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The first Mn12 complex with �3-methanesulfonate bridge
was observed and its single-molecular magnetic property was
characterised.

Recently much attention is focused on the so-called single-
molecule magnets (SMM’s). SMM’s are superparamagnets with
a relatively slow magnetization relaxation which enables them to
behave as ‘‘magnets’’ below blocking temperatures (TB). Since
the molecule itself behaves as a small magnet, it is expected to
be an ultimate high-density memory device. Another aspect of
SMM’s is a candidate for the element of a qubit for a quantum
computer. The observation of steps in the hysteresis loop of
[Mn12O12(O2CMe)16(H2O)4] (1) is attributed to macroscopic
quantum tunneling of magnetization.1 The magnetic property
of 1 is characterized by a large ground state spin S (¼10), and
a negative D (¼� 0:72K).2 In order to understand its chemistry
and property more thoroughly, many works have been devoted
to the chemical modifications of 1 including the substitution of
bridging acetates to other carboxylates3–5 and the partial substi-
tution of peripheral manganese(III) ions.6,7 Recently, the substi-
tution of bridging carboxylates to non-carboxylate bridges such
as nitrate,8 phosphinate,9 phosphate,10 and benzenesulfonate11

have been reported. Although these results show that the substi-
tution affects a little on their magnetic properties, the important
point is to show the possibility of oxo-bridges other than carbox-
ylates to be substituted for acetates in Mn12 complexes. Oxo-
bridges, mostly having stronger acidity than acetates, tend to re-
place acetate ions in axial positions of Mn12 complexes.8 Ex-
panding the variety of axially substituted Mn12 complexes can
be a starting point for the construction of an assemblage of
Mn12 complexes connected in axial direction with the aim of get-
ting an SMM having a greater S value. We report here the first
example of an axially substituted Mn12 complex with �3-meth-
anesulfonate ions, which is also the first example of the �3-
bridging fashion in manganese coordination complexes.12

The �3-methanesulfonate-bridged Mn12 complex
[Mn12O12(O2CMe)12(O3SMe)3(�3-O3SMe)(H2O)3] (2) was
synthesized by reaction of 1 with four equivalence of methane-
sulfonic acid in acetonitrile.13 Complex 2 crystallizes in the or-
thorhombic space group Pbca with an asymmetric unit consist-
ing of one Mn12 molecule and seven solvent molecules as
2�3CH3CN�4H2O.

14 The molecular structure of 2 is shown in
Figure 1 together with the numbering of some selected atoms.
Four methanesulfonate ions are introduced by replacing four ax-
ial acetate ions and one water molecule. Among four methane-
sulfonate ions, one of them containing the S(2) sulfur atom co-
ordinates to three MnIII ions through three oxygen atoms with
�3(-O, -O

0, -O00) bridging fashion while the rest bridge two
MnIII ions through two oxygen atoms. Although many metal

complexes with �3-bridging sulfonate ions are known so far,12

this is the first observation of a manganese complex with a
�3-sulfonate bridge.

Since all Mn–O (sulfonate) bonds are in the axial position
and their lengths are all longer than those of Mn–O (equatorial
carboxylate) bonds, Jahn–Teller (JT) axes of MnIII ions in 2
seem to be roughly parallel to each other. Three Mn–O bond
lengths involved in the �3-coordination are 2.167(3) �A,
2.312(3) �A, and 2.306(3) �A for Mn(5)–O(37), Mn(6)–O(38),
and Mn(12)–O(36), respectively. The first bond is the shortest
one and the latter two are the longest and the second longest ones
among the nine Mn–O (sulfonate) bonds in 2. The average of the
nine Mn–O (sulfonate) lengths is 2.22 �A, which is similar to the
average of eight axial Mn–O (sulfonate) lengths (2.20 �A) in
[Mn12O12(O2CMe)8(O3SPh)8(H2O)4]

11 but appreciably longer
than the average of eight Mn–O (phosphate) lengths (2.14 �A)
in [Mn12O12(O2CPh)12(O2P(OPh)2)4(H2O)4].

10

The Mn(5) ion is apparently displaced downward (about
0.36 �A) from the line connecting Mn(1) and Mn(3) ions. Addi-
tionally, the distance between Mn(6) and Mn(12) is 5.37 �A,
which is 11% shorter than 6.05 �A of that between Mn(8) and
Mn(10). These lengths should be the same if the core structure
maintains S4 symmetry like 1. Thus, the �3-sulfonate bridge
pushes the Mn(5) ion downward and pulls Mn(6) and Mn(12)
ions inside. Although these geometrical changes affect the orien-
tation of JT axes of MnIII ions, the effect on the magnetic prop-
erty is rather small as stated later.

Since the space group of the crystal is Pbca, there are eight
independent molecules with four unique orientations in the unit
cell. Four unique molecular z axes are making angles between
104–116� (average 110�) each other, just like a tetrahedral orien-

Figure 1. ORTEP drawing of a molecular structure of 2 with
the atom numbering scheme for selected atoms. Hydrogen atoms
are omitted for clarity.
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tation.
Ac magnetic susceptibility of 2 was measured at 1.7–10K

with 5–997Hz frequencies. The out-of-phase signal �00
M at

997Hz frequency shows two peak-maxima at 2.8 and 7.2K al-
though the intensity of the latter is much greater than the former.
These two peaks correspond to ‘‘low-temperature’’ (LT) and
‘‘high-temperature’’ (HT) phases, respectively. On the basis of
the Arrhenius plots of the logarithm of the relaxation time � ver-
sus the inverse of peak temperature T , the activation energies
Ueff for the reversal of the magnetization spin are estimated to
be 35 and 68K for LT and HT phases, respectively. The latter
value is slightly larger than 61K for that of 1.2 To estimate the
ground state spin S and the zero-field splitting parameter D of
2, dc magnetization data were collected for randomly oriented
sample at low temperatures (1.9 to 4.5K) with multiple-field
strength (1.0 to 7.0 T). The results were fitted by using a fitting
program ‘‘axfit’’15 for the axially symmetric system. The fitting
is not perfect especially at high-temperature region, probably be-
cause of the configuration mixing of excited states into the
ground state. The best-fit parameters using low temperature data
below 3K are g ¼ 1:93 and D ¼ �0:54K for the S ¼ 9 ground
state. We also tried fittings for rhombic system considering an E
term, but no clear improvement was observed with E values
within the range of�0.005K and with E values out of this range,
fittings were getting worse. These parameters are in the range of
those of Mn12 complexes reported so far,2–11 indicating that the
effect of the �3-bridge on the magnetic property is not so large.
Using the obtained S and D, we can estimate a theoretical energy
barrier for the reversal of the magnetization spin as U ¼
jDjS2 ¼ 44K. Since U defines the upper limit of the energy bar-
rier, it is reasonable to assign the sample used for the magnetiza-
tion measurements is the LT phase. Removal of lattice solvent
probably induces a drastic change of the LT/HT ratio.16

The molecular packing with four unique orientations in the
unit cell affects the appearance of the hysteresis loop. At 1.9K, 2
shows a hysteresis loop as shown in Figure 2 (top). Although mi-
crocrystalline samples were aligned under the 7 T field and fixed
by eicosane wax before measurement, the magnetization is not
saturated at 3.0 T, where the magnetization value is ca.
12N�B. Since there are four independent molecular orientations
in the unit cell, each molecular easy axis can not align with the

external field but the easy axis of each microcrystal aligns as
shown in the inset of the Figure 2. The first derivative of the hys-
teresis loop is shown in the bottom part of Figure 2. Two peaks
can be observed at 0.71 and 1.32 T, which correspond to steps
observed in the hysteresis loop. The true step interval �H0 for
a single molecule with a field applied parallel to the molecular
z axis can be estimated byH cos 55� whereH is the field that step
was observed. The value is calculated to be 0.41 T by using
H ¼ 0:71T, and is a good agreement with the value of 0.42 T es-
timated from jDj=ðg�BÞ derived from the condition for the mag-
netization tunneling,1 indicating the validity of the above re-
duced magnetization analysis.
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Figure 2. Top: Magnetization hysteresis loop measured at
1.9K for microcrystals of 2. The inset shows the orientation of
four unique molecular z axes under a field H. Bottom: The first
derivative of the magnetization hysteresis loop.
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