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Ligand modification transforms a polyoxometalate-anchored
cubane-type Mn"Mn™VO,] core into a centrosymmetric
Mn"¢Mn'VOg] di-cubane cluster, and restores the slow
magnetization relaxation characteristics typical for [MnsOy]
cubane-based single-molecule magnets.

For almost two decades since the discovery of single-molecule
magnet (SMM) phenomena in transition-metal coordination
clusters,! the development of new SMMs has largely made
use of organic supporting ligands, for example, carboxylates,
alkoxides, and amines. Despite a continuous stream of
magnetic molecules featuring diverse metal ions, nuclearities,
and topologies,” little progress has been made® in achieving a
significant increase in the blocking temperature (below which
magnetic hysteresis becomes evident) for such organic-bridged
SMMs. The inherent flexibility of many organic ligands makes
it difficult to restrain the alignment of spin centers and regulate
intramolecular exchange coupling. More rigorous synthetic
control, thus, calls for supporting ligands of less flexibility.
Inorganic polyoxometalates* (POMs) fit this requirement:
their well-defined, rigid coordination environments can in
principle facilitate targeted design of magnetic core structures.
Polyoxoanion ligands have also been found to induce strong
axial magnetic anisotropy, illustrated by a Mn"-POM complex.’
An additional advantage stems from the limited intermolecular
interactions between POMs, separated by counterions and
solvent, which can lead to increased isolation of the ground
state. In recent years, a handful of POM-based SMMs,® with
ground state spins as high as S = 8,% have been assembled
from lacunary polyoxoanion ligands and one or more open-
shell metal atoms, typically starting from simple salts of 3d
and 4f ions as precursors. We have been taking a different
synthetic approach, namely, replacing organic bridging groups
on preformed metal-carboxylate clusters with POM ligands.” 1
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This strategy thus offers a greater degree of control over core
structures and their spin states, as demonstrated here in the
construction of a heptanuclear manganese cluster with a record
S = 21/2 ground multiplet for POM-based SMMs. The result
also suggests the important consequence of molecular symmetry
and electric dipole moment on the magnetic properties of this
cluster.

The story starts with a tetranuclear [Mn'"sMn'VO,] cubane
cluster® that we recently obtained from reaction of the proto-
typical SMM Mn,-acetate'! with [0-P,W505¢]'>~, a diamagnetic
polyoxotungstate. The magnetic core of the resulting complex
[(0-PaW,5050Mn"sMn"V O5(CH;COO);*~ (1), shown in Fig. 1
(left), is supported by the heptadentate {P,W,s} ligand and
reinforced with three capping acetate groups. Like other
organic-bridged {Mn""sMn'Y} SMM:s of the cubane type,>'?
1 displays an S = 9/2 spin ground state arising from anti-
ferromagnetic exchange between a Mn"" (S = 3/2) apex and a
triangle of three ferromagnetically coupled Mn' (S = 2) ions.
However, 1 does not constitute an SMM, which we attribute
to a positive axial anisotropy (D = +0.36 cm™") that leads to
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Fig. 1 Ball-and-stick/polyhedral representations of polyoxoanion
complexes 1 and 2 with their magnetic core structures highlighted in
yellow. Proposed ground state spin alignments are shown in separate
schematic diagrams. Mn": green; Mn'": purple; O: red; C: black;
WOg: gray octahedra; POy: blue tetrahedra.
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a reverse order of the zero-field split substates and thus an
absence of slow magnetization relaxation.®

With this high-spin molecule at hand, we now aim to enhance
the spin ground state and magnetic anisotropy of compound 1
via ligand modification. Herein we derive a closely related Mn,
POM cluster, whereby the ground state spin is significantly
increased and SMM behavior, in particular slow magnetization
relaxation, is indeed observed. To realize higher spin states, we
initially intended to induce further growth of the magnetic core
by removing the acetate bridges, as they essentially terminate
the coordination sphere of the Mn centers. Efforts to directly
expand from compound 1, employed as a precursor, however
did not succeed, suggesting the importance of acetate bridges to
the stability of the Mny core. Ligand change is eventually
achieved by adapting the synthesis of 1 but using water as the
solvent instead of a 3 : 2 (v/v) mixture of CH;COOH/H,0, from
which compound 1 is isolated.f This in situ method effectively
prevents the formation of acetate bridges, resulting in an
all-inorganic cluster [(0-P,W150s56),Mn"¢Mn'YO4(H,0)¢]"*~
(2, Fig. 1, right) as its sodium salt Na42-68H,O (2a).§

The structure of 2 is composed of two units of {P,W s} that
encapsulate a heptanuclear [Mn¢Mn'VOg] core.!*> The Mn,
core resembles two corner-sharing cubanes such that it can be
formally constructed from the fusion of two Mny cores to
share a common Mn'" vertex. The bridging acetate groups in 1
are now replaced with terminal aqua ligands, the latter com-
pleting the octahedral geometry of the Jahn-Teller (JT) dis-
torted (tetragonally elongated) Mn'™ centers and defining the
orientation of their elongation axes. The angles between the
JT axes and the C; axis of the molecule, avg. 54.59°, deviate
minimally from those of compound 1 (avg. 56.36°). The
removal of acetate bridges between Mn'" and Mn'Y ions has
also resulted in slightly longer Mn™ - -Mn"" distances (avg. 2.855
vs. 2.801 A in 1) and a concomitant decrease in Mn'". . .Mn'"!
distances (avg. 3.092 vs. 3.152 A). Overall, anion 2 has approxi-
mate Dsq symmetry with the Mn' ion at the inversion center.
Given the structural similarity in magnetic cores of the two
structures, one would expect the exchange couplings between
the Mn ions to remain ferromagnetic for Mn™-Mn™" and
antiferromagnetic for Mn"™-Mn'" interactions. That would align
the spins of the six Mn'" atoms all parallel, and antiparallel to
the central Mn'Y atom, predicting a molecular S = 21/2 ground
state in a spin-only approximation.

Results from magnetic measurements support this prediction.
The value of y,,T at 290 K (30.0 emu K mol ') is significantly
higher than the spin-only value (19.875 emu K mol~!, g = 2.0) for
six Mn™ and one Mn'" non-coupled ions, indicative of ferro-
magnetic interaction (Fig. 2a). Upon cooling, the value of y,, T
gradually increases to a maximum of 59.7 emu K mol ™", followed
by a sudden decrease at 5 K. The maximum value is comparable
with the spin-only value of 60.375 emu K mol™" for an § = 21/2
state. Based on the approximate Dsq point group symmetry of 2,
the exchange interactions are grouped in Mn™Mn'" (/) and
Mn"Mn"™ (J,) contacts, each mediated by two p-O sites:
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Fig. 2 Magnetic data for 2a. (a) Temperature and field-dependence of
amT (B = 0.1T) and y, (inset). Circles: experimental data; graphs: least-
squares fit (see text). The {Mn;} exchange coupling scheme (right)
illustrates the underlying 2-J model of one Mn'v center (green) sand-
wiched between two equilateral Mn'™; triangles (pink). Grey lines
represent J; black lines J>. (b) Temperature dependence of the out-of-
phase susceptibility contribution y,” (Hg. = 0). Inset: Zero-field splitting
of the ground state multiplet resulting from CONDON simulations.

Furthermore, the deviation from isotropic Brillouin-type field-
dependent magnetization curves at low temperatures (7 =
1.8-5 K; Fig. 2a, inset) indicates strong zero-field splitting of
the Mn'! centers in their JT-elongated octahedral environ-
ments (° B,,), whereas the Mn'Y center represents an isotropic
spin-3/2 site (*A,). Therefore, an accurate magnetochemical
interpretation of the {Mn™¢Mn'"} spin polytope in 2 relies on
modeling all relevant single-ion effects as well as Heisenberg-
type exchange coupling. The Hamiltonian is implemented in
the computational framework CONDON,'* which takes into
account the full d manifolds. The computational key require-
ment is the identification of a sufficiently large energy gap
relative to the maximum temperatures of the experimental
data so that higher states can be discarded without any signifi-
cant effect on the magnetic properties at lower temperatures.
Simultaneous fitting to temperature- and field-dependent suscep-
tibility data confirms the S = 21/2 ground state and results in
near-perfect fits under consideration of the single ion effects,
while the basis was adjusted to accommodate the resulting
matrices within the available memory (96 gigabytes). Refining
the ligand field parameters (B’é values, see ESIT)" and J; and J,
by a least-squares fit fully reproduces all data (SQ = 1.98%) and
yields By = —5370 em™', B = 17180 ecm™', B} = 1850 cm ™,
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J; = —1875em  and J, = 12.5cm ™. The signs of the refined
Bﬁj values agree with PCEM results and are in line with the ligand
fields found for compound 1.8 However, the two types of Mn—Mn
exchange interactions respond very differently to the removal of
acetate bridges, despite that all these distances are comparable to
those in 1. The magnitude of Mn™-Mn"™ coupling (J>) is little
changed (vs. 10.2 em™" in 1) whereas the Mn"™Mn"" coupling
(J1) is considerably weakened (vs. —31.3 cm™"), again indicating
the significant influence of acetate superexchange pathways.

Compared to the static magnetic data, frequency-dependent
ac susceptibility results (Fig. 2b) are characteristic of a SMM,
where (in a pure-spin approximation) the mg substates of the
S = 21/2 ground state multiplet are zero-field-split to result in
a parabolic energy barrier between the highest £mg (+21/2)
substates causing a slowing of the magnetization relaxation
upon a field change. For 2, the total zero-field splitting
of 15.7 ecm™! of the ground state derived from CONDON
results (Fig. 2b, inset) relates to the empirical parameter D =
—0.143 cm™!. An out-of-phase (y") component of the ac suscep-
tibility emerges below 3 K, however a fit to a (phenomenological)
Arrhenius expression in order to establish the effective energy
barrier Uy fails as no maxima in 3’ are observed within the
experimental limits. Likewise, a fitting attempt using a generalized
Debye model'® does not yield maxima in the " vs. 5’ Cole—Cole
representation even for the temperatures and angular frequencies
experimentally available.

We note that the existence of an energy barrier of the zero-
field-split ground state evident from the ac susceptibility is in
stark contrast to compound 1 in which a single {Mn"sMn'VO,-
(CH3COO)3} cubane group is directly coordinated to a {P,W,s}
group.® Here, the {Mn";Mn'VO,} substructure—a crucial
feature of numerous S = 9/2 SMMs—is characterized by an
“inverted” parabola of mg substates, leaving the mg = +1/2
substates the energetically lowest. Comparing these results to
compound 2, where the geometric parameters relevant to the
molecular magnetic anisotropy (e.g. the alignment between
the JT axes) are very similar, we tentatively attribute this
unexpected sign change in D to the pronounced dipole moment
of 1 vs. the absence of a dipole moment in 2. The underlying
electrical field caused by the [Mn"™5Mn"VO4(CH;COO):]**
group and [P,W,50s5]'*" likely influences the spin—orbit coupling
which fundamentally depends on the electrical field gradient.'” As
spin—orbit coupling in turn also influences the zero-field splitting,
the energy barrier between mg states is affected, too. Correspond-
ingly, the absence of a significant net dipole moment in 2, as well
as in all other published polyoxometalate-based SMMs, appears
to preserve the energy barrier originating from zero field-splitting.

We are grateful to Dr Gordon Miller for allowing us access
to X-ray facilities. Ames Laboratory is operated for the U.S.
Department of Energy by Iowa State University under Contract
No. DE-AC02-07CH11358.
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stirring. After stirring for 0.5 h at room temperature, the mixture was
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was then added to the filtrate. Dark red crystals of 2a (stacked plates)

were collected from the solution after 2-3 weeks of slow evaporation,
with a yield of 70 mg (12.6% based on W). See ESIt for experimental
details.
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