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Two chain complexes built with non-carboxylate MnIII
3O units,

[Mn3O(ppz)3(MeOH)3(OAc)]n (1) and [Mn3O(Meppz)3(MeOH)4(OAc)]n
(2), were synthesized and characterized. Magnetic studies revealed
similar intrachain ferromagnetic interactions in them and field-
induced metamagnetic properties in 1.

Recent progress in single-molecule magnets1 and single-
chain magnets2 has renewedly brought much attention to the
low-dimensional molecule-based magnetic materials, which
have long since provided practical examples for understand-
ing fundamental phenomena in magnetism and for testing
models that cannot be elucidated in higher dimensions.3 As
for one-dimensional magnetic materials, though great efforts
have been made on them, it is still a great challenge to predict
and control bulk magnetic properties through tuning of the
nature and magnitude of intrachain couplings and/or inter-
chain interactions. One promising way to meet the demand

may be the assembly reaction of metalloclusters with
unambiguous magnetic properties and bridges with known
superexchange character. This strategy has been recently used
to synthesize several one-dimensional materials with interest-
ing magnetic properties.4 In our efforts to explore new one-
dimensional magnetic materials, we notice that the oxo-
centered manganese cluster,{Mn3O(O2CR)6(L)3}0/+, has been
studied in great detail5 and proven to be a feasible building
unit to form one-dimensional complexes.6 Here we report
two complexes constructed from non-carboxylate MnIII

3O
clusters of in situ generation for the first time, [MnIII

3O-
(ppz)3(MeOH)3(OAc)]n (1) and [MnIII

3O(Meppz)3(MeOH)4-
(OAc)]n (2) [H2ppz ) 3-(2-hydroxyphenyl)pyrazole and
H2Meppz) 3-(2-hydroxy-5-methylphenyl)pyrazole], respec-
tively. The formation of planar MnIII 3O(ppz)3 or MnIII

3O-
(Meppz)3 moieties makes it possible to link them via bridges
at the MnIII axial positions to form one-dimensional com-
plexes, and the magnetic properties can thus be controlled
by the introduction of selected bridges.

A methanol solution (15 mL) containing H2ppz (or H2-
Meppz, 0.1 mmol), NaOCH3 (0.2 mmol), and Mn(OAc)2‚
4H2O (0.1 mmol) was stirred for 30 min and filtered, and
the dark-green filtrate was left for slow evaporation to give
dark-celadon platelike crystals of1 (or 2).

X-ray structure analysis7 shows that both1 and2 possess
a near-equilateral MnIII 3O triangular building unit, whose
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edges are bridged by ppz2- (1) and Meppz2- (2) with average
intracluster Mn‚‚‚Mn separations of 3.295 and 3.306 Å for
1 and2, respectively (Figure 1), and the centralµ3-O2- ions
locate 0.110 Å (for1) and 0.015 Å (for2) above the MnIII 3

planes. The MnIII oxidation states in1 and2 were established
by bond valence sum (BVS) calculations,8 charge balance
considerations, and the observed MnIII Jahn-Teller distortion.
For 1 (Figure 1a), the three MnIII ions in the building unit
locate in similar basal planes, which are composed of the
centralµ3-O2- ion, one nitrogen atom, and one phenolate
oxygen atom from one ppz2- ligand and one nitrogen atom
from another one. The differences of coordination geometries
in them consist of coordination atoms in their apical
positions; those are an acetate oxygen atom (O5) for Mn1,
a methanol oxygen atom (O7) and an acetate oxygen atom
(O6B) for Mn2, and methanol oxygen atoms (O8 and O9)
for Mn3. For 2 (Figure 1b), all three MnIII ions lie in
coordination geometries similar to those for complex1 except
that Mn1 in 2 is six-coordinated with the apical positions
occupied by an acetate oxygen atom (O5) and a methanol
oxygen atom (O10).

Each ppz2-- or Meppz2--bridged MnIII 3O cluster is then
connected to adjacent ones vian-glide operations by using
acetate groups as bridges in an anti-anti conformation to
form stepwise chains for1 and2, respectively. The acetato-
bridged Mn‚‚‚Mn distance in1 (6.39 Å) is a little shorter
than that in2 (6.58 Å). It should be noticed that the chains
are stabilized not only by covalent bonds between MnIII ions
and acetate groups but also by hydrogen bonds between
oxygen atoms of acetate groups and coordinated methanol

molecules, i.e., three hydrogen bonds of O7-H‚‚‚O5 [2.851-
(3) Å], O8-H‚‚‚O6 [2.997(3) Å], and O9A-H‚‚‚O6 [2.839-
(3) Å] in 1 and four hydrogen bonds of O7-H‚‚‚O5
[2.913(4) Å], O8-H‚‚‚O5 [2.692(4) Å], O9A-H‚‚‚O6
[2.658(4) Å], and O10A-H‚‚‚O6 [3.224(5) Å] in2 (Figure
1), respectively. The stacking modes of1 and 2 are quite
different in such way that MnIII 3O(ppz)3 moieties in 1
arranged in a herringbone style while MnIII

3O(Meppz)3
moieties in2 ranked parallel (Figure S1in the Supporting
Information), giving shortest interchain Mn‚‚‚Mn distances
of 7.341 and 8.359 Å for1 and 2, respectively. These
differences obviously arise from the different steric hin-
drances of ppz2- and Meppz2-.

The magnetic susceptibilities of1 and2 (per MnIII
3 unit)

were measured under fields of 2 kG (for1) and 1 kG (for2)
in the 2-300 K temperature range. TheøMT values are 7.34
and 7.89 cm3 K mol-1 for 1 and 2 at room temperature
(Figure 2a), respectively, somewhat less than the spin-only
one (9.0 cm3 K mol-1) expected for three isolated MnIII ions.
Upon cooling, theøMT products generally decrease in the
high-temperature range and rapidly atT < 100 K and then
reach a minimum at 18 and 9 K for 1 and2, respectively.
The data oføM

-1 above 100 K fit well with the Curie-Weiss
law, giving C ) 8.1 cm3 K mol-1 andθ ) -30.6 K for 1
andC ) 8.5 cm3 K mol-1 andθ ) -21.5 K for 2 (Figure
S3 in the Supporting Information), respectively. The Curie
constants are in good agreement with three uncoupled MnIII

ions with averageg values of 1.90 and 1.92 for1 and 2,
respectively. The negative Weiss constants indicate that the
intracluster interactions in1 and2 are antiferromagnetic (AF),
in accord with the magnetic properties of known planar
MnIII

3O clusters.5b,e On lowering temperatures,øMT sharply
increases, suggesting a ferrimagnetic-like character, which
could be explained as the noncompensated spin-frustrated
MnIII

3O clusters being further ferromagnetically coupled
through the acetate bridges. The further sharp decrease after
the maximum at about 3.5 K for1 suggested long-range
ordering occurring as a result of interchain AF interactions,
while no decrease down to 2 K was observed for2, indicating
weaker interchain interactions due to larger interchain
distances.

Undoubtedly, the coupling interaction (J1) through oxo
bridges within the MnIII 3O cluster should be much stronger
than that through acetate bridges (J2); thus, the magnetic
chains can be viewed as in Chart 1 on the basis of an
approximate model,9 where the near-equilateral trinuclear
[Mn3] was treated as the repeat unit of a uniform chain:

(7) Crystal data for1: C32H33Mn3N6O9, M ) 810.46, monoclinic,P21/n,
a ) 20.309(4) Å,b ) 7.625(2) Å,c ) 21.554(4) Å,â ) 91.78(3)°,
V ) 3336.2(12) Å3, Z ) 4, Dc ) 1.614 Mg m-3, R1 ) 0.0502,
wR2 ) 0.1559,T ) 173(2) K, µ ) 1.182 mm-1, and S ) 1.119.
Crystal data for2: C36H43Mn3N6O10, M ) 884.58, monoclinic,
P21/n, a ) 7.803(2) Å,b ) 24.457(5) Å,c ) 21.302(4) Å,â ) 99.23-
(3)°, V ) 4012.4(14) Å3, Z ) 4, Dc ) 1.464 Mg m-3, R1 ) 0.0495,
wR2 ) 0.1327,T ) 173(2) K, µ ) 0.991 mm-1, andS ) 1.069.

(8) (a) Liu, W.; Thorp, H. H.Inorg. Chem.1993, 32, 4102. (b) BVS values
for the MnIII and O2- ions are 2.93-3.18 and 1.86-1.87, respectively.

Figure 1. One-dimensional structures of1 (a) and2 (b) showing the
MnIII

3O building units with labels and the intrachain hydrogen bonds.
Symmetry codes: (A)x, y - 1, z and (B)x, y + 1, z for 1; (A) x + 1, y,
z and (B)x - 1, y, z for 2.

Figure 2. (a) Magnetic susceptibilities of1 and2 under applied fields of
2 kG (1) and 1 kG (2), respectively. (b) Temperature dependence of the
FCM at various fields for1.
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Ĥ ) -2J1{Ŝ1Ŝ2 + Ŝ2Ŝ3 + Ŝ3Ŝ1} (for the trinuclear [Mn3]);10

Ĥ ) -J2∑ST,iST,i+1 (ST for [Mn3] as a classical system).
However, the fitting could not reach convergence. Thus, a
further approximation was executed: bothJ2 and interchain
(J3) interactions were treated as an intermolecular interaction
(J′ ) J2 + J3) by mean-field theory11 with the magnetic
susceptibility expression

The experiment data above 40 K were least-squares fit to
give the best sets of parametersJ1 ) -3.01 cm-1, J′ ) 0.32
cm-1, g ) 1.88, andR ) 1.9 × 10-6 for 1 andJ1 ) -3.21
cm-1, J′ ) 0.68 cm-1, g ) 1.93, andR ) 4.5 × 10-6 for 2
(R) ∑[(øMT)obs- (øMT)calcd]2/∑[(øMT)obs]2). The results well
confirmed the intracluster AF couplings in1 and2 through
oxo bridges, which are much weaker than those in carbox-
ylato-MnIII

3O clusters.5b,e BecauseJ2 is the predominant
intercluster interaction, the positiveJ′ indicates that the
couplings, though acetate bridges, are ferromagnetic. The
largerJ′ for 2 might result from the weaker interchain AF
interactions (J3), which is in accord with the above observa-
tion. It is known that the equilateral [M3O] triangle undergoes
a magnetic Jahn-Teller effect,12 and an isosceles model13

was then tried to fit the magnetic susceptibilities of1 and2,
which, however, did not give reasonable results. It should
be noted to observe ferromagnetic couplings through the
anti-anti acetato bridges here, which was found to give AF
couplings in [Mn(salen)(OAc)].14 It would be expected to
construct new single-chain magnets through further increases
of the interchain distances.

Long-range ordering for1 was confirmed by field-cooled
magnetizations (FCMs) and ac susceptibilities at different
frequencies of 1-100 Hz in zero dc field (Figure S4 in the
Supporting Information). The FCM at 800 Oe for1 (Figure
2b) and the real part of the ac susceptibility display maxima
at about 3.2 K, while the out-of-phase component (øac′′)
remains zero, clearly indicating the occurrence of three-
dimensional AF ordering. The transition temperatures (TN)
were estimated as 3.2 K by the peak oføac′ vsT. The maxima

in øM vsT plots gradually disappeared when the applied fields
increased, suggesting a field-induced metamagnetic behavior.
The ac susceptibilities for2 further suggested that no long-
range ordering occurred above 2 K.

As shown in Figure 3, the field-dependent magnetization
of 1 measured at 1.8 K showed a sigmoidal shape, confirming
the metamagnetic behavior: the magnetization (M) first
increases slowly with the increase of the field (H) due to
interchain AF interactions and then shows a sharp transition
at about 2000 G to a ferrimagnetic-like state with a saturated
value of about 3.5 Nâ at 5 T, which is inconsistent with one
MnIII ion from the AF-coupled trinuclear [MnIII

3]. The critical
field (Hc) was determined as 2500 G by the peak position
of dM/dH. Interestingly, isothermal magnetization measure-
ment showed a hysteresis loop with a coercive field of 400
G, which may be due to the tune of magnetic anisotropy of
MnIII ions. For2, the field-dependent magnetization measured
at 1.8 K (Figure S5 in the Supporting Information) showed
an abrupt increase at the beginning of the field and became
somewhat saturated to about 3.5 Nâ at 5 T.

In summary, we have synthesized two chain complexes
(1 and2) built with MnIII

3O units for the first time. Magnetic
studies indicated that the intracluster antiferromagnetically
coupled MnIII 3O units in both chains were ferromagnetically
coupled though acetate bridges and the interchain AF
interactions of1 were stronger than those of2, resulting in
a field-induced metamagnetic behavior in1 and no magnetic
order in2 at above 2 K. The title compounds are expected
to be good prototypes to afford Glauber chains15 with slow
magnetic relaxation. Further investigations in using different
bridges, solvents, and/or substituted groups on ppz2- to
achieve new structural and magnetic properties are in
progress.
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Chart 1

Figure 3. Field-dependent magnetization and hysteresis loop of1.
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