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ab

Received (in Cambridge, UK) 13th March 2008, Accepted 30th April 2008

First published as an Advance Article on the web 10th June 2008

DOI: 10.1039/b804111c

The functionalization of a pre-formed, high oxidation state

{CeIVMnIV6} cluster with a lacunary phosphotungstate,

[a-P2W15O56]
12�, exemplifies a straightforward route for graft-

ing redox-active building blocks to existing Mn–carboxylate

clusters and modeling their deposition onto metal oxide surfaces.

Polynuclear manganese carboxylate clusters have demon-

strated promising potential in the field of molecular magnet-

ism, especially as single-molecule magnets exhibiting spin

multiplet ground states and molecular easy-axis-type an-

isotropy due to zero-field splitting effects.1 Syntheses of such

clusters generally involve self-assembly of manganese salts or

pre-formed Mn clusters in the presence of bridging ligands

such as carboxylates and alkoxides. Despite the enormous

success with organic ligands, the utilization of discrete in-

organic species (e.g. polyoxometalates, POMs2) as bridging

units has only been explored to a very limited extent.3,4 In this

context, the ligation of redox-active and potentially magnetic

polyoxoanions would doubtlessly add an important control

parameter to the magnetic properties of polynuclear manga-

nese complexes. For example, C. Duboc et al. recently re-

ported an unusually high magnetic anisotropy for a

mononuclear Mn(II)–POM complex.5 The surprising scarcity

of inorganic ligand-based Mn clusters may be partially attrib-

uted to the lack of easy access to coordinatively flexible

inorganic ligands upon which polynuclear manganese clusters

can be constructed. Furthermore, antiferromagnetic interac-

tions between Mn spin centers often result from monoatomic

bridging modes of O2� or OH� groups when inorganic ligand

units are used alone, limiting the generation of high spin

ground state species, as illustrated by a handful of examples.6

Here, we introduce an alternative hybrid approach towards

this problem, and demonstrate, for the first time, that carbox-

ylate ligands on a pre-formed Mn cluster can be partially

replaced by polyoxoanion ligand(s) without altering the actual

Mn cluster core. This synthetic methodology will therefore

partially sustain the magnetic exchange pathways between the

Mn centers; it also establishes polyoxometalate ligand en-

vironments that are known for their rich redox chemistry.

As a proof-of-concept for this methodology, we present a

Mn(IV)6 cluster featuring both polyoxoanion and carboxylate

bridging groups, which is isolated as [(CH3)2NH2]6H2-

[{a-P2W
VI

16O57(OH)2}{Ce
IVMnIV6O9(O2CCH3)8}]�20H2O

(1). 1 was directly synthesized from a heterometallic high

oxidation state precursor, [CeIVMnIV6O9(O2CCH3)9(NO3)

(H2O)2] (2), reported by Christou and co-workers.7 The

bowl-shaped core of 2 (Scheme 1) is built from a planar Mn6
hexagon with alternating Mn–Mn distances and with a basal

Ce ion displaced from the Mn6 plane. In addition to the

acetate and oxide bridges, a monodentate nitrate and two

aqua ligands are weakly attached to the Ce center. The

inorganic ligand employed in the synthesis of 1 is a tri-vacant

Wells–Dawson polyoxoanion, [a-P2W15O56]
12�, well-docu-

mented for its coordination ability towards transition metal

and lanthanide ions.2,8 The polyanion is a rare example of an

‘adaptable’ inorganic ligand that can undergo facile transfor-

mation into its di-vacant or mono-vacant derivatives,

[a-P2W16O59]
12� and [a2-P2W17O61]

10�, via self-decomposition

equilibria.8 It is also capable of reversibly switching between

different protonation states in response to solution pH and the

presence of appropriate metal ions.9 Both of these properties

are key to the construction of the complex anion of 1.

The 1 : 1 stoichiometric reaction of 2 and Na12[a-P2W15O56]�
18H2O in 1 : 3 (v/v) CH3COOH–H2O, in the presence of

dimethylammonium, results in dark-brown crystals of 1 in

21% isolated yield after 2 days.z Single-crystal X-ray analysisy
of 1 reveals a POM-coordinated CeMn6–carboxylate cluster

(Fig. 1) with a crystallographically imposed m symmetry (the

mirror plane is defined by the Ce and the two P positions). The

CeMn6 core of 2 remains intact in 1, and bond valence sum

calculations and XPS data (Mn 2p bands) indicate that all Mn

and Ce centers are still in their +IV oxidation state. However,

in 1 the [a-P2W15O56]
12� anion has gained an additional

Scheme 1 Structure of [CeMn6O9(O2CCH3)9(NO3)(H2O)2] (2).
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tungsten site (W9) and thus is turned into a di-vacant ligand.

The POM and {CeMn6} building blocks are connected

through a number of strong and weak complementary inter-

actions.

First, the three terminal ligands (one nitrate and two aqua

groups) on Ce in 2 are now replaced by the stronger coordina-

tion of bridging (O30) and terminal (O33, O330) oxo groups

originating from the PO4 tetrahedron and adjacent WO6

octahedra of the polyoxoanion. As expected, the formation

of stronger Ce–O–W bridges concomitantly weakens the con-

nection between Ce and the Mn6 cluster unit, increasing the

average Ce� � �Mn distance from 3.37 Å in 2 to 3.42 Å in 1.

A second type of connection is established via m2-O bridges

(O35 and O350) between W9 and a pair of adjacent Mn ions

(Mn3 and Mn30), replacing one of the acetate groups between

them. Both the structural parameters and a subsequent control

experiment indicate that the Mn–O–W bridging is critical in

stabilizing the overall framework. The newly formed

Mn3–O35 and Mn30–O350 bonds (1.869(2) Å) are notably

shorter than in the original Mn–acetate coordination environ-

ment (averaging 1.958(2) Å). In addition, a control experiment

replacing [a-P2W15O56]
12� with the mono-vacant [a2-

P2W17O61]
10� ligand only produces the 2 : 1 Weakley complex

[{a2-P2W17O61}2Ce]
16�,10 suggesting a break-down of the

CeMn6 core in 2 in the absence of strong Mn–O–W bridging.11

This finding is also consistent with the above observation that

Ce–polyoxoanion coordination weakens the competing

Ce� � �Mn link.

In addition to the above coordinative bridges, intramole-

cular hydrogen bonding interactions also participate in con-

necting the two building blocks. The two non-coordinating

terminal oxygen atoms (O32 and O320) at the substitution

position are mono-protonated OH groups as evidenced by

their corresponding W–O distances (W7–O32 and W70–O320,

1.962(2) Å). They form strong H bonds (O32� � �O36 and

O320� � �O360, 2.617(3) Å) with two of the m3-O groups which

link the Ce� � �Mn pairs in the {CeMn6} unit.

The magnetic susceptibility of 1 in the temperature range

2–290 K indicates antiferromagnetic coupling between the s=

3/2 Mn(IV) centers similar to 2,7 resulting in a singlet ground

state (Fig. 2). Down to ca. 50 K the susceptibility data follow a

Curie–Weiss expression with a Weiss temperature of �38 K.

In contrast to 2, where two Mn–Mn bridging modes alternate

(resulting in two types of each of the three exchange pathways

characterized by exchange energies J1 and J2), the coordina-

tion of the Mn6 ring to W9 adds a third type of nearest-

neighbor Mn–Mn exchange between Mn3 and Mn30 (J3).

Indeed, a 2-J model7 does not suffice to produce a satisfying

fit to the susceptibility data of 1, confirming the implication of

the induced ligand change on the magnetic properties. An

isotropic Heisenberg spin Hamiltonian (of the type H =

�2SJSiSj) based on these three interactions and a small

next-nearest neighbor coupling constant (J4) results in a best

fit of the low-field susceptibility data for J1 =�4.2 cm�1, J2 =
�4.6 cm�1, J3 = +0.4 cm�1, and J4 = �0.5 cm�1 (Fig. 2,

assuming a uniform g factor of giso = 2.06).

Due to its ionic nature, 1 is insoluble in common organic

solvents. The aqueous solution 1H NMR spectrum of 1 is not

Fig. 1 (a) A side view of the solid-state structure of the complex

anion of 1 in ball-and-stick representation (W, gray; Mn, purple; Ce,

yellow; P, blue; C, black; O, red; H omitted for clarity). Hydrogen

bonds are highlighted as dashed green lines. (b) A perpendicular view,

with the {P2W15} moiety in polyhedral representation, highlighting the

crystallographic m symmetry.

Fig. 2 Temperature dependence of wT for 1 at 0.1 Tesla (exp. data:

black squares, best fit to isotropic Heisenberg model (see text): red

graph). Inset: magnetic exchange connectivity, J1 (two m-O, one in-

plane acetate bridge): red; J2 (one in-plane m-O, two acetate bridges):

blue; J3 (one in-plane m-O, one acetate, one O–W–O bridge): black; J4
(next-nearest neighbor interactions via O–Ce–O bridges): dotted lines.
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informative in distinguishing the bridging acetate groups.

It displays a single acetate peak at 1.56 ppm (in 1 : 3

CD3COOD–D2O), in addition to a downfield signal attributed

to (CH3)2NH2
+ counterions (see ESIw). Analogous behavior

has been observed for the prototypal [Mn12O12(O2CCH3)16-

(H2O)4] cluster where equatorial acetates have non-distin-

guishable methyl resonances due to their similar magnetic

environments and flexibility in solution.12 The 31P NMR

spectrum of 1, on the other hand, indicates that the solid-state

structure is retained in solution. It exhibits only a single

resonance at �13.1 ppm ascribed to the distal P atom (P2),

which is relatively sheltered from paramagnetic broadening

and solvent effects. The signal for the proximal phosphorus

atom (P1), however, is broadened beyond detection due to its

close proximity to the paramagnetic Mn(IV) centers.

In conclusion, structural characterization of complex 1

reveals the first polyoxoanion-substituted Mn carboxylate

cluster. The employed strategy opens the way to the prepara-

tion of a variety of polynuclear Mn coordination cluster

derivatives by surprisingly straightforward metathesis reac-

tions with POM ligands. Next to the implications of altering

the magnetic properties of the Mn clusters, by imposed

structural changes and introduction of magnetic POM groups,

the preparation of such POM-stabilized complexes is also

important for the design of magnetic molecule-based devices,

which often require their deposition onto surfaces.13 Much as

polyoxoanions have been long proposed as soluble models of

metal oxide-supported heterogeneous catalysts,2,14 complexes

such as 1 will potentially serve as tractable molecular repre-

sentations for anchoring magnetic molecules onto metal and

metal oxide surfaces.
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