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Two decanuclear cyclic Cr(III) complexes have been syn-
thesised in high yield by solvothermal techniques: magnetic
susceptibility studies reveal ferromagnetic Cr…Cr exchange
in one, and antiferromagnetic Cr…Cr exchange in the
other.

The synthesis and magnetic characterisation of molecules with
large numbers of unpaired electrons have attracted intense study
since the discovery that molecular aggregates stabilising high
ground spin states can display the phenomenon of single-
molecule magnetism.1 Cyclic complexes are of particular
interest as models of infinite one-dimensional chain compounds
and in the study of quantum-size effects,2,3 and are known for
several first row d-transition ions.4 Among these, Fe(III) rings
have received most attention5 and can generally be made under
ambient conditions. By contrast, few cyclic chromium com-
plexes have been reported,6 and require much harsher synthetic
conditions owing to the kinetic inertness of Cr(III).7

Solvothermal techniques allow high reaction temperatures in
low boiling solvents, whilst maintaining the advantages of
solution chemistry (e.g. crystallisation of products). However,
there are few reports of solvothermal syntheses of molecular
clusters.8 We report here the solvothermal synthesis of [Cr10(m-
O2CMe)10(m-OR)20] (R = Me 1, Et 2) in high yield. These are
the highest nuclearity cyclic clusters yet reported for Cr(III), and
1 displays the rarely observed phenomenon of ferromagnetic
Cr(III)···Cr(III) exchange.

Heating trinuclear basic chromium acetate, [Cr3(m3-O)(m-
O2CMe)6(H2O)3]Cl·6H2O (100 mg), in MeOH or EtOH (10 ml)
in a Teflon-lined autoclave at 200 °C for 1 d followed by slow
(0.1 °C min21) cooling to room temperature over ca. 2 d yields
large, dark-green crystals of 1 or 2, respectively (60–70%).
Single-crystal X-ray diffraction analyses9 reveal cyclic decanu-
clear structures (Fig. 1), similar to the ‘molecular ferric wheels’
reported by the groups of Lippard5a and Winpenny.5b The Cr10
rings are close to planar, with each pair of neighbouring Cr(III)
ions bridged by one m-acetate and two m-alkoxide groups. In
both compounds the rings are closely aligned perpendicular to
the crystal {1 0 21} plane. In 1, the Cr10 rings in any given layer
adopt a staggered configuration relative to those in adjacent
layers (Fig. 2), while in 2 they are more closely ‘eclipsed’.

The magnetic behaviour of 2 is relatively straightforward: cT
vs. T decreases slowly from 300 to 120 K and then more quickly
to 2 K (Fig. 3). This is indicative of weak, intra-ring
antiferromagnetic exchange between Cr(III) ions. The best
simulation10 is obtained with J = +0.9 cm21 (Fig. 3).
Introduction of inter-cluster or zero-field splitting (ZFS) effects
do not improve the simulation. Corroboration of this number
comes from fitting 1/c vs. T (linear to low temperature, data not
shown) to the Curie–Weiss law, giving a Curie constant of C =

18.8 cm3 mol21 K and a small Weiss constant of Q = 23.4 K.
The Cr···Cr exchange can then be calculated from Q,6b giving J
= +0.94 cm21.

The magnetic behaviour of 1 is more complicated. cT vs. T
increases from 18.3 to 20.0 cm3 mol21 K between 300 and 22
K, indicating the presence of ferromagnetic interactions, before
decreasing down to 2 K (Fig. 4). The high-temperature data
(above 50 K) can be fitted to the Curie–Weiss law with C =
18.2 cm3 mol21 K and Q = +4.1 K. The decrease of cT below
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Fig. 1 Molecular structure (50% thermal ellipsoids) of [Cr10(O2C-
Me)10(OMe)20] 1. Bond length ranges: Cr–O(Me) 1.935(7)–1.985(8) Å,
Cr–O(acetate) 1.969(8)–2.005(7) Å. Cr···Cr distances: 2.985(3)–2.994(3)
Å. Bond angle ranges: Cr–O(Me)–Cr 98.0(3)–100.3(4)°. The analogous
ranges for 2 are: Cr–O(Et) 1.951(6)–1.980(6) Å, Cr–O(acetate)
1.981(7)–1.998(7) Å, Cr···Cr 2.992(2)–2.997(2) Å, Cr–O(Et)-Cr
98.5(3)–100.1(3)°.

Fig. 2 Packing diagram of 1 viewed down the crystallographic b axis. All
Me groups have been omitted for clarity.
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20 K is indicative of an antiferromagnetic contribution to cT.
The cT vs. T curve can be modelled with a ferromagnetic intra-
molecular exchange between neighbouring Cr(III) ions of J =
24.5 cm21 and a weak antiferromagnetic inter-molecular
exchange of Jinter = +0.26 cm21 (see Fig. 4). It is worth noting
that it is the ferromagnetic nature of the intra-ring coupling in 2
that allows detection of an antiferromagnetic inter-ring inter-
action at temperatures below 20 K: a similar inter-ring coupling
in 1 would be barely detectable. The ferromagnetic interaction
is predominant as evidenced by the initial increase in cT down
to 20 K. The decrease of cT below 20 K could not be modelled
by inclusion of ZFS effects, or by having ferromagnetic
exchange in one of the two independent molecules of 1 and
antiferromagnetic exchange in the other.

The magnetic behaviour of 2 (antiferromagnetic intra-ring
exchange, resulting in a non-magnetic S = 0 ground state) is
common for cyclic complexes. However, J = +0.9 cm21 is very
weak compared to other cyclic Cr(III) complexes (typically +6
to +10 cm21).6 The ferromagnetic interactions observed in 1 are
highly unusual: there are very few previous examples of
ferromagnetic Cr(III)···Cr(III) exchange in molecular systems11

and, furthermore, only two previous examples of ferromagnet-
ically coupled cyclic complexes of any metal ion.12

The so-called GHP model13 correlates the exchange constant
in ‘planar’ {Cr2(m-OR)2} dimers with (i) Cr–O(R)–Cr bridging
angle (f), (ii) Cr–O(R) bond length (r) and (iii) dihedral angle
between the bridging plane and the O–R vector (q). Our systems
are complicated by the non-planarity of the {Cr2(m-OR)2}
bridges imposed by the m-O2CMe groups: these bridges are also
likely involved in the exchange pathways. However, we note
that both 1 and 2 have an average f ≈ 99° and in the GHP model
are in the ‘crossover’ region between (weak) antiferromagnetic
and ferromagnetic coupling regimes. This is consistent with the
observed small values of |J| ≈ 0.9–5 cm21. Furthermore, the
smaller average q values observed in 2 than in 1 are consistent
with the more antiferromagnetic exchange in the former: this
effect has been observed previously in ethoxide vs. methoxide

bridged Cr(III) dimers.14 Thus, we attribute the differing
magnetic behaviour of 1 and 2 to a combination of the above
effects.
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