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This communication reports the first example of cyclic ferric
clusters with an odd number of iron atoms capped by
phosphonate ligands, namely, [Feo(u-OH);(p-O),(O;PCsHo)s-
(PY)12]- The magnetic studies support a S = 1/2 ground state
with an exchange coupling constant of about J ~ —30 K.

Cyclic iron cages are attractive not only because of their capability
to accommodate alkali-metal cations' but also because of their
unprecedented magnetic behavior.® Having been regarded initially
as ideal models for studying 1D anti-ferromagnetic materials it
subsequently became clear that their magnetism is best described
by a quantized rotation of the Néel vector and is more similar to
that of 2D and 3D materials.* Moreover, quantum phenomena
such as Néel vector tunneling were also demonstrated.” However,
all cyclic iron cages recorded so far are even-membered wheels
with 6,2 8,.2°10,>” 12% and 16” metal ions in which carboxylate
ligands are usually involved in linking the metal ions. Synthesizing
odd-membered iron rings is an interesting goal, not only from a
chemical perspective but also because the odd number of magnetic
electrons induce quantum spin-frustration effects.'® Recently, a
nonanuclear wheel consisting of one Ni(1T) and eight Cr(111) ions
has been synthesized.” Because of the even number of electrons,
the frustration situation in such a wheel is fundamentally different
from that in systems with an odd number of electrons.' In recent
years iron clusters involving phosphonate ligands have attracted
much attention. Several complexes of iron phosphonates with Fey,
Feq, Fe; and Fey4 cages have been obtained.'>'* The oxo-centered
[Fes(us-0)]™* triangle units are found in these cages and the
carboxylates appear as coligands. Herein, we report a novel
nonanuclear iron(Ill) cage complex, [Feo(u-OH),(p-O),-
(O3PC¢Ho)s(py)12]:6H,O (1:6H,0), which contains a nine iron
ring of {Fey(u-OH),(1-O),} capped by phosphonate ligands.
Treatment of [Fe;O0(O,CMe)s(H,O);]NO3 (0.262 g, 0.4 mmol)
with two equivalents of C¢HoPO3;H, (0.130 g, 0.8 mmol) in
pyridine (10 mL) gave a light brown solution from which green—
yellow block crystals were formed in good yield (46%) by diffusing
Et;,O into the filtrate.; The purity was judged by comparing
powder XRD with the crystallographic result. The Fe
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Mossbauer spectrum of 1 was recorded in zero field at room
temperature. The observed broad doublet can be best fitted to two
doublets with an area ratio of 2 : 1 with isomer shifts () and
quadrupole splitting (AEq) of 0.359, 0.579 mm s~! and 0.447,
0.578 mm s !, respectively, corresponding to two types of
high-spin ferric centers.'

Single-crystal structural analysis reveals that complex 1-6H,O§
crystallizes in the monoclinic space group C2. The asymmetric unit
contains half of [Feq(1-OH)-(1-O)-(O3;PCsHo)s(py)12]. The lattice
water molecules reside on seven crystallographic sites with partial
occupancies which are summed to “three”. There are five
crystallographically different Fe atoms in the structure. The
Fe(1) and O(5) atoms lie on a twofold axis; the other four Fe
atoms are on general positions. Two types of Fe atoms, A and B,
can be distinguished, see Fig. 1(top). In type A [Fe(2), Fe(3),
Fe(5)], the distorted octahedral sphere of each Fe atom is
completed by three phosphonate oxygens, two p-OH (or p-O)
oxygens and one pyridine nitrogen atom, forming an FeOsN
coordination environment. In type B [Fe(1), Fe(4)], the octahedral
sphere of each Fe is completed by two phosphonate oxygens, two
p-OH (or p-O) oxygens and two pyridine nitrogen atoms, forming
a coordination mode of FeO4N,. The molar ratio of type A and B
Fe atoms is 2 : 1, in agreement with the Mdssbauer result. The

Fig. 1 Top: asymmetric unit of 1 (ellipsoids at 30% probability). Bottom:
inorganic core of 1. Hydrogen atoms are omitted.
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Fe-O bond lengths are in the range of 1.950(4)-2.098(4) A. The
Fe-N bond distances are between 2.192(5) and 2.248(6) A.

Adjacent iron atoms are connected through p-OH or p-O
ligands, forming a twisted 18-member ring of {Feq(u-OH);(1-O),}.
Within this ring, the Fe-O bond lengths are in the range 1.965(5)—
2.098(4) A and the Fe-O-Fe bond angles vary between 119.8(2)
and 137.2(2)° (Fig. 1). The ring is capped by two equivalent
phosphonate groups [P(2)] through the coordination of the
phosphonate oxygen atoms [O(9), O(10A), O(11)] to the iron
atoms Fe(2), Fe(3A) and Fe(5). Three neighboring iron atoms,
e.g., Fe(1)/Fe(2)/Fe(3), Fe(2)/Fe(3)/Fe(4), and Fe(4)/Fe(5)/Fe(5A),
are each capped by one phosphonate ligand, forming a neutral
inorganic cage of [Feo(u-OH);(u-O)o(1-O5P)g]. The cage is
confined within a lipophilic shell composed of either phenyl
groups protruded from phosphorus or pyridine.

The magnetic susceptibility was measured in the 1.8-300 K
temperature range.y The y(7) curve exhibits a maximum at ca.
130 K, and a strong increase at the lowest temperatures (Fig. 2a).
The maximum and the decrease of y7 with temperature (inset of
Fig. 2b) clearly indicate significant antiferromagnetic interactions
between the metal ions within a cluster. The 7 value at 300 K
(17.6 emu K mol ') is much lower than the spin-only value of
39.37 emu K mol ! for nine non-interacting high-spin Fe(11) ions
(S = 52, g = 2.0). On cooling, yT approaches a value of ca.
0.30 emu K mol !, suggesting a S = 1/2 ground state (0.375 emu K
mol ). A S = 1/2 cluster ground state is clearly confirmed by the
magnetization curve recorded at 1.8 K (Fig. 2b).

The antiferromagnetic exchange interactions in 1 are mainly
mediated through two pathways, namely through the pu-OH or
p-O bridges within the {Feo(u-OH)/(p-O),} ring and the O-P-O
units which cap neighboring three Fe atoms. It is well known
that in comparison to oxide or hydroxide bridges three-atom
bridges such as O-P-O only support negligible exchange
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Fig. 2 (a) Magnetic susceptibility of 1:6H,O vs. temperature (open
circles). Lines represent results for the classical chain, Fe7 ring, and low-
temperature approximation discussed in the text. (b) Magnetic moment of
1-6H,O vs. field at 1.8 K (open circles). The solid line represents the
expectation for a .S = 1/2 level. The inset presents y7" vs. temperature.

interactions.'*!®!7 The u-OH or p-O pathways are thus expected
to be dominant in 1. The Fe—Fe distances across the p-OH (3.695—
3.757 A) and p-O (3.529-3.532 A) bridges are quite close and the
J value is not very sensitive to the Fe-O-Fe angle in the range of
120-180°.'%1%

The analysis of the magnetism in 1 is very challenging because of
the huge dimension of the Hilbert space (10,077,696), which
prevents an exact calculation of the magnetic susceptibility.
Qualitatively, however, the situation is as follows. For an odd
ring of half-integer spin centers, the ground state is four-fold
degenerate (or quasi-degenerate), forming a doublet of two .S = 1/2
levels.'? The reason for the S = 1/2 ground state is easily explained.
For an odd number of magnetic electrons the spin-coupling rules
allow only half-integer values of the total spin S. The
antiferromagnetic interactions select the lowest possible value of
S, hence S = 1/2 (for a ring with even number of electrons the total
spin assumes integer values and the ground state is thus S = 0).
Accordingly, the susceptibility exhibits the broad maximum typical
for antiferromagnetic wheels, but additional Curie behavior at low
temperatures corresponding to a S = 1/2 ground state. These
characteristic features of an odd half-integer-spin ring are clearly
present in 1, confirming its odd-membered cyclic structure.

In view of the structure, 1 may, in a first approximation, be
described by a spin-5/2 ring with a Cy symmetry of the next-
neighbor Heisenberg exchange interactions,

8
H=—J(Z Si~Si+1+sg-sl)
i=1

For the quantitative analysis, one has to resort to approximate
techniques for evaluating the susceptibility; three such approxima-
tions will be discussed. Their applicability and/or limitations were
inferred from investigations on nine-membered spin-3/2 and spin-
1/2 rings and seven-membered spin-5/2, spin-3/2, and spin-1/2
rings, for which the susceptibility could be calculated exactly. In a
first approach, the spin-5/2 centers are replaced by classical spins.
The susceptibility of a classical Fey ring can be calculated
analytically,'® but we found that a better approximation is given
by the well-known classical chain formula.® The result for J =
—31.0 K (g = 2.0 will be always assumed) is shown in Fig. 2a. The
classical curve approaches a finite value at zero temperature, which
is a well-known artifact of the classical approximation, and hence
is of no significance. Another approximation to the susceptibility
of a Fey ring is obtained by multiplying the susceptibility of a Fe;
ring, denoted as yg.7(7T), by a factor of 9/7 in order to correct for
the different number of spin centers. Our calculations on the
smaller rings showed that the resulting curve should be a
reasonable approximation to the exact susceptibility of a Feg ring.
The curve for J = —31.5 K is presented in Fig. 2a. Finally, the
susceptibility at low temperatures was calculated by using sparse-
matrix diagonalization techniques. The result for J = —31.5 K is
accurate to within 1% for temperatures up to 15 K, but strongly
deviates at the higher temperatures (Fig. 2a).

The comparison of the approximate results with the experi-
mental y(7) curve is clear in its conclusions. The maximum, the
Curie tail at the lowest temperatures, and the overall behavior are
well described. Only the absolute value of the susceptibility is too
low. This is attributed to the fact that in reality 1 does not exhibit a
Cy symmetry as assumed above. The structure of the cluster
permits a variation of the coupling constants along the ring. The
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Fig. 3 Theoretical y(7) curves for a nine-membered spin-3/2 ring in units
of J (see Hamiltonian H'). The results for three J'/J ratios are displayed.
The value of J has been slightly scaled in order to keep the maximum at
the same temperature.

approximate three-fold symmetry suggests that every third
coupling has the strength J, and that the Hamiltonian H' =
H— (J — J) (8,85 + S5S6 + S5°So) should be a more realistic
approach. Unfortunately, the classical chain formula and the Fe,
approximation cannot be applied here. Thus, the susceptibility of a
nine-membered spin-3/2 ring was numerically investigated. Fig. 3
presents the theoretical susceptibility for J/J = 1, 1.5, and 2,
showing that a modulation as small as a factor of two easily
produces a lowering of y(7) as is observed experimentally. We also
checked models taking into account the actual two-fold symmetry
of the cluster and exchange paths corresponding to the O-P-O
units. Within reasonable limits, no significant effects were
obtained. It is thus concluded that the exchange coupling in 1 is
about J ~ —30 K, and that a small variation in the coupling
constants consistent with the approximate three-fold symmetry is
present. Compared with the coupling constants for other Fe(IlI)
systems linked by pu-O (J ca. —100 em™ ) or p-OH (J ca
—10 cm™ ") bridges,?' the estimated J value is reasonable and is
close to those found in other ferric wheels.®

In summary, this communication reports the structure and
magnetic properties of a new nonanuclear iron(Ill) cluster
[Feo(u-OH)7(1-0)-(0O3PCsHo)s(py)1o].  The significance of the
compound is two fold. Firstly, it provides the first example of a
cyclic ferric cluster with an odd number of iron atoms. Because of
the odd number of electrons, an unprecedented situation
concerning quantum spin-frustration is realized in this wheel.
Secondly, to the best of our knowledge, it is the first example of
iron phosphonate clusters without carboxylate as coligands.
Further work is in progress to search for new iron phosphonate
clusters with new topologies and interesting magnetic properties.
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Notes and references

1 Elemental analysis caled (%) for 1-6H,O (C,0gsH;5;N2030PsFey): C,
43.36; H, 5.09; N, 5.62. Found: C, 43.75; H: 5.18; N: 5.96.

§ Crystal data for 1-6H,O: monoclinic, space group C2, a = 26.268 (1), b
18.929 (1), ¢ = 16.873(1) A, = 118.462 (1)°, V' ="7375.13) A>, Z =2, M,

2991.8, p = 1.347 g ecm ™, F(000) = 3098, finoxe = 1.018 mm ™', The data
collection was carried out on a Bruker SMART 1K CCD diffractometer
using graphite-monochromatized MoKo radiation (4 = 0.71073 A). The
structure was solved by direct methods and refined on F* by full-matrix
least squares using SHELXTL,” and converging at Rl = 0.0578, wR2 =
0.1151. CCDC 271256. For crystallographic data in CIF or other electronic
format see DOI: 10.1039/b600763¢

94| Temperature and field dependent magnetic data were recorded with a
SQUID magnetometer (Quantum Design). The susceptibility measure-
ments were done at 2000 G. A number of powder, polycrystalline, and
single-crystal samples were investigated in order to confirm that the
reported values of y(7) are not affected by typical problems, such as loss of
solvent, degradation, impurities, efc.
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