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A layered mixed-valence manganese complex, [MnII
2(bispicen)2-

(µ3-Cl)2MnIII(Cl4Cat)2MnIII(Cl4Cat)2(H2O)2]∞, is synthesized and
characterized structurally. It displays a slow magnetic relaxation
and hysteresis effect.

Cooperative magnetic phenomena or bulk magnetic be-
haviors are regarded as properties of some extended solid-
state compounds normally whereas paramagnetic behavior
is often noted in molecular compounds. Moving a step
beyond, a related question may arise whether a single
molecule or single chain would show characteristics of a
magnet. In the past few years, some molecular clusters such
as Mn12 and Fe8, which behave like superparamagnets
(“single-molecule magnets”1), have been reported to exhibit
unusual magnetic hysteresis. This is caused by the macro-
scopic quantum tunneling of magnetization, and the features
refer to the slow magnetic relaxation of molecular origin. A
similar magnetic relaxation is also present in one-dimensional
(1D) Ising systems, predicted in 1963 by Glauber.2 The first
experimental confirmation was, however, made by Gatteschi
et al.3 in 2001. Subsequently it was also found in MnIII-
MnIII-NiII, CoII, and CoII-FeIII chains,4-5 which were named
as “single-chain magnets”. In this Communication, we report
a novel mixed-valence complex [MnII

2(bispicen)2(µ3-Cl)2-
MnIII (Cl4Cat)2MnIII (Cl4Cat)2(H2O)2]∞ (1) (bispicen) N,N′-

bis(2-pyridylmethyl)-1,2-ethanediamine and Cl4Cat) tetra-
chlorocatecholate dianion) also showing a slow magnetic
relaxation.

The reaction of [MnII(bispicen)Cl2] 6 with tetrachloro-
catechol (Cl4CatH2) in a 1:1 ratio in an acetonitrile-water
mixture leads to light green platelike crystals of complex17

which crystallizes in orthorhombic system with space group
I222. The molecular structure is shown in Figure 1a.8 The
structural unit consists of a layered mixed-valence manganese
complex in theab plane (Figure 1b).

Along the a-axis, two manganese atoms in the dimeric
[Mn2

II(bispicen)2] moiety are bridged by a pair of chloride
ions forming a MnII2Cl2 diamond-like core. The separation
between the manganese centers of the core is 3.5178(1) Å.
The two Mn(II)-Cl bridging bond lengths are equal [2.5398(1)
Å] and comparable to similar systems.9 Four nitrogen atoms
of the bispicen ligand coordinate each manganese atom of
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this moiety in a folded manner, resulting in a distorted
octahedral environment. The Mn(II)-Namine and Mn(II)-
Npyridine bond distances are 2.285(2) and 2.252(2) Å, respec-
tively, which agree well with the previously reported
Mn(II)-N bond distances.9a,10 The bridged chloride ions
coordinate the Mn(III) ion of the [MnIII (Cl4Cat)2] unit axially
along thea-axis with a Mn(III)-Cl bond length of 2.8418(1)
Å. This is significantly larger than the Mn(II)-Cl bond
distance in the dimeric unit, caused by the Jahn-Teller
distortion of the high-spin Mn(III) ion in the octahedral
environment.11 Each Mn(III)-OCat bond length of the
MnIII (Cl4Cat)2 unit in the chain is 1.8917(16) Å, consistent
with those observed in structurally characterized Mn(III)-
catecholate complexes.12 The catecholate C-O and C-C
(bearing the-OH groups) bond lengths are 1.3445(19) Å
and 1.413(3) Å, respectively. These data indicate that the
ligands are chelated in the fully reduced catecholate form.13

The Mn(II) ion of the dimeric unit is apart from the Mn(III)
ion of the MnIII (Cl4Cat)2 unit in the chain by 4.994(10) Å.
As a whole, aµ3-Cl bridged infinite 1D chain with alternate
Mn(II) dimers and Mn(III) ions is generated along thea-axis.

The previously described [MnIII (Cl4Cat)2] unit is connected
with another [MnIII (Cl4Cat)2(H2O)2] unit through hydrogen
bonds (Figure 1), forming a chain which is along theb-axis.
The geometry of the Mn(III) ion of the [MnIII (Cl4Cat)2-
(H2O)2] moiety is a distorted octahedron. The in-plane
positions are occupied by four oxygen atoms from two
tetrachlorocatecholate ions with Mn(III)-OCatand catecholate
C-O bond lengths of 1.8972(17) and 1.340(3) Å, respec-
tively, comparable to the previously described unit. The two
H2O molecules occupy the axial positions of the Mn(III)
center with a considerably long Mn(III)-Owater bond length
[2.462(3) Å] due to the Jahn-Teller distortion.11 These are
involved in a strong hydrogen-bonding interaction [Owater

H‚‚‚OCat ) 2.918(3) Å] with the adjacent catecholato oxygen
atoms of the MnIII (Cl4Cat)2 moiety. The distance between
the adjacent Mn(III) ions in the chain along theb-axis is
6.3270(1) Å. The two perpendicularly crossed chains form
a layer in theac plane. The interlayer distance isc/2 (14.26
Å). It is worth mentioning that the Mn(III)-Mn(III) separa-
tions between the chains along thea-axis are significantly
large [a ) 9.349 and 15.00 Å].

Magnetic susceptibility measurements are performed on
a collection of small crystals of1 at 5 kOe in the temperature
range 2-300 K (Figure 2a). The magnetic susceptibilityøm
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Figure 1. (a) Molecular structure of complex1. Hydrogen atoms are
omitted for clarity. (b) Skeletal representation of1 in the ab plane.

Figure 2. (a) Temperature dependence oføm
-1 andømT at 5 kOe of1.

The dotted lines correspond to the best fits obtained with the Curie-Weiss
law and a Fisher 1D-chain (S ) 2) model combining a dimer MnII2 (S )
5/2) model; the solid line is the best fit using an alternating chain model
(see text). (b) Field dependence of magnetization at 1.8 K. The lines are
guides.
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law (øm ) C/(T - θ)) with C ) 17.17(2) cm3 mol-1 K and
θ ) -83.3(5) K. The negative Weiss constant suggests a
dominant antiferromagnetic exchange between the magnetic
centers. TheømT value decreases upon cooling to a minimum
of 8.33 cm3 mol-1 K at 48 K, and then increases to a
maximum of 38.86 cm3 mol-1 K at 10 K. This is a
characteristic of ferrimagnetic behavior. In the absence of a
suitable model for such a complicated 2D layer, theømT data
above 20 K was fitted first into a Fisher 1D-chain (along
theb-axis MnIII chain,S) 2) model involving a dimer MnII2
(S ) 5/2) model (H ) - 2JbΣSiSj - 2JdS1S2 with intrachain
MnIII-MnIII couplingJb, intradimer couplingJd), giving Jd

) -13(2) cm-1, Jb ) 0.96(8) cm-1, g ) 2.08(4), andR )
3.1 × 10-3 (R ) ∑[(ømT)obs - (ømT)calcd]2/∑[(ømT)obs]2).
Alternatively, the 2D layer may be regarded as an alternating
chain containing MnII2 dimers and MnIII ions along thea-axis
involving interchain interaction with intradimeric, intrachain,
and interchain exchange constantsJd, Ja, andzJ′ respectively
(H ) - 2JaΣSMn(III)Sd, Sd being the effective spin of the
MnII

2).14 The best fitting givesJd ) -4.32(5) cm-1, Ja )
-12.7(1) cm-1, zJ′ ) 0.93(2) cm-1, g ) 2.00,gMn(III) ) 2.30,
andR ) 6.5 × 10-5. Two models give similar results: the
two Cl-bridged MnII ions are antiferromagnetically coupled
(Jd),15 and the interaction between the neighboring MnIII ions
(S ) 2) along theb-axis (Jb ≈ zJ′) could be ferromagnetic
(F). The latter model suggests a strong antiferromagnetic
(AF) coupling (Ja) between MnII2 dimers and MnIII ions along
thea-axis. Overall, the coexistence of AF and F interactions
leads to such a ferrimagnetic-like behavior.

As shown in Figure 2b, the magnetization of1 at 1.77 K
increases very fast at low field, and reaches 9.49Nâ per
MnII

2MnIII
2 at 70 kOe, higher than the calculated saturation

value 8.32Nâ for MnIII
2 unit (ST ) 4, g ) 2.08) with the

assumption ofSdimer being zero for the MnII2 unit. When the
magnetic field is large enough to result in some populated
spin levels aboveS) 0, one cannot ignore the contribution
of the MnII dimer to the magnetization. A hysteresis loop is
observed clearly at 1.75 K (inset of Figure 2b), with a
coercive field of 310 Oe and a remnant magnetization of
3.2 Nâ.

Is it a long-range ferrimagnetic ordering? Because of the
unusually long M-M separations between the layers along
thec-axis (>12 Å), the dipole-dipole interactions between
the adjacent layers should be considerably weak, suggesting
a low-dimensional behavior. The alternating-current (ac)
magnetic susceptibility of1 measured at different frequencies
(shown in Figure 3a) is strongly frequency-dependent below
5-6 K, precluding a three-dimensional ordering. The
magnetic relaxation obeys the Arrhenius law (τ ) τ0 exp(∆/
kBT)), suggesting a thermally activated mechanism. The best
Arrhenius fitting givesτ0 ) 3.4× 10-10 s and∆/kB ) 50.5(5)
K. At a fixed temperature 3.76 K around the cusp of out of
phaseø′′, a semicircle Cole-Cole diagram is obtained (ø′′

vs ø′), as shown in Figure 3b. This can be fitted by a
generalized Debye model withR ) 0.3, indicating a
distribution of relaxation time. The magnetic relaxation is
strongly reminiscent of that observed in single-molecule
magnets as well as in molecular magnetic nanowires, where
the energy barrier originates from the magnetic anisotropy.1-5

The MnIII ‚‚‚MnIII interaction along theb-axis (0.93-0.96
cm-1) and the barrier∆/kB (50.5(5) K) in the title complex
are comparable to those (0.67-0.7 K and 72 K) of a reported
MnIII -containing compound.4

All efforts to get a big single crystal of1 for magnetic
anisotropy measurements have been unsuccessful so far, and
the 1D Ising model could not be used for fitting the low-
temperature data. However, the elongated octahedral envi-
ronment of each Mn(III) ion displays a uniaxial (Jahn-
Teller) distortion along thea or b direction, suggesting the
contribution of the magnetic anisotropy. The ferromagnetic
coupling of MnIII ions (S ) 2) along theb-axis is unique,
which might play a key role in the observation of the slow
magnetic relaxation in consideration of the nonmagnetic
ground state of the MnII dimer at zero field and low
temperature. The ferromagnetic interaction between the MnIII

ions is due to the strict orthogonality of the magnetic dz2

orbitals in thea andb directions alternately.
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Figure 3. (a) Temperature dependence of the real (top) and imaginary
(bottom) components of theac susceptibility in zero applied static field
with an oscillating field 2 Oe in frequency of 111-9999 Hz. The lines are
guides. (b) Cole-Cole diagram at 3.76 K.
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