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A hexameric [MnIII
18Na6] wheel based on [MnIII

3 O]7+

sub-units†

Maria Manoli,a Ross Inglis,b Stergios Piligkos,c Lan Yanhua,d

Wolfgang Wernsdorfer,‡d Euan K. Brechin*b and Anastasios J. Tasiopoulos*a

A novel hexameric [MnIII
18Na6] wheel-like aggregate consisting of [MnIII

3 O]

triangles is reported. It is the second highest nuclearity oxime-

based Mn cluster, the largest member of the recently-developed

family of molecular oligomers based on [MnIII
3 O] triangles, and the

only one with a wheel-like metal topology.

There is significant interest in the synthesis of large molecular
aggregates due to their interesting physical properties and
beautiful crystal structures.1,2 One of the main goals in the
area of molecular magnetism involves the development of new
methods for the utilization of magnetically interesting compounds
as building-blocks for the construction of large clusters and multi-
dimensional coordination polymers.2a,3 Despite the significant
efforts to achieve this target, examples of such large clusters based
on smaller magnetic clusters are still rather limited.2a,4 Amongst
the most common building-blocks in manganese coordination
chemistry are the homovalent [MnIII

3 (m3-O)]7+ and heterovalent
[MnIII

2 MnII(m3-O)]6+ oxo-centred metal triangles which are often
found as the main structural components in large compounds
with complex structures.2,5 Efforts aimed at developing high
nuclearity clusters based on [MnIII

3 O] sub-units were intensified
after the discovery of discrete [MnIII

3 (m3-O)]7+ clusters displaying
ferromagnetic exchange interactions and single-molecule
magnetism (SMM) behaviour,6 the isolation of a family of [MnIII

6 ]
SMMs that includes a member with a record energy barrier to
magnetization reversal for transition metal SMMs,7 and several

other clusters displaying interesting magnetic properties originating
from tightly linked [Mn3(m3-O)]n+ triangles sharing one or more of
their edges.8 More recently there has been significant interest in the
construction of oligomeric clusters consisting of covalently linked
oxime-based [MnIII

3 O]7+ building-blocks. These investigations have
afforded some dimeric [Mn3]2 and tetrameric [Mn3]4 aggregates
displaying tetrahedral or rectangular core topologies.9

We have been interested in the development of new synthetic
methods for the construction of high nuclearity Mn clusters.
One of these methods, that involves the combination of phenolic
oximes with diols, has afforded two structurally impressive
complexes that describe a [Mn32] double-decker wheel,10a and
an 1-D coordination polymer containing a [Mn40] octagonal
super-structure.10b We now report the synthesis, structure and
magnetic behaviour of the hexameric [MnIII

3 Na]6 molecular wheel
[MnIII

18Na6(m3-O)6(sao)18Br12(H2O)18(DMF)6] (1) (sao2� is the dianion
of salicylaldoxime) which is the second largest oxime-based
Mn cluster known to date, the largest member of the family of
molecular oligomers based on [Mn3] triangles, and the only one
with a wheel-like metal topology.

The reaction of MnBr2�4H2O, 2-(hydroxymethyl)phenol
(hpH2) and saoH2 in the presence of sodium cyanate (NaOCN)
in a 1 : 1 : 1 : 1 molar ratio in a 4 : 1 MeCN/DMF solvent mixture
leads to the formation of 1 in B45% yield.§ The molecular
structure§ of 1 (Fig. 1 and 2) contains a [MnIII

18Na6] wheel-like
cluster consisting of six crystallographically equivalent oxime-based
[MnIII

3 O]7+ triangles linked through six Na+ ions. The [MnIII
3 Na]

repeat unit of 1 contains one oxo-centred triangular arrangement
of three MnIII ions and a Na+ ion attached to it via the O-atoms of
the sao2� ligands, which occupy the edges of the triangle. The axial
coordination sites of the MnIII ions are occupied by one bridging
H2O molecule, and terminal Br� ions (2), H2O (2) and DMF (1)
molecules. The MnIII ions are hexa-coordinated with distorted
octahedral coordination geometries and all display the expected
Jahn–Teller (JT) axial elongation, with the JT axes being perpendi-
cular to the plane of the [Mn3] triangle. Two m3-, one m4-sao2�, and
one bridging H2O ligand connect each [MnIII

3 O] triangle with
two neighbouring Na+ ions, which in turn are linked to the next
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[MnIII
3 O] sub-units forming the [Mn18Na6] wheel. Two sao2�

ligands bridge in a Z1:Z1:Z2:m3-mode to two MnIII ions and one
Na+ ion, and one bridges in a Z2:Z1:Z2:m4-fashion to two MnIII

and two Na+ ions. The phenyl rings of twelve of the sao2�

ligands are located outside the [Mn18Na6] wheel, whereas those
of the remaining six occupy the central cavity creating a
hydrophobic shell (Fig. 2, top). The Mn–O–N–Mn torsion angles
are rather small, ranging from 6.4 to 12.91, in agreement with
the values observed for other sao2�-based [MnIII

3 O] triangles.6,7

The neighbouring [MnIII
3 O] sub-units are significantly tilted as

revealed from the angle between the planes defined by the
Mn3+/O2� ions of adjacent [MnIII

3 O] units which is B52.21
(Fig. 2, bottom). As a result the aggregate of 1 deviates significantly
from planarity. The [MnIII

3 O] triangles are well separated from each
other, the shortest inter-triangle Mn� � �Mn distance being B6.23 Å.
Complex 1 is of nano-sized dimensions with an outer diameter of
B2.8 nm (Fig. 2, top) and a thickness of B0.8 nm. Clearly, complex
1 is a large cluster and indeed is one of the largest oxime-based
Mn complexes known, being smaller only than the [Mn32]
double-decker wheel.10a Close examination of the packing of 1
reveals a parallel arrangement of [Mn18Na6] molecules in the
crystal and the formation of columns running along the c-axis of
the cell (Fig. S1, ESI†).

The direct current (dc) molar magnetic susceptibility, w
(where w = M/B; and M is the magnetization), of polycrystalline
1�3DMF�30H2O was measured in an applied magnetic field, B,
of 0.1 T, over the 5–300 K temperature range. The data is
plotted in Fig. 3 per [MnIII

3 ] triangle. At room temperature, the
wT product of 1 is 7.8 cm3 mol�1 K. This value is lower than that
expected from the spin-only contribution to the magnetism of a
MnIII trinuclear unit (9.0 cm3 mol�1 K, with gMn = 2.00),
assuming that the magnetic properties of 1 arise as the super-
position of the magnetic properties of six non-interacting
[MnIII

3 ] units. Upon cooling, the wT product decreases continuously
to reach 2.5 cm3 mol�1 K per [MnIII

3 ] at T = 5 K. This behaviour is
indicative of antiferromagnetic interactions within the [MnIII

3 ]
units. To better define the magnetic properties of 1, variable-
temperature-and-variable-field (VTVB) magnetization data were
collected in the field range 0.5–7.0 T and in the temperature
range 2–7 K. These data are shown as M/mB versus mBB/kT in the
inset of Fig. 3.

Fig. 1 Representation of the molecular structure of 1. Colour code: Mn
blue; Na, purple; Br, green; O, red; N, dark blue; C, grey. H atoms are
omitted for clarity.

Fig. 2 Space-filling representation of the molecular structure of 1, emphasizing
its nano-sized dimensions (top). The structural core of 1 highlighting the [Mn3]
triangles linked through Na+ ions (bottom). Colour code: Mn, blue; Na, purple;
Br, green; O, red; N, dark blue; C, grey. H atoms are omitted for clarity.

Fig. 3 wT product of 1 versus T plotted per [MnIII
3 ] triangle. Inset: Variable

temperature-and-variable-field (VTVB) magnetization data of 1 in the field
range 0.5 to 7.0 T and in the temperature range 2 to 7 K. The experimental
data are shown as black circles. The calculated curves, obtained from full
matrix diagonalization of spin-Hamiltonian (1) for isolated MnIII

3 triangles,
are shown as solid red lines.
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For the interpretation of the magnetic properties of 1, we
consider that they arise as a superposition of the magnetic
properties of six non interacting [MnIII

3 ] units. Thus, we used
spin-Hamiltonian (1):

Ĥ ¼
X

i; j�i
�2JijŜi � Ŝj þ mBBgMn

X

i

Ŝi þ
X

i

Di Ŝi
2 � SðS þ 1Þ=3

� �

(1)

with i, j running over all MnIII centres of a [MnIII
3 ] unit, J the

isotropic magnetic exchange interaction between MnIII centres,
Ŝ a spin-operator, mB the Bohr magneton, B the applied magnetic
field, gMn = 2, the isotropic g-factor common to all MnIII centres,
D the axial magnetic anisotropy of MnIII, and S = 2. Taking into
consideration the crystal structure of 1, we use in our model
three distinct exchange interaction parameters ( J12, J23, J13)
reflecting the scalene nature of the triangular [MnIII

3 ] units. The
experimental wT product and VTVB magnetization data were
numerically fitted to spin-Hamiltonian (1) by use of the simplex
algorithm.11 This resulted in the following best-fit parameters:
J12 = �6.35 cm�1, J23 = �2.22 cm�1, J13 = �0.85 cm�1 and DMn =
�2.0 cm�1. The three different best-fit exchange parameter
values can be correlated to the three different Mn–N–O–Mn
torsion angles in the [MnIII

3 ] units, which are smallest between
Mn1 and Mn2 and largest between Mn1 and Mn3. The best-fit
curves are shown as solid red lines in Fig. 3. Neglecting the MnIII

anisotropy, the ground spin-state is an S = 2 state separated by
approximately 9 cm�1 from the first excited spin state, which is
an S = 1 state. This is in agreement with previous studies on
analogous, isolated [Mn3O(sao)3]+ triangles with similar torsion
angles.6,7a,b,12 Single crystal hysteresis loop measurements on
complex 1 show no sign of SMM behaviour, even to temperatures
as low as 30 mK (Fig. S3, ESI†).

Concluding, an aesthetically pleasing nano-sized hexameric
wheel-like cluster containing oxime-based [MnIII

3 (m3-O)]7+ sub-
units is reported. It is the largest member of the recently-
developed family of molecular oligomers consisting of [MnIII

3 ]
triangles and the only one with a wheel-like metal topology.9

Complex 1 is also the only oxime-based [MnIII
3 ]n (n 4 2)

molecular oligomer where the sub-units are connected via a
diamagnetic metal ion; in all other oligomeric complexes they
are linked through bulky organic ligands. Because the Na+ ions
are intimately associated with the [MnIII

3 ] triangles, 1 can also
be described as a heterometallic [M24] cluster, being the
second-largest oxime-containing Mn cluster reported to date.
This compound was prepared by a method involving the use of
a combination of a phenolic oxime with a diol in reactions with
Mn salts, although only the oxime appears in the final product,
as was also the case for the largest known oxime – based Mn
cluster, the Mn32 double-decker wheel.10a Reactions repeated
without the diol present do not form 1. Clearly this synthetic
method is proving invaluable for the isolation of high nucle-
arity clusters. Further investigations are in progress targeting
[Mn18Na6] analogues with different oximes and alternative
[diamagnetic and paramagnetic] connecting metals ions. The
formation of complex 1 therefore opens up new avenues in the
roadmap of molecular oligomers based on [MnIII

3 ] triangles that

should provide access to structurally and magnetically novel
complexes.
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analysed (C, H, N) as 1�3DMF�30H2O (see also Fig. S2 and the corres-
ponding discussion in ESI†). Calcd (found): C 29.95 (29.85), H 4.09
(3.75), N 6.16 (6.41). Crystal data for 1: C144H168Br12Mn18N24Na6O66,
M = 5334.47, trigonal, a = b = 44.310(2) Å, c = 21.224(1) Å, V = 36088(2) Å3,
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reflections collected, 7153 reflections used (Rint = 0.0357), R1 [I 4 2s(I)] =
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