100 °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, 4 = 0.710 73 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) revealed the remaining atoms.'® Refinements were
done using full-matrix least-squares against F* on all data. In the final
refinement, the W, Mn, Si, K, and Na atoms were refined
anisotropically; the O and C atoms as well as the disordered K and
Na countercations were refined isotropically. The hydrogen atoms of
the acetate groups in 4a and Sa were placed in calculated positions and
then refined using a riding model. The complete X-ray crystallographic
data (CIF format) and a summary of the crystallographic data are in
Supporting Information.

Electrochemistry. The electrochemical setup was either an EG&G
273 A driven by a personal computer (PC) with the M270 software or
a Bio-Logic SP-300 controlled by a PC with the EC-Lab software. The
working electrode was a pretreated indium tin oxide (ITO) electrode
in the case of 2 and 4,"® or a polished glassy carbon electrode for 1.
Potentials were measured against a saturated calomel reference
electrode (SCE). The counter electrode was a platinum gauze of
large surface area. Pure water from a RiOs 8 unit followed by a
Millipore-Q_Academic purification set was used throughout. 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 composition of the aqueous medium was 1 M
LiCH,COO + CH,COOH (pH 5).

Magnetic Studies. Magnetic susceptibility data (1.8—300 K) were
collected on powdered samples using a SQUID magnetometer
(Quantum Design MPMS-XL), applying magnetic fields of 0.1 T.
All data were corrected for the contribution of the sample holder and
the diamagnetism of the samples estimated from Pascal’s constants.'”
Magnetic data analyses were carried out with the MAGPACK program
package by calculations of energy levels associated with the spin
Hamiltonians presented in the text.'®

RESULTS AND DISCUSSION

Synthesis and Structure. The interaction of the potassium

salt of [A-a-SiW,05,]'°” with manganese(II) ions in aqueous,
basic medium (pH 8) and under mild heating resulted in the
formation of the trimanganese-containing silicotungstate
[Mn';(OH);(H,0),(A-a-SiW,0;,)]7~ (1), which crystallizes
as a hydrated mixed sodium—potassium salt,
Na, 5K, s[Mn'"3(OH);(H,0);(A-a-SiW40,4) ] 15SH,0 (1a), in
the rhombohedral space group R3. Polyanion 1 can also be
synthesized by using the sodium salt of [A-a-SiW,04,]'" and
room temperature conditions, but in both cases yield and purity
were lower. Single-crystal XRD measurements on la revealed
the structure of polyanion 1, comprising a {A-@-SiW,04,} unit
with three incorporated Mn"' ions, resulting in a plenary Keggin
assembly with C,, symmetry (Figure 1). The three manganese
centers are connected to each other by hydroxo bridges, and
each Mn" ion has a terminal aqua ligand, which were identified
by bond valence sum (BVS) calculations (Supporting

Information, Table S2).'” TGA was also performed on la
and resulted in 1S crystal waters (Supporting Information,
Figure S4), fully consistent with elemental analysis.

As polyanion 1 could be synthesized by direct reaction of
manganese(II) chloride with the trilacunary POM precursor,
we also tried to prepare its Mn""-analogue by using the same
approach but without success. Therefore, we decided to test
other water-soluble, high-valent manganese sources, including
multinuclear coordination complexes. Consequently, reaction
of the dodecanuclear, mixed-valent coordination complex Mn,,
with Na;o[A-a-SiW,03,] in mildly acidic aqueous medium (pH
~ 4) and in a molar ratio of 1:2 at room temperature resulted
in the formation of the manganese(Ill)-containing, Keggin-
based tungstosilicate [Mn";(OH);(H,0);(A-a-SiW,05,)]*"
(2) as a hydrated potassium salt, K,[Mn"(OH),;(H,0),(A-
a-SiW,03,)]-10H,O (2a), which crystallized in the monoclinic
space group P2,/n. Polyanions 2 and 1 are isostructural, with
the only difference that the former contains three manganese-
(1I1) ions and the latter three manganese(II) ions (Figure 3).
The BVS values for the manganese ions in 2 were found to be
3.08, 3.17, and 3.14 for Mnl, Mn2, and Mn3, respectively,
confirming the assigned +3 oxidation states (Supporting
Information, Table S3), and BVS also indicated that the p,-O
bridges linking the three Mn ions are monoprotonated.'”?’

The f-analogue of polyanion 2 could also be synthesized by
reacting Mn,, with the trilacunary -Keggin precursor Nag[A-f-
SiW,05,H]-23H,0, leading to the target polyanion
[Mn"!,(OH);(H,0);(A-$-SiW,05,)]* (3). This compound
was isolated as a hydrated mixed sodium—potassium salt
NaK;[Mn"™,(OH),(H,0);(A--SiW,0;,)]-10H,O (3a), which
crystallized in the monoclinic space group P2,/c. The key
difference between 2 and 3 is that the latter has the edge-shared
W;0,; triad opposite to the manganese ions rotated by 60°,
and thus the structures of the f- versus a-Keggin precursors are
retained in 3 and 2, respectively (Supporting Information,
Figure S9), as confirmed by XRD and FTIR measurements
(Figure 4). TGA was also performed on 2a and 3a (Supporting
Information, Figures SS and S6), and 10 crystal waters were
identified for each.

The {Mn;} structural motif in 1 and 2 has been seen already
in the mixed-valent manganese(ILIII)-containing, Keggin-type
tungstosilicate [Mn"Mn'%, (H,0);SiWy05,]%7,7 in the
manganese(Il)-containing [Mn",;(H,0),(A-a-Siw,0;,)]'"
and its f-analogue [Mn";(H,0);(A-f-SiW,05,)]'%7, the latter
two without crystal structure,” and also in the man%anese(HI)—
containing [Mn";(OH);(H,0),(A-a-SiW,05,)]*", ' which is
isostructural with polyanion 2, but was prepared via a different
synthetic route. In this context, we can draw a comparison
between the {Mn';} assembly in 1, {Mn"Mn",} in the
previously reported polyanion,” and {Mn"™,} in 2. All three
polyanions contain the [A-a-SiWy03,]'"" trilacunary Keggin
fragment with three manganese ions in the vacant sites, being
connected via hydroxo bridges, leading to a plenary Keggin-
assembly with idealized C;, point group symmetry. As expected,
we observed a Jahn—Teller distortion for the octahedrally
coordinated, high-spin Mn"" ions (d* electronic configuration),
but not for the high-spin Mn" centers (d® electronic
configuration). On the basis of XRD, the following Mn—O
bond length ranges for the three types of Keggin-type
polyanions containing {Mn";}, {Mn"Mn™,}, or {Mn".}
units were observed: 1.971(17)—1.997(18), 1.978(9)—
2.160(8), and 1.929(10)—1.952(10) A, respectively, for
bridging Mn—OH—Mn bonds, as well as 2.174(22),
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Figure 7. Comparison of the Mn—oxo clusters in polyanions 1 (left), 2 (middle), and 4 (right).

2.160(8), and 2.156(10)—2.197(10) A, respectively, for
terminal Mn—OH, bonds (Supporting Information, Tables
S3 and S4).

Interestingly, the interaction of Mn;, with Naj[A-a-
SiW,0;,] in sodium acetate buffer (pH =~ 6) in a 1:1 molar
ratio at room temperature resulted in the formation of the
mixed-valent manganese(IIl/IV)-containing tungstosilicate
[Mn"™;Mn"VO,(CH;COO0);(A-a-SiW,0;,) 1%~ (4), which crys-
tallized as a hydrated mixed sodium—potassium salt
Na; (K, {[Mn"™;Mn"VO,(CH,CO0),(A-a-SiW,04,)]-20H,0
(4a) in the triclinic space group P1. The defective-cubane-
shaped, mixed-valent tetra-manganese core [Mn";Mn"O;-
(CH,COO0);]*" in 4 is stabilized by a trivacant [A-a-
SiW,0,,]'" Keggin unit, resulting in an overall 6— charge
for the polyanion. Alternatively, 4 could be viewed as a
{Mn"!,SiW,} Keggin assembly being capped by a
{Mn"(CH,COO);} group, resulting in a structure with
idealized C,, point group symmetry (Figure S). The oxidation
state of the manganese centers was also confirmed by BVS
(Supporting Information, Table S$4)."” The three acetate
ligands in 4 originate from the Mn,, precursor or the synthesis
medium, which was 1 M acetate buffer. The f-analogue of
polyanion 4 could also be synthesized, by performing the
reaction with the trilacunary f-Keggin precursor Nag[A-f-
Siw,0;,,H]-23H,0, resulting in
[Mn"™;Mn"VO,(CH;CO0),(A--SiW,0,,) 16~ (5), which crys-
tallized as a hydrated sodium—potassium salt,
Na; K, [MnIH3MnNO3(CH3COO)3(A'ﬂ'SiW9O34)] -19H,0
(5a), in the monoclinic space group C2/c. As for polyanions 2
and 3, the structural similarities between 4 and S5 were
confirmed by XRD and FTIR measurements (Figure 6). TGA
was also performed on 4a and Sa (Supporting Information,
Figures S7 and S8), and resulted in 20 and 19 water molecules,
respectively. The defective-cubane-shaped, mixed-valent man-
ganese—oxo cluster [Mn"™;Mn'VO,(CH;CO0),]*" almost
certainly originates from decomposition of Mn;, during the
synthetic procedure and is then stabilized by incorporation into
the lacunary polyanion precursor. Such tetra-manganese—oxo
cluster has been previously observed in the Wells—Dawson-
type polyanion [Mn"";Mn"VO,;(CH;C0O0);,(a-

P,W04) 1%, %4 a5 well as in other coordination complexes.

In summary, we prepared five novel polyanions 1—5, which
can all be viewed as comprising cationic manganese—oxo
clusters, such as [Mn";(OH);(H,0),]** (in 1), [Mn™,(OH),-
(H,0);]% (in 2 and 3), and [Mn"™;Mn"VO,(CH;CO0),]* (in
4 and §), respectively, incorporated in a [A-SiW,04,}'""
Keggin fragment (Figure 7).

Infrared Spectroscopy. The Fourier transform infrared
spectra (FTIR) of 1la—Sa are shown in Figures 2, 4, and 6, and
they show strong and medium bands in the range of 1100—950
cm™, as well as strong and weak bands in the range of 950—
850 cm™!, associated with the antisymmetric stretching
vibrations of the Si—O(W) and the terminal W=0O bonds,
respectively. The medium to strong bands at approximately
820—700 cm™" originate from antisymmetric stretching of the
W—O(W) bridges, and weak to medium intensity bands below
650 cm™ correspond to bending vibrations of the central Si—
O(W) and the W—O(W) bridges. 4092324 Noreover, the
FTIR spectra for polyanions 4a and Sa also show several
medium to strong peaks in the range of 1700—1300 cm’,
which are attributed to vibrations of the bridging acetate
groups, stabilizing the mixed-valent manganese(IILIV)—oxo
assembly.

Electrochemistry. Polyanions 1, 2, and 4 were also studied
by cyclic voltammetry (CV) in a pH S medium (1 M
LiCH;COO + CH;COOH). In particular, we assessed the
effect of the potential scanning direction and the successive
potential cycles on the evolution of the redox characteristics of
their Mn and W centers. Electrochemical generation of high-
valent manganese center(s) within polyoxotungstates was
demonstrated by Pope and co-workers in the 1990s.°%*°
However, in aqueous media, this reaction is often governed by a
mixed adsorption—diffusion reglme,g'k26 attributed to a
concomitant partial thin-film deposition (likely Mn oxides)
on the working electrode surface. This electrodeposition
process was evidenced for [{Mn"(H,0)};(SbW,0;;),]°” b
Keita and co-workers, who resorted to the electrochemical
quartz crystal microbalance.”® Such surface phenomenon could
also interfere with the redox behavior of the Mn and W centers.
For example, Ammam and co-workers reported for
[Mn,(H,0),(H,AsW,;04),]"*~ a deleterious effect of the
electrodeposited film on its W-reduction waves, which became
less well-defined and negatively shifted with respect to the



corresponding characteristics obtained with the bare working
electrode.””

Figure 8A shows the CV of 2 restricted to the quasi-
reversible waves relevant to its Mn'" and W"" centers at a scan
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Figure 8. Cyclic voltammograms (CV) of 2 X 10 * M 2 in a pH §
medium (1 M LiCH;COO + CH;COOH). The scan rate was 100 mV
s 1. (A) The CV is restricted to the chemically reversible waves
associated with the W and Mn centers. (B) Variation of the cathodic
peak current intensity of the W-wave as a function of the square root
of the potential scan rate.

rate of 100 mV s™'. When the potential scan is started first
toward negative potential values, the pattern exhibits a well-
defined wave at +0.145 V versus SCE, attributed to the
simultaneous one-electron reduction of the Mn™ centers.
Whatever the potential scan rate from 250 mV s™' to 10 mV
s™!, no splitting of this wave was observed. It is worth noting
that the reduction of the Mn™ centers within 2 is featured by
two separate waves in 0.1 M lutidine buffer (pH 7) as
supporting electrolyte.”' As expected, the W"! reduction wave is
located at more negative potential (—0.870 V versus SCE) than
that of the Mn" centers. On potential reversal, the two waves
located at —0.750 V and +1.020 V versus SCE are associated
with the oxidation of the WY and Mn" centers, respectively.
The latter is preceded by a low-intensity prewave at ca. +0.630
V versus SCE. These observations feature the stepwise
oxidation of Mn" to Mn"V.”"*?¢ In accordance with previous
observations, the resulting Mn" centers are simultaneously
reduced into Mn"" at +0.630 V versus SCE. The shape of the
CV region for the W centers features the fingerprint
voltammetric pattern of the lacunary precursor [A-a-
SiW,0,,]'". This CV is characterized by a quasi-reversible
four-electron reduction wave.”® The anodic to cathodic peak
potential difference of this redox couple (AE,) is ca. 0.120 V at
100 mV s™'. The variation of the W-reduction peak current

intensity as a function of the square root of the potential scan
rate is shown in Figure 8B. The linearity (R = 0.999) of this
curve indicates that this wave is diffusion-controlled. For 2 a
good reproducibility was observed in the pH S medium for the
CV run between +0.650 V and —1 V versus SCE, over a period
of several hours, which underscores the stability of 2 in the pH
5 medium and with this potential scanning program. This
behavior contrasts with that of the trilacunary precursor [A-a-
SiW,03,]'", which undergoes a chemical transformation in
aqueous media, ultimately generating [a-SiW,;,045]57.1% In
contrast, a slow transformation of the CV pattern of 2 was
observed upon successive potential cycling in the whole
potential domain featuring the quasi-reversible waves of the
Mn"™ and WY centers (Supporting Information, Figure S10).
Especially, the current intensity of the W reduction-wave
decreases, and close to this wave a new postwave is observed at
—0.950 V versus SCE already in the second cycle. Full
characterization of the main compound resulting from this slow
conversion of 2 is beyond the scope of the present work. In this
context it should be interesting to study the influence of the
nature, the pH, and the ionic strength of the supporting
electrolyte on such phenomenon. Indeed, Pope and co-workers
reported a pH-dependent conversion of a large family of POMs
of the type [SiW,03,{M(H,0)};]"" (includin§ B-[SiW,0;-
{Mn(H,0)},]'") into [SiW,;03,M(H,0)]"~.* 1t is worth
noting that the successive potential cycles induce a steady
cathodic shift of the Mn" wave, which means that the oxidation
process becomes easier. Moreover, the oxidation peak current
intensity increases slightly after each follow-up scan. In
accordance with previous reports, these observations are
ascribed to thin-film deposition on the electrode, with gradual
activation of its surface.”™*+26

Figure S11 in the Supporting Information shows that the
Mn" wave is followed by an irreversible oxidation wave at
+1.420 V versus SCE, close to the electrolyte discharge limit.
On the basis of literature reports, this wave is attributed to the
Mn" state P29 Reaching this oxidation wave induces a
significant decrease of the Mn" reduction-wave intensity. Such
phenomenon was also observed when the explored potential
range was restricted to the redox processes of the Mn-centers.
Furthermore, the peak-current ratio of the Mn" wave to that of
Mn" increases as the scan rate decreases. It is likely that these
processes are, at least partly, due to the modification of the
electrode surface during the film electrodeposition with
concomitant water electrocatalytic oxidation.”*"™"*?

A comparison of the electrochemical properties of 2 and 4,
under the same conditions, indicates that the redox character-
istics of their W"! centers are similar. Considering their overall
negative charges, polyanion 2 should be, on a purely
electrostatic basis, the easiest to reduce. In general, this
behavior is related to other key parameters, such as the acid—
base properties of the reduced POMs.”**® As expected, the
peak current intensities related to the Mn waves are higher for
4 than they are for 2, as the former contains more Mn centers
(Supporting Information, Figure S12). The CV of 4 undergoes
also the transformations observed for 2 upon successive
potential cycling in the potential domain of its chemically
reversible waves (Supporting Information, Figure S12) or when
the potential scanning is extended up to the Mn" oxidation
wave (Supporting Information, Figure S13).

For both polyanions, it is notable that no inhibition of the
different redox centers was observed, whatever the potential
domain and the potential scanning programs specified above.



Moreover, steady working electrode activation was observed
under certain conditions. This behavior is important for redox
or electrocatalytic applications involving the W and/or the Mn
centers of these polyanions.

Figure 9A shows the CV of 1 in the same potential range as
for 2 in Figure 8A, at a scan rate of 100 mV s™'. A qualitative
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Figure 9. Cyclic voltammograms (CV) of 2 X 10 * M 1 in a pH §
medium (1 M LiCH;COO + CH;COOH). The scan rate was 100 mV
s . (A) The CV is restricted to the chemically reversible waves
associated with the W and Mn centers. (B) Changes induced by
successive cycling to 1.15 V vs SCE. The reduction peak for W*! —
WY shifts to higher potentials (left ordinate), while the current density
for the Mn™ — Mn'" oxidation decreases (right ordinate).

difference to the CVs of 2 and 4 (Supporting Information,
Figure S12) is immediately apparent. We attribute this to the
fact that 1 contains Mn" centers and not Mn'" centers as in 2
and 4. At open circuit potential the cell rested at 0.45 V versus
SCE, a potential at which the Mn" were partially oxidized.
Therefore, even in the first cycle, a stepwise Mn'" reduction to
Mn" was observed at —0.13 V and —0.65 V versus SCE. This
reduction behavior contrasts the well-defined, one-step Mn'"
reduction wave observed for 2 and 4 at +0.145 V versus SCE.
At lower potentials the reduction of W' to WY (=0.93 V vs
SCE) followed by reoxidation to W*! (—0.72 V vs SCE) upon
potential reversal can be observed. As for 2 and 4, the redox
processes associated with the W centers are those of the
lacunary POM precursor [A-a-SiW,0,,]'°". Higher potentials
see an ill-defined oxidation wave from —0.10 to 0.76 V versus
SCE, which corresponds to the oxidation of Mn" to Mn"™. The
oxidation of Mn"™ to Mn" peaks at 0.96 V versus SCE, which is
slightly lower than it is for 2 (+1.02 vs SCE). The associated

reduction of Mn'" to Mn" is located at 0.67 V versus SCE. In
complete analogy with 2, also 1 exhibits no observable decay
when cycled between —1.0 V and +0.65 V versus SCE. This
changes, however, when the higher vertex potential of the CV is
increased to 1.15 V versus SCE. One of the occurring
phenomena is that the W-reduction wave shifts to more
negative potentials with increasing cycle number, as can be seen
in Figure 9B. This indicates a kinetic hindrance of the otherwise
facile reduction. Another observation is that the intensity of the
anodic wave assigned to the oxidation of Mn' decreases in
intensity with increasing cycle number. This indicates that, as
for 2 and 4, either 1 or its decomposition products are
deposited onto the electrode. In contrast to the literature and 2
or 4, however, in the case of 1 the electrode loses activity for
the oxidation to Mn" upon successive cycling.gd’h’l’26 Whether
the thin film on the electrode has a different composition for 1
and 2 or 4 is an interesting question and should be investigated
in the future. In CVs with a vertex potential of 1.5 V versus
SCE an irreversible anodic wave can be observed for 1, just as
for 2 and 4 (Supporting Information, Figure S11). Figure S14
in the Supporting Information shows that the Mn' wave is
followed by an irreversible oxidation at 1.4 V versus SCE, which
is attributed to the Mn" state.”*™* As for 2 and 4, potential
reversal at 1.5 V vs SCE leads to a significantly decreased Mn'"
reduction wave.

In conclusion, polyanion 1 can be clearly distinguished from
2 and 4, which is attributed to the different oxidation states of
the Mn centers. An in-depth electrochemical investigation of
the presented manganese-containing tungstosilicates 1—S5 is
currently in preparation.

Magnetic Studies. The thermal variation of the y\T
product for the Mn";-containing polyanion 1 under an applied
magnetic field of 0.1 T is shown in Figure 10. At room
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Figure 10. T vs T plots for the polyanion salts 1a, 2a, and 4a. The
solid lines correspond to simulations according to the Hamiltonians
(eq 2—eq 4) with parameters described in the text.

temperature, the yyT product is 12.57 cm® K mol™', slightly
lower than the expected value of 13.126 cm® K mol™" for three
noninteracting Mn" ions (S = §/2) with g = 2. Upon decreasing
the temperature, the y\T product continuously decreases,
reaching 6.85 cm® K mol™! at 1.8 K, which further suggests
antiferromagnetic interactions being operative in 1. According
to the single-crystal XRD analysis the magnetic core of 1 has C;



symmetry. Hence the magnetic interaction can be described by
an isotropic Hamiltonian, which defines the interaction
between any two spins in an equilateral triangle.

H, = —(2]128182 +2J,,5,8; + 2]138183) (eq 1)

In the case of ferromagnetic interaction with S; = S, = S;, the
magnetic behavior can be described by only one coupling
constant J;, = J,3 = J;3 = J. On the other hand, in the case of
antiferromagnetic exchange interaction, the system is geometri-
cally frustrated and cannot simultaneously satisfy all its pairwise
exchange interactions; thus, the resulting ground state can have
degeneracy. Under this condition, two exchange constants
should be applied, to better characterize the magnetic
interactions.”®”' A similar approach was used for different
published examgles of trinuclear, antiferromagnetically coupled
clusters.”®!7P3152

Taking the structural information into consideration and the
presence of dominant antiferromagnetic behavior in 1, the
general spin-Hamiltonian (eq 2) was applied to estimate the
magnetic interaction between the three Mn" centers.

H==2J(SS, + S,S;) — 2J,S:S; (eq 2)

where S, = S, = S3 = 5/2. The exchange pathways in Mn"}; are
shown in Figure 11.

Mnl  J, Mn"  Mnll Mn'!
I Ja Ja Je
Mn!! Mnll!
S,=5,=S;=5/2 S,=5,=S;=2 S=5,=S;=2 S§,=3/2

Figure 11. Exchange pathways within the manganese—oxo clusters in
polyanions 1, 2, and 4.

The best fit between theoretical, calculated, and experimental
magnetic susceptibility was found for J, = —0.2 cm™; J, = —0.3
cm™} g = 1.97. The magnitude of the antiferromagnetic
Jnn()—mn(ir) €xchange coupling is similar to what was found for
other Mn'containing heteropolytungstates.”®**> The funda-
mental spin state in 1 is S = 1/2, but the first excitated magnetic
level S = 3/2 is located at 0.2 cm™!, and therefore at 1.8 K both
spin states are populated (Supporting Information, Figure S15).

The Mn";-containing polyanion 2 exibits also dominant
antiferromagnetic behavior. The yyT product for 2 continu-
ously decreases with temperature (at 0.1 T), see Figure 10. At
room temperature, the y,T product is 8.61 cm® K mol ™, lower
than the expected value of 9.00 cm® K mol™' for three
noninteracting Mn' jons (S = 2) with g = 2. Upon decreasing
the temperature, the y,,T product reaches 2.03 cm® K mol ™" at
1.8 K, suggesting the presence of antiferromagnetic interactions
in 2. Due to the structural similarities between polyanions 2
and 1, a similar antiferromagnetic model was applied to
estimate the magnetic interaction in 2. Analyzing the magnetic
data based on the isotropic general spin-Hamiltonian (eq 3),
which contains two constants (J, and J;), we obtained the best
fit with the experimental data at J. = —2.3 em™; J; = —1.2
ecm™'; g = 2.0. The coupling constants for the Mn™—Mn"™
interactions are larger compared with those of Mn"—Mn" in a
similar bridging arrangement, and are consistent with those
reported previously.”” According to the energy diagram, at

least three low-lying spin states are populatedin 2, S=1 (E._, =
00cm™); S=2 (E,,=02cm™),and S=0 (E_,=20cm™)
at 2.0 K (Supporting Information, Figure S15).

H= _2]C(3132 + 5,8, — 2J,S,S5 (eq 3)

For the Mn"™;Mn'"-containing polyanion 4 the value of y T
initially decreases with decreasing temperature from 7.82 cm?®
mol™! K at room temperature to a minimum of 6.34 cm® K
mol™! at 77 K, then increases to 6.84 cm® K mol™ at 8 K, and
then decreases again, reaching 6.32 cm® K mol™' at 1.8 K
(Figure 10). The room temperature value for yyT is much
lower than expected for three noninteracting Mn™ and one
Mn" ion (9.00 + 1.875 cm® K mol™"), suggesting the presence
of significant antiferromagnetic interactions in 4. According to
the XRD data, polyanion 4 contains three Mn"" centers that are
capped by a Mn'" ion, located on the C, axis, leading to a
mixed-valent Mn";Mn"VO, defective-cubane arrangement. Due
to structural analogies, the magnetic interaction within the
Mn"; unit of Mn"™;Mn" in 4 should be very similar to
polyanion 2. As a result, the spin-Hamiltonian describing the
isotropic exchange interactions can be written as

H= _zfc(srgz + 3283) - 2]d5183 - 2]5(5184 + 8384)
- 255, (eq 4)

The spin-Hamiltonian (eq 4) contains two supplementary
coupling constants ], and J; to characterize the interaction
between Mn™—Mn'". The necessity for these two coupling
constants is a result of the frustration phenomenon in the
Mn'", unit, which is propagated into the entire defective-
cubane fragment.

The best match between the experimental and theoretical
data was obtained for the set of parameters J. = —2.3 cm™; J; =
—12 em™} Jo=-71 cm™} Je=—35.2 cm™} g = 2.03, where
the first two correspond to the interaction between the Mn™"
centers and is similar as in polyanion 2. In the analysis of 4 we
varied only the constants ], and J; which reflect the interaction
between the Mn'; unit with Mn' (S = 3/2) and have a strong
antiferromagnetic character, due to the presence of three
supplementary carboxylate bridges between the Mn"'—Mn'"
ions. The small deviations between the theoretical and
experimental data in the temperature dependence of yyT can
be rationalized by the presence of zero-field splitting (ZFS)
parameters, which are neglected in these simulations. The
distribution of spin states for polyanion 4 is presented in
Supporting Information, Figure S15. The three spin states S =
S/2 (B, =0cm™), S=7/2 (E_;/, =037 cm™"), and S = 3/2
(E;, = 105 cm™) are predominantly populated at low
temperature. The increase of yyT at low temperature (70—10
K, see Figure 10) corresponds to a temperature-dependent
population redistribution between different spin states. A
similar increase of yuT at low temperature in a completely
antiferromagnetically coupled system of C; symmetry in
metal—oxo clusters has rarely been reported.’

The alternating current magnetic susceptibility was measured
at zero and 2000 Oe direct magnetic fields for polyanions 1, 2,
and 4. No signal or frequency-dependence was detected, in
contrast to a reported Mn"",Mn".-containing polyanion.”® This
can be explained by the presence of a population redistribution
of the different spin states in 2 and 4, and/or also by positive
ZFS parameters. The estimation of ZFS from the magnetization
data (Supporting Information, Figure S$16) under the condition



of simultaneous population of different spin states associated
with relatively small exchange parameters is difficult and results
in ill-defined parameters for ZFS with a large uncertainty.

CONCLUSIONS

In conclusion, the five manganese-containing tungstosilicates,
namely, [Mn";(OH);(H,0);(A-a-SiW,04,)]"" (1),
[Mn"™,(OH);(H,0);(A-a-SiW,03,)]*" (2),
[Mn'"'5(OH);(H,0),(A-5-8iW,03,) ]~ (3),
[Mn",Mn'YO,(CH;C00);(A-a-SiW,0,,)]1* (4), and
[Mn"™;Mn"O,(CH;CO0);(A--SiW,05,)1®~ (5), were suc-
cessfully synthesized in aqueous media. Their isolated salts 1a,
2a, 3a, 4a, and Sa were fully characterized in the solid state by
single-crystal XRD, IR spectroscopy, and TGA. The com-
pounds la, 2a, and 4a were investigated in the solid state by
magnetic studies and in solution by electrochemistry. Our work
demonstrates a novel reactive feature of Mn;, with lacunary
polyanions and also reemphasizes that POMs can stabilize high-
valent manganese. The electrochemical study demonstrates that
polyanions 1, 2, and 4 are stable in solution and that the Mn/™
centers can be oxidized and reduced without decomposition of
the polyanion. These features render our Mn-containing POMs
highly interesting for redox-directed catalysis reactions. More-
over, the magnetic investigation exhibited the presence of
dominant antiferromagnetic behavior in polyanions 1, 2, and 4.
The relative magnitude of the antiferromagnetic interactions is

Jvinti-mnn < Jvinrm—mamn < Jvnrm—marve
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