
Synthesis, structure and magnetic properties of a trinuclear [MnIIIMnII
2]

single-molecule magnet

Richard T. W. Scott,a Simon Parsons,a Muralee Murugesu,b Wolfgang Wernsdorfer,c George Christoub and
Euan K. Brechin*a

Received (in Cambridge, UK) 1st February 2005, Accepted 1st March 2005

First published as an Advance Article on the web 15th March 2005

DOI: 10.1039/b501504a

Ferromagnetic exchange between the three Mn ions in the

complex [Mn3(Hcht)2(bpy)4](ClO4)3 leads to a spin ground

state of S 5 7; single crystal studies reveal the temperature and

sweep rate dependent hysteresis loops expected for a single-

molecule magnet.

Polymetallic clusters of paramagnetic transition metal ions can

display the phenomenon of single-molecule magnetism if they

combine a relatively large spin ground state with a large and

negative zero-field splitting of that ground state.1 This is a

relatively rare combination which results in a significant barrier to

thermally activated magnetization relaxation and thus far is most

often found in complexes containing manganese.2 Compared to

other transition metals, clusters of manganese are often character-

ized by large spin ground states and this in conjunction with the

presence of Jahn–Teller distorted Mn3+ ions makes manganese

clusters ideal candidates for SMMs. The barrier to relaxation is

given by U 5 S2|D| or (S2 2 1/4) |D| for integer and half-integer

spins respectively, and intense effort is underway to maximise the

magnitude of both parameters so that the proposed application of

these materials may one day be realised.3 To this end two

successful, but somewhat opposing, synthetic strategies have been

employed. The first is the use of rigid bridging ligands, e.g. cyanide,

that impose the geometry on the resultant cluster4 and the second

is the use of flexible ligands that impose little or no geometry.5

Both approaches have produced molecules with extremely large

spin ground states – S 5 39/2 for the former6 and S 5 25 and

S 5 51/2 for the latter7 – but unfortunately these have not been

coupled with large values of |D|. While the anisotropies of

monomeric Mn3+ complexes can be relatively large (|D| y 4 cm21),

the magnitude of |D| for polymetallic clusters of the same ion tends

to be relatively small (|D| , 0.50 cm21). For example, a [Mn18]

SMM with one of the largest known ground state spin values,

S5 13, has D#20.13 cm21,8 whilst the smallest known SMM is

a ferromagnetic dinuclear Mn3+ complex with a ground state of

S 5 4 and D # 21.1 cm21.9

We have been exploring the reactivity of tripodal alcohols, such

as 1,1,1-tris(hydroxymethyl)ethane (H3thme) and 1,1,1-tris-

(hydroxymethyl)propane (H3tmp) in the synthesis of polynuclear

3d transition metal clusters, including manganese,10 and have now

extended this work to include the ligand cis,cis-1,3,5-cyclohexane-

triol (H3cht) – and herein report the synthesis, structure and

magnetic properties of the first example of a trinuclear SMM and

the first Mn SMM to contain only one Mn3+ ion.

Reaction of the dinuclear complex [Mn2O2(bpy)4](ClO4)3 with

one equivalent of H3cht in MeCN produces a bright red solution

from which orange crystals of [Mn3(Hcht)2(bpy)4]-

(ClO4)3?1Et2O?2MeCN (1?1Et2O?2MeCN) are obtained upon

diffusion of diethyl ether during one week. Complex 1{{ (Fig. 1)

crystallises in the monoclinic space group I2/m. The metallic core

of the complex comprises a linear [MnIIIMnII
2O4]

3+ unit in

which the central Mn ion (Mn1) is the sole Mn3+ ion. The metal

ions are linked together by four m2-oxygens (O11 and symmetry
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Fig. 1 The structure of complex 1 viewed parallel to the cyclohexane ring

(top) and perpendicular to the cyclohexane ring (middle). Structures of the

tripodal ligands H3cht, H3thme and H3tmp (bottom).
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equivalents) from the two Hcht22 ligands which sit directly, one

above and one below, the [Mn3] plane. The Mn–O–Mn bridging

angle is 102u. The third oxygen atom (O31 and symmetry

equivalent) of the ligand remains protonated (H-bonding the

N-atom of the MeCN solvent molecule) and defines the direction

of the Jahn–Teller axis of Mn1. The coordination of the peripheral

Mn2+ ions is completed by two chelating bpy molecules. These Mn

ions are in distinctly distorted octahedral geometries with cis angles

in the range 72.30(16)–105.65(15)u and trans angles in the range

156.0(2)–158.17(14)u. The bond lengths for the Mn2+ ions lie in the

range 2.142(4)–2.330(7) Å while the central Mn3+ ion has four

short bonds of 1.898(3) Å in length and two longer bonds of

2.330(7) Å. The oxidation states of both were confirmed by bond

valence sum (BVS) calculations which are summarised in Table 1.

In the crystal the cations pack directly upon each other such that

there are effectively 2D ‘sheets’ consisting of [Mn3(Hcht)2(bpy)4]
3+

units with the ClO4
2 ions between these sheets.

Variable temperature dc magnetic susceptibility data were

collected on 1 (Fig. 2) in the temperature range 300–1.8 K in an

applied field of 1 kG. The room temperature xMT value of

approximately 12.3 cm3 K mol21 slowly increases upon cooling to

approximately 75 K where it then increases rapidly to a maximum

value of approximately 21.8 cm3 K mol21 at 3.3 K before

dropping back to approximately 20.7 cm3 K mol21 at 1.8 K. The

spin only (g 5 2) value for a [MnIIIMnII
2] unit is approximately

12 cm3 K mol21. This behaviour is indicative of ferromagnetic

exchange between the metal centres resulting in an S 5 7 ground

state with the low temperature decrease assigned to zero-field

splitting, Zeeman effects and/or intermolecular antiferromagnetic

interactions.

In order to determine the spin ground state for complex 1,

magnetization data were collected in the ranges 10–70 kG and

1.8–6.0 K and these are plotted as reduced magnetization (M/NmB)

vs. H/T in Fig. 3. For a complex entirely populating the ground

state and experiencing no zero-field splitting, the observed isofield

lines should superimpose and saturate at a value (M/NmB) equal to

gS. The data were fitted by a matrix-diagonalization method to a

model that assumes only the ground state is populated, includes

axial zero-field splitting (DŜz
2) and carries out a full powder

average.

The corresponding Hamiltonian is given by:

H ~DŜS 2
z zgmBm0ŜSzHz (1)

where D is the axial anisotropy, mB is the Bohr magneton, m0 is

the vacuum permeability, Ŝz is the easy-axis spin operator and

Hz is the applied field. The best fit gave: S 5 7, g 5 1.87(3),

D 5 20.17 cm21.

Given the magnitude of S and sign of D, ac susceptibility studies

were carried out in the 1.8–10.0 K range in a 3.5 G field oscillating

at frequencies up to 1000 Hz. Frequency-dependent out-of-phase

ac susceptibility signals were seen below approximately 3 K (but

no peaks were observed) along with a concomitant decrease in the

in-phase signal. The magnitude of the in-phase x9MT vs. T signals

at .3 K supports the aforementioned spin ground state.

In order to probe the possible SMM behaviour further, single

crystal hysteresis loop and relaxation measurements were

performed using a micro-SQUID setup.11 Fig. 4 presents typical

magnetization (M) vs. applied dc field measurements at a field

sweep rate of 0.002 T/s. A hysteresis loop was observed, whose

coercivity was strongly temperature and time dependent, increas-

ing with decreasing temperature and increasing field sweep rate, as

expected for the superparamagnetic-like behaviour of an SMM,

with a blocking temperature (TB) of y0.5 K. The hysteresis loops

also show the step-like features indicative of quantum tunnelling of

magnetization (QTM) between the energy states of the molecule.

In conclusion, use of the tripodal ligand H3cht has produced a

trinuclear manganese complex containing one Mn3+ ion and two

Mn2+ ions that are coupled ferromagnetically to give a spin ground

state of S 5 7. The observed anisotropy is rather small,

D 5 20.17 cm21, and considerably smaller than that seen for

mononuclear Mn3+ complexes. Nevertheless complex 1 does

Table 1 BVS calculations for the metal ions in 1

Mn2+ Mn3+ Mn4+ Assignment

Mn1 3.45 3.18 3.09 Mn3+

Mn2 1.91 1.75 1.70 Mn2+

Fig. 2 Plot of xMT vs. T for complex 1 measured in the temperature

range 1.8–300 K in a field of 1.0 kG.

Fig. 3 Plot of reduced magnetization (M/NmB) vs. H/T for complex 1.

The solid lines are fits of the data to an S 5 7 state with g 5 1.87(3) and

D 5 20.17 cm21 in a field range of 10–70 kG.
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display the temperature and sweep rate dependent hysteresis loops

diagnostic of an SMM and is thus the first example of a trinuclear

SMM, the first example of a Mn SMM containing only one Mn3+

ion, the second smallest SMM reported and one of the smallest

clusters to show QTM. Given the previous success of other related

tripodal organic ligands in the formation of novel SMMs, the use

of the ligand H3cht promises much.
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Notes and references

{ Complex 1 analysed satisfactorily (C, H, N) as 1?0.5 MeCN. Crystals
were kept in contact with mother liquor to avoid solvent loss and were
crystallographically identified as 1?Et2O?2MeCN.
{ Diffraction data were collected with Mo-Ka X-radiation (l5 0.71073 Å)
on a Bruker Smart APEX diffractometer equipped with an Oxford
Cryosystems low-temperature device operating at 150 K. An absorption
correction was applied using the program SADABS;12 the structure was
solved using Patterson methods (DIRDIF)13 and refined by full-matrix

least squares against F2 (Shelxtl)12 using all unique data. Crystal Data:
C60H68Mn3Cl3N10O19, M 5 1504.41, orange blocks, monoclinic, I2/m,
a 5 11.919(2), b 5 22.044(4), c 5 13.385(2) Å, b 5 96.863(4)u,
V 5 3491.6(10) Å3, 14880 reflections measured, of which 3915 were
independent, hmax 5 27.04u, 901 parameters and 13 restraints, R 5 0.0953
[based on F . 4s(F)], Rw 5 0.2653 (based on F2 and all data). CCDC
263449. See http://www.rsc.org/suppdata/cc/b5/b501504a/ for crystallo-
graphic data in CIF or other electronic format.
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