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ABSTRACT: Reaction of the mixed-valent Mn12-acetato complex
[MnIII8MnIV4O12(CH3COO)16(H2O)4] with the trilacunary Wells-Dawson-
type heteropolytungstate [P2W15O56]

12− in acidic acetate solution (pH 1.1)
r e s u l t e d i n t h e t e t r a - M n I I I - c o n t a i n i n g p o l y a n i o n
[MnI I I

4(H2O)2(P2W15O56)2]
1 2− (1) . S ingle-crysta l XRD on

Na12[MnIII4(H2O)2(P2W15O56)2]·84H2O (1a) revealed that four MnIII ions
form a rhombic Mn4O16 core encapsulated by two [P2W15O56]

12− units. X-
ray photoelectron spectroscopy (XPS) data confirm the +3 oxidation state of
the four manganese ions in 1. Magnetic measurements from 1.8−300 K in a
100 Oe magnetic field allowed for the extraction of full fitting parameters
from the susceptibility data for 1. The negative Ja value (Ja = −2.16 ± 0.08 K,
Jb = 3.24 ± 1.73 K, g = 2.35 ± 0.040, and ρ = 0.34 ± 0.03) suggests a
dominant antiferromagnetic spin exchange interaction between the four MnIII

ions, with the positive Jb being an accompanying result of Ja. Electrochemical
studies revealed a reversible MnIV/MnIII redox couple in 1 at the +0.80 to +1.1 V potential region with E1/2 = +0.907 V.

■ INTRODUCTION

Polyfunctional organic ligands have been widely used for the
isolation of multinuclear 3d, 4f, and mixed 3d/4f metal-based
coordination complexes.1 Besides using such organic ligands,
another class of inorganic multidentate ligands known as
polyoxometalates (POMs) can be used to encapsulate
multinuclear metal-oxo clusters. POMs are discrete, anionic
metal oxides of early d-block metal ions (e.g., WVI, MoVI, VV)
comprising edge- and corner-shared MO6 octahedra which are
usually synthesized in aqueous solution.2 The most common
examples of POMs are the Keggin (e.g., SiW12O40

4−) and the
Wells-Dawson ions (e.g., P2W18O62

6−). Lacunary (vacant)
derivatives such as SiW11O39

8−, P2W17O61
10−, and P2W15O56

12−

are polydentate oxo-donors and hence highly reactive with d-
and f-block metal ions.3 Such behavior of lacunary POM
ligands has resulted in a large number of compounds for
various incorporated metal ion guests.3,4 Among these, the
encapsulation of magnetic metal ions in POMs is an interesting
research area due to potential applications in molecular
magnetism.5 Our group has been active in the synthesis of
magnetic POMs for many years, and some highlight examples
include CuII20,

6a FeIII16,
6b CoII16,

6c,d CeIII20,
6e and DyIII12

6f

containing heteropolytungstates. As concerns manganese,
some examples are the 19-manganese(II)-containing polyanion
MnII

19
7a and the higher-valent/mixed-valent species

MnIII/II16,
7b MnIV/III10,

7c and MnIII3.
7d In particular, the

encapsulation of Mn3+ (d4 electron configuration, Jahn−Teller
distortion) ions in POMs is attractive due to likely single
molecule magnetic (SMM) behavior as well as promising
catalytic properties.8 Interesting examples of POM-based
SMMs are the mixed-valence manganese(III/IV)-containing
polyanion [MnIII4MnII2O4(H2O)4(XW9O34)2]

12− (X = Si, Ge)
with an effective energy barrier of 14.8 K,8c as well as the
polyanion [MnIII3MnIVO3(CH3COO)3(P2W15O56)]

8− with a
high-spin ground state (S = 21/2).8d An example for the latter
is the mixed-valent tetra-manganese(III/IV)-containing 9-
tungstosilicate [MnIII

3MnIVO3(CH3CO2)3(SiW9O34)]
6−

which resembles the active site of photosystem II and indeed
displays photocatalytic water oxidation.8g It was also shown
that the dimanganese(III)-containing Dawson-like polyanion
[MnIII2W17O59Cl2]

12− catalyzed the hydrogen evolution
reaction.8h

In our continuous effort to prepare multinuclear, high-valent
POMs, we decided to investigate the reactivity of the well-
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k n o w n M n 1 2 - a c e t a t o c o m p l e x
[MnIII8MnIV4O12(CH3COO)16(H2O)4] (Mn12) with the trila-
cunary Wells-Dawson-type heteropolytungstate [P2W15O56]

12−

in some detail.

2. EXPERIMENTAL SECTION
2.1. Reagents and Instrumentation. The POM precursor salt

Na12[P2W15O56]·18H2O
9a and the manganese-12 complex

[MnIII8MnIV4O12(CH3COO)16(H2O)4]·2CH3COOH·4H2O
9b were

prepared according to the published procedures and characterized
by FT-IR spectroscopy. All other reagents were used as purchased
without further purification. The FT-IR spectra were recorded as KBr
pellets on a Nicolet Avatar 370 spectrophotometer operating between
400 and 4000 cm−1. Thermogravimetric analysis was carried out on a
TA Instruments SDT Q600 thermobalance with flow of nitrogen; the
temperature was ramped from room temperature to 800 °C at a rate
of 5 °C/min. The 31P NMR spectrum was recorded on a 400 MHz
JEOL ECS 400 instrument at room temperature using a 5 mm tube
with a resonance frequency of 162.14 MHz and the chemical shift is
reported with respect to 85% H3PO4 as reference. Elemental analysis
for 1a was performed by Technische Universita ̈t Hamburg,
Zentrallabor Chemische Analytik, Hamburg, Germany.
Synthesis of Na12[MnIII

4(H2O)2(P2W15O56)2]·84H2O (1a).
[MnIII8MnIV4O12(CH3COO)16(H2O)4]·2CH3COOH·4H2O (0.270
g, 0.128 mmol) was suspended in a mixture of 36 mL of
CH3CO2H and 24 mL of H2O (resulting in pH 1.1) for 1 h. To
this solution, Na12[P2W15O56]·18H2O (1.104 g, 0.256 mmol) was
added. After stirring for 30 min at room temperature, the mixture was
heated to 80 °C for another 1 h and filtered. Then, NaCl (0.40 g, 6.87
mmol) was added to the solution. The filtrate was kept for
crystallization at room temperature. Brown crystals were obtained
after a few days. Yield: 0.28 g (22% based on W). Anal. Calcd for
H172Na12Mn4P4W30O198: W, 58.20, Mn, 2.32, P, 1.31, Na, 2.91.
Found: W, 57.90; Mn, 1.96; P, 1.23; Na, 3.22. IR (ν/̃cm−1):
3456(br), 2923(w), 2853(w), 1740(sh), 1616(s), 1455(sh), 1384(w),
1087(s), 1056(w), 944(s), 919(w), 822(sh), 746(br), 680(sh),
515(w).
X-ray Crystallography. A single-crystal of 1a was mounted on a

Hampton cryoloop in light oil for data collection at 100 K on a Bruker
D8 SMART APEX II CCD diffractometer with kappa geometry and
graphite-monochromated Mo Kα radiation (λ = 0.71073 Å). Data
collection, structure solution, and refinement were performed using
the SMART, SAINT, and SHELXTL programs, respectively.10a−e

Multiscan absorption corrections were performed using SADABS.10b

Direct methods (SHELXS97) successfully located the tungsten atoms,
and successive Fourier syntheses (SHELXL2014) revealed the
remaining atoms.10c Refinements were full-matrix least-squares against
|F2| using all data. All nondisordered heavy atoms (W, Mn, Na, P)
were refined anisotropically, whereas oxygen atoms were refined
isotropically. No hydrogen atoms were included in the models. The
formula unit shown in the CIF file is based on elemental analysis and
TGA measurements, as it reflects the true bulk composition of 1a.
The crystallographic parameters for 1a are given in Table 1. Further
details on the crystal structure investigations may be obtained free of
charge under CCDC-1905841 from The Cambridge Crystallographic
Data Centre via http://www.ccdc.cam.ac.uk/data_request/cif.
XPS Measurements. A 50-nm-thick Au layer was sputter-coated

on a silicon substrate to avoid charging during the XPS measure-
ments. Then, 1a was dispersed in acetone and deposited on the
prepared substrate by drop casting. Afterward, the sample was heated
at 50 °C for 15 min to evaporate the solvent. After preparation, the
sample was introduced into the XPS vacuum vessel. Photoelectrons
were excited by a Mg/Al X-ray gun (Specs XP-50) with an incident
angle of 45°. For all measurements Mg Kα1,2 radiation (E = 1253.6
eV) was used. The analyzer was operated in fixed analyzer
transmission mode with a pass energy of 30 eV. The energetic shift
in binding energy positions due to charging of the samples was
referenced to the C 1s peak. The analysis of the measured data was
done with the CASAXPS software. Shirley’s method was used to

subtract the background. The Mn 2p doublet was fitted using a
simplified Voigt function. The intensity ratio was fixed at 0.5 between
Mn 2p1/2 and Mn 2p3/2. As a reference containing MnIII ions,
Mn(CH3COO)3 was measured for comparison.

Electrochemical Measurements. All electrochemical experi-
ments were performed with a CHI-660c electrochemical workstation
(USA) with a conventional three-electrode electrochemical cell. A
glassy carbon electrode (GCE; d = 3 mm, A = 0.0707 cm−2) was used
as the working electrode, a platinum wire as the auxiliary/counter
electrode (length = 5 cm, d = 0.5 mm), and Ag/AgCl (3 M KCl, E =
0.223 V ± 0.13 mV at 25 °C vs SHE) as the reference electrode. The
GCE was polished with 1.0, 0.3, and 0.05 μm Al2O3 powders,
respectively, and sonicated after each polishing step. Finally, the
electrode was washed with ethanol and then dried with a high purity
nitrogen stream before use.

Magnetic Susceptibility Measurements. Magnetic suscepti-
bility (χ) measurements were carried out using a Quantum Design
MPMS-XL SQUID magnetometer. Data for 24.23 mg of polycrystal-
line sample 1a were collected over 1.8−300 K with an applied field of
100 Oe. Previous sample holder measurements were made under
identical conditions, and the magnetic response directly subtracted
from the raw data. The intrinsic diamagnetic response of the sample
was then calculated using Pascal’s constants and subtracted from the
measured susceptibility.16 Samples were stored and packed in an
argon glovebox prior to measurements.

■ RESULTS AND DISCUSSION
Synthesis and Structure. We have synthesized and

structurally characterized the tetra-MnIII-containing
[MnIII4(H2O)2(P2W15O56)2]

12− (1), which was prepared by
reaction of the mixed-valent Mn12-acetato complex
[MnIII8MnIV4O12(CH3COO)16(H2O)4] with the trilacunary
Wells-Dawson-type heteropolytungstate [P2W15O56]

12− in
acidic acetate solution (pH 1.1). Single-crystal XRD on the

Table 1. Crystal Data and Structure Refinement Parameters
for 1a

empirical formula H172Mn4Na12O198P4W30

formula weight, g/mol 9476.39
temperature (K) 100(2)
crystal system triclinic
space group P1̅
a (Å) 12.6385(7)
B (Å) 15.7346(8)
C (Å) 19.4554(10)
α (deg) 87.043(2)
β (deg) 84.088(2)
γ (deg) 74.994(2)
volume (Å3); Z 3715.9(3); 1
density (Mgm−3) 4.235
abs. coeff. (mm−1) 23.673
F(000) 4268
θ range (deg) 3.4 to 25.242
limiting indices −15 ≤ h ≤ 16

−16 ≤ k ≤ 20
−25 ≤ l ≤ 25

reflections collected 129922
unique reflections [Rint] 18391 [0.0467]
completeness to θ 99.7
data/restraints/parameters 18391/0/571
GOF on F2 1.005
final R indices [I > 2σ (I)]a R1 = 0.0380, wR2 = 0.0968
R indices (all data)b R1 = 0.0467, wR2 = 0.1021

aR1 = ∑||Fo| − |Fc||/∑|Fo|.
bwR2 = [∑w(Fo

2 − Fc
2)2/∑w(Fo

2)2]1/2.
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hydrated sodium salt Na12[MnIII4(H2O)2(P2W15O56)2]·84H2O
(1a) revealed that four MnIII ions are sandwiched by two
[P2W15O56]

12− units leading to the so-called Weakley dimer
structure with C2h point group symmetry (Figure 1). The salt

1a crystallized in the triclinic system with space group P1̅, half
of polyanion 1 being present in the asymmetric unit. The
crystallographic parameters for 1a are presented in Table 1.
The most important IR peaks for polyanion 1 are at 1087 cm−1

(P−O bonds), 944 and 822 cm−1 (terminal W−O bonds), and
746 cm−1 (bridging W−O(W) bonds). The broad peak at
3456 cm−1 and the strong peak at 1616 cm−1 are attributed to
lattice water molecules.
The first example of a M4-containing sandwich-type POM

based on t r i l a cunary Wel l s -Dawson un i t s was
[MII

4(H2O)2(P2W15O56)2]
16− (M = Cu, Zn), reported by

Weakley and Finke in 1990.11 In 1994, Coronado’s group
reported the manganese(II) and nickel(II) derivatives
[MII

4(H2O)2(P2W15O56)2]
16− (M = Mn, Ni).12 Hill’s group

reported the iron(III) derivative of this structure-type,
[FeIII4(H2O)2(P2W15O56)2)]

12−.13 On the other hand, to date
no MnIII-containing Wells-Dawson sandwich structures have
been reported in the literature. The presence of MnIII in 1 was
suggested by bond valence sum (BVS) calculations: Mn1,
3.2206; Mn2, 2.6086,14 as well as the coordination geometry
around Mn and the Mn−O bond lengths (Figure 2). The

MnIII−O bond lengths for 1 are shown in Table 2, as well as
those of the all-MnII analogue [MnII4(H2O)2(P2W15O56)2]

16−

(see also Figures S1 and S2).12 As expected, the higher the
oxidation state of manganese, the shorter the Mn−O bonds.
Furthermore, the MnIII ions in 1 have a d4 electronic
configuration in an octahedral ligand field (high-spin), which
should result in a pronounced Jahn−Teller distortion. In fact,
this is exactly what is observed (Figures S1 and S2). A careful

evaluation of the Mn1−O and Mn2−O bond lengths in 1
indicates two long axial bonds (Mn1−Oaxial: 2.18(7), 2.31(7)
Å; Mn2−Oaxial: 2.21(7), 2.22(7) Å) and four short equatorial
bonds (Mn1−Oequatorial: 1.89−1.91(7) Å; Mn2−Oequatorial:
1.91−2.12(8) Å) for each manganese(III) ion (see Table 2
for details). Interestingly, in 2012, Wang’s group reported the
m i x e d - v a l e n c e d e r i v a t i v e
[MnIII2MnII2(H2O)2(P2W15O56)2]

14−,15a which was synthe-
sized by reaction of Mn(CH3COO)2 with [P2W15O56]

12−

and K2S2O8 as an oxidant. The two MnIII ions occupy the
inner positions of the Mn4O16 rhombus, whereas the two MnII

ions are in the outer positions (Figures S1 and S2). The 31P
NMR spectrum of 1a dissolved in a 60/40 vol % acetic acid/
water mixture (pH 1.1) resulted in a singlet at −12.0 ppm
(half-width Δν1/2 ca 160 Hz, see Figure S5), which we
attribute to the two P atoms distant from the magnetic core of
the polyanion.15b Presumably the relaxation time of the other
two P atoms is very short due to the proximity of the magnetic
MnIII ions and hence the NMR signal is wiped out.

X-ray Photoelectron Spectroscopy (XPS) Studies. The
oxidation states of the manganese ions in 1 were further
confirmed by X-ray photoelectron spectroscopy (XPS) on
drop-casted 1a and manganese(III) acetate (Mn(CH3COO)3)
as a reference. Figure 3 shows the measured XPS spectra and
fits for the Mn 2p doublets. The spectrum of 1a shows binding
energies of 642.1 and 653.9 eV for Mn 2p3/2 and Mn 2p1/2,
respectively, and for Au 4p1/2 a binding energy of 646.5 eV.
The spectrum of manganese(III) acetate shows an essentially
identical Mn 2p doublet at binding energies of 642 and 653.8
eV for Mn 2p3/2 and Mn 2p1/2, respectively, with a negligible
shift of only 0.1 eV. The weak Au 4p peak is from the
underlying substrate. By comparing the binding energies of 1
and MnIII acetate, it can be concluded that the oxidation state
of manganese in polyanion 1 is +3, fully consistent with bond
valence sum calculations (BVS).14

Magnetic Studies. Variable temperature magnetic suscept-
ibility (χ) measurements on polycrystalline 1a showed that
there was no difference between the zero-field cooled (ZFC)
and field cooled (FC) measurements, indicating that the
sample exhibits no long-range ordering or glassy behavior.
Structurally, polyanion 1 contains a well-isolated magnetic M4
unit with a rhombic spin topology, as displayed in Figures 1
and 2; the rhombohedral symmetry of the M4 unit simplifies
the general spin Hamiltonian to eq 1, which requires only three
isotropic spin interactions to account for χ of the Mn4O16 core.
Here, the interactions Ja, Jb, and Jc, respectively, correspond to
the isotropic interactions between the S = 2 MnIII spin centers,
i.e., Mn1···Mn2, Mn1···Mn3, and Mn2···Mn4 (Figure 4). Finding
of the eigenstates was further simplified by applying the Kambe
coupling scheme.17 In this particular application, pairwise
couplings of two spin centers are assumed, i.e., S13 = S1 + S3
and S24 = S2 + S4, with each of these states varying integrally
from 0 to 4. In turn, S13 and S24 are coupled to form a total
spin ST with integral quantum numbers from 0 to 8. The
intermediate spin operators allow one to conveniently form an
orthogonal basis set that diagonalizes the Hamiltonian, leading
to eq 2. The well-known Van Vleck equation was then applied
to the resulting energy states to be used in eq 4.18 The symbols
have their standard meaning, where N is Avogadro’s number, k
the Boltzmann constant, g the Lande ́ g factor, β the Bohr
magneton, and ρ the mole fraction of paramagnetic impurity. It
should be noted that phenomena such as temperature
independent magnetism and axial zero field splitting were

Figure 1. Combined polyhedral/ball-and-stick representation of
polyanion 1.

Figure 2. Detailed view of the Mn4O16 core for 1 with atom labeling
and Mn···Mn distances.
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not considered, as one would risk an overparameterization.
Additionally, Jc could be neglected due to the relatively large
distance between the manganese centers and the absence of an
oxygen atom to mediate the exchange.

J S S S S S S S S J S S

J S S

H 2 ( . ) 2 ( )

2 ( )
a 1 2 2 3 3 4 4 1 b 2 4

c 1 3
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2 2

χ
β

ρ ρ= − · + + ·
(3)

A S S S( 1)(2 1) e E S kT
T T T

( / )T∑= + + −
(4)

B S(2 1) e E S kT
T

( / )T∑= + −
(5)

A satisfying description of the experimental data over the
whole temperature range was obtained (Figure 5, equation in
Supporting Information) with the following set of parameters:
Ja = −2.16 ± 0.08 K, Jb = 3.24 ± 1.73 K, g = 2.35 ± 0.040, and
ρ = 0.34 ± 0.03. The negative Ja value supports the idea that it

Table 2. Selected Mn−O Bond Lengths and Mn···Mn Distances (Å) for 1, the MnII-Containing Analogue
[MnII4(H2O)2(P2W15O56)2]

16−,12 and the Mixed-Valent Derivative [MnIII2MnII2(H2O)2(P2W15O56)2]
14− 15a (see Figure 2 for

atom labelling)

bond 1 [MnII4(H2O)2(P2W15O56)2]
16− [MnIII2MnII2(H2O)2(P2W15O56)2]

14−

Mn1−O51(WO) 1.89(7) 2.08(2) 2.09b MnII

Mn1−O36(WO) 1.90(7) 2.11(2) 2.09
Mn1−O45(μ2-WO) 1.91(7) 2.17(2) 2.14
Mn1−O42(μ2-WO) 1.91(7) 2.16(2) 2.17
Mn1−O52water 2.18(7) 2.23(2) 2.17
Mn1−O54(μ3−P−O) 2.31(7) 2.22(2) 2.27
Mn2−O49(WO) 1.91(8) 2.04(2) 2.01 MnIII

Mn2−O53(WO) 1.93(8) 2.13(2) 2.00
Mn2−O54(μ3−P−O) 2.10(7) 2.23(2) 2.17
Mn2−O54a(μ3−P−O) 2.12(7) 2.26(2) 2.23
Mn2−O42(μ2-WO) 2.21(7) 2.13(2) 1.99
Mn2−O45(μ2-WO) 2.22(7) 2.15(2) 1.98
Mn1···Mn2 3.19(2) 3.28(6) 3.30
Mn2···Mn1a 3.20(2) 3.29(2) 3.26
Mn1···Mn1a 5.52(2) 5.65(2) 5.68
Mn2···Mn2a 3.23(2) 3.35(2) 3.30

aSymmetry-generated equivalent atom. bDue to a problem with the cif file, no esd’s could be extracted for this compound.15a

Figure 3. Photoelectron spectra of polyanion 1.

Figure 4. Magnetic coupling scheme for 1.

Figure 5. Fit of χT to the temperature dependence of 1a. The dots are
the experimental data, and the solid line represents the best least-
squares-fit according to eqs 1−5. The inset shows the same fit applied
to χ.
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is the dominant antiferromagnetic spin exchange interaction
between the four MnIII ions in 1, with the positive Jb being a
concomitant result. The overall dominant antiferromagnetic
character of 1 is clearly reflected in the experimental data for
χT. Overall, our present study provides the susceptibility of
tetra-guest metal ion-containing heteropolytungstates and
extract fitting parameters, which was a limitation in some of
the previous studies.19,20

Electrochemical Study. The solution redox properties of
polyanion 1 were studied by cyclic voltammetry (CV) in a pH
3 buffer (0.1 M Na2SO4 + H2SO4) on a glassy carbon electrode
at a scan rate of 10 mVs−1 using Ag/AgCl as a reference
electrode. By describing the tungsten-oxo redox behavior of 1,
a set of well-defined four reversible tungsten-oxo redox couples
was observed, originating from the trilacunary {P2W15O56}
Dawson units in 1, see the restricted CV shown in Figure 6a.

The redox couples labeled as I and IV (E1/2 = −264 mV and
−618 mV, respectively) represent two pH-dependent bielec-
tronic redox processes, whereas the redox couples II and III
(E1/2 = −393 mV and 472 mV, respectively) exhibit
monoelectronic processes as shown in eqs 6 to 9,
respectively.15b,21−23

P W O 2e 2H H P W O2 15 56
12

2 2 15 56
12[ ] + + ↔ [ ]− − + −

(6)

H P W O 1e 1H H P W O2 2 15 56
12

3 2 15 56
12[ ] + + ↔ [ ]− − + −

(7)

H P W O 1e 1H H P W O3 2 15 56
12

4 2 15 65
12[ ] + + ↔ [ ]− − + −

(8)

H P W O 2e 2H H P W O4 2 15 56
12

6 2 15 56
12[ ] + + ↔ [ ]− − + −

(9)

Figure 6b represents the CV of 1 restricted to the
manganese(III)-oxo unit in a pH 3 buffer (0.1 M Na2SO4 +
H2SO4). The reversible redox couple MnIV/MnIII appears in
the potential region of +0.80 V to +1.1 V with E1/2 = 0.907
V.21,22 For comparison, Figure 7 shows the CV of 1 at pH 1
(0.1 M HCl) and 3 (0.1 M Na2SO4 + H2SO4) using a scan rate
of 100 mV/s−1, restricted to the tungsten-oxo redox couples.
The CV pattern shows the typical pH-dependent behavior of
POMs as the potentials of the tungsten-oxo redox couples
move toward more negative values with increasing pH.24,25

At pH 1 (0.1 M HCl), the reduction waves I and II seem to
be largely merged, showing a sharp peak at −0.215 V with a
pronounced shoulder at −0.04 V, whereas the reoxidation
couple is split in two monoelectronic waves. On the other
hand, the bielectronic redox couple III is nicely reversible with
E1/2 = −500 mV. A scan rate study of 1 in a pH 3 buffer (0.1 M
Na2SO4 + H2SO4) as shown in Figure 8 demonstrates that the

peak currents associated with the tungsten-oxo redox processes
increase with increasing scan rate, with the resulting peak
currents being proportional to the square root of the scan rate,
thereby indicating the diffusion-controlled nature of the redox
processes.

■ CONCLUSIONS
We have synthesized and structurally characterized the tetra-
M n I I I - c o n t a i n i n g 3 0 - t u n g s t o - 4 - p h o s p h a t e
[MnIII4(H2O)2(P2W15O56)2]

12− (1) using a simple one-pot
synthetic reaction of the mixed-valent Mn12 complex
[MnIII8MnIV4O12(CH3COO)16(H2O)4] with the trilacunary
Wells-Dawson-type heteropolytungstate [P2W15O56]

12− in
aqueous acetate solution (pH 1.1). Polyanion 1 has a
Weakley-type sandwich structure with a rhombic MnIII4O16
core. Magnetic studies over 1.8−300 K with an applied
magnetic field of 100 Oe showed that the intramolecular
coupling between the four MnIII ions is primarily of an
antiferromagnetic nature, most strongly influenced by the

Figure 6. Cyclic voltammograms (CVs) of a solution of 1 mM 1 in
pH 3 buffer (0.1 M Na2SO4 + H2SO4). (a) Redox domain restricted
to the tungsten-oxo units in 1. (b) Redox domain restricted to the
MnIV/MnIII domain in 1. Glassy carbon working electrode (A =
0.0707 cm2) vs Ag/AgCl reference electrode.

Figure 7. CVs of 1 mM 1 at pH 1 (0.1 M HCl) and 3 (0.1 M Na2SO4
+ H2SO4) with a scan rate of 100 mVs−1 using a glassy carbon
working electrode (A = 0.0707 cm2) vs Ag/AgCl reference electrode.

Figure 8. CV of 1 in pH 3 buffer (0.1 M Na2SO4 + H2SO4) by using a
GCE (A = 0.0707 cm2) as a working electrode vs Ag/AgCl at a scan
rate from 10 to 90 mVs−1 (from inner to outer curve).
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negative Ja value, with little evidence for any sharp transitions
or spin glass behavior. Electrochemical studies for 1 revealed a
reversible MnIV/MnIII redox couple in the +0.80 to +1.1 V
potential region with E1/2 = +0.907 V. We are currently in the
process of trying to isolate other high-valent and mixed-valent
manganese-containing POMs.
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