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/Abstract: By deliberately using a metastable polyanion
[(NbO,)sP,W,,055"*~ (1), which was formed in situ, we have
discovered the unprecedented hexameric  cluster
{Mn;5(NbeP,W,,0¢,)s}  (2), in which the six polyanions
[NbgP,W,,0¢,1'° are alternately connected by four intriguing
trinuclear {Mn",} moieties and four {Mn"} linkers. This discov-
ery is the first in which the phosphoniobotungstate has
been made accessible by using transition-metal ions; fur-
thermore, polyanion 2 represents the largest niobotungstate
cluster reported to date. Analysis by means of electrospray
ionization mass spectrometry (ESI-MS) provides insight into

the self-assembly process, and the peaks observed relate to
the different charge states of the parent cluster, thus con-
firming the stability of 2. In addition, magnetic-susceptibility
measurements reveal that each {Mn";} subunit is a separate
single-molecule magnet (SMM). This discovery results from
the exploration of the reverse effect of metastable polyanion
1 possessing high reactivity, thereby turning a disadvantage
into an advantage. This finding could define a new synthetic
strategy for the design and synthesis of magnetic polyoxo-
metalate (POM) clusters.

/

Introduction

Polyoxometalates (POMs) are a unique class of metal-oxygen
cluster with enormous structural diversity and various potential
applications in catalysis, magnetism, medicine, and materials
science.'"® Amongst the vast POM family, transition-metal-sub-
stituted POMs (TMSPs) are the most explored subset owing to
well-established synthetic strategies, which utilize various lacu-
nary POM species as secondary building units to construct
unique clusters with a rich array of properties.”’ However, it re-
mains a challenge to control the assembly based on preformed
lacunary precursors that are known to reorganize in solution,
thus greatly increasing the unpredictability of the resulting
final architecture and obstructing our capacity to understand
the reorganization.®

To date, the synthesis and characterization of saturated
POM-based TMSPs remains relatively underexplored, particular-
ly relative to the many lacunary POM-containing species. This
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deficiency is because the charge density of a saturated poly-
oxotungstate (POT) is too diffuse for the oxo ligands to be nu-
cleophilic enough, therefore these ligands remain mostly un-
reactive toward electrophiles.”” However, the introduction of
substituents into the polyoxometallic framework, notably the
addendum metal atom in an oxidation state lower than six,
will increase the nucleophilicity of the oxo ligands, which is an
attractive way to cover this lack of selectivity. In this context,
the Nb/W addendum clusters, which were first reported in
1976 by Dabbabi and Boyer,” represent one of the largest sub-
sets in mixed-addenda POM chemistry. However, to date, most
of the reported studies are still dominated by Lindqvist-type-
supported organometallic derivatives® and Keggin-type oligo-
meric clusters®'® To the best of our knowledge, the
largest Keggin-type niobotungstate is the tetrameric
[Nb,Os(XW,Nb30,,),1" ion (X=Si/Ge, n=20; X=As, n=16), in
which each of the four {XW,Nb,;0,,} Keggin units is connected
by three Nb-O-Nb bridges to the {Nb,O4} core."”

It is noteworthy that the monomeric Wells-Dawson-type
[(NbO,)P,W,,05]1"*" ion ({(NbO,)sP,W,,} (1)), first reported by
Hill and co-workers as early as 1997, has received little atten-
tion probably owing to its instability" By utilizing
{(NbO,)¢P,W,,} formed in situ instead of isolation, our group
has just recently reported several oligomeric Wells-Dawson-
type-based Nb/W  assemblies, that is, {(P,W;,Nb).},
{(Nb,Og)(P,W,,Nbg),}, and {(Nb,Og)(P,W;,Nb,)}, in which the
{NbgP,W,,} structure can be well stabilized as a dimer or tetra-
mer."? These structures emphasize that the template effect
may play an important role during the formation of these as-
semblies. It has been thoroughly demonstrated that the NbO,
groups in polyanion 1 are actually more basic and reactive
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than their oxotungsten counterparts. Therefore, {(NbO,);P,W,.}
formed in situ can indeed be regarded as a saturated building
block to generate gigantic POM assemblies. In this way, it is
possible to fill in the gaps in the Nb/W-based TMSPs by using
a {(NbO,)sP,W,,} fragment as an inorganic multidentate
oxygen-donor ligand to encapsulate paramagnetic metal ions,
thus leading to larger clusters with interesting magnetic prop-
erties.

On the other hand, POMs show great potential as single-
molecule magnets (SMMs) because they may shield the mag-
netic core from interaction with other molecules, thus creating
a discrete magnet <> The field of POM-based SMMs
has been studied since the pioneering work of Cronin and
co-workers ~ showed that the  mixed-valence core
[Mn",Mn",0,(H,0),¥" ion can be encapsulated between two
{XW405,} (X=Ge", Si") moieties."™ Since then only a small
number of POM-based 3d SMMs have been described, such as
two Fe" complexes with hexa- and nonanuclearity (Fe,(FeW,),}
and {(Fe,W,),(FeW,)}, respectively)*’ three Co'-substituted
clusters with hexadeca-, hepta-, and tetradecanuclearity
{(C015(PW9)4},[14C] {C07(PW9)2},[]4d] and {C014[P2W15]4}, respective—
ly),"*® two Mn"" cubane complexes with tetra- and heptanu-
clearity ({(SiWo)Mn";Mn"}"*" and {(P,W,5),Mn",Mn"}, respective-
ly)."*9' However, the number of POM-based SMMs is still very
small relative to the hundreds of already known SMM:s.

Herein, we present the unprecedented double-staggered
wheel-shaped [H;,;Nb;sP;,W,,Mn" ,Mn";Na0,,,]'~ ion (2), in
the form K,;2:26 H,O (2a; Figure 1). To the best of our knowl-

Side view Top view

Figure 1. Representation of the double-staggered framework of polyanion 2.
The trimeric {Mn;} cores and {Mn} hinges are highlighted in the blue octahe-
dra and green spheres, respectively. The cations and solvent water mole-
cules have been omitted for clarity. Red octahedra: WOj; red sticks: O; pink
sticks: P; yellow sticks: Nb.

edge, polyanion 2 is the first example of a transition-metal-
substituted derivative of a heteroniobotungstate. It is by far
the highest polymerization example of its type and the largest
niobotungstate cluster ever reported. More interestingly, 2a
exhibits SMM behavior with an energy barrier of 27.5(5) K,
slightly higher than that of any other POM-based 3d SMMs.""
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Results and Discussion

Insight into the reactivity of the {(NbO,),P,W,,} building
block

It is well known that the a-[H,P,W;,0,]">" ion (P,W,,) is
a highly lacunary ligand in which vacancies in the framework
may be occupied by additional metal ions to give diverse
higher-nuclearity mixed-metal clusters, especially with respect
to their magnetic properties. Nevertheless, it must be realized
that this metastable synthon easily undergoes structural trans-
formations in aqueous media,"” but it is difficult to predict
which fragments will form and harder still to trap desired frag-
ments in a final architecture. We focused our interest on the
Wells-Dawson polyanion {(NbO,);P,W;,} (1) unveiled by Hill
and co-workers'"" to search for ligands that might be an ap-
propriate precursor for paramagnetic clusters. The reason for
this approach is because our recent reports have shown that
the oxoniobium(V) surface of 1 is more basic and reactive than
its oxotungsten(Vl) counterpart.’ If so, 1 formed in situ can
be viewed as the secondary building block and serves as
a likely starting point for aggregation, which could be further
modified by introducing paramagnetic 3d metal ions to probe
gigantic transition-metal-containing clusters and has been
thoroughly demonstrated by the work presented herein.

We used electrospray ionization mass spectrometry (ESI-MS)
to rationalize the molecular growth and postulate four concur-
rent reactions related to the formation of 2 under the selected
reaction conditions:

1) The decomposition of the [NbsO,]®” ion in an aqueous so-
lution of H,0,, thus resulting in the release of an intermedi-
ate {NbO,} species.

2) The functionalization of P,W,, in situ, thus giving the sec-
ondary building block {(NbO,)sP,W,,}, which was confirmed
by ESI-MS analysis. The major peaks could be satisfactorily
assigned to the formula {(NbO,)sP,W,,05} with various
combinations of K and H counterions. The observed
peaks were assigned to [K;Hs(NbO,)P,W,,05]* and
[KsH4(NbO,)sP,W,,05]*~ ions, which gave envelopes cen-
tered at m/z1008.7 and 1370.7, respectively (Figure 2).
Therefore, ESI-MS analysis confirmed the formation of the
monomer {(NbO,)sP,W;,05} in situ.

3) The oxidation of the Mn" species into Mn
tion of {Mn"} clusters.

4) The stepwise cleavage of the O—O bonds followed by con-
densation to Nb-O-Mn bridges in acidic solution on heat-
ing, which stabilizes the highly charged species. Cluster 2
forms strong ionic interactions with the cations and many
strong hydrogen bonds with solvent water molecules due
to its high negative charge (41+) and gigantic molecular
weight (M, >25500), thus making it harder to observe the
naked single cluster without any cations and solvent mole-
cules." In the case of hexameric cluster 2, three major
peak envelopes at m/z 1931.9, 2099.4, and 2298.8 could be
assigned to an assembly of related clusters with differing

"and the forma-

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemeurj.org

:@2 ChemPubSoc
et Europe
Y \
‘} v
4 v In situ formed {(NbO,) .P,W .} ),
(Nb,0,) M W,

ol L N
., [K3H5(NbO,)gP,W1,054]%~

[KsHa(NbO,)sP, W 1,051~

T T T T T T T T
750 900 1050 1200 1350 1500 1650 1800 1950

miz

Figure 2. ESI-MS spectrum of the {(NbO,);P,W,,} building block formed in
situ.
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Figure 3. Negative-ion ESI mass spectrum of cluster 2.

numbers of cations and water molecules, thus showing
some degree of stability in solution (Figure 3).

Structural analysis

Single-crystal X-ray diffraction studies revealed that polyanion
2 is a unique wheel-shaped cluster that crystallizes in a mono-
clinic system (i.e., space group P2(1)m). The overall polyanion
consists of three main parts: six peroxo-free {Nbs,P,W,,} units,
four {Mn;} trinuclear cores, and four {Mn} hinges (see Figure S1
in the Supporting Information). It is not surprising that six
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niobium ions occupy the vacant sites of each hexalacunary
phosphotungstate (see Figure S2 in the Supporting Informa-
tion), thus confirming that {Nb¢P,W,,} can be well maintained
and employed as a secondary building block. Each {Nb¢P,W,.}
unit is linked to two {Mn;} cores and two {Mn} moieties by six
Nb-O-Mn bridges (see Figure S3 in the Supporting Informa-
tion), thus resulting in a giant hexamer (Figure 4). This observa-

ry

2.73 nm

2.51 nm

Figure 4. Representation of polyanion 2. The cations and solvent water mol-
ecules have been omitted for clarity. The cluster measures 2.95 nm at its
longest point. See Figure 1 for the labeling scheme.

tion is the first hexameric structure in niobotungstate chemis-
try, although there are many examples of dimeric and tetra-
meric aggregates.!'®'?

The structure of {Mn} is shown in Figure S4 in the Support-
ing Information. This species can be regarded as a group of
three mutually corner-coupled {MnOg4} octahedra. Interestingly,
two of the Mn--Mn distances in the trinuclear {Mn} unit are
identical, which is slightly longer or shorter than the third
Mn--Mn distance. Therefore, the overall shape of the {Mn;} unit
can be described as an equivalent isosceles triangle. Each
{Mn} unit is surrounded by three Well-Dawson {Nb¢P,W,.}
units and six Mn-O-Nb bridges (Figure 5a). All the Mn ions in

Figure 5. a) Representation of the [Mn"3(OH),(H,0)¢]°* core, b) {Mn;} core,
and c) {Mn} moiety within 2.
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these moieties are in the 43 valence state, as established by
a combination of bond-valence sum (BVS) calculations"” (see
Table S1 in the Supporting Information) and the characteristic
Jahn-Teller distortion for Mn" (high-spin d*; see Figure S5 in
the Supporting Information). The BVS calculations indicate the
presence of three monoprotonated oxygen atoms (u,-bridging
OH group) and six terminal diprotonated oxygen atoms in the
trimeric manganese core of polyanion 2 (see Figure S6 in the
Supporting Information), thus resulting in a [Mn";(OH),(H,0)¢]°"
core.

Each {Mn} hinge shows crystallographic positional disorder
of Mn" and Na (0.75:0.25). Each of the four Mn"/Na centers is
coordinated by three p,-oxo groups and four terminal oxygen
atoms, thus leading to a distorted single-crown octahedral ge-
ometry (Figure 5b). The BVS calculations confirm that the four
terminal oxygen atoms are all diprotonated (see Figure S6 in
the Supporting Information). Therefore, this disordered metal
center should be formulated as [Mn';,sNag,s(H,0),]'°". In
Table S2 (see the Supporting Information), the BVS values for
all the oxygen atoms in 2 are also listed. The BVS values for
mono- and diprotonated oxygen atoms were 1.30-1.40
and 0.25-0.61, respectively. In addition, charge-balance
considerations with the countercations suggested that 2a
contains some  protons, namely,  K;o[H3;(NbgP,W;,04,)s
{Mn";(OH);(H,0)¢},IMn"; ;sNay »5(H,0),1]-26 H,O. As was stated
already by Nyman and co-workers and us,"® the very large
number of crystallographically independent atoms and param-
eters prevented the direct location of protons from the Fourier
maps. Thus, we think that thirty-one protons are probably de-
localized in polyanion 2.

Alternatively, 2 can be viewed as six P,W,, fragments that
support an unprecedented {Nb;;Mn,;Na} cluster (see Figure 6
and Figure S7 in the Supporting Information), which is the
largest 3d-4d heterometallic array in POM chemistry. The clus-

Figure 6. Ball-and-stick representation of the {Nb;,Mn,sNa} cluster in 2. Nb:
.,

yellow, Mn": pink, Mn"/Na: green, O: gray.
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ter described here presents new interesting and unusual fea-
tures. First, the {Nb;sMn;sNa} cluster is the first example of
a Mn/Nb-core-based POM. Second, the plenary polyanion 1,
like the classic lacunary POMs, displays a tendency to incorpo-
rate transition-metal centers, thus constructing a new type of
TMSP family. In addition, to the best of our knowledge, polyan-
ion 2 represents the largest aggregate of Nb-substituted POMs
and the first example of a phosphoniobotungstate-based tran-
sition-metal derivative.

As mentioned above, the starting material P,W,, is a metasta-
ble precursor that could easily undergo structural transforma-
tions in aqueous media;" hence, only very few polyanions are
known in which the hexalacunary P,W,, fragment is main-
tained in the product."'>'" |n recent years, P,W;, has been
utilized in the assembly of larger dimeric,'*' trimeric,”” and
tetrameric?"’ aggregates arranged as open or crown-type struc-
tures (Figure 7), but a higher polymeric complex based on

Figure 7. Reported POMs, in which the structure of the P,W,, precursor has
been maintained.

P,W;, has not yet been observed. Notably, hexameric 2 has re-
tained this entity. The only known hexamric Well-Dawson-type
structure is the [{a-P,W,5056}6{Ce3Mn,0,(0OH),};(OH),-
(H,0),(PO)I¥~ ion (3) reported by Fang and Kégerler in
2008.2? Polyanion 3 is based on trilacunary [P,W,;sOs]'*"
(P,W,5) instead of the hexalacunary P,W,, fragment in 2. The
difference between 2 and 3 is that there are six P,W;, subunits
in 2 linked by 36 Mn"™-O-Nb bridges involving six crescent
shape {Nbg} clusters, four triangle {Mns} cores, and four {Mn}
moieties, whereas there are six P,W;s units in 3 interconnected
by three {Ce;Mn,} cores and a central PO,*~ group. Compound
2 represents the first example of a P,W,,-based hexamer.

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Magnetic studies

Due to the presence of the four triangles in 2a, it was expect-
ed that these compounds might be magnetically interesting as
SMMs;** hence, the magnetic properties of 2a were studied.
Variable-temperature direct-current (dc) magnetic-susceptibility
(xm) studies were performed on dried crystalline samples of 2a
in the temperature range 1.8-300K in an applied field of
2 kOe. The results are presented as plots of yuT versus T in
Figure 8.

2,T ! cm’ K mol”
F-Y
N

0 50 100 150 200 250 300
T/IK

Figure 8. Temperature dependence of the magnetic properties of 2a at
2kOe. The solid line is the best fit obtained by using the Hamiltonian mag-
netic model described in the text.

At room temperature, the y,T product is 48.75 cm*Kmol™,
close to the spin-only value (g=2) of 49.125 cm®*Kmol™' ex-
pected for three Mn" ions (Sy,'=5/2) and twelve Mn" ions
(Swua"=2). Upon cooling, the y,T products steadily decrease
until 40 cm*Kmol™" at 5K, before sharply dropping to reach
35.7 cm®*Kmol™" at 1.8 K. This thermal behavior is diagnostic of
dominant antiferromagnetic interactions within the cluster. The
observed change of yyT at 5K is suggested to correspond to
the ground-state spin. According to the structure of 2a, we
can consider that all the Mn" ions and {Mn";} units may be
magnetically isolated, such that the ground-state spin of a tri-
nuclear species can be estimated to be S;=3 (calculated y,T=
0.125X g*X [3Sy" (S + 1) +45:(S; + 1)]1=37.125 cm*Kmol ).
This spin value possibly comes from the frustrated geometrical
configuration of the {Mn".} triangle.

The PHI program® was used to fit the variable-temperature
magnetic properties and determine coupling between the Mn"
ions and the ground-state spin. Inspection of the molecular
structure reveals that all the {Mn",} units can be approximately
regarded as equivalent isosceles triangle with two coupling
constants. Therefore, only one {Mn";} cluster (yuTops—3Cn")/4,
in which C,," is the Curie constant of the Mn" ion) was fitted
with the following Hamiltonian in Equation (1):

H = —2J(SxSg + SaSc)—2J'SgSc (1)
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The best fitting results gave J=19.98 cm™', J/ =—-20.49 cm ™,
and g=1.87 with R=0.12 (solid line in Figure 8). The (F, AF)
combination may lead to spin frustration and involve an inter-
mediate spin ground-state value S=3 deduced from the ex-
perimental data. The ratio J/J'=19.98/—20.49=-0.98 is in
good agreement with the prediction from the energy-distribu-
tion plots with the ratio between approximately —1.0 to —0.5,
thus corresponding to a |3,1 > ground state (Figure 9). A simi-
lar special magnetic phenomenon was observed in a {Mn"} tri-
angle topology system with J/J'=40.5/—10.8 =3.75.1%%

0-

-E/J

3.0 -25 -20

T T 1

45 40 05 00
JJ

Figure 9. Energy-distribution plots of 2a with a ratio of J/J' for the (F, AF)
combination of J and J'. The ground states are labeled as | S; Sgc >, in which
Sec=Sg+Sc and S;=Sgc + S

The variable-field magnetization was measured in an applied
field of 0-70 kOe at 1.8 K to confirm the ground-state spin (see
Figure S8 in the Supporting Information). In the low fields, the
magnetization increases quickly and slowly before and after
20 kOe, respectively. The maximum magnetization is 42.5 Nug
in 70 kOe, which is higher than the calculated value of
37.44 Nug (2gS=2x5/2x3+1.87x3x4), thus indicating that
the population changed in high fields for {Mn";}. The Zeeman-
splitting energy-distribution plots were simulated by using the
PHI program® (Figure 10), from which it is easy to find that
the ground-state spin is field dependent. The ground state is
|3,1> when the field ranges from 0 to 2.3 T, at which point
|4,2> becomes the ground state in high fields. So, the plot of
M versus H shows a linear increase in a high-field region with-
out clear saturation at 7 T. According to S;=4 of {Mn";}, the
saturation magnetization is estimated to be 45 Nu; for 2a.

The variable-temperature isofield magnetization was also
measured. The isofield lines of reduced magnetization, that is,
M versus H/T, for 2a do not superimpose (Figure 11), thus indi-
cating significant magnetic anisotropy in the ground state for
the {Mn";} units. This finding urged us to investigate the possi-
ble SMM properties of 2a.

The variable-temperature alternating-current (ac) signals
showed strong frequency dependence both in- and out-of-
phase (see Figure S9 in the Supporting Information). In the ac
susceptibilities of the in-phase, there no obvious peak was ob-
served and y,, increases with cooling. This phenomenon indi-
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Figure 10. Zeeman splitting of the lowest m, states of {Mn"
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Figure 11. Plots of M versus H/T of 2a.

cates the coexistence of paramagnetic and superparamagnetic
phases, which can be ascribed to the contributions of nonin-
teracting Mn" ions and {Mn".} units. A typical curve with the
coexistence of two phases usually resembles a lying down “S”.
The variable-frequency ac curves are shown in Figure 12. In the
isotemperature curves, the peak frequencies were chosen to il-
lustrate the In(z) versus 1/T plot, which is in a good agreement
with the Arrhénius law ©(T) = 7 ,exp(AE/kgT; see Figure S10 in
the Supporting Information). The fitting results gave the relaxa-
tion time 7,=1.2(3)x10™"s and the energy barrier AE/ky=
27.5(5) K, which are consistent with SMM behavior and sug-
gested from the {Mn".} units. At fixed temperatures from 1.8
to 2.4 K, incomplete semicircle Cole-Cole curves were obtained
(Figure 13), which were fitted by using a generalized Debye
model.” The obtained o parameters are 0.38-0.61, thus indi-
cating a large distribution of relaxation time, which can possi-
bly be attributed to the difference in the magnetic properties
of the four {Mn";} units.
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Figure 12. Frequency dependence of out-of-phase susceptibilities of 2a
with Hy.=0, H,.=5 Oe, and f=1-1488 Hz in range T=1.8-5 K.
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Figure 13. The solid line represents the least-squares fit of the experimental
data to the Arrhénius equation for 2a.

Conclusion

An unprecedented hexameric POM cluster has been successful-
ly obtained by utilizing the saturated Wells-Dawson-type
{(NbO,)sP,W,,} unit, which was formed in situ, as the secondary
building block. Compound 2a is a very rare example of a hex-
americ POM, which represents the first example of
a {NbgsP,W,,}-based manganese complex with SMM behavior
and contains the largest {Nb3;,Mn,sNa} heterometallic array in
POM chemistry. Furthermore, 2a behaves as a SMM with an
energy barrier of 27.5(5) K, slightly higher than that of any
other POM-based 3d SMMs. The formation of polyanion 2 ex-
emplifies the reactivity of {(NbO,);P,W;,} with manganese
metal ions, thereby turning a disadvantage into an advantage
and providing an alternative perspective for the construction
of novel TMSP architectures with intriguing properties. In fur-
ther work, we will extend this approach with paramagnetic
transition-metal species because we believe such clusters will
also show novel properties.
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Experimental Section
Materials and methods

General: All the reagents and solvents were purchased from com-
mercial suppliers and used as received. K;[HNbO,.]-13H,0and
Ki,[H,P,W,,0,45]-24H,0 were synthesized according to a reported
procedure.” IR spectra (#=4000-400 cm™') of the samples were
recorded on an AVATAR360 FTIR spectrometer. Elemental analyses
(Mn, Nb, and W) were obtained on a PerkinEimer Optima 2100 DV
by using inductively coupled plasma optical emission spectrome-
try.

Preparation of 2a: K,[HNb,O,,]-13H,0 (1.60 g, 1.17 mmol) was dis-
solved in a solution of H,0, (13.5 mL, 30%) in water (165 mL). Di-
luted hydrochloric acid (1m, 12.5 mL) was added dropwise and
then powdered K;,[H,P,W,,0,]:24H,0 (4.65g, 1.18 mmol) was
added in a single step to the reaction mixture with rapid stirring to
give a clear yellow solution. The solution was adjusted to approxi-
mately pH 2.0 by the addition of aqueous HCI (0.5 m). The suspen-
sion was continuously stirred for approximately 1 h and then fil-
tered to obtain a clear solution. A solution of MnCl,-4H,0 (2.32 g,
11.7 mmol) in H,0 (30 mL) was added with stirring. The solution
was adjusted to pH 2.4 and heated to 90°C for 10 h. The reaction
mixture was removed from the hot plate and left to cool to room
temperature, followed by the addition of KCl (2.65 g, 35.6 mmol).
The reaction mixture was stirred for 30 min and filtered. The clear
dark-purple filtrate was kept in an open beaker at room tempera-
ture to allow slow evaporation. Subsequent crystallization over one
month yielded a dark-purple hydrated salt in 12% yield (based on
Nb). IR: 7=3430(s), 1624 (s), 1094 (s), 1056 (w), 1006 (w), 956 (s),
900 (m), 784(s), 674 cm™' (m); elemental analysis (%) calcd for M,,=
25566.9: Mn 3.22, Nb 13.08, W 51.77; found: Mn 3.34, Nb 12.42, W
50.28.

X-ray crystal-structure analyses

Suitable single crystals were selected from their respective mother
liquors and placed in a thin glass tube due to efflorescence. X-ray
diffraction intensity was recorded on a Bruker Apex-Il CCD diffrac-
tometer at 296(2) K with MoKa monochromated radiation (A=
0.71073 A). Structure solution and refinement were carried out by
using the SHELXS-97 and SHELXL-97 program package.?” No hy-
drogen atoms were located from the difference Fourier map. Fur-
ther details of the crystal structure investigation can be obtained
from the Fachinformationszentrum Karlsruhe, 76344 Eggenstein-
Leopoldshafen, Germany (fax: (4+49)7247-808-666; e-mail: crysda-
ta@fiz-karlsruhe.de) on quoting the depository number CSD-
429760.

Magnetic measurements

Magnetic-susceptibility data of 2a (m=57.48 mg) were recorded
on a Quantum Design SQUID magnetometer in fields up to 7 T be-
tween 1.8 and 300 K. The temperature and frequency dependent
ac susceptibility measurements in different applied static magnetic
fields were carried out in an oscillating ac field of 5.0 Oe and fre-
quencies of 1-1500 Hz. The magnetic-susceptibilities data were
corrected for the sample holder and the diamagnetism of the con-
stituent atoms (estimated byb using the Pascal constants).

ES-MS measurements

ESI-MS measurements were carried out at 30°C. The solution of
the sample was diluted so that the maximum concentration of the
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cluster ion was on the order of 10 °m, which was infused at a flow
rate of 10 uLmin~'. The measurements were carried out on a AB
SCIEXTriple TOF 4600 mass spectrometer, and the data were col-
lected in the negative mode.
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