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’ INTRODUCTION

During the past 20 years, molecular magnetism has been a very
active field of research. In part, this is due to the discovery of new
single molecule magnet (SMM) behavior in coordination com-
pounds, where the perspective of storing information in a single
magnetic nanosized object may become a reality.1�15 Single mol-
ecule magnets are good candidates for these purposes because
they display a magnetic hysteresis loop with a long relaxation
time at zero dc magnetic field, even though this behavior, at the
moment, is only observed at very low temperatures. This results
from the presence of an anisotropy barrier for the reorientation of
their magnetization. However, in order to use such SMMs for
information storage, the hysteresis loop must be retained not
only when the molecules are organized within the crystal but also
when isolated. Very recently, reports on three different com-
plexes have demonstrated that SMMs can maintain their mag-
netic bistability in isolation.16�18 In the case of the Tb-double
decker complex, a slight increase of the width of the hysteresis
loop was observed, demonstrating the drawback of intermole-
cular interactions on the magnetic bistability of SMMs. Chemical
stability is also required to study their magnetic behavior in
solution and to utilize these isolated molecules in technological
applications.Metallacrown-based complexes that contain lanthanide

and transition metal ions have already been shown to behave as
SMMs.19�23 Furthermore, the architecture of these complexes24�26

and the local symmetry of the metal ions has allowed for proper
orientation of the axial distortion of the different metal ions in order
to maximize the overall anisotropy.27 The pentanuclear complex
MnII(O2CCH3)2[12-MCMnIII(N)shi-4](DMF)6, 1,

28 fulfills all of
the above requirements: it has a disklike shape, the Jahn�Teller
axial distortions of the four MnIII ions are quasiparallel, and the

Figure 1. X-ray crystal structure of 1 along the pseudo-4 fold axis (a)
and from the side (b). Color scheme: orange spheres, MnIII; aqua
sphere, MnII; red tube, oxygen; blue tube, nitrogen; gray line, carbon.
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ABSTRACT: The magnetic behavior of the pentanuclear complex of formula
MnII(O2CCH3)2[12-MCMnIII(N)shi-4](DMF)6, 1, was investigated using magnetization
and magnetic susceptibility measurements both in the solid state and in solution. Complex
1 has a nearly planar structure, made of a central MnII ion surrounded by four peripheralMnIII

ions. Solid state variable-field dc magnetic susceptibility experiments demonstrate that 1
possesses a low value for the total spin in the ground state; fitting appropriate expressions
to the data results in antiferromangetic coupling both between the peripheral MnIII ions
(J = �6.3 cm�1) and between the central MnII ion and the MnIII ones (J0 = �4.2 cm�1). In
order to obtain a reasonable fit, a relatively large single ion magnetic anisotropy (D) value of
1 cm�1 was necessary for the central MnII ion. The single crystal magnetization measure-
ments using a microsquid array display a very slight opening of the hysteresis loop but only at
a very low temperature (0.04 K), which is in line with the ac susceptibility data where a slow relaxation of the magnetization occurs
just around 2K. In frozen solution, complex 1 displays a frequency dependent acmagnetic susceptibility signal with an energy barrier
to magnetization reorientation (E) and relaxation time at an infinite temperature (τo) of 14.7 cm

�1 and 1.4� 10�7 s, respectively,
demonstrating the single molecule magnetic behavior in solution.
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complex is stable in solution. In this paper, we report on the
magnetic studies of 1 in the solid state and in solution.

’RESULTS AND DISCUSSION

The structure of 1 is nearly planar (Figure 1) and orients all
four peripheral MnIII ions with their Jahn�Teller axes almost
parallel, as depicted in Figure 2.28 The geometry of the central
MnII ion is closer to trigonal prismatic than octahedral with a
principal symmetry axis close to C3 (Figure 3).

Variable-temperature dc magnetic susceptibility experiments
reveal that 1 is dominated by antiferromagnetic exchange inter-
actions. The χMT product decreases upon cooling and reaches
a value of 1.02 cm3 K mol�1 at 2 K (Figure S1, Supporting
Information). Fitting the linear f(T) = 1/χM data between 200
and 100 K leads to a Curie constant of 15.9 cm3 K mol�1, which

corresponds well to that of the isolated ions: four MnIII ions
(S = 2, gMn(III) = 1.98) and one MnII ion (S = 5/2, gMn(II) = 2.0;
Figure S2, Supporting Information). In order to simulate the
magnetic data, we assumed an interaction topology with two
exchange coupling parameters: J (between twoMnIII ions) and J0
(between the central MnII and the peripheral MnIII ions;
Scheme 1) using the following spin Hamiltonian: H = �J(S1 3S2 +
S2 3 S3 + S3 3 S4+ S4 3S1) � J0S5 3 (S1+ S2 + S3 + S4).

The susceptibility and the magnetization data were calculated
using the MAGPACK software.29,30 The susceptibility was first
calculated by neglecting the local anisotropy of the metal ions;
the best results were obtained with a J0/J ratio of 2:3 (J0 =
�4.2 cm�1; J = �6.3 cm�1; Figure 4). The corresponding spin
ladder reveals that the ground state is ST = 1/2 and separated by
only 2 cm�1 from the first ST = 3/2 excited state. The next excited
states are ST = 1/2 and ST = 3/2 that lie 6.6 cm�1 above the
ground spin state.

The f(μ0H) =Mmagnetization data (0�30 T at 0.6 K) clearly
indicates that anisotropy effects in low-lying ST states and spin
sublevel crossings are important in describing the magnetic
behavior of 1 in applied magnetic fields. If this were not the
case, well-defined steps would have been observed in the low
temperature magnetization data. In order to take into account
the effects of the uniaxial anisotropy on the magnetization of 1,
magnetization plots were constructed for different values of the
local spin Hamiltonian parameters by constraining D(MnII) and
D(MnIII) as fixed parameters and using the J0 and J values ob-
tained from the initial analysis of the susceptibility data. These
calculations were performed iteratively until a reasonable simulation
was obtained with the following parameters: J0 = �4.2 cm�1,

Figure 2. (a) Schematic diagram of a perfectly planar 12�MC�4 with
the Jahn�Teller axes being collinear with respect to the estimated center
of the MnIII4 plane (OJ‑T�MnIII�center). (b) Measured OJahn�Teller�
MnIII�center angles about theMnIII4 plane of 1with only theMnIII ions
and the Jahn�Teller ligands shown for clarity. Color scheme: red
sphere, oxygen; green sphere, estimated center; black sphere, Mn2;
magenta sphere, Mn3; brown sphere, Mn4; blue sphere, Mn5.

Figure 3. Coordination sphere about the central MnII ion of 1. Note
that the geometry is not octahedral but closer to trigonal prismatic.

Scheme 1. Coupling Scheme for 1

Figure 4. Analysis of the χT experimental data of 1 reveals that the four
MnIII ions of the ring are antiferromagnetically coupled (J = �6.3 cm�1),
and the central MnII ion is antiferromagnetically coupled to the ring MnIII

ions (J0 = �4.2 cm�1).

Figure 5. Variable-field dc magnetic susceptibility measurements of 1.
The red line indicates the best fit to the experimental data.
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J = �6.0 cm�1, D(MnII) = +1 cm�1, g(MnII) = 2.0 cm�1,
D(MnIII) = �3.0 cm�1, and g(MnIII) = 1.98 (Figure 5). This
simulation shows that the single ion anisotropy values and the
exchange coupling parameters are on the same order of magni-
tude; therefore, the ground spin state cannot be expressed simply
in terms of a total spin value. Additionally, the shape of the
magnetization curve is very sensitive to small changes in these
zero-field splitting parameters.

Although themagnitude of theDSi value found forMnIII is well
within the range of other values reported in the literature,31,32

the DSi value determined for MnII is much larger than that anti-
cipated for a single ion with a 6A1 ground state. TypicalDSi values
for octahedral MnII complexes are ca. 0.1�0.2 cm�1, but such
values lead to very poor fits to the reduced magnetization of 1.33

Interestingly, the local structure around MnII within the penta-
nuclear complex is rather unusual for a MnII ion. Typically, MnII

ions adopt a coordination sphere that is only very slightly dis-
torted from a regular octahedron leading to a given energy
separation between the 6A1 ground state term and the excited
quadruplet and doublet terms (4T1 and

2T2), which are respon-
sible for the magnitude of the DSi.

32 In contrast, the geometry
around the MnII in 1 is markedly distorted from octahedral, with
the MnO6 unit possessing a pseudo C3 axis (perpendicular to the
face formed by the O6�O3�O13 atoms). In fact, the MnII

geometry coordination is closer to trigonal prismatic than to
octahedral (Figure 3) since the azimuthal angles (Φ) around the
pseudo-C3 axis range between 15.8 and 11.1� (Φ = 60� for an
octahedron and 0� for a regular trigonal prism). This trigonal
prismatic geometry leads to an increase inDSi. LargeD values for
MnII have been observed in a low-symmetry (relative to
octahedral) pentacoordinated complex.34

The dynamic magnetic behavior on a powder sample of 1 was
probed by measuring the ac susceptibility at different frequencies
of the oscillating magnetic field. A very weak frequency depen-
dent in-phase (χ0) signal was observed below 3 K. The χ0 was
associated with an out-of-phase (χ00) signal, which is also
frequency dependent (Figure S3, Supporting Information). To
investigate the magnetic behavior in the solid state at low
temperature, a single crystal was oriented with the magnetic field
parallel to its anisotropy axis on an array of micro-SQUIDs,6 and
the field was cycled between �1.4 and +1.4 T at different
temperatures (0.04�7 K) and at several sweep rates. For a sweep
rate of 0.07 T/s, a small opening of the hysteresis loop occurs
below 1 K (Figure 6a), suggesting the occurrence of a slow
relaxation of the magnetization for μ0H 6¼ 0. In order to check
whether this opening is due to a relaxation of the magnetization,
the sweep rate was increased to 0.14 T/s. This resulted in an

increase in the hysteresis loop at zero magnetic field at 0.04 K
(Figure 6b). The dependence of the hysteresis loop width on the
sweep rate is a signature of a slow magnetization relaxation and
signals SMM behavior and not the onset of long-range magnetic
order, which is independent of the magnetic field sweep rate. The
closed loop at the slow sweep rate of 0.07 T/s is the result of a fast
relaxation that is probably due to magnetization tunneling at
zero field.

In order to eliminate solid state lattice effects on the properties
of 1, we have investigated the dynamic magnetization behavior of
1 in frozen DMF solution in zero applied dc magnetic field. The
χ0 and χ00 data display frequency-dependent maxima above 1.8 K
(Figure 7), which was not the case in the solid state. The
dependence of the maxima in χ00 with frequency is analyzed by
plotting ln(τ) as a function of 1/TB, where τ (= 1/2πf) is the
relaxation time and TB the temperature of the χ00 maximum for a
given frequency. These data display Arrhenius type behavior with
a relaxation time τ = τ0 exp(E/kTB). Here, E (14.7 cm�1) is the
energy barrier for the reorientation of the magnetization and τ0
(1.4� 10�7 s) is the relaxation time at infinite temperature. The
Arrhenius type behavior of the magnetization relaxation and the
rather large τ0 value for 1 indicate that SMM behavior occurs
aboveT= 1.8 K in solution, while in the solid state this behavior is
observed only at lower temperatures.

The centralMnII ion is extremely important to the observed SMM
behavior of 1. The analogous Li{Li(Cl)2[12-MCMnIII(N)shi-4]}
complex, with Li+ replacing the central MnII, has a diamagnetic
S = 0 ground state with J = �4.0 cm�1, J0 = 0 cm�1, and g = 1.9
(Figure S4, Supporting Information).35 Moreover, ac studies
indicate that the Li+ analogue exhibits no slow relaxation
behavior (Figure S5, Supporting Information). This result is
consistent with the stability of complex 1 in DMF since the loss of
the MnII would have led to a diamagnetic complex and no SMM
behavior.

The examination of the structure of 1 shows the absence of H
bonds within the lattice, so only dipolar interactions may be
present at low temperatures. The increase of the blocking
temperature may thus be ascribed to much weaker intermole-
cular dipolar interactions when the molecules are isolated in
frozen DMF. Indeed, a recent study, on the relationship
between spin�lattice relaxation and quantum tunneling rate
for the ErW10 polyoxometalate single molecule magnet,36

demonstrated that a decrease of the dipolar interactions upon

Figure 6. (a) Micro-SQUID magnetization of 1 versus the applied field
(μoH) at a sweep rate of 0.07 T/s at various temperatures and (b) at
0.04 K at various sweep rates. The width of the hysteresis loop increases
with an increase in the sweep rate. Figure 7. Variable temperature ac magnetic susceptibility measure-

ments of 1 in DMF. The signal is frequency dependent, indicating SMM
behavior. Color scheme: black, 1000 Hz; blue, 500 Hz; green, 100 Hz;
orange, 10 Hz. Inset: Determination of the energy barrier for the
relaxation of magnetization. The line is the least-squares best fit to the
Arrhenius relationship.
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dilution of the molecules in a diamagnetic matrix leads to a
decrease of the tunneling rate and thus to increase the blocking
temperature.37

’CONCLUSION

Complex 1 provides a strategy to synthesize new single-
molecule magnets. Furthermore, the planar topology of the
complex allows the individual DSi of each MnIII to combine
constructively and create a non-negligible overall magnet anisot-
ropy in the complex. The central MnII ion allows for a nonzero
ground spin state that leads to the observed SMMbehavior of the
complex. However, it is not easy to discern the role of the central
MnII ion with respect to its contribution to the overall ground
state magnetoanisotropy, DST. The chemical flexibility of metal-
lacrown complexes permits the preparation of new complexes
with this same skeleton structure but possessing other magnetic
central metal ions in place of MnII. NiII has a coordination
chemistry similar to that of MnII and should be an excellent
candidate for introducing additional single-ion anisotropy con-
tributions to a large molecular magnetic anisotropy since hex-
acoordinate NiII can possess uniaxial anisotropies withDSi values
as large as �10 cm�1.38 Therefore, the strategy of central metal
ion replacement could enhance the molecular anisotropy of the
complex and result in even higher blocking temperatures.
Furtheremore, the architecture of such metallacrown complexes
induces a large stability in solution, allowing the occurrence of
the SMM behavior as isolated molecules.

’EXPERIMENTAL SECTION

The synthesis of 1 has been reported previously.28 All dc magnetic
susceptibility measurements were conducted on powered samples
mulled in eicosane to prevent torquing of the sample in high applied
dc magnetic fields. All samples were packed into gelatin capsules and
placed in a drinking straw sample holder. All magnetic susceptibility
values were corrected with Pascal’s constants, and corrections were
applied for the sample holder. Isofield variable-temperature dc magnetic
susceptibility measurements were performed at 0.25 T on a Quantum
Design MPMS SQUID from 2 to 300 K. Isothermal variable field dc
magnetization measurements were performed using a vibrating sample
magnetometer (VSM) operating at 0.6 K in an applied magnetic field of
0�30 T. All variable-temperature ac magnetic susceptibility measure-
ments were performed on an MPMS SQUID magnetometer between
2 and 10 K in zero applied dc magnetic field with a 3.5 G ac alternating
drive magnetic field operating at frequencies between 10 and 1000 Hz.
The ac studies were conducted on the powdered sample mulled in
eicosane and on the frozen DMF solution.
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’NOTE ADDED IN PROOF

An article appeared39 after acceptance of this manuscript which
contained a diamagnetic Ca(II) to form a CaMn4 species

40 in-
stead of the Li(I) metallacrown discussed in this report. These
authors used the same coupling scheme reported here for LiMn4
obtaining similar values for the J couplings of the metallacrown
ring Mn(III) ions as we report herein and elsewhere.26


