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The observation that metal clusters can show slow relaxation
of magnetization1 is intriguing both from a technological point
of view and because of the potential impact on fundamental
science. The most well-known system is based on the{Mn12}
family,1,2 but other examples are known.3-7 These discoveries have
stimulated efforts to make more single-molecule magnets (SMMs),
and to reexamine previously reported high-spin cages to check
whether they also have an energy barrier to reorientation of
magnetization.

A putative candidate is an{Fe10
III } cage of formula [Fe10Na2-

(O)6(OH)4(O2CPh)10(chp)6(H2O)2(Me2CO)2] 1 (chp ) 6-chloro-
2-pyridonato) with aS) 11 ground state.8 We have been unable
to model the susceptibility behavior using matrix-diagonalization
techniques due to the large size of the cage and its low symmetry
(C2h). Similar problems have been found for other high-nuclearity
cages in whichS ) 5/2 centers interact.9,10 Here we report the
first use of Monte Carlo methods to model susceptibility behavior
within a discrete cluster, which confirms the high-spin ground
state. Moreover, ac susceptibility measurements show that1 is a
new SMM.

For 1, the room temperature value of the productøMT is 34.35
cm3 K mol-1, which is lower than that expected for magnetically
isolated Fe(III) ions (Figure 1). However, the value oføMT
increases steadily down to 40 K, where a maximum is reached at
a øMT value of 64.7 cm3 K mol-1. Below 40 K,øMT decreases
smoothly, reaching a value of 63.9 cm3 K mol-1 at 20 K that
corresponds to the theoretical value expected for aS) 11 ground

state (Figure 2 inset a). Below this temperature an abrupt fall in
øMT is observed, which could be due to zero field splitting (ZFS)
and/or antiferromagnetic intermolecular interactions.

The high spin of the cage and the plateau in the plot oføMT
againstT led us to examine the relaxation behavior of1. Below
1 K a signal is seen in the out-of-phase susceptibility, and the
temperature at which this signal is a maximum is frequency
dependent, which is a signature for a SMM. From the frequency
dependence we can use an Arrhenius plot to derive an energy
barrier for reorientation of the magnetization for1 of 5.3 K.

In the temperature range 300-20 K, the Monte Carlo simula-
tions have been performed using the Metropolis algorithm which
generates a sampling of states following the Boltzmann distribu-
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Figure 1. Experimental (open circles) and MC simulation (line) plots
of øMT againstT for 1. Inset a: magnification of the maximum at 40 K.
Inset b: MC simulation for the 1400-2 K temperature range.

Figure 2. The core of1 showing the atom numbering and the exchange
coupling scheme. Fe-O bonds shown as full lines;J1 shown as open
lines; J2 shown as dashed full lines;J3 shown as dashed open lines.
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tion.11,12The interaction energy between magnetic centers, without
considering ZFS effects, is calculated using classical spins scaled
according to the factorSj ) (Sj‚(Sj + 1))1/2. The reliability of this
approach for discrete systems has been previously checked on
small clusters where the exact solution is available from conven-
tional modeling approaches.13 The reproducibility of the simula-
tion has been tested using different starting conditions.

The five chemically distinct Fe‚‚‚Fe exchange interaction
pathways found in1 can be grouped in two distinct structural
types, a singleµ-OX and a double-bridge (µ-OX)2, where OX
stands for OH (hydroxo), OR (chp), and OFe (µ3-O2-, oxo). The
exchange parameterJ1 was used to account for the three
interactions where the superexchange path is bridged by two atoms
(Figure 2). These are as follows: the exchanges Fe1‚‚‚Fe2,
Fe3‚‚‚Fe5 and their symmetry equivalents (se), which are bridged
by one µ3-oxide (O2 and O3A respectively) with Fe-O-Fe
angles of 100.7° ( 0.1° and oneµ3-hydroxide (O1 and O5
respectively) with Fe-O-Fe angles of 91.4° and 90.9°; the
exchanges Fe2‚‚‚Fe5A and Fe2A‚‚‚Fe5, which are bridged by one
µ3-oxide (O4 or O4A, Fe-O-Fe angle 100.6°) and aµ2-oxygen
from a chp ligand (Fe-O-Fe angle 95.7°); and the exchanges
Fe1‚‚‚Fe3 and Fe1A‚‚‚Fe3A, which are bridged by two
µ3-hydroxides (O1, O5 and se) with Fe-O-Fe angles of 97.4°
and 99.7°.

The exchange parameterJ2 accounts for coupling bridged
exclusively by a single hydroxide (Figure 2). This occurs four
times in the model, between Fe1‚‚‚Fe5, Fe2‚‚‚Fe3, and the se
interactions. The Fe-O-Fe angles are between 128.7° and 129.9°.
J3 accounts for exchange mediated by single oxide bridges and
occurs 12 times in the model, between Fe4 and six iron centers
(Fe1, Fe2, Fe5A, Fe3A, Fe2A, and Fe5) and similarly between
Fe4A and the six irons (Fe1A, Fe2A, Fe5, Fe3, Fe2A, Fe5A).
The angles at these oxide bridges are consistent, ranging from
126.8° to 130.2°. The Hamiltonian used is given in eq 1.

Preliminary simulations showed that the experimental curve
can be reproduced only forJ1 . J2, J3. Several simulations with
different R2 and R3 values have been performed,Ri being the
ratio Ji/J1.13 The existence of competitive interactions within the
cluster leads to a strong correlation between theJ2 and J3

parameters. However, in the 40-20 K range only one set ofJ2

andJ3 parameters were able to reproduce the smooth decrease of
øMT (see inset a in Figure 2). The best fit parameters areJ1 )
-44 cm-1, J2 ) -13 cm-1, andJ3 ) -10 cm-1. Despite all the
interactions being antiferromagnetic, these parameters perfectly
reproduce the increase oføMT down to 40 K. The presence of

competitive antiferromagnetic interactions inside the cluster leads
to a theoretical minimum forøMT around 560 K (see inset b of
Figure 2).

The strongest exchange in1 is mediated by two bridging groups
(J1). With an average bridging angle of 96.4°, crossed interac-
tions14 are expected to be very efficient for oxo, hydroxo, and
pyridonato bridges, i.e., a good overlap between the magnetic
orbitals on both sides of the bridge occurs. The overlap between
the magnetic orbitals varies slightly with the angle,14-16 and
consequently in1, all bridges lead to a similar overlap between
the magnetic orbitals. TheJ1 value is smaller than that observed
in bis(µ-oxo)diiron(III) complexes (-54 cm-1), despite the
observed acute Fe-O-Fe angle. This may be related to the
unusually large Fe-O(oxo) bond length in1 (1.900-1.951 Å vs
1.73-1.83 Å).17 The value is larger than that observed in bis(µ-
alkoxo)diiron(III) complexes (J varies from-15 to -25 cm-1

depending on the Fe-O-Fe angle).18

A decrease of the oxygen-pathway electronic density due to
the presence of the X group would lead to a larger Fe-O bond
length and, concomitantly, a weaker magnetic exchange interac-
tion between iron(III) ions, in agreement with the correlation
between theJ values and the Fe-O distances found by Lippard.14

For Fe(III) complexes containing the dinuclear [Fe2(µ-AcO)2(Y)]
core, where Y) µ-O, µ-OH, or µ-OFe (equivalent toµ3-O), the
Fe-O bond lengths are shorter forµ-oxo (1.78 Å)19 than for
µ-hydroxo (1.97 Å)19 or µ3-oxo (1.90 Å);20,21 and the magnetic
interactions are stronger forµ-oxo (-80 to -100 cm-1)19 than
for µ-hydroxo (-17 cm-1)19 or µ3-oxo (from-8 to-10 cm-1).20,21

Thus, for aµ3-oxo bridge (noted above asµ-OFe) the third iron
atom plays a role similar to that of the hydrogen atom in the
µ-OH bridge. For1, as in these previous examples, the interaction
mediated by the singleµ3-oxo bridge (J3) -10 cm-1) is of the
same order of magnitude as that through the monohydroxo bridge
µ3-OH (J2 ) -13 cm-1). It is not obvious why the value for single
µ3-oxo bridges should fall in this range.

In summary, our results open up the possibility of using Monte
Carlo methodology to model the magnetic behavior of other high-
nuclearity iron clusters with low-symmetry topologies.22 1 is the
third iron-containing SMM reported. The first example,3 an{Fe8}
cage, has aS) 10 ground state and a reorientation barrier of 28
K. The height of this barrier is given byDS2 (whereD is the
axial zero-field splitting parameter andS is the spin of the ground
state), and therefore the higher barrier for{Fe8} must be related
to a largerD value.
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H ) -J1[S1‚S2 + S2‚S5A + S5A‚S3A + S3A‚S1A +
S1A‚S2A + S2A‚S5 + S5‚S3 + S3‚S1]

- J2[S1‚S5 + S2‚S3 + S1A‚S5A + S2A‚S3A]

- J3[S4{S1 + S2+ S3A + S2A + S5A + S5} +
S4A{S1A + S2+ S3 + S2A + S5A + S5}] (1)
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