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Since the beginning of the 1990s, the elaboration of discrete
species containing a large number of interacting magnetic centers
has been boosted by the discovery of single-molecule magnets.1

A rational approach to the preparation of such discrete species
that possess a large-spin ground state consists of organizing around
a central complex (complex-ligand) a first shell of paramagnetic
centers. If the peripheral paramagnetic centers are metallic ions
that play the role of Lewis acids toward the central unit, they
must be capped by an organic ligand in order to prevent
polymerization. The number of metallic centers in the first shell
is determined by the “connectivity” of the complex-ligand. Kahn
and Gatteschi were the first to prepare high-spin molecules (S)
9/2) using oxalate- and oxamidate-based complex-ligands of
connectivity 2 and 3.2 We have extended this approach using
hexacyanochromate(III) as a complex-ligand (connectivity 6) and
prepared the two heptanuclear complexes [Cr(CNNi(tetren))6]9+

and [Cr(CNMn(trispeecmen))6]9+ that possess larger spin ground
statesS ) 15/2 and27/2, respectively.3 Using the same approach,
Spiccia et al. reported very recently the structure of a compound
containing the heptanuclear cationic [Cr(CNMn(dmptacn))6]9+

species and the mononuclear Cr(CN)6
3- as a countercation.4 In a

different project, a one-pot approach allowed the preparation of
octacyanometalate-based high-spin molecules (MV(CN)8)9-
(MnII(ROH)3)6 (M ) W, R ) CH3,5 and M ) Mo, R ) C2H5

6)
that possess fully capped cubane structures and the highest spin
states reported to date,S ) 39/2 and 51/2, for tungsten and
molybdenum, respectively.

The oldest and one of the most fascinating coordination
compounds is Prussian blue. Prussian blue is a mixed-valence
cyanide-bridged cubic network containing low-spin FeII (S ) 0)
surrounded by carbon and high-spin FeIII (S ) 5/2) linked to the
nitrogen atoms of the cyanide bridge.7 It orders ferromagnetically
belowTC ) 5.6 K.8 We have used our rational approach to prepare
a discrete species that has the same local structure and electronic

properties as Prussian blue. In a first report we have shown that
the reaction of FeIII (salmeten)Cl with K4[Fe(CN)6] leads to the
formation of the heptanuclear compound [FeII(CNFeIII -
(salmeten))6]Cl2‚6H2O. The complex possesses an intervalence
band, and the magnetic properties revealed a ferromagnetic inter-
action between the high-spin FeIII as in the parent Prussian blue.9

We report here the crystal structure and the very low magnetic
behavior of a similar compound containing the same heptanuclear
complex, i.e., [FeII(CNFeIII (salmeten))6]Cl2‚17.25CH3OH (for
Fe(salmeten) see Figure 1, right).

Blue plates are obtained within 2 months when an aerobic
solution of K4[Fe(CN)6] in a 1/10 H2O/CH3OH mixture is left to
diffuse in an H-tube into a methanolic solution of Fe(salmeten)-
Cl. X-ray diffraction studies10 reveal the presence of a hepta-
nuclear dication complex FeFe6

2+ and the Cl- anion. The
heptanuclear species has an inversion center (Figure 1). The
Fe(1)-C distances are in the range 1.881(4)-1.892(4) Å, the
Fe(1)-C-N angles found to be in the range 178.4(3)-179.3(3)°
deviate only slightly from linearity, and the C(cyanide)-
N(cyanide) bond distances range between 1.154(4) and 1.147(4)
Å. These are the structural characteristics one may expect for a
ferrocyanide unit.11,12 The geometry around the peripheral FeIII

ions is distorted due the nature of the salmeten pentadentate ligand.
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Figure 1. Left: View of the heptanuclear complex FeFe6
2+; only the

nearest neighbors of the metal ions are shown for clarity. Right: View of
the mononuclear unit Fe(salmeten)NC showing the conformation of the
ligand.
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The distances between the six FeIII atoms and their surrounding
atoms are almost the same within the heptanuclear complex. The
FeIII-O(phenolate) distances range from 1.919(3) to 1.959(3) Å.
The distances between FeIII and the imine nitrogen atoms are in
the range 2.092(4)-2.112(4) Å. They are shorter than those with
the tertiary amine of salmeten which range from 2.279(4) to
2.308(4) Å. The shortest bond distances around FeIII are those
corresponding to the cyanide nitrogen atoms (2.027(4)-2.049(4)
Å). They are in the same range as the FeIII-N distances found in
Prussian blue (2.01-2.04 Å).7 It is worth noting that the
conformation adopted by salmeten around FeIII leads to chiral
Fe(salmeten)NC moieties (Figure 1, right). But because of the
presence of an inversion center on the central FeII, the two
enantiomers coexist in the coordination sphere of the heptanuclear
complex. The distance between two FeIII ions in trans of the
central FeII is around 10.2 Å. The largest distance between two
atoms within the complex is more than 2 nm.

The heptanuclear species may be considered from the structural
point of view as a model for the oldest coordination compound
Prussian blue. We have already shown that from the electronic
point of view it is also the case because of the presence of an
intervalence band and especially because the interaction between
the six high-spinS ) 5/2 FeIII is ferromagnetic.9 The expected
spin ground state for the isolated cluster should then be equal to
15. However, atT ) 2 K, theøMT curve has a maximum with a
value equal to 35 cm3 mol-1 K, which means that either many
low-lying spin states are still populated at this temperature (due
to an extremely weak FeIII -FeIII ferromagnetic interaction for
instance) or an intermolecular antiferromagnetic interaction is
operative within the compound. Magnetization versus field and
ac susceptibility measurements were thus carried out below 2 K.

Ac susceptibility measurements were performed in the 1.5-
0.1 K temperature range at different frequencies (0.12, 1.24, and
12.37 Hz) of the oscillating field in zero dc magnetic field. The
absence of out of phase susceptibility (ø′′) response and the fact
that the real susceptibilities (ø′) have no frequency dependence
together with the shape of theø′ ) f(T) and 1/ø′ ) f(T)13 curves
are in line with the occurrence of an antiferromagnetic order at
TN ) 220 mK (Figure 2). This is confirmed when examining the
M ) f(H) curve in the low-field region performed atT ) 90 mK
(below the ordering temperature) which presents a sigmoidal shape
(Figure 3) characteristic of a metamagnetic behavior.14 The critical
field HC (taken at the inflection point of theM ) f(H) plot)
corresponding to the transition from the antiferromagnetic phase
to the induced ferromagnetic phase (atT ) 90 mK) is equal to
300 Oe.14 The sigmoidal shape of the curve vanishes atT ) 230
mK (above the ordering temperature) as expected for a meta-
magnet.14 A saturation value of 30µB is reached at high field
(not shown here), confirming the presence of sixS) 5/2 magnetic
centers as expected. The magnetic energy responsible for the
antiferromagnetic coupling, given bygâHC, is equal to 0.03 cm-1

(assumingg ) 2). The mean field approach allows one to estimate
the extent of the antiferromagnetic interaction between the
heptanuclear species by equating the magnetic energygâHC with
z|J|SwhereS is the spin of the interacting entities,z the number
of one entity’s nearest neighbors, andJ the exchange coupling

interaction between the polynuclear species.z may be taken to
be equal to 8 since each heptanuclear species is surrounded by
eight other species with shortest intermolecular distances (taken
between peripheral FeIII complexes) of 7.37 and 11.87 Å (Figure
4). If we assumeS ) 15, the|J| value can be estimated to be
equal to 2.5× 10-4 cm-1.

We have shown here that the absence of the observation of
the S ) 15 spin ground state expected from the intramolecular
ferromagnetic exchange coupling is due to the presence of
intermolecular antiferromagnetic interaction between the hepta-
nuclear species. This antiferromagnetic interaction precludes the
observation of the magnetic properties inherent to one molecule
like the blocking of the magnetization for instance. To wipe out
the intermolecular interactions between the molecular species,
solid dilution of the FeFe62+ species with diamagnetic FeIIGaIII

6
2+

is currently in progress in our laboratory.
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Figure 2. Thermal dependence of the real susceptibility (4) and its
inverse (O) at f ) 12.34 Hz in zero applied dc field.

Figure 3. Magnetization vs field plot atT ) 90 (∆) and 230 mK (O).

Figure 4. Shortest FeIII-FeIII distances belonging to different complexes;
the large gray dots are FeII ions, and the small black ones are FeIII . Only
the metal ions are depicted for clarity.
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