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Two novel mixed-valent manganese phosphonate clusters
[MnIIMnIII

12O6(OH)6(O3PC6H11)10(py)6] (1) and [MnII
4MnIII

18O12(O3-
PC6H11)8(O2CCH3)22(H2O)6(py)2] (2) are reported in this paper.
Complex 1 is the first carboxylate-free manganese phosphonate
cluster. While compound 2 appears to be the largest manganese
cluster thus far that contains phosphonate ligand. Both show slow
magnetic relaxation behaviors.

Single-molecule magnets (SMMs) have gained consider-
able attention in recent years.1 It is well-known that a high-
spin ground state (S) and a negative uniaxial anisotropy (D)
are required for molecules to exhibit SMM behavior.
Manganese clusters are attractive candidates in this respect
because they often display relatively large spin ground states,
and large negative D values may arise from the presence of
Jahn-Teller (JT) distorted MnIII ions.2 Although carboxylates
are most commonly used as the peripheral ligands, the
phosphonate ligands with tetrahedral{CPO3} groups have
proven to be efficient in the construction of new manganese
clusters in the presence of coligands.3-6 Winpenny et al.
reported the largest manganese phosphonate cages of

[MnIII
20-xMnII

x] (x ) 2, 4, 6) so far where the carboxylate
appears as the coligand. All three show unusual SMM
behaviors with a high-spin ground state (19( 1, 14 ( 1,
and 11( 1, respectively) and high coercivity.3 It is found
that a slight modification of the phosphonate ligand4 and the
presence of different base6 would result in different structures
of clusters and, hence, different properties. In this paper, we
report two novel mixed-valent Mn13 and Mn22 phosphonate
cages obtained by using different solvents, namely, [MnII-
MnIII

12O6(OH)6(O3PC6H11)10(py)6] (1) and [MnII
4MnIII

18O12(O3-
PC6H11)8(O2CCH3)22(H2O)6(py)2] (2). Slow magnetic relax-
ation behaviors are observed in both compounds at low
temperature.

The reaction of C6H11PO3H2 and [Mn3O(O2CCH3)6(py)3]-
ClO4 in py in a molar ratio of 2:1 gave a dark brown solution.
Dark block-shaped crystals of1‚8py‚3H2O formed in 65%
yield by diffusion of Et2O into the filtrate. The reaction of
equal molar amounts of C6H11PO3H2 and [Mn3O(O2CCH3)6-
(py)3]ClO4 in CH2Cl2 gave a dark brown solution from which
compound2‚12H2O was obtained in 55% yield.7

Single-crystal X-ray diffraction studies8 reveal that com-
plex 1‚8py‚3H2O crystallizes in a triclinic space groupP1h.
The molecule is centrosymmetric with the MnII ion lying
on the inversion center (Figure 1).

The core structure may be dissected into three layers with
an ABA arrangement. Layer A consists of three MnIII ions
(Mn1, Mn3, Mn5) joined together by oneµ2-OH- and three
O-P-O units; layer B consists of a MnIII

6 hexagon (Mn2,
Mn4, Mn6, and their symmetry-related partners) with a MnII

ion (Mn7) in the center that can be described as six edge-
sharing partial cubane units. Such a [MnIIMnIII

6O12] core may
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be compared with those in [Mn7(OH)3Cl3(hmp)9]2+,9 [Mn7-
(OMe)12(dbm)6],10 and other larger clusters, such as [Mn13],11

[Mn19],12 [Mn21],13 [Mn25],14 and [Mn26].15 Layers A and B
are connected by a combination of oxide, hydroxide, and
phosphonate ligands. The outer coordination shell is occupied
by phosphonate ligands and terminal pyridine ligands (Figure
1). The metal oxidation states and the protonation level of
O2- and OH- are established by the Mn and O bond valence
sum calculations and the detection of MnIII JT elongation
axes. Although the JT axes are not parallel, there is a net
contribution of anisotropy from the single MnIII ions (Sup-
porting Information). Ten phosphonate ligands in this
structure adopt two bridging modes: six inη1,η1,η2-µ4 mode
and four inη1,η1,η1-µ3 mode (Scheme 1).

Complex 2‚12H2O also crystallizes in a triclinic space
group P1h. The molecule, however, shows a wheel-like
structure in which two equivalent cages of [MnIII

9O6(O3-
PC6H11)2(O2CCH3)8(H2O)] are connected by two pairs of
MnII ions through phosphonate and carboxylate bridges
(Figure 2). The core structure of [MnIII

9O6(O3PC6H11)2(O2-
CCH3)8(H2O)] contains a [MnIII 7O4] subunit consisting of two
[MnIII

4O2] “butterfly” units (Mn1, Mn2, Mn3, Mn5 and Mn2,
Mn4, Mn6, Mn8, respectively) fused by sharing a “body”
Mn atom (Mn2). The resultant [MnIII 3O4] base is almost

planar with an Mn1-Mn2-Mn6 angle of 176.5°. Pairs of
the “wing-tip” Mn atoms (Mn5, Mn8 and Mn3, Mn4) of the
[MnIII

7O4] subunit are further linked to two MnIII ions (Mn10,
Mn7) through twoµ3-O2- (O5, O6), forming a [MnIII 9O6]
cluster. This cluster is capped by two phosphonate ligands
via the coordination of the phosphonate oxygen atoms with
the Mn atoms, resulting in a cage. Two such cages are fused
by two pairs of MnII ions (Mn9, Mn11) through the
phosphonate oxygens (O13, O16, O17) and carboxylate
bridges, generating a wheel-like cluster with a rectangular
cavity in the middle. The coordinated water molecules locate
within this cavity (Figure 2).

The phosphonate ligands coordinate to three, four, or five
Mn atoms in four modes:η1,η1,η2-µ3, η1,η2,η2-µ4, η1,η1,η2-
µ4, andη1,η2,η2-µ5 (Scheme 1). The oxidation states of the
Mn atoms are established by bond valence sum calculations.
All Mn III , except Mn2 and Mn6, are six-coordinated with a
distorted octahedral geometry. Mn2 and Mn6 are five-
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Figure 1. (a) Molecular structure of1. Layers (b) A and (c) B of the
inorganic core of1. Hydrogen atoms except those in the hydroxy groups
are omitted for clarity.

Figure 2. Molecular structure of2 (top). Inorganic core of2 (bottom).
Hydrogen atoms except those in H2O are omitted for clarity.

Scheme 1
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coordinated with square-pyramidal geometries. In all cases,
the axial MnIII-O bond lengths are approximately 0.20 Å
longer than the equatorial MnIII-O distances. Although the
JT axes of Mn7 and Mn10 atoms lie almost in the same
plane, a net anisotropy is expected because of the single-ion
anisotropy contributions from the other MnIII ions (Support-
ing Information).

The variable-temperature dc magnetic susceptibilities
measured for the two compounds are shown in Figure 3 in
the form oføMT versusT plots. The room temperatureøMT
values are 32.84 cm3 K mol-1 for 1‚8py‚3H2O and 59.90
cm3 K mol-1 for 2‚12H2O, much lower than the expected
spin-only values of 40.38 cm3 K mol-1 and 71.5 cm3 K mol-1

for the two compounds.øMT decreases continuously, upon
cooling, in both cases, indicating significant antiferromag-
netic interactions between the magnetic centers.

The ac magnetic susceptibility data for both1‚8py‚3H2O
and2‚12H2O were collected in zero-applied dc field with a
5 G ac field oscillating at frequencies in the range of 1-1500
Hz and in the temperature range of 1.8-10 K. Figure 4
shows the in-phase (øM′T) and out-of-phase signals (øM′′)
versus T curves for complex2‚12H2O. This frequency-
dependent response of both signals below∼2.5 K indicates
that there is slow kinetics of magnetization reversal relative
to the ac oscillation frequencies, and this is often associated
with the phenomenon of single-molecule magnetism.16 It is
noticed that theø′MT versusT plot above 2.5 K does not
display a plateau, indicating that excited states are still
populated at these low temperatures.17 Extrapolation of the
ø′MT signal from values above 3 K gives 22 cm3 K mol-1 at
0 K, suggesting a spin ground state ofS ) 6 for 2‚12H2O.
The efforts to obtain the zero-field splitting parameter (D)
from theM/Nâ versusH/T curves, measured in the temper-
ature range of 1.8-10 K and the dc magnetic field range of
5-70 kG, were not successful because of the population of
low-lying excited states at temperatures down to 1.8 K.18,19

The frequency-dependent ac magnetic behavior is also
observed for1‚8py‚3H2O. In this case, extrapolation of the
ø′MT behavior toT ) 0 K leads to a value of 9 cm3 K mol-1,
corresponding to a ground state ofS ) 3.5 (Supporting
Information).

In summary, two manganese phosphonate cage complexes,
[MnIIMnIII

12O6(OH)6(O3PC6H11)10(py)6] (1) and [MnII
4-

MnIII
18O12(O3PC6H11)8(O2CCH3)22(H2O)6(py)2] (2), are ob-

tained simply through the change of the reaction solvents.
As far as we are aware, complex1 is the first carboxylate-
free manganese phosphonate cluster, while compound2
appears to be the largest manganese cluster thus far contain-
ing phosphonate ligand. Although both complexes display
slow relaxation behaviors at low temperature, more evidence
is required to determine if they are SMMs. Further work is
in progress to obtain new manganese phosphonate clusters
by modification of the organic groups of the phosphonate
ligand.
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Figure 3. øMT vs T plots for 1‚8py‚3H2O (O) and2‚12H2O (0).

Figure 4. Plots oføM′T (upper) andøM′′ (lower) versus temperature for
2‚12H2O. øM′ and øM′′ are the molar in-phase and out-of-phase ac
susceptibilities, respectively.
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