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Polyoxometalates (POMs), anionic oxide clusters of the early
transition metals!! represent a vast class of inorganic
materials with a virtually unmatched range of properties
applicable to biology,” magnetism,” materials science, or
catalysis.”! This unique span of properties qualifies POM-
based materials as prime candidates for the designed con-
struction of electronically interesting materials. Polyoxometa-
lates possess enormous diversity in both size and structure'>®!
and thereby provide access to a huge library of readily
available and controllable fragments, that is, secondary
building units (SBUs)”' that can be interconnected by
electrophiles.

The development of novel magnetic polyoxometalates'®!
targets either the magnetic functionalization of the metal
oxide fragment itself, which is mostly relevant for polyoxo-
vanadates such as {VsAsg),”! the interlinking of POM
building blocks, as seen for {Mo;,Fesy),l” [PMo;,0.-
(VO),I’-,™ or the use of lacunary POM fragments as
multidentate ligands binding to polynuclear paramagnetic
coordination clusters (e.g., {WsCug)™ and {W,Cuy ). In
particular, we reasoned that targeting the assembly of a
mixed-valence manganese-based cluster!*™! within a poly-
oxometalate ligand cage could offer many fantastic new
possibilities for design and manipulation. For example, the
POM “ligands” could be useful to “dilute” single-molecule
magnets (SMMs) to remove unwanted dipolar interactions
and also because of the intrinsic redox activity of the POM
“ligands” that could allow additional routes to control
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magnetic-exchange pathways or introduce other functionality
for device applications.'!! In addition, the POM shells are
themselves surface compatible as well as being excellent
ligands and SBUs that will allow a very high degree of reliable
design and assembly that is not possible to achieve in SMMs
based on first-row transition metals alone.

One of the major limitations in the development of SMMs
is that the underlying design strategies lie within the
boundaries set by the serendipitous self-assembly of metal
ions with bridging ligands of different connectivites and the
controlled assembly of rigid building blocks typified by
metallocyanide (Prussian blue-type) chemistry.'¥ Within
this scheme there have also been attempts to influence the
primary SMM parameters (spin ground state and molecular
anisotropy) deliberately through targeted structural and
chemical modification."”’ However, despite the comparably
precise structural control on the molecular level that charac-
terizes POM chemistry, no single-molecule magnet has yet
been derived from a polyoxometalate, as evidenced by
hysteresis in magnetization versus field studies. Although
several POM-based systems with high spin ground states or
significant magnetic anisotropy are known,'™ and hybrid
[SMM]*[POM]"~ salts have been isolated,’” a bona fide
polyoxometalate-based SMM has not yet been reported.

Herein we report the first two examples of Mn""-based
SMMs encapsulated within a polyoxometalate ligand system
derived from the trivacant lacunary {B-a-X"“WY,0,,}'"
polyanion. The resulting clusters both contain a central,
mixed-valence {Mng}=[Mn",Mn",0,(H,0),]*" cluster core
that is anchored between two rigid lacunary [XWy0;,]"""
polyoxometalate clusters. These species were isolated as Na,-
K(C,;H;,NO),{[GeW,05,],[Mn" Mn'",0,(H,0),]}-15H,0 (1)
and  (C;H;(NO),{[SiWs05,,[Mn"',Mn",0,(H,0),]}-15H,0
(2). The cluster anions in 1 and 2 are structural analogues
and differ only in the heteroatoms X that are central to the
{XW,0,,} fragments (X =Ge in 1, X =Si in 2), see Figure 1.

Compounds 1 and 2 can thus be described as two {B-a-
XW,03,}!°" polyanions that sandwich a mixed-valence cat-
ionic hexanuclear [Mn™,(H,0),Mn",0,(H,0),]*" cluster.
The {[Mn"™,Mn",0,(H,0),]} cluster is a C-symmetric
double cubane, in which each cubane comprises three Mn™
and one Mn" center, with two of the Mn™ centers shared
between the cubanes. Each of the Mn centers encapsulated by
the trivacant B-a type lacunary ligands has three coordination
bonds to the polytungstate unit; Mn—OW bonds range from
1.934(1) to 2.166(2) A and Mn—OGe bonds are between
1.972(2) and 2.260(1) A. As the polynuclear Mn"/Mn" cores
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Figure 1. Representation of the [{XW,},{Mn¢}]'"*~ polyanions in 1 and
2. The polyoxotungstate fragments are shown as polyhedra, and the
central {Mn¢O,(OH,),} double-cubane cluster and the connecting
heteroatoms are shown as ball-and-stick (Mn"' blue, Mn" violet, X
purple, O red, H,0 pink, H omitted for clarity). The elongated Jahn—
Teller axes of the Mn"" ions are shown in black.

found in 1 and 2 are chemically equivalent, it is intriguing to
note that the geometry of the core is strongly affected by the
POM ligand to which it is attached. Indeed it is the differing
lengths of the Ge—O (1.733(1) A) and Si—O (1.623(1) A)
bonds in the respective lacunary clusters that have the most
significant impact, as it is these bonds that dictate the
dimension of the {Mng} core trapped between the polytungs-
tate ligands. The net effect is a contraction of 0.22 A in the
{Mng} core of 1 relative to 2 when measuring between the
symmetry related O* ligands as seen in Figure 1. Further, the
bond lengths and angles within the cores of 1 and 2 also vary,
specifically the bonds running parallel to the aligned Jahn-
Teller axes of the four Mn™ ions. The most significant
structural difference within the Mn™" cores of 1 and 2 are the
respective O*-Mn-O* linkages with bond lengths of 1.972(1)
and 1.870(1) A in 1 and 1.988(1) and 1.856(2) A in 2.
Accompanying these variations in bond lengths is a greater
than 2.5° difference in the corresponding bond angles of O*-
Mn-O* between 1 and 2 (165.8° and 168.1°).

The room-temperature y,,7T value of 12.4 cm®*Kmol™" for
1 is lower than the spin-only (g =2) value for a {Mn"™,Mn",}
unit (20.75 cm®*Kmol ™). The value of y,,T slowly decreases
upon cooling to around 120 K, where it reaches a minimum
value of 11 cm*Kmol™! before increasing to a maximum of
14.1 cm*Kmol™' at 10 K. The T value sharply decreases
below this temperature. Compound 2 shows similar behavior;
a value of 11.8 cm*Kmol ™' is observed at room temperature
and a maximum value of 14.6 cm® Kmol™ at 9 K, followed by
a sharp decrease (Figure 2).

For both complexes, this behavior is indicative of the
presence of competing ferro- and antiferromagnetic exchange
interactions between the metal centers, and the low-temper-
ature maximum is indicative of a ground state with S =5. The
low-temperature (< 10 K) decrease is assigned to zero-field
splitting, intermolecular interactions, and the Zeeman effects
of the applied field. The small differences in the y,T curves
above 10 K are consistent with the small change in Mn-O-Mn
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Figure 2. Temperature dependence of y,,T for 1 (red triangles) and 2
(blue squares) from 300-1.8 K at 0.1 T. Solid lines represent best fits
to a Heisenberg-only model (T>15 K, see text). Inset: Exchange
connectivity within the MngO¢ double-cubane core (Mn" violet spheres,
Mn'" blue spheres, all other corners/intersections represent p-oxo
groups) illustrating the three principal superexchange pathways: J,
(Mn"-Mn"", green lines), J, (Mn"'-Mn", blue lines), and J; (Mn"-Mn"",
red lines).

bridging angles between the two structures, related to the
structural differences of either Ge or Si at the edges of the
{Mng} core. To establish the effects of these structural
differences, a simplified spin Hamiltonian, based solely on
isotropic Heisenberg-type exchange, was used to model the
susceptibility data above 15 K (to avoid zero-field-splitting
effects). In a first approximation, three types of nearest-
neighbor coupling can be identified: 1) coupling between
Mn" and Mn™ centers through two p-oxo groups and Mn-O-
Mn angles of approx. 90°, 2) similar Mn™(pu-O),Mn™ pairs,
and 3) Mn"-O-Mn"" pairs with Mn-O-Mn angles close to 180°,
causing strong antiferromagnetic coupling (Figure 2). A least-
squares fit yields J;,=6.5cm™, J,=3.5cm™", J;=—-56.0 cm™
for 1 and J,=55cm™, ,=45cm™}, J;=-59.5cm™" for 2
(common g;,, =2.0, Figure 2).

To further verify the magnitude of the spin ground state
for complexes 1 and 2, magnetization data were collected in
the ranges 1-5T and 1.8-7.0 K and these are plotted as
reduced magnetization (M/Nf) versus H/T in Figure S3 (see
the Supporting Information). For a complex entirely populat-
ing the ground state and experiencing no zero-field splitting,
the observed isofield lines should superimpose and saturate at
a value (M/Nf) equal to gS. The fitting of the experimental
data with the axial ZFS plus Zeeman Hamiltonian” given in
Equation (1) over the whole field and temperature range
afforded the parameters: 1: S=5, g=1.94, D=-0.67 cm™"
and2: S=5,g=1.99, D=—-0.62cm ..

H=D(8.>-5(541)/3) + usgHS 1
Given the magnitude of S and the sign of D, ac
susceptibility studies were performed to see if complexes 1

and 2 indeed exhibit SMM characteristics (see Figure S2 in
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the Supporting Information). The sharp decrease in y,T
below 10 K observed in the dc measurements is present in the
ac measurements, and is more pronounced for higher
frequencies. Below 5K, the y'T curves for the different
frequencies start to diverge, and a concomitant frequency-
dependent y" signal is observed. For 1, well-resolved peaks in
%" are seen above 1.8 K and an Arrhenius analysis yields the
parameters: AE/ky=14.8K (10.3cm™) and 7,=3.1x107"s.
The former value is lower than the theoretical barrier of 24 K
obtained from S and D parameters as derived from fitting the
reduced magnetization. The C; point symmetry of the {Mng}
core leads to transverse anisotropy terms in the ZFS
Hamiltonian, reducing the effective height of the energy
barrier separating the + Mj states, through quantum tunnel-
ing of magnetization (Figure 3).
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Figure 3. Pulsed-field measurements for 1 at 0.5 K. Three measure-
ments at different sweep rates are shown. Inset: Derivative plot
showing five peaks equally spaced around 0.78 T apart.

HF-EPR and INS (inelastic neutron scattering) experi-
ments are planned to determine the spin-Hamiltonian
parameters more accurately. For 2, no peaks in y” are seen
above 1.8 K, indicating a lower energy barrier to reorientation
of the magnetization, which is consistent with the smaller
D value. To examine the relaxation behavior of compound 1,
pulsed-field measurements were performed for different
sweep rates at 1.6 and 0.5 K (see Figure S3 in the Supporting
Information). The complex shows temperature- and sweep-
rate-dependent magnetic hysteresis with steplike features
(five peaks with an equal spacing between the peaks of
ca.0.78 T), which correspond to the adiabatic quantum-
tunneling transitions expected for a genuine SMM. These
features equate to increased magnetization relaxation, which
is indicative of quantum tunneling of magnetization (QTM)
between the + Ms levels on opposite sides of the anisotropy
barrier. The separation between the steps is related to D by
the equation AH =| D |/gus. Measurement of the step posi-
tions for complex 1 affords an average field separation of
approximately 0.78 T and thus a |D|/g value of about
0.35cm™'. Assuming g=2.00, this corresponds to a |D|
value of approximately 0.71cm™, which is in excellent
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agreement with that obtained from the dc magnetization
measurements (0.67 cm ™).

In summary we have shown that it is possible to embed a
mixed-valence {Mn™,Mn",} unit within a set of lacunary
polyoxometalate {B-a-XWo03,}'° polyanions and that these
ligands are able to effectively isolate the Mn metal-oxo core.
The rather complex and distorted nature of the cationic core
shows the fascinating ability of polyanion ligands to cap metal
clusters such as these despite their rigid structures and to
stabilize even distorted coordination configurations. Addi-
tionally, the involvement of the tetrahedral oxo ligands is
essential for completing the coordination environment of the
encapsulated transition metals, and they also act as ideal
tunable units to modify the physical properties of the
molecules. It is the combination of these parameters that
allows the fine tuning of the magnetic properties of the
clusters. In further work we will extend this approach to
isolate a range of nuclearity cores of various symmetries with
the aim of providing redox-POM-based SBUs (with the
ability to add organic linkers) that can be used to discover,
design, and systematically tailor new SMMs with a large
degree of control.

Experimental Section

All chemicals were of analytical grade and used as supplied. Synthesis
of 1: Morpholine (56.25 mL, 0.637mol) was added to 2.5L of 1m
NaCl, and the solution acidified to pH7.9 using 4.5m H,SO,.
KyGeW,,03-6 H,O (3.635 g, 1.4 mmol) was added to this solution,
followed by the addition of MnSO,-H,O (0.845 g, 0.5 mmol) to give a
clear bright yellow solution. The solution was then finely adjusted to
exactly pH 7.7 using dilute sulfuric acid. The reaction mixture was
then left to crystallize by slow evaporation. Over a 1-month period the
yellow solution gradually deepened to a dark brown color, indicating
the partial oxidation of the Mn" to Mn"". After the initial 1 month,
dark brown needles crystallized rapidly over the course of 3 days
(yield: 900 mg, 15 umol; 19.19% based on W). See Supporting
Information for analysis results.

2: Morpholine (0.45 mL, 5.16 mmol) was added to 20 mL of 1m
NaCl and the pH adjusted to 7.6 using 4.5M H,SO,. The solution was
then split into two equal portions. MnSO,-H,O (0.0338 g, 0.2 mmol)
was added to one portion to yield solution A, and KSiW;,Os512H,0
(0.1486 g, 0.5 mmol) added to the other and its pH was lowered to 7.3
yielding solution B. Solution A was then added to solution B, which
had a final pH of 7.2. The resulting yellow reaction mixture was then
heated to 50°C for 10 minutes then cooled to room temperature.
Over a 1-month period, the yellow solution gradually deepened to a
dark brown color, indicating the partial oxidation of the Mn" to Mn""
and brown plate crystals formed over a 3-month period (yield: 85 mg,
13.7 pmol; 49.55%). See the Supporting Information for analysis
results. Crystallographic data and structure refinements for 1:
CysH,00Ge, K ;MngN;Na,Og, W5 M, = 5954 gmol~!, brown needles,
0.2x0.1x0.04 mm?®, triclinic, space group PI, a=11.9515(5), b=
16.3463(8), c¢=16.8912(8) A, «=108.749(3), B=99.702(2), y=
105.202(2)°, V=2897.8(2) A>, Z=1, R1=0.0376, wR2=0.1008. 2:
CsH,50Si,MngN,090W i, M, = 6175 gmol~'; brown rod crystal, 0.2 x
0.1 x 0.05 mm?, triclinic, space group P1, a=12.045(3), b =14.251(3),
c=19377(4) A, a=86.397(6), f=79.488(6), y=67.882(5)°, V=
3029.7(11) A3, Z=1, R1=0.0428, wR2=0.0863. Crystal data were
measured on a Bruker Apex II CCD diffractometer using Moy,
radiation (1=0.71073 A) at 100(2) K. CCDC 679936 (1) and
679935 (2) contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
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request/cif. Magnetic susceptibility data were recorded using a
Quantum Design MPMS5-XL SQUID magnetometer. Susceptibility
data were corrected for diamagnetic and temperature-independent
paramagnetism (TIP) contributions (Yaiarp(1) = —445 x
10 cm’mol ™, ygrp(2) = —441x 10 cm®mol™!)  Heisenberg
exchange Hamiltonian of the type H=—2JSS,.
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