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An unexpected ferromagnetically coupled dinuclear manga-
nese(lI) linked trivacant heteropolymolybdate [HN(CHjz)3]10-
[Mn,(VVMogOs33),]-10H,O (1) has been synthesized in aque-
ous solution and characterized by elemental analysis, IR
spectroscopy, thermal gravimetric analysis, and single-crys-
tal X-ray diffraction. A new kind of heteropolymolybdate

[VMo0yO33]7~ anion is shown. The magnetic properties of 1
indicate typical ferromagnetic interactions through the Mn'-
O-Mn' bridge unit.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

Polyoxometalates (POMs) are a well-known class of
metal-oxygen clusters with a large variety of compositions
and structures, and their structures together with their
properties are of considerable interest because of the poten-
tial application in areas of catalysis, materials science, medi-
cine, etc.l'”71 In virtue of a great family of POM building
blocks, significant effort has been directed to the creation
of rational assemblies for obtaining new compounds with
desired functional properties. In the class of POMs, the
complexes consisting of POMs and transition-metal ions
are an important subfamily because of their structural and
magnetic diversity.®!?) Recently, a large number of POM-
based magnetic clusters with various nuclearities were syn-
thesized, and many complexes containing dinuclear manga-
nese(Il) are well documented. However, to the best of our
knowledge, a POM with ferromagnetically coupled dinu-
clear manganese(II) centers has never been reported until
now.

Herein we report the synthesis, characterization, and
magnetic properties of [HN(CHj;)s];0[Mnao(VYMo0yOs3),]:
10H,O (1), in which dinuclear manganese(II) clusters exhi-
bit ferromagnetic interactions. In contrast to previously re-
ported complexes in which there are similar structures with
antiferromagnetic coupling interactions,!'3] complex 1 is a
rare example of a ferromagnetically coupled dinuclear man-
ganese(II) complex.
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Results and Discussion

Crystal Structure

A single-crystal X-ray diffraction analysis revealed that
complex 1 consists of three kinds of subunits: the [Mn,-
(VVM04033),]'% anion (see Figure 1), the [HN(CH3);]" cat-
ion and isolated water molecules.'¥ By considering the
XPS data (see Figure S2), the bond valence sum (BVS) cal-
culations,['3] the charge balance, and elemental analysis,
compound 1 is formulated as [HN(CHs)s];o[Mn5(VY-
MoVY15053),]-10H,O. The BVS values for eighteen Mo
atoms are in the range 6.182-5.931 with an average value
of 6.087, while those for the Mn and V atoms are 2.14 and
4.967, respectively. The calculated results are in agreement
with the expected +6, +2, and +5 oxidation state for Mo,
Mn, and V, respectively.
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Figure 1. Representation of the [Mn,(VYMo0yO13),]'* anion in 1.
The [Mn,(VYMo0yOs3),]'% anions are shown as polyhedra, and the
central {Mn,Ojy} cluster and the connecting heteroatoms are
shown as ball-and-stick models. (White: MoOg and O, light gray:
VO, and V, dark gray: MnOg and Mn).

The structure of complex 1 is similar to that of

(HzNCNHzNHz)8(H3O)2[MH2(ASVM09033)2]'9H20.[13] The
new {VMo0yOs3} polyanion in 1 derives from the Keggin
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(B-f-VMo0y033) structure, and a {Mn,O,} group is located
in the central belt. There are four types of coordinated oxy-
gen atoms in the cluster: the terminal oxygen atom O, the
bridging oxygen atom Oy, linked to Mn and Mo, the bridg-
ing oxygen atom Oy, linked to two Mo centers, and the cen-
tral oxygen atom O.. The Mo-O distances are in the range
1.694(7)-1.725(7) A for O, 1.756(6)-2.220(7) A for the
bridging oxygen atoms O, linked to two Mo atoms,
1.737(6)-1.745(6) A for the bridging oxygen atoms O
linked to the Mn and Mo atoms, and 1.957(6)-2.447(5) A
for O,. The V-0 distances vary from 1.681(6) to 1.737(6) A,
which are longer than the As-O distances 1.666(5)-
1.700(5) A in the AsV-centered analogue.!!?!

In complex 1, the manganese(Il) ion has a significantly
distorted octahedron coordination geometry; the oxygen
atoms are provided by four MoOg octahedra and two VO,
tetrahedra. The bond length between the manganese(1l) ion
and the VO, tetrahedron [Mn1-021 2.225(7) A] is slightly
longer than those between the manganese(Il) ion and the
MoOg octahedra [Mnl-O1 2.147(8), Mnl1-02 2.143(8),
Mn1-06 2.145(7) and Mn1-014 2.145(6) A]. The two man-
ganese(II) ions are doubly bridged by the VO, tetrahedron
with a Mn-+Mn separation of 3.328 A. The Mnl-O21-
Mnl1#1 bridging angle with a value of 97.36(28)° is smaller
than the corresponding angle in the AsV-centered complex
[98.25(22)°].131

Magnetic Properties

The magnetic susceptibility of complex 1 was measured
with an applied field of H = 100 Oe in the temperature
range 2-300 K, and the magnetic data are shown in Fig-
ures 2, 3, and 4. The I/yy vs. T plot displays Curie—Weiss
behavior from 8 to 300 K. The best linear fit of the yy '(7)
data above 8 K yields C = 8.75 emuKmol ' and 0 = 3.00 K
for 100 Oe (see Figure 2).
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Figure 2. Temperature dependence of the inverse magnetic suscep-
tibility (yam ') for 1 between 2 and 300 K. Solid lines are generated
from the best fit by the Curie—Weiss expression.

The experimental data can be fitted to a modified Hei-
senberg-Dirac-van Vleck S, = Sz = 5/2 spin-coupled
model (see Supporting Information).') The least-squares
fit gives a magnetic coupling constant of J = 0.14 cm ! by
assuming g = 2.0, with an agreement factor R {defined as

ZL0mDovs(D) — O Deard DFZLGMTobs(DF} of 6.24X 107,
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Figure 3. Plots of yy7 vs. T in the temperature range 2-300 K for
1 under an applied magnetic field of 100 Oe.
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Figure 4. Magnetization as a function of the applied field recorded
at 2 K.

The J value suggests the occurrence of a ferromagnetic
Mn"-Mn"" interaction in 1, which is in good agreement
with the result of linear fitting based on the Curie—Weiss
equation.

At room temperature, the value of yu7 per
[Mn,(VVYMo0yO33)-]'% unit is 8.77 emuKmol! (8.37 ug, H
= 100 Oe) and is slightly higher than the expected value of
8.36 pp for the two isolated Mn'" ions (S = 5/2, g = 2.00).
The ymT product increases slightly on lowering the tem-
perature from 300 to 50 K, and at lower temperatures, it
steadily increases to reach a value of 12.13 emuKmol at
2 K. This behavior is typical of a ferrimagnetic spin ar-
rangement. The magnetization data for 1 has also been
measured as a function of the applied magnetic field up to
5000 Oe at 2 K, as shown in Figure 4. The M values in-
crease with increasing magnetic field and reach a value of
10.21 at 5 T, which suggests an S = 5 spin ground state for
1.

A ferromagnetic interaction between the Mn!' ions
bridged by the oxygen atoms from the two VYO, tetrahedra
in 1 is unexpected because a dinuclear Mn!" complex
bridged by the oxygen atom of the AsVO, tetrahedra is gen-
erally antiferromagnetic.['3 Although some Mn! complexes
bridged by alkoxido or phenoxido oxygen atoms show fer-
romagnetic interactions,'”! the reason for the occurrence of
ferromagnetic interactions in complex 1 remains unclear.
This ferromagnetic interaction might occur by a superex-
change mechanism through the oxygen atoms of the VO,
1461
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tetrahedron in the complex. According to the structural
data, the central Mn,—(u-O), moiety in complex 1 has
smaller Mn—O-Mn angles and longer Mn—O bonds than
those of the {Mn,(AsYMo0yO53),} unit, which may be re-
sponsible for the ferromagnetic interaction. But further
analysis for the reason for this behavior is hindered because
of a lack of available data for dinuclear manganese(II) com-
plexes with oxygen bridges from a VYO, tetrahedron. An
in-depth magnetic investigation will be done in due course.

IR Spectrum and Thermal Analysis

In the IR spectrum of 1 (Figure S2), the bands at 984,
936, 855, 753, 668 cm™! are assigned to the W(V-0,), v(Mo—
0y, (Mo-0,), and ¥(Mo-Oy) modes of the [VMoyOs3]"~
fragment. The bands in the 3434-1477 cm™! region are at-
tributed to characteristic vibrations of the [HN(CHj;);]*
groups.

The thermal gravimetric curve of 1 exhibits two weight
loss steps in the temperature range 30-600 °C (see Fig-
ure 5). The first weight loss of 4.54% in the temperature
range 30-120 °C corresponds to the release of 10 crystalline
water molecules. The second stage, which occurs from 228
to 467 °C, is attributed to the loss of 10 organic molecules.
The observed weight loss (18.31%) is in agreement with the
calculated value (17.01%). By considering the residue of
V,0s5, MnO, and MoQOs;, the observed total weight loss
(76.29%) is also similar to the calculated value (77.59 %).
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Figure 5. The thermogravimetric curve of 1 measured in the range
30-600 °C under a dry atmosphere of air with a heating rate of
10 °Cmin .

Conclusions

In summary, we prepared a ferromagnetically coupled
dinuclear manganese(Il) complex, [HN(CHj3)s]io[Mn,-
(VVMo04033)5]-10H,O (1), assembled from the trivacant
heteropolymolybdates, and its structure and magnetic prop-
erties were studied. It represents the first example of ferro-
magnetically coupled heteropolymolybdate complex based
on the [VMoyOs3]”~ fragment. In contrast to the complex
(H,NCNH,NH,)g(H30),[Mn»(AsYM0yO33)-]*9H,0, whose
structure is similar to 1 and is, as usual, antiferromag-
netically coupled, complex 1 exhibits unexpected ferromag-
netically coupled dinuclear manganese(II) centers. Such a
1462
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ferromagnetic interaction may occur by the superexchange
mechanism through the oxygen atoms of the VO, tetrahe-
dron in the complex. This complex provides a new avenue
in the molecular magnetism area.

Experimental Section

NaVO;:2H,O (0.158 g, 1 mmol) and Na,MoO42H,O (2.24 g,
9 mmol) were dissolved in H,O (30 mL), and the pH was adjusted
to 3.6 by addition of 1 M hydrochloric acid. The mixture was heated
to reflux for 2 h at 60 °C after the addition of MnSO, (4 mL of a
1 M solution). The solution was cooled to room temperature, and
N(CH3);HCI (3 mL of a 1 ™ solution) was added to the stirred
solution. After 4 d, red block crystals formed by evaporation of the
filtrate at room temperature. C3oH 20N 0076V2Mn,Mog (3775.97):
caled. C 9.54, N 3.70, H 3.20, Mn 3.01, Mo 45.73, V 2.69; found
C9.67, N 2.96, H 3.58, Mn 2.91, Mo 44.36, V 2.80.

Supporting Information (see footnote on the first page of this arti-
cle): Structural gures, IR and XP spectra, and crystallographic data
for compound 1 are presented.
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