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Introduction

The magnetic properties of cyclic, polymetallic complexes of
paramagnetic transition-metal ions have attracted great in-
terest. Antiferromagnetically coupled examples are relative-
ly common,[1] and examples are known with nuclearities up
to 24.[2] Such molecules are finite models for 1D antiferro-

magnetic materials,[3] and heterometallic examples[4] have
been proposed as good candidates for observing quantum
coherence phenomena,[5a] and even as qubits in quantum
computing.[5b] However, ferromagnetically coupled cyclic
clusters are much rarer. To the best of our knowledge only
four have been reported to date, the CuII

6 and MnIII
6 wheels

of Gatteschi and co-workers,[6] and Winpenny.s isostructural

Abstract: The synthesis and crystal
structures of a family of decametallic
CrIII “molecular wheels” are reported,
namely [Cr10(OR)20(O2CR’)10] [R’=
Me, R=Me (1), Et (2); R’=Et, R=

Me (3), Et (4); R’=CMe3, R=Me (5),
Et (6)]. Magnetic studies on 1–6 reveal
a remarkable dependence of the mag-
netic behaviour on the nature of R. In
each pair of complexes with a common
carboxylate (R’) the nearest neighbour
Cr···Cr magnetic exchange coupling is
more antiferromagnetic for the ethox-
ide-bridged (R=Et) cluster than for
the methoxide analogue. In complexes

2, 4 and 6 the overall coupling is
weakly antiferromagnetic resulting in
diamagnetic (S=0) ground states for
the cluster, whilst in 1 and 5 it is
weakly ferromagnetic thus resulting in
very high-spin ground states. This
ground state has been probed directly
in the perdeuterated version of 1
([D]1) by inelastic neutron scattering

experiments, and these support the S=
15 ground state expected for ferromag-
netic coupling of ten CrIII ions, and
they also indicate that a single J-value
model is inadequate. The ground state
of 5 is large but not well defined. The
trends in J on changing R are further
supported by density functional calcu-
lations on 1–6, which are in excellent
agreement with experiment. The very
large changes in the nature of the
ground state between 1 and 2, and 5
and 6 are the result of relatively small
changes in J that happen to cross J=0,
hence changing the sign of J.
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NiII12 and CoII
12 pair.

[7] Such ferromagnetic coupling leads to
a high-spin ground state and the possibility of being a
“single molecule magnet” (SMM), in which individual mole-
cules display a memory effect.[8] Indeed the S=12 ground
state Ni12 wheel has been shown to be a SMM.[9]

We recently reported the synthesis (by a solvothermal
route) of two decametallic CrIII wheels [Cr10(OR)20-
(O2CMe)10], in which R=Me (1) or Et (2) (with structures
analogous to that in Figure 1).[10] These are the highest nu-

clearity cyclic CrIII clusters reported to date (the highest nu-
clearity CrIII cluster reported of any structural type is 12),[11]

and are analogues of the famous “ferric wheel” [Fe10-
(OMe)20(O2CCH2Cl)10] first prepared by Lippard and co-
workers.[12] (The direct analogue of 1, [Fe10(OMe)20-
(O2CMe)10], was reported later by Winpenny and co-work-
ers.[13]) More recently we have also prepared the vanadi-
um(iii) analogues.[14] Preliminary magnetic susceptibility
studies on 1 and 2 indicated that the magnetic coupling be-
tween neighbouring CrIII ions in 2 was antiferromagnetic, as
is the case for all other cyclic CrIII complexes reported to
date (Cr3–8),

[15] albeit the exchange H=��JijŜiŜj, J=�0.9 cm�1

assuming a single unique J value; throughout this paper a
negative J value implies an antiferromagnetic interaction) is
much weaker in comparison. This of course leads to an S=0
ground state, since there is an even number of paramagnetic
ions in the ring. Remarkably, cT (c=molar magnetic sus-
ceptibility, T= temperature) increased with decreasing tem-
perature for the methoxide analogue 1 showing that it is fer-
romagnetically coupled (see data in Figure 3, later). Un-
fortunately, analysis of the magnetic data was hampered by
the presence of a significant antiferromagnetic intermolecu-
lar exchange that caused cT to collapse at low temperatures.
Modelling of the cT versus T data of 2 gave an intramolecu-
lar exchange J=++4.5 cm�1, with Jinter=�0.26 cm�1.[10] If this
model is correct then the ground-state spin of 1 must be S=
15, which would be among the highest known for any mole-
cule.[16] Hence, it appears that a trivial change in the chemis-
try (ethoxide vs methoxide bridge) leads to a small change
in the magnitude of J (J changes by 5.4 cm�1); however, be-

cause the sign of J changes there is a monumental change in
the nature of the ground state: S=0 to S=15.

To probe this further we set out to prepare further exam-
ples of this family of complexes in the hope of developing a
magnetostructural correlation. As a further goal we wished
to prepare analogues of 1 and 2 in which the molecules
could be magnetically isolated to a greater extent to reduce
any possible intermolecular exchange or dipolar interac-
tions. This entails incorporating bulkier carboxylate and/or
alkoxide groups into the molecules with the aim of spacing
them further apart in the crystal lattice. We now report the
synthesis of bulkier analogues of 1 and 2, namely
[Cr10(OR)20(O2CEt)10] [R=Me (3), Et (4)] and [Cr10(OR)20-
(O2CCMe3)10] [R=Me (5), Et (6)], and their structural and
magnetic characterisation, including the second example of
a ferromagnetically coupled Cr10 wheel (compound 5). The
experimental observation of ferromagnetic coupling in rings
1 and 5, is supported by density functional theory (DFT)
calculations on 1–6, and confirmed by the direct measure-
ment of J in the fully deuterated analogue of compound 1
([D]1) by inelastic neutron scattering (INS).

Results and Discussion

Synthesis : As part of a programme investigating the use of
solvothermal synthetic techniques towards large paramag-
netic clusters,[17] we previously described the synthesis of the
decametallic CrIII complexes [Cr10(OR)20(O2CMe)10] by su-
perheating alcohol [ROH; R=Me (1), Et (2)] solutions of
the trinuclear basic chromium acetate [Cr3O(O2CMe)6-
(H2O)3]Cl at 200 8C.[10] Analogous reactions with [Cr3O-
(O2CEt)6(H2O)3]NO3 give the propionate analogues
[Cr10(OR)20(O2CEt)10] [R=Me (3), Et (4)] in excellent
yields with the products crystallising directly from the reac-
tion mixtures. However, similar treatments of the pivalate
complex [Cr3O(O2CCMe3)6(H2O)3]NO3 fail to crystallise
any products on cooling the reaction mixtures, possibly be-
cause the reaction intermediates and products are too solu-
ble in ROH. However, in a (failed) attempt to synthesise an
alkoxide-bridged octametallic wheel by reaction of [Cr8F8-
(O2CCMe3)16]

[18] in superheated MeOH, the decametallic
pivalate wheel [Cr10(OMe)20(O2CCMe3)10] (5) crystallised in
good yield. We originally used a solution of [Cr8F8-
(O2CCMe3)16] in a toluene/MeOH mixture, as the starting
material is not soluble in MeOH but it is in toluene. Howev-
er, we then discovered that simply heating a mixture of the
starting material and MeOH at 200 8C also gave pure crys-
talline product 5 in improved yield. This highlights one of
the advantages of solvothermal techniques in the synthesis
of clusters—the changed solubilising properties of the sol-
vent under superheated conditions allows this reaction to
take place. A similar reaction of a mixture of [Cr8F8-
(O2CCMe3)16] and EtOH gives [Cr10(OEt)20(O2CCMe3)10]
(6).

In contrast to the insoluble complexes 1 and 2,[10] com-
plexes 3–6 are very soluble in a variety of organic solvents,

Figure 1. Molecular structure of [Cr10(OMe)20(O2CEt)10] (3), viewed per-
pendicular to the best plane of the Cr10 ring. Scheme: Cr (cross hatched),
O (open circles), C (skeleton only), H omitted for clarity.

www.chemeurj.org Q 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 1385 – 13961386

www.chemeurj.org


and their integrity in solution is confirmed by the presence
of the molecular ion in electrospray mass spectrometry.

Compound [D]1 was prepared by reaction of [Cr3O-
(O2CD3)6(H2O)3](O2CCD3) in CD3OD at 200 8C. We found
that this route gave higher yields than using a directly analo-
gous reaction to that reported previously for 1. Note that we
only had to use two deuterated reagents in the preparation
of [D]1 (CD3CO2D and CD3OD)—the excess of both of
which can be recovered and recycled in order to make the
approximate 4 g quantity necessary for INS studies at rea-
sonable cost.

X-ray crystal structures : Unit-cell details for 3–6 are in
Table 1. The molecular structures of 3–6 are closely related
to the reported structures of 1 and 2,[10] all consisting of a

cyclic, decametallic array of CrIII ions, in which each pair of
CrIII ions is bridged by a m2-carboxylate and two m2-alkoxides
(Figure 1). In each case the Cr10 ring is near planar (mean
square deviations from best planes in Table 3, below). The
carboxylate groups alternate between lying above the Cr10
plane and below it, but are all oriented away from the
centre of the ring. The two alkoxides between each neigh-
bouring pair of CrIII ions point towards and away from the
ring, respectively, with one lying above and the other lying
below the Cr10 plane; this pattern alternates around the ring.
Although, the diameter of the Cr10 ring is about 9.7 U in
each case, the alkoxide bridges leave little room for any
“guest” and the cavities are empty. There is no solvent in-
corporated in any of the structures.

Compounds 3 and 5 crystallise in P1̄ and the molecules lie
on an inversion centre, hence there are only five indepen-

dent CrIII ions in each structure. Compound 4 crystallises in
P21/n and the molecules lie on a twofold axis: again there
are only five independent CrIII ions per molecule. Com-
pound 6 crystallises in C2/m and the molecules lie on a 2m
site with C2h point symmetry; there are only three indepen-
dent CrIII ions per molecule. Values for the Cr-O(R)-Cr
angles and Cr�Cr separations for 1–6 are in Table 2; the
ranges and averages of the important structural parameters
for each of 1 to 6 are in Table 3. The Cr···O bond lengths
are unremarkable. The Cr-O(R)-Cr interbond angles in 1 to
6 lie between 98 and 1008, with the exception of 3, which
has a range of 95–1028, although the ranges for each individ-
ual compound are 1.3–2.58 (7.28 for 3). There is no signifi-
cant difference between the average angles for the OR
groups that point towards and away from the centre of the

rings. The smallest average Cr-O(R)-Cr angle is found for
cluster 5 at 98.6�0.68, while the largest is found for 4 at
99.6�1.38. The spread of these values makes meaningful
comparison of the average structural parameters difficult.
There is a significant variation in the Cr···Cr distances in
compounds 1 to 6 ; the largest average separation is found
for 4 (3.028�0.008 U), while the shortest is found for 6
(2.956�0.006 U). The spread of the Cr···Cr distances within
a given complex is 0.005–0.016 U.

The molecules pack in a columnar fashion. For complexes
1, 4, 5, and 6 the Cr10 rings are significantly tilted with re-
spect to the stacking direction, whilst in complexes 2 and 3
they are nearer perpendicular (e.g., Figure 2); the stacking
directions are parallel to the shortest unit-cell axis (a in 1–5,
c in 6). The shortest intermolecular distances (measured
from the centroids of the Cr10 rings) are along these colum-

Table 1. X-ray data for 3–6.

3 4 5 6

chemical formula Cr10C50H110O40 Cr10C70H150O40 Cr10C70H150O40 Cr10C90H190O40

Mr 1871.38 2151.90 2151.90 2432.42
crystal dimensions [mm�1] 0.45W0.08W0.05 0.3W0.25W0.08 0.30W0.30W0.20 0.60W0.60W0.40
crystal system triclinic monoclinic triclinic monoclinic
space group P̄1 (no. 2) P21/n (no. 14) P̄1 (no. 2) C2m
a [U] 7.739(10) 9.46(2) 9.867(2) 19.247(14)
b [U] 17.75(3) 16.87(1) 16.990(2) 32.51(2)
c [U] 17.71(3) 30.88(5) 17.898(2) 9.347(7)
a [8] 110.22(7) 90 115.098(2) 90
b[8] 102.39(7) 93.07(9) 99.908(2) 103.438(13)
g[8] 102.48(8) 90 97.185(2) 90
V [U] 2115(6) 4920(11) 2609.8(7) 5704(7)
Z 1 2 1 2
1calcd [Mgm�3] 1.469 1.453 1.367 1.416
T [K] 293 293 100 100
2qmax [8] 50.04 50.08 52.84 52.56
data collected 33777 76138 14993 12879
(unique) (6526) (7749) (10396) (5134)
data used [I>2s(I)] 4989 4959 7679 3520
parameters 451 384 646 315
R (F) 0.1329 0.0878 0.0642 0.0772
wR2 0.3846 0.2897 0.1725 0.2038
D1min [eU

�3] �0.641 �0.642
D1max [eU

�3] 0.815 0.841
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nar directions. The change between acetate (complexes 1
and 2) and propionate (complexes 3 and 4) does not signifi-
cantly alter this separation; the two ethoxide complexes 2
and 4 both stack approximately 9.45 U apart, whilst the
methoxide complexes 1 and 3 pack closer at 8.83 and
7.74 U, respectively. In these four complexes the nature of
the alkoxide seems more important in determining this dis-
tance than the carboxylates; the steric bulk above and
below the plane of the molecules, which determines the clos-
est intermolecular separations, is due primarily to the alkox-
ides (e.g., see Figure 2). Although the intermolecular sepa-
ration in the much bulkier pivalate methoxide complex 5
(9.87 U) is significantly greater than for the other methoxide
complexes 1 and 3 that in the pivalate ethoxide 6 (9.37 U) is
counter-intuitively smaller than that in the other ethoxide
complexes 2 and 4.

Magnetic studies : The magnetic susceptibility as a function
of temperature was measured for complexes 3–6 ; the data
are shown as a cT versus T plot in Figure 3, together with
the data of 1 for comparison.

Table 2. Cr-O(R)-Cr angles [o] and Cr···Cr distances [U] for 1–6.

1[a] 2[a] 3 4 5 6[c]

Cr1-O-Cr2 99.4(3), 99.9(3) 99.2(3), 99.6(3) 100.9(6), 101.9(6) 99.9(2), 100.2(2) 98.3(1), 98.9(2) 99.3(2), 98.6(2)
Cr6-O-Cr7[b] 99.1(3), 98.8(3)
Cr2-O-Cr3 98.5(3), 98.8(3) 99.1(3), 98.5(3) 97.4(6), 95.2(5) 100.3(2), 99.9(2) 98.0(2), 99.3(2) 99.9(2), 98.3(2)
Cr7-O-Cr8[b] 99.5(3), 99.4(3)
Cr3-O-Cr4 99.4(3), 98.0(3) 99.3(3), 100.1(3) 98.3(4), 98.7(4) 99.2(2), 99.5(2) 98.3(2), 99.1(2)
Cr8-O-Cr9[b] 99.9(3), 99.3(4)
Cr4-O-Cr5 99.3(3), 100.3(4) 99.5(3), 99.4(3) 99.8(5), 102.4(6) 99.2(2), 97.7(2) 98.7(2), 98.5(1)
Cr9-O-Cr10[b] 99.3(3), 100.1(4)
Cr5-O-Cr1b 98.9(3), 98.8(3) 98.9(3), 98.8(3) 95.9(5), 98.0(6) 99.1(2), 100.2(2) 98.1(2), 99.0(2)
Cr10-O-Cr6b[b] 98.9(3), 98.4(3)

Cr1···Cr2 2.989(3) 2.997(2) 3.009(5) 3.027(2) 2.967(1) 2.950(2)
Cr6···Cr7[b] 2.994(3)
Cr2···Cr3 2.991(3) 2.992(2) 3.008(5) 3.031(1) 2.966(1) 2.962(2)
Cr7···Cr8[b] 2.989(3)
Cr3···Cr4 2.984(3) 2.996(2) 2.993(4) 3.034(1) 2.966(1)
Cr8···Cr9[b] 2.989(3)
Cr4···Cr5 2.989(3) 2.994(2) 2.996(5) 3.028(1) 2.969(1)
Cr9···Cr10[b] 2.990(3)
Cr5···Cr1b 2.988(3) 2.997(2) 3.000(5) 3.018(2) 2.961(1)
Cr10···Cr6b[b] 2.989(3)

[a] Reference [10]. [b] Compound 1 has two half molecules per asymmetric unit, Cr1–5 and Cr6–7, respectively. Compounds 2–5 have one half molecule
per asymmetric unit (Cr1–Cr5); [c] Compound 6 has only three unique CrIII ions (Cr1–Cr3).

Table 3. Structural parameter ranges and averages for 1–6.

1 2 3 4 5 6

Cr···Cr [U] 2.985(3)–2.994(3) 2.992(2)–2.997(2) 2.993(4)–3.009(5) 3.018(2)–3.034(1) 2.961(1)–2.967(1) 2.950(2)–2.962(2)
average [U] 2.989�0.005 2.995�0.003 3.001�0.008 3.028�0.008 2.966�0.003 2.956�0.006
Cr-O(R)-Cr [8] 98.0(3)-100.3(4) 98.5(3)-100.1(3) 95.2(5)-102.4(6) 97.7(2)-100.3(2) 98.02(15)-99.28(15) 98.3(2)-99.9(2)
average [8] 99.2�0.1 99.2�0.8 98.9�3.6 99.6�1.3 98.6�0.6 99.0�0.9
Cr�O(R) [U] 1.935(7)–1.985(8) 1.951(6)–1.980(6) 1.893(13)–2.059(11) 1.956(5)–2.024(5) 1.945(3)–1.967(3) 1.927(4)–1.963(5)
Cr�O(carboxylate) [U] 1.969(8)–2.005(7) 1.981(7)–1.998(7) 1.949(16)–2.055(13) 1.987(5)–2.025(5) 1.973(4)–1.987(3) 1.962(5)–1.982(4)
Cr10···Cr10 [U] 8.83 9.45 7.74 9.46 9.87 9.37
mean deviation from 0.0151, 0.0194 0.0116 0.0102 0.0078 0.0078 0.0203
best Cr10 plane [U]

Figure 2. Packing of the molecules in [Cr10(OMe)20(O2CEt)10] (3) viewed
perpendicular to the crystallographic a axis. Scheme as in Figure 1, but
with H atoms shown as small white spheres.
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Method for determination of the J values : To calculate
quantitatively the susceptibility for ten interacting S=3/2
ions we must diagonalise the Heisenberg spin–Hamiltonian
matrix (H=��JijŜiŜj) for the 116304 spin states of the clus-
ter. Even after grouping states with the same total spin the
largest matrix still has dimensions of 19425W19425, which is
beyond our present computational capabilities. Therefore, in
order to determine J we performed calculations on a ficti-
tious eight-membered ring, and fitted the experimental data
rescaled by a factor of 0.8. This is completely justified at
high temperatures, since the exchange interactions are rela-
tively small, as shown by the fact that the observed suscepti-
bility values are close to those expected for ten noninteract-
ing ions. In the case of predominantly antiferromagnetic in-
teractions, the spin ground state is zero and the cT product
tends towards zero for both ten- and eight-membered rings;
the scaling procedure is expected to be a reasonable approx-
imation. In contrast, the scaling is less valid in the ferromag-
netic case, since the low-temperature limiting value of the
cT value for eight ferromagnetically coupled S=3/2 ions
(76.5 cm3Kmol�1) is less than that for ten ferromagnetically
coupled ions rescaled by 0.8 (94.1 cm3Kmol�1). For this

reason, the fits were not performed down to the lowest tem-
peratures in all cases.

Although, the twofold symmetry of 1–5 implies that there
are strictly five unique nearest neighbour J values (two
unique values in the higher symmetry complex 6), we have
restricted ourselves to a single J model to avoid over-param-
eterisation. Furthermore, in some cases we have tested the
effect of the inclusion of more than one unique J value and
there is no significant improvement in the quality of the fits
to the experimental cT versus T data (see below); therefore,
there is no justification for the use of these more complicat-
ed models when fitting cT.

The sign and magnitude of J can also be estimated from
Weiss constants (V) extracted from Curie–Weiss plots (c�1

vs T). The Weiss constants for 1 and 5 are positive (consis-
tent with ferromagnetic coupling), while those for 2, 4 and 6
are negative (consistent with antiferromagnetic coupling)
and that for 3 is very close to zero (Table 4). The Weiss con-
stants can be related to the nearest neighbour exchange in-
teraction[15c] by Equation (1), in which SCr is the spin of the
CrIII ions (=3/2), k is the Boltzmann constant, and the sum-

mation is over nearest neighbours (i.e., over two interac-
tions in 1–6):

V ¼ SCrðSCr þ 1Þ
3k

X

j

Jij ð1Þ

Values of J for 1–6, determined both by fitting the cT
data and from the Weiss constants, are given in Table 4; the
two methods are in excellent agreement with each other,
which gives confidence in the results. In the discussion
below we refer to the values determined from cT.

Interpretation : We have reported the magnetic data of 1
and 2 previously (see Introduction).[10] One factor which
hampered our effort to characterise the intramolecular fer-
romagnetically coupled magnetic behaviour of 1 was the
presence of an antiferromagnetic intermolecular coupling.
The presence of an intermolecular interaction is easy to ra-
tionalise: a dipolar interaction between two point dipoles is
expected to vary as /S(S+1)/r3, in which S is the spin and r
is the separation.[19] Therefore, for highly paramagnetic mol-
ecules (large S) there can be a significant dipolar interaction

Figure 3. Plots of cT versus T for [Cr10(OR)20(O2CR’)10] [R’=Me, R=

Me (1); R’=Et, R=Me (3), Et (4); R’=CMe, R=Me (5), Et (6)]. Solid
lines are best fits as described in the text and using parameters in
Table 4.

Table 4. Calculated and experimental J values for [Cr10(OR)20(O2CR’)10] (1–6).

R R’ cT at 300 K
[cm3Kmol�1]

V[a]

[K]
J[b]

[cm�1]
g[c] J[c]

[cm�1]
PBE J[d]

[cm�1]
B3LYP J[e]

[cm�1]

1 Me Me 17.8 +13.4�0.7 +3.7 1.98 +4.5 +10.9, +11.9[f] –
2 Et Me 18.8 �3.4�0.5 �1.0 1.98 �0.9 +3.1 +5.9
3 Me Et 18.5 +0.3�0.3 +0.08 1.99 �0.37 +10.7 +7.4
4 Et Et 17.3 �9.3�0.3 �2.6 1.94 �2.1 �17.5 �4.7
5 Me CMe3 18.4 +1.49�0.07 +0.41 1.98 +0.38 +4.1 –
6 Et CMe3 16.7 �20.2�0.5 �5.6 1.93 �5.3 �37 –

[a] From Curie–Weiss law. [b] From Weiss constant and Equation (1). [c] From fitting cT versus T. [d] Calculated by PBE numerical method using
SIESTA code. [e] Calculated with B3LYP functional using a Gaussian basis set. [f] Two crystallographically independent molecules in 1: first value for
molecule containing Cr1–Cr5, second value for molecule containing Cr6–Cr10.
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even at relatively large distances. For example, if we treat
the molecules in the crystal structure of 1 as being point di-
poles with S=15 (due to the intramolecular ferromagnetic
coupling) then we would have a dipolar interaction of
�1.2 cm�1. This is clearly the upper limit because: 1) the
Cr10 molecules in 1 are not point dipoles and 2) there is a
Boltzmann distribution over all possible spin states (this
would make the dipolar term more important as the temper-
ature decreases, as the more paramagnetic states are prefer-
entially populated). Nevertheless, this clearly makes the in-
teraction derived from a fit to the experimental magnetic
data of Jinter=�0.26 cm�1 feasible. The fact that we did not
have to invoke such a term in the fit of 2 is not surprising—
calculated cT versus T plots for 2 are insensitive to an inter-
molecular antiferromagnetic coupling between intramolecu-
lary antiferromagnetically coupled species (J=�0.9 cm�1; at
0 K only S=0 would be populated). A similar phenomenon
to that observed for 1 has been observed in ferromagnetical-
ly coupled CrIII dimers.[20]

Substitution of acetate with the slightly bigger propionate
bridges in compounds 3 and 4 does not lead to a significant-
ly increased intermolecular separation (see above) and the
magnetic properties reflect this. The room-temperature
values of cT are close to that expected for ten uncoupled
CrIII ions in both cases (18.5 and 17.3 cm3Kmol�1 for 3 and
4, respectively). The cT value for 3 is virtually constant
down to 30 K, in agreement with a negligible Weiss constant
of V=++0.3�0.3 K. Below 30 K, cT decreases slowly, indi-
cating the presence of very weak antiferromagnetic interac-
tions. Fitting the cT data using the eight-membered ring
model gives an exchange interaction of J=�0.37 cm�1

(Figure 3). On cooling, cT falls for 4, consistent with weak
antiferromagnetic exchange between neighbouring CrIII ions.
The rate of decrease is larger for 4 than for 3, indicating
stronger antiferromagnetic exchange, in agreement with the
larger (more negative) Weiss temperature of V=�9.3�
0.3 K. The high-temperature (T>40 K) data for 4 can be fit
with a weak antiferromagnetic interaction of J=�2.1 cm�1

with g=1.94, very similar to that observed for 2 which has a
very similar cT versus T curve. Below 40 K the experimental
curve decreases at a lower rate than that calculated for this
exchange coupling strength, pointing to limitations of the
model fit (see above). We investigated whether this could be
due to the presence of more than one unique exchange in-
teraction. For example, if two (C2 related) J values were fer-
romagnetic in 4, while the remaining eight were antiferro-
magnetic, an S=3 ground state would be expected, with a
low-temperature limiting cT value of 5.9 cm3Kmol�1. How-
ever, attempts to use exchange-coupling schemes similar to
those employed to analyse the INS results on [D]1 (see
below), were unsuccessful so we limited ourselves to the
simpler (single J) model above. In any case, a similar pattern
is seen for the propionate-bridged compounds 3 and 4 as for
the acetates 1 and 2[10]—the ethoxide-bridged wheel is more
antiferromagnetically (or less ferromagnetically) coupled
than the methoxide for a given bridging carboxylate.

The magnetic behaviour of 5 is very different. Again, cT
at room temperature is 18.4 cm3Kmol�1, but then steadily
increases as T is decreased, up to 26 cm3Kmol�1 at 2 K; no
maximum is observed (Figure 3). This is clearly indicative of
a ferromagnetic intramolecular exchange between neigh-
bouring CrIII ions. This is supported by fitting the c data
above 15 K to a Curie–Weiss law, giving C=

18.3 cm3Kmol�1 and a small positive (i.e., ferromagnetic)
Weiss constant of V=++1.49�0.07 K (Figure 4). The low-

temperature value of cT is much smaller than that expected
for an isolated S=15 ground state, which is consistent with
the small value of jJ j and consequent population of several
spin states, even at 2 K. However, a magnetisation versus
applied magnetic field plot fails to reach saturation, even at
6 T and 2 K (reaching ca. 17 mB and still increasing,
Figure 5), which implies that S=15 is not the ground state.

If the single J-value model is inadequate (see below) a high
spin, but not the maximum possible S=15, ground state
could result with S=15 as a low-lying excited state. The
magnetisation would then only saturate at very high magnet-
ic field at which the MS=�15 level of the S=15 state
crosses the lowest component of the (zero-field) ground

Figure 4. Plot of c�1 versus T for [Cr10(OMe)20(O2CCMe3)10] (5) and the
fit (solid line) to a Curie–Weiss law with C=18.4 cm3Kmol�1 and V=

+1.49�0.07 K.

Figure 5. Magnetisation versus applied magnetic field for [Cr10(O-
Me)20(O2CCMe3)10] (5) at 1.8 K.
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state. Hence, the ground-state spin of 5 is ambiguous, but
must be large. However, it is clear that the cluster exhibits
overall ferromagnetic coupling as evidenced by the cT data.

In 5 the intermolecular separation is significantly larger
than in 1–4, and this presumably helps to dampen the inter-
molecular interaction that is evident in 1. The magnetic data
for 5 can be fit with a weak ferromagnetic J value of
+0.38 cm�1 (see Figure 3). Although the ferromagnetic cou-
pling is weaker than that observed in 1,[10] it is more evident
in the cT versus T curve than is the case for 1 due to the
presence of the greater intermolecular term in 1 (see
above). The corresponding ethoxide complex 6 shows the
strongest antiferromagnetic coupling of all of the complexes
1–6, as evidenced by the rapid decrease in cT with decreas-
ing temperature. Consequently, fitting of cT versus T gives
the most negative exchange coupling constant of J=
�5.3 cm�1, and fitting of c�1 versus T gives the most nega-
tive Weiss temperature of V=�20.2�0.5 K.

Thus, the experimental cT versus T data for 1–6 can be
summarised (Table 4): 1) all the J values lie within a small
range around 0 cm�1, +4.5	J	�5.3 cm�1, indicating that
the antiferro- and ferromagnetic components of the ex-
change interaction are very similar in magnitude; 2) for
each pair of complexes with a common carboxylate, the
methoxide cluster is more ferromagnetically (or less antifer-
romagnetically) coupled than the ethoxide. A similar trend
has been observed in the simple bis-alkoxide-bridged CrIII

dimers [Cr2(3-Br-acac)4(OR)2] (3-Br-acacH=3-bromo-2,4-
pentanedionato), in which J=�8.5 and �18 cm�1 for R=

Me and Et, respectively, a change of about 10 cm�1.[21] This
shift is similar to those observed between the pairs 1 and 2,
3 and 4, and 5 and 6. Thus, our results are entirely in keep-
ing with results on smaller, well-understood CrIII dimers—
substitution of an ethoxide group by a methoxide leads to a
small shift in J to a more positive (more ferromagnetic)
value. In the case of complexes 1 and 2 and 5 and 6, the
small shift happens to cross J=0 cm�1 and therefore the
overall coupling is switched from antiferro- to ferromagnetic
(in 3, J
0 cm�1).

A few efforts have been made to correlate exchange cou-
pling constants with structural parameters in Cr(OR)2Cr
dimers (R=H, alkyl),[22] inspired by the successful correla-
tion found between Cu-O-Cu angles and J in analogous CuII

complexes.[23] However, the Cr�O(R) distances (r) and Cr-
O(R)-Cr angles (q) within the planar CrO2Cr cores of
[Cr2(3-Br-acac)4(OR)2], R=Me or Et, are identical within
experimental error. The change in J on changing R was ini-
tially rationalised by simple orbital-overlap arguments, as
originally laid out by Hoffmann and co-workers[24] namely,
the greater the electron density at the bridging atom, the
greater the orbital overlap between the magnetic orbitals
and the stronger the antiferromagnetic component of the ex-
change interaction. Thus, the larger inductive effect of an Et
group versus a Me group leads to stronger antiferromagnetic
exchange.[21] The same authors later argued that J was not
only dependent on r and q, but also on the dihedral angles
formed between the O�R vectors and the planar CrO2Cr

cores (f);[22a] magnetostructural correlations were developed
on this basis for Cr(OR)2Cr dimers with R=H and alkyl.[22]

Extending magnetostructural correlations to higher nucle-
arity clusters is often hampered by the low symmetry of the
clusters. The most developed correlation in cyclic clusters is
Saalfrank.s correlation between the Fe-O-Fe angles in the
antiferromagnetically coupled FeIII6 rings [M�Fe6L6] and
[M�Fe8L8] (M=alkali metal cation, H3L= triethanol-
amine)—this study was aided by the sixfold and fourfold
crystallographic symmetry, respectively, in these species.[25]

Unfortunately, the comparatively low (twofold) symmetry of
1 to 5 and the range of structural parameters found within
each molecule (as well as the partial disorder in the struc-
tures) makes extension of the magnetostructural correla-
tions developed for Cr(OR)2Cr dimers from 1–6 difficult,
and there is no evident correlation between J and any of the
averaged structural parameters in Table 2.

Density functional theory calculations : Considering the lack
of any clear magnetostructural correlation for 1 to 6, we
have carried out DFT calculations to provide theoretical
support to the observed trends in J. Theoretical calculation
of J values in high-nuclearity complexes is difficult. Howev-
er, some considerable advances have been made recently in
this field.[26] For example (and importantly in terms of the
present study), Ruiz et al. performed calculations using
Gaussian functions with hybrid B3LYP functionals on two
cyclic, hexametallic NiII6 and CuII

6 clusters, which are ferro-
and antiferromagnetically coupled, respectively. The calcula-
tions not only reproduced the correct sign of J in each case,
but also the correct magnitude of J to within a few cm�1 (cf.
values derived from fitting to experimental cT vs T data).[26]

On high-nuclearity systems calculation using Gaussian func-
tions becomes hugely expensive computationally (a single
calculation on a decametallic CrIII cluster like 1–6 takes ca.
three months) and the same group have proposed[27] a much
faster method using the “SIESTA” code,[28] with pure
Perdew–Burke–Ernzerhof (PBE) functionals and numerical
basis sets. Previous work shows that correct signs and rela-
tive strengths of exchange coupling constants can be repro-
duced accurately by this method when applied to large clus-
ters (although absolute values of jJ j tend to be slightly over
estimated, compared to the Gaussian calculated values).[27, 29]

Calculations on full wheels : To test the methodology ap-
plied in the SIESTA code to these high-nuclearity wheels,
we performed a calculation on the ferric wheel [Fe10-
(OMe)20(O2CMe)10], for which the experimental J value is
well defined as �10 cm�1.[12] Single-point PBE numerical cal-
culations based on the full crystal structure[13] give J=
�16 cm�1, in good agreement in both sign and magnitude
with experimental data. Therefore, we conclude that this
methodology is useful to compare trends in the J values of
the CrIII10 family 1–6, which are the CrIII analogues of the
ferric wheel but have smaller spin systems with two less un-
paired electrons per metal ion.

PBE numerical calculations were performed using the full
crystal structures with no simplifications or modelling. In
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each case, the energy of the “ferromagnetic” S=15 state
(EF, all spins aligned) was calculated, as was the energy of
the “antiferromagnetic” S=0 state (EA, spins alternating
“up” and “down” around the Cr10 ring) using a broken-sym-
metry approach. The exchange coupling constant J is then
related to the energy difference by a pair-wise relation-
ship[26a] [Eq. (2)], in which SCr is the spin of the component
CrIII ions (=3/2) and the factor ten accounts for the ten
nearest neighbour interactions in the Cr10 ring.

Jcalc ¼
ðEA�EFÞ

10ð2SCr
2 þ SCrÞ

ð2Þ

The use of Equation (2) assumes a single, nearest neigh-
bour J value (rather than five discrete values, as would be
strictly correct for a Cr10 ring with twofold symmetry; two
discrete J values for 6). This model is consistent with the
single J models used to fit the magnetic-susceptibility data
(see above).

The PBE numerically calculated J values for 1–6 (Table 4)
are within the range +10>J>�37 cm�1, in agreement with
the experimental observation that the coupling is relatively
weak in these clusters. For all pairs of Cr10 rings with a
common carboxylate—1 and 2, 3 and 4, and 5 and 6—the
pattern of the calculated J values is consistent with the
values modelled from magnetic-susceptibility data; the
methoxide-bridged species are more ferromagnetically (or
less antiferromagnetically) coupled than the ethoxides.

In complex 1, there are two crystallographically indepen-
dent molecules in the crystal structure and calculations were
performed on both molecules independently. For both mole-
cules of 1 the J values are calculated to be ferromagnetic
with J=++10.9 and +11.9 cm�1, respectively, in excellent
agreement (correct sign and magnitude within 5 cm�1) with
the value obtained from the fitting of magnetic-susceptibility
data (+4.5 cm�1). The fact that the calculated value is slight-
ly larger is consistent with previous theoretical studies.[29]

Note also that the two independent molecules in 1 give very
similar calculated J values, as we would expect, since the
structural parameters are very similar; this justifies our
treatment of these molecules as identical when modelling
the experimental magnetic data. Although the J value calcu-
lated for 2 is apparently the wrong sign it is within 4 cm�1 of
the experimental value and, importantly, the difference be-
tween the calculated J values of 1 and 2 is approximately
7 cm�1, in remarkable agreement with the difference of
6 cm�1 in the experimental values.

The experimental data for 3 imply very weak antiferro-
magnetic coupling (<�1 cm�1). Although the PBE numeri-
cal calculations on 3 predict it to be ferromagnetically cou-
pled, the calculated value is still within about 10 cm�1. The
calculated value for 4 of �18 cm�1 is antiferromagnetic, in
agreement with experimental value of �2.1 cm�1, although
significantly larger. The reason for the poorer agreement,
both absolute and relative, between calculated and experi-
mental J values for 3 and 4 is unclear. Nevertheless, the cal-
culations for 3 and 4 are in agreement with the above

trends—more antiferromagnetic exchange in (ethoxide-
bridged) 4 than in (methoxide-bridged) 3. The PBE numeri-
cal calculations also support weak ferromagnetic exchange
in 5 and, moreover, that this interaction is weaker than that
in 1. They also support the fact that 6 is the most strongly
antiferromagnetically coupled cluster in the family. Al-
though the DFT-calculated J values in both 4 and 6 are
overestimated it is interesting to note that the ratio between
the calculated and experimental J values is approximately
the same between the two.

As a further test of the PBE numerical calculations, we
have performed calculations using Gaussian methodology
on selected complexes (2–4, see Table 4). The Gaussian and
PBE numerical calculations give the same sign of J in each
case, and the results for 2 and 3 are very similar (within ca.
3 cm�1) by the two methods. In contrast, the Gaussian calcu-
lated J value for 4 is significantly smaller in magnitude than
the PBE numerical value, in much better agreement with
experimental data. This effect has also been observed in
smaller clusters.[29]

In summary, the DFT calculations support experimentally
determined trends in the magnitudes of J—a good agree-
ment given the small experimentally observed differences
between compounds 1–6.

Inelastic Neutron Scattering (INS) studies of [Cr10(OCD3)20-
(O2CCD3)10] ([D]-1): The experimental magnetic data, sup-
ported by the DFT calculations, reveal that the exchange in-
teractions in 1 and 5 are ferromagnetic. This should lead to
a very high spin ground state electronic spin, S=15 in the
assumption of a unique J value. To probe this directly we
performed INS studies on [D]1 (1 is easier to perdeuterate
than 5). INS allows the direct spectroscopic determination
of magnetic exchange splittings. In an INS experiment in-
coming neutrons with an energy Ei and a momentum �hki ex-
change energy and momentum with the sample. After the
scattering process the neutrons have energy Ef and momen-
tum �hkf. The transferred energy �hw=Ei�Ef excites the
sample from one state jYii into another jYfi. The intensity
of magnetic excitations generally decreases with increasing
scattering vector Q=ki�kf due to the magnetic form
factor.[30] Possible INS transitions are governed by the fol-
lowing selection rules given in Equation (3).

DS ¼ 0,� 1 and DMS ¼ 0,� 1 ð3Þ

The INS spectrum of [D]1, obtained at 1.5 K on the in-
verted geometry time-of-flight spectrometer IRIS, is depict-
ed in Figure 6. The dotted line corresponds to a background
accounting for thermal-diffuse scattering contributions. The
spectrum after subtraction of the background is shown as a
solid line. We observe peaks at 1.00(1) (I), 2.50(2) (II),
4.82(3) (III), and 5.90(2) cm�1 (*). On the basis of the Q
(see inset Figure 6) and temperature dependence (not
shown) of peaks I–III, we assign them to be of magnetic
origin, while the sharp peak at 5.90 cm�1 (*) is a tempera-
ture-independent spurious feature. All three peaks are clear-
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ly asymmetric with a shoulder on the low-energy side. The
experimental peak widths are up to three times as large as
the instrumental resolution.

To fit the INS spectra it is necessary to explicitly consider
the nature and energies of the low-lying excited-spin states
and the ground state. Therefore we have calculated the low-
lying states based on various J values by using MAG-
PACK.[31] It was not possible to get reasonable fits to the
INS spectra with models for which the intracluster exchange
was antiferromagnetic. Calculation of the low-lying spin
states based on the model used to fit the experimental cT
data for 1—one unique ferromagnetic intracluster exchange
parameter J=++4.5 cm�1—yields an S=15 cluster ground
state with two degenerate S=14 states at 2.58 cm�1 (restrict-
ing the calculations to states with S=15 and S=14). The
next highest S=14 state is at 9.36 cm�1 and is also doubly
degenerate. The state at 2.58 cm�1 matches the energy of
peak II in the INS spectrum quite well (DS=�1), though
peaks I and III remain unexplained. This result clearly
shows that a model with a single J value is inadequate. Con-
sidering the Ci point symmetry of the wheel in [D]1 this
result is not surprising as there are in principal five different
exchange parameters. It is evident that the INS data with
three magnetic peaks do not allow the determination of five
parameters. We explored models with two inequivalent pa-
rameters. Variation of J12=J67=J’, while keeping J=
+4.5 cm�1, leads to a splitting of the degenerate S=14
states. The best agreement with the observed peaks (I–III)
was found for J’=++1.1 cm�1, as depicted in Figure 7. How-
ever, this calculation also yields an S=14 state at 9.36 cm�1,
which is not observed experimentally. The above solution is
the best one obtained with only two different exchange in-
teraction parameters: models with 6WJ and 4WJ’ were ex-
plored, but no better agreement with the observed peaks

could be found. A model with 5WJ and 5WJ’ is forbidden by
symmetry.

We conclude that neither a one nor a two-parameter
model can account for the three INS peaks observed. By in-
troducing five parameters we could undoubtedly reproduce
the observed peak positions by a multitude of parameter
sets. Since this is pointless, there remains one important con-
clusion. While the magnetic data can be reasonably account-
ed for by a one-parameter model, the more direct, spectro-
scopic probe of the INS experiment shows us that this
model is not adequate for 1, consistent with the Ci molecular
symmetry. The magnetically determined J value is thus an
average of the five unique parameters.

The large width and asymmetry of the peaks possibly re-
flect a small and unresolved zero-field splitting (ZFS) with a
negative D [HZFS=D(Sj2z�S(S+1)/3)]. A small ZFS in the
ground state of the ferromagnetically coupled examples of
these clusters is consistent with preliminary EPR studies on
5, which give a partially resolved fine structure suggesting
D
�0.04 cm�1.[32] This would admix the wavefunctions of
MS levels of different S states, and thus affect the transition
intensities. Intercluster interactions or an inhomogeneous
distribution of cluster geometries resulting from the structur-
al disorder could also explain the broadening of the peaks.

The agreement of INS and magnetic susceptibility data is
good considering the complexity of the problem (large
matrix size, low symmetry, disorder, intercluster interac-
tions): the average exchange interaction parameter deduced
from the two distinct J value models for the INS data [Jav=
(8J+2J’)/10=++3.8 cm�1] is only slightly smaller than the
value obtained from magnetic susceptibility (J=++4.5 cm�1).
Furthermore, INS data shows that the ZFS is considerably
smaller than the exchange splitting.

Conclusion

In summary, we have analysed experimental variable tem-
perature c data for 1–6 to abstract J values assuming a
single unique J value, by: 1) modelling cT versus T based on
a Cr8 model and scaling, and 2) from analysis of Weiss tem-

Figure 6. INS spectrum of d-1 measured at 1.5 K on IRIS with Ef=

14.8 cm�1 and for detector angles 25.88
2q
118.38. The solid line is the
spectrum after subtraction of the thermal-diffuse scattering (dotted line).
Inset: Q-dependence of the integrated intensity of peaks I (*), II (!),
and III (~); dashed lines are guides to the eye.

Figure 7. Coupling scheme (left) of [D]1 for the model with 8WJ and 2W
J’, and the calculated energy spectrum for J=++4.5 cm�1 and J’=
+1.1 cm�1 (right). Vertical arrows indicate observed INS transitions.

Chem. Eur. J. 2006, 12, 1385 – 1396 Q 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 1393

FULL PAPERCluster Compounds

www.chemeurj.org


peratures. For 1 only it is necessary to include an intermo-
lecular term to model cT. The two treatments agree well
and the observed trends in J are supported by DFT-calculat-
ed values. INS studies on [D]1 reveal that the single J-value
model is not adequate, as at least three different J values
are required to fit the experimental observations by this
direct spectroscopic technique. The J values derived from
bulk c data are averages of the independent J values within
each molecule (five for 1–5, two for 6).

Despite the lack of any clear magneostructural correlation
in 1–6, it is clear that, in general, the antiferro- and ferro-
magnetic contributions to the Cr···Cr exchange are similar,
such that jJ j is relatively small. Furthermore, the J values
unambiguously depend on the nature of the alkoxide, with
the methoxides being more ferromagnetically coupled than
the ethoxides. In 1 and 5 this results in an overall ferromag-
netic coupling, and we have measured this directly (as op-
posed to fitting a magnetic susceptibility curve) in 1 by INS.
The antiferromagnetic exchange in 2, 4 and 6 must lead to
S=0 ground states, whilst the INS data of [D]1 is consistent
with an S=15 ground state. We have not been able to un-
ambiguously characterise the ground state of 5 ; although it
does not appear to be the maximum value of 15, S must be
large because the average J value is positive. These remark-
able changes in the ground state, resulting from trivial
changes in chemistry, are a consequence of the fact that the
average J value lies in a narrow range around zero, and in
the case of 1 and 5 falls on the positive side of zero.

Despite this there is no evidence that 1 and 5 behave as
SMMs at temperatures down to 1.8 K—this could either be
due to a positive or small zero-field splitting in the ground
spin states, or to the small magnitude of J, making it impos-
sible to populate the ground state exclusively, even at tem-
peratures of a few K. To this end, it would be interesting to
synthesise new analogues of Cr10 in which the ferromagnetic
exchange is greater in magnitude. If the correlation with the
electron density at the bridging atoms is valid (see above),
then isolating analogues of 1–6 with more electron-with-
drawing bridges should give much more ferromagnetic J
values and hence more isolated S=15 ground states. Such
investigations are currently underway and will be reported
at a later date.

Experimental Section

Magnetic measurements : Magnetic susceptibilities were measured on
SQUID magnetometers (Cryogenics S600 and Quantum Design XL7)
between 2 and 300 K in applied magnetic fields of 0.1 T for temperatures
of 2–50 K and 1.0 T for temperatures of 40–300 K; diamagnetic correc-
tions were applied.

INS measurements : Polycrystalline [Cr10(OCD3)20(O2CCD3)10] ([D]1, ap-
proximately 4 g) was sealed under helium in a hollow cylinder of 23 mm
outer diameter, 50 mm height, and 2 mm sample space. Experiments
were performed on an inverted geometry time-of-flight IRIS spectrome-
ter at the pulsed neutron source ISIS (Rutherford Appleton Laboratory,
Chilton, UK) at four temperatures between 1.5 and 10 K. Final energy
selection (Ef=14.8 cm�1) was achieved with the (002) reflection of pyro-

lythic graphite. The chosen time window allowed us to observe energy
transfers from �1.6 to 11.3 cm�1.

DFT calculations : DFT calculations were performed on the full struc-
tures of 1–6 by using SIESTA 1.3[28] density-functional software and
PBE[33] generalised-gradient approximation functionals.[26, 27, 29] Only va-
lence electrons were included in the calculations with the core being re-
placed by norm-conserving scalar relativistic pseudopotentials factorised
in the Kleinman–Bylander form.[34] The pseudopotentials were generated
by the procedure of Trouiller and Martins.[35] Numerical basis sets of
triple-z quality with polarisation functions were used for the metal ions,
and double-z quality with polarisation functions for the main group
atoms. See reference[23] for further details.

Synthesis of [Cr10(OR)20(O2CEt)10] [R=Me (3), Et (4)]: These com-
plexes were prepared by heating solutions of [Cr3O(O2CEt)6(H2O)3]
NO3

[36] (ca. 200 mg) in ROH (ca. 10 mL) at 200 8C for 1 d followed by
slow cooling (0.1 8Cmin�1) in 23 mL Teflon-lined Parr autoclaves; this
procedure resulted in dark-green crystalline masses of the products
(yields ca. 60% for 3 and 4). These were separated by filtration, washed
with ROH and dried in air. IR (KBr) spectra of 1–6 contain sharp
stretches at 2822–2980 cm�1 due to m2-OR.

Data for 3 : IR(KBr): ñ=2929 (s), 2823 (s), 1553 (s), 1451 (s), 1350 (s),
687 (s), 623 (w), 537 (s), 503 cm�1 (m); elemental analysis calcd (%) for
Cr10C50H110O40: C 31.5, H 5.8; found C 32.1, H 5.9. Electrospray MS in
CH2Cl2/toluene solution: molecular ion at m/z 1872 (3), no other signifi-
cant peaks.

Data for 4 : IR(KBr): ñ=2969 (m), 2924 (m), 2868 (m), 1555 (s), 1456 (s),
1379 (m), 1351 (w), 1160 (w), 1105 (s), 1054 (s), 892 (s), 788 (m), 682 (s),
624 (m), 565 (s), 540 cm�1 (s); elemental analysis calcd (%) for
Cr10C70H150O40: C 38.8, H 6.4; found: C 39.1, H 7.0.

Synthesis of [Cr10(OMe)20(O2CCMe3)10] (5): Complex 5 was prepared by
heating a mixture of [Cr8F8(O2CCMe3)16]

[18] (300 mg) in MeOH (9 mL) at
200 8C for 1 d, followed by slow cooling as above. The resulting dark-
green crystalline product was separated by filtration, washed with
MeOH, and air dried, yield 65%. IR (KBr): ñ=2963 (s), 2824 (s), 1544
(s), 1487 (s), 1433 (s), 1382 (s), 1231 (s), 940 (w), 904 (m), 801 (m), 788
(m), 609 (s), 511 (s), 487 cm�1 (w); elemental analysis calcd (%) for
Cr10C70H150O40 : C 38.9, H 6.9; found: C 39.1, 7.0.

Synthesis of [Cr10(OEt)20(O2CCMe3)10] (6): Complex 6 was prepared by
an analogous reaction to that of 5, using EtOH in place of MeOH, yield
53%. IR(KBr): ñ=2964 (s), 2927 (m), 2871 (m), 1549 (s), 1486 (s), 1433
(s), 1382 (s), 1363 (s), 1230 (s), 1162 (w), 1110 (s), 1055 (s), 898 (s), 800
(w), 787 (s), 611 (s), 539 cm�1 (s); elemental analysis calcd (%) for
Cr10C90H190O40: C 43.3, H 6.3; found: C 44.4, H 7.9.

Synthesis of compound [Cr10(OCD3)20(O2CD3)10] ([D]1): Compound
[D]1 can be prepared by an analogous route to 1[10] from [Cr3O(O2CD3)6-
(H2O)3]Cl in CD3OH at 200 8C. However, we found that we could obtain
better yields of [D]1 starting from [Cr3O(O2CD3)6(H2O)3](O2CCD3),
based on the preparation reported by Jayasooriya et al.[37] for
[Cr3O(O2CD3)6(H2O)3]X (X=Cl or NO3). [Cr3O(O2CMe)6-
(H2O)3](O2CMe) was prepared by addition of a solution of NaOH (4.0 g)
in minimum H2O to a solution of CrCl3·6H2O (8.8 g) in H2O (50 mL)
with rapid stirring. The resulting precipitate was filtered off and air dried,
before being dissolved in glacial acetic acid (6.4 g) in a large evaporating
dish. The green solution was warmed until most of the solvent evaporat-
ed and a crystalline solid product was obtained. Elemental analysis calcd
(%) for Cr3C14H27O18: C 20.4, H 3.8, Cr 20.2; found C 20.8, H 4.1, Cr
19.3. [Cr3O(O2CD3)6(H2O)3](O2CCD3) was prepared by an analogous
route, substituting CD3CO2D for CH3CO2H. Note that because the termi-
nal water molecules are not incorporated into the final product [D]1, it
was not necessary to use D2O in this preparation.

Crystalline samples of 1 obtained from [Cr3O(O2CMe)6(H2O)3](O2CMe)
gave identical analyses and unit cells to those reported previously.[10] A
sample of [D]1 was prepared by heating [Cr3O(O2CD3)6-
(H2O)3](O2CCD3) (200 mg) in CD3OD (10 mL) at 200 8C for 1 d in a
23 mL Teflon-lined Parr autoclave, followed by slow cooling to give a
dark-green crystalline product, yield 20%. The CD3OD filtrate was re-
covered after each reaction, distilled, and reused in repeated reactions in
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order to obtain the approximately 4 g of [D]1 necessary for INS measure-
ments. IR (KBr): ñ=2205 (m), 2124 (w), 2061 (s), 1436 (s), 1443 (s), 1104
(s), 1028 (s), 926 (w), 847 (w), 661 (m), 533 (s), 460 cm�1 (m).

X-ray crystallography : Data were measured on a Bruker SMART diffrac-
tometer with a CCD area detector for 5 and 6, and a Rigaku RAXIS ro-
tating anode with image-plate detector for 2 and 3, with graphite mono-
chromators (MoKa). Absorption corrections were applied to 5 and 6 (mul-
tiscan), but not to 3 or 4. Structure solution (by direct methods) and re-
finement were performed with SHELXS L-97. Refinement of F2 was
against all reflections. Details of data collection and refinement are given
in Table 1.

The asymmetric unit of 3 contains half the molecule, with the other half
related by a centre of symmetry. The atoms C1F, C1G and C1J were dis-
ordered over two sites each, the occupancies of which were constrained
to sum to 1.0 with isotropic thermal parameters constrained to be equal,
and restraints on their bond lengths. H atoms were included in calculated
positions, and the non-H atoms, except those of the disordered atoms,
were refined anisotropically. The R factor was rather high which might
be due to crystal twinning, with b and c reversed. A twinning matrix was
included, and the fraction of each component refined to 0.5119:0.4881,
this improved the R value by about 1%. The asymmetric unit of 4 con-
sists of half the molecule. The thermal motion of all atoms was high, es-
pecially for the C atoms. In some cases there was disorder over two sites,
with occupancies constrained at 0.5 for each site. Some methyl C atoms
were not located. H atoms were included in calculated positions when
possible, and the Cr and O atoms were refined anisotropically; other
non-H atoms were refined isotropically. Some restraints were used on the
bond lengths and angles between the C atoms. The asymmetric unit of 5
contains half the cluster. Some of the tBu and Me groups are disordered
over two sites, the occupancies of which were constrained to sum to 1.0.
The non-H atoms were refined anisotropically, with restraints on geomet-
ric and thermal parameters of the C atoms. H atoms bonded to C were
included in calculated positions. The asymmetric unit of 6 contains one
quarter molecule. One pivalate was disordered over two sites the occu-
pancies of which were constrained to sum to 1.0; similarly, C24 was disor-
dered over two sites. The thermal motion of the Et groups C6, C7 and
C15, C16 were very high and attempts were made to split these groups
into two disordered components, but this did not improve the atomic dis-
placement parameters of these atoms. Therefore, they were not split in
the final rounds of refinement and were refined with restraints on their
geometry. Non-H atoms were refined anisotropically, with restraints on
those of the C atoms. H atoms were included in calculated positions.

CCDC-281843–281846 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data centre via www.ccdc.cam.ac.uk/data_
request/cif.
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