
Magnetic Properties of a Manganese(II) Trinuclear Complex Involving a
Tridentate Schiff-Base Ligand
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The Schiff condensation of 2-pyridinecarboxaldehyde N-oxide with
2-aminophenol gave a tridentate ligand, abbreviated as Hpoxap.
This ligand bears the functionality of a terminating group in a
trinuclear complex [Mn(poxap)Mn(ac)4Mn(poxap)], where ac- is
the acetate bridge. The magnetic data were treated simultaneously
during the fitting procedure with the spin Hamiltonian containing
isotropic exchange, the zero-field splitting parameters, and the
molecular-field correction and resulted in JMn-Mn/hc ) −4.73 cm-1,
gMn(t) ) 1.96, DMn(t)/hc ) −0.45 cm-1, and zj/hc ) +0.45 cm-1

with ground state S ) 5/2, where t ) terminal atom. At low
temperature, the features of a ferromagnetic correlation become
evident.

The pyridine N-oxide analogues of the Schiff-base
complexes have been widely studied in the past decade.
2-PyridinecarboxaldehydeN-oxide (poxal) serves as a pre-
cursor for several Schiff-type condensations with aliphatic
and/or aromatic amines yielding bidentate, tridentate, tetra-
dentate, pentadentate, and hexadentate ligands. Our key
tridentate ligand (Hpoxap) can be prepared by the condensa-
tion reaction poxal+ 2-NH2PhOHf Hpoxap.

Mononuclear complexes of the type [MII(poxap)-IA-I]‚sol
with a coligand A) NO3

- or ac- have been reported.1 The
structure of the trinuclear [Zn(poxap)Zn(ac)4Zn(poxap)]
complex was determined (two polymorphs), and the magnetic
properties of the trinuclear complex [Cu3(poxap)2Cl4] were
studied.2

The present communication deals with a trinuclear Mn(II)
complex [Mn3(ac)4(poxap)2] (1) and its magnetic properties.
Et3N (V1 ) 0.2 cm3) was added to a cold solution of Hpoxap
(n1 ) 1.0 mmol) in acetonitrile (V2 ) 15 cm3) and methanol
(V3 ) 40 cm3). This mixture was combined with a solution
of Mn(OAc)2‚4H2O (n2 ) 1.0 mmol) in methanol (V4 ) 20
cm3), and the system was left to crystallize. After 24 h, small
brown crystals were separated on the frita funnel. Yield: 0.14
g. Anal. Calcd for C32H30N4O12Mn3 (Mr ) 827.42): C, 46.4;
H, 3.65; N, 6.77; Mn, 19.9. Found: C, 46.9; H, 3.85; N,
6.91; Mn, 19.7.

The expected structural motif of the complex is shown in
Figure 1. It is an analogue of the trinuclear Zn(II) complex
whose structure has been reported.2 The IR spectra of1 are
similar to those of the Zn(II) analogues; X-ray powder
diffraction patterns show that the structure of1 closely
resembles that ofR-[Zn3(ac)4(poxap)2]‚H2O (see Figures S1
and S2 in the Supporting Information).

The temperature dependence of the magnetization atB )
0.1, 2.0, and 5.0 T (transformed to the mean magnetic
susceptibility) has been recorded with a SQUID apparatus
(Quantum Design). A correction of the underlying diamag-
netism was estimated on the basis of Pascal constants asødia

) -4.3× 10-9 m3 mol-1.3 The effective magnetic moment
is calculated in SI units asµeff/µB ) 798[(ømol - ødia)T]1/2.

Magnetization measurements up toB ) 5.5 T at different
temperatures and alternating current susceptibility measure-
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Figure 1. Sketch of the trinuclear complex1 (X ) ac-).
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ments at different frequencies have been done with an
alternating current susceptometer/magnetometer (LakeShore,
model 7225).

The experimental magnetic functions are shown in Figure
2. The magnetic susceptibility monotonously increases upon
cooling from T ) 300 to 4.2 K. The effective magnetic
moment atT ) 300 K adopts the value ofµeff ) 9.6µB. For
a low applied field (B ) 0.1 T), the effective magnetic
moment rises rapidly, and atT ) 2.0 K, it adopts a value of
µeff ) 10.8 µB.

The inverse susceptibility (1/ømol) vs T is linear in the
higher-temperature (HT) rangeT ) 30-300 K and can be
fitted to the Curie-Weiss lawømol ) NAµ0µeff

2/[3k(T - Θ)],
resulting in a negative Weiss constantΘHT ) -29 K and
µeff ) 10.0µB, which is in agreement withµeff ) 9.6 µB at
300 K. This indicates a dominant antiferromagnetic coupling
that operates aboveT > 30 K. Upon further cooling, the
slope of this function is altered, and belowT < 17 K, it
becomes again nearly linear withΘLT ) +1.9 K andµeff )
6.4µB, which is the expected value for the ground stateS)
5/2. This unusual behavior is reproducible: it was found for
three samples prepared independently. It seems that below
T < 17 K a ferromagnetic correlation applies.

The ground stateS ) 5/2 has been confirmed by the
measurement of the magnetization untilB ) 5.5 T at low
temperatures (Figure 2). The theoretical value of the mag-
netization per complex forg ) 2.0 isMmol/NAµB ) 5.0 when
S) 5/2, and this is approached atT ) 4.5 K and more rapidly
at lower temperatures ofT ) 2.4 and 1.7 K.

To a first approximation, the higher-temperature window
of the magnetic data has been successfully fitted with the
spin Hamiltonian that accounts for the isotropic exchange
of adjacent centers and the Zeeman term.4 The continuation
of the “theoretical” curve below 35 K would lead to a plateau
with µeff/µB ) 5.55 (T ) 2.0 K; B ) 0.1 T) in analogy with
observations for similar systems.5-10 However, the situation

for 1 is different: the effective magnetic moment (B ) 0.1
T) passes through a minimum atT ) 17 K and then rapidly
increases upon subsequent cooling down toT ) 2.0 K.

In order to explain the observed low-temperature behavior,
an additional molecular-field correction and a single-ion zero-
field splitting (ZFS) have been considered

wherezj is a common molecular-field parameter,〈Sa〉T is a
thermal average of the spin, andDA is the ZFS parameter.
Because the terminal Mn(II) centers are only pentacoordi-
nated{MnN2O3}, this predisposes the ZFS parametersDt1

) Dt2 * 0. The central Mn(II) unit possesses a nearly
octahedral coordination sphere{MnO6}, and therefore it is
expected thatDc ) 0 andgc ) 2.0.11

Molar magnetization was calculated through the partition
function Ma ) NAkT (∂ ln Za/∂B) for a ) x, z and then
averaged for the powder sample asMav ) (2Mx + Mz)/3.
Because the average spin in eq 1 needs eigenvectors, the
equation has been solved by an iterative, time-demanding
procedure.

The experimental data sets (temperature dependence of
the magnetization atB ) 0.1, 2, and 5 T and field dependence
of the magnetization atT ) 1.7, 2.4, and 4.5 K) were treated
simultaneously during the fitting procedure; this helps in an
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Figure 2. Magnetic functions for1. Left: temperature dependence of the effective magnetic moment (calculated from the temperature dependence of
magnetization atB ) 0.1, 2.0, and 5.0 T). Center: inverse susceptibility atB ) 0.1 T and its extrapolation. Right: field dependence of magnetization atT
) 1.7, 2.4, and 4.5 K. Empty circles: experimental points. Full line: fitted data.

Ĥ(2)(a) ) -Jp-2(SBt1‚SBc + SBc‚SBt2) + ∑
A

t1,c,t2

µBp-1BagAŜAa +

∑
A

t1,t2

DAp-2[ŜAzˆŜAz - (SBA‚SBA)/3] - (zj)p-1〈Sa〉T Ŝa (1)
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unambiguous determination of the magnetic parameters. The
results of the fitting procedure are collected in Table 1 and
displayed in Figure 2. Values of the isotropic exchange
constantJc-t/hc ) -4.73 cm-1 andg factorgt1 ) gt2 ) 1.96,
for fixed gc ) 2.0, are in good agreement with data published
so far for analogous complexes. The local anisotropy on
terminal Mn(II) centersDt/hc ) -0.45 cm-1 is typical for
pentacoordinated Mn(II) complexes.12 Molecular-field cor-
rection is of a ferromagnetic nature,zj/hc ) +0.45 cm-1,
and it is substantial for a successful data fitting. It can be
concluded that the prepared linear trinuclear Mn(II) complex
exhibits an antiferromagnetic exchange between adjacent
centers and a ferromagnetic intermolecular interaction, which
is responsible for a high effective magnetic moment atT )
2 K.

The magnetic parameters have been used for the recon-
struction of the zero-field energy levels; these are displayed
in Figure S4 in the Supporting Information. The ground state
is S ) 5/2, which is in agreement with the magnetization
curves.

The magnetization measurements atT ) 1.8 and 2.0 K
were done with the field directions betweenB ) -1.0 and
+1.0 T in order to identify an eventual hysteresis (Figure
S5 in the Supporting Information). Because the magnetization
data for reversed fields are almost identical within experi-
mental error, the existence of hysteresis is not unambiguously
proven.

The alternating current susceptibility measurements in the
dual mode (Figure 3) show that the out-of-phase susceptibil-

ity (absorption) starts to increase belowT < 17 K; it is a
frequency-dependent quantity. However, it does not pass
through a maximum either untilT ) 4.2 K or aboveT )
1.8 K (not shown). It can be expected that belowT < 1.8 K
the complex1 could behave as a single-molecule magnet.
There are predispositions for such a behavior: the ground-
state S ) 5/2, negative single-ion anisotropy of terminal
Mn(II) centers, and the frequency dependence of the alternat-
ing current susceptibility. This expectation is supported also
by the measurements at low static fields showing features
of saturation around 1.7 K (Figure S6 in the Supporting
Information). The Cole-Cole plot (absorption vs dispersion),
however, does not follow the usual semicircle dependence;
this indicates rather complex dynamic processes at low
temperature; see also a recent report.13
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Table 1. Magnetic Parameters of Linear Trinuclear Mn(II), Acetate-Bridged Complexes

complex (Jc-t/hc)/cm-1 (Jt-t/hc)/cm-1 gMn (DMn/hc)/cm-1 (zj/hc)/cm-1 methoda ref

[Mn3(ac)6(bpy)2] -4.4 1.99 S 5
-4.4 1.985 M

[Mn3(ac)6(BIPhMe)2] -5.6 -0.18 2.0 Θ ) -0.24 K S 6
[Mn3(ac)2(bpc)2(py)4(H2O)2]‚0.5H2O -2.86 1.95 S 7
[Mn3(ac)6(pybim)2] -3.8 2.02 -0.1 S 8

-3.6 2.04 M
[Mn3(ac)8](Et4N)2 -11.2 +1.4 2.0 S 9
[Mn3(L)2(ac)2(NCS)2]‚CH3OH‚H2O -2.0 2.0 S 10
[Mn3(ac)4(poxap)2] -4.73 t, 1.96, c, 2.0 t,-0.45, c, 0.0 +0.45 S, M this work

a S ) magnetic susceptibility; M) magnetization.

Figure 3. Alternating current (ac) susceptibility data on1 at f ) 30, 56, and 1000 s-1. Hdc ) 690 A m-1 (9 Oe);Hac ) 398 A m-1 (5 Oe).
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