Polyhedron 22 (2003) 1857 /1863
www.elsevier.com/locate/poly

Mn4 single-molecule magnets with a planar diamond core and S 9
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Abstract
The syntheses and magnetic properties are reported for three Mn4 single-molecule magnets (SMMs):
[Mn4(hmp)6(NO3)2(MeCN)2](ClO4)2 ×/2MeCN (3), [Mn4(hmp)6(NO3)4]×/(MeCN) (4), and [Mn4(hmp)4(acac)2(MeO)2](ClO4)2 ×/
II
2MeOH (5). In each complex there is a planar diamond core of MnIII
2 Mn2 ions. An analysis of the variable-temperature and
variable-field magnetization data indicate that all three molecules have intramolecular ferromagnetic coupling and a S/9 ground
state. The presence of a frequency-dependent alternating current susceptibility signal indicates a significant energy barrier between
II
the spin-up and spin-down states for each of these three MnIII
2 Mn2 complexes. The fact that these complexes are SMMs has been
confirmed by the observation of hysteresis in the plot of magnetization versus magnetic field measured for single crystals of
complexes 3 and 4. The hysteresis loops for both of these complexes exhibit steps characteristic of quantum tunneling of
magnetization. Complex 4 shows its first step at zero field, whereas the first step for complex 3 is shifted to /0.10 T. This shift is
attributable to weak intermolecular antiferromagnetic exchange interactions present for complex 3.
# 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction
Single-molecule magnets (SMMs) have been attracting an increasing interest [1], for they provide the means
to systematically study the chemistry and physics of
nanomagnets. The long range goals for the research on
SMMs draws from three quarters. First, a SMM may
serve as the smallest single bit magnetic memory unit.
Second, there is considerable interest [2] in discovering
quantum effects on the mesoscopic scale in magnetism.
SMMs have been shown [1,3,4] to exhibit quantum
tunneling of magnetization. Third, there have been
theoretical papers [5,6] to indicate that SMMs may be
more than a single bit memory unit, and could be of
utility in quantum computation.
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In order to understand the mechanism of quantum
tunneling of magnetization and how important intermolecular interactions are for SMMs it is imperative
that series of related SMMs be prepared. The two most
studied series of SMMs are the Mn12 and the S /9/2
Mn4 families. There are more than 20 structurally
characterized [Mn12O12(O2CR)16(H2O)4] complexes, as
well as salts of singly and doubly reduced Mn12
complexes [7 /11]. There are almost as many members
in the S /9/2 MnIVMnIII
family [12 /15].
3
Previously we described the preparation and properties of two Mn4 SMMs that have integer spin ground
states. Mn4 complexes with a planar diamond core and
incorporating either the monodeprotonated anions of
pyridine dimethanol (pdmH ) or hydroxymethylpyridine (hmp ) with the compositions of [Mn4(hmp)6Br2(H2O)2]Br2 (complex 1) [16,17] and [Mn4(pdmH)6(OAc)2](ClO4)2 (complex 2) [18,19] were reported.
Complex 1 has a S/9 ground state, whereas complex
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2 has a S /8 ground state. In the case of complex 1 the
magnetization versus magnetic field plot shows a
relatively small coercive field, perhaps due to intermolecular exchange interations that have been shown to be
present with heat capacity and magnetic susceptibility
data [16,17]. In this paper we report preliminary data for
three additional Mn4 complexes that function as SMMs.

2. Experimental
2.1. Compound preparations
All chemicals and solvents were used as received. All
preparations and manipulations were performed under
aerobic conditions. The complexes [Mn7(OH)3(hmp)6Cl3]Cl×/(ClO4) and (NBu4n )[MnO4] were prepared as
previously described [20,21]. All the compounds 3, 4
and 5 give good agreement of elemental analysis.
2.1.1. [Mn4(hmp)6(NO3)2(MeCN)2](ClO4)2 ×/2MeCN
(3)
Mn(ClO4)2 ×/6(H2O) (2.49 g, 6.9 mmol) was dissolved
in 40 ml methanol, followed by addition of hmpH (1.86
g, 17 mmol). Freshly prepared solid (NBu4n )[MnO4]
(0.625 g, 1.7 mmol) dissolved in 20 ml methanol was
then added to the solution. After 2 h, sodium nitrate
(NaNO3, 0.35 g, 4.2 mmol) was added to the solution. A
dark red/brown precipitation formed overnight. The
solution was filtered and the precipitate was washed
with a small amount of methanol and ethylether and
then dried in air overnight. The resultant solid was then
re-dissolved in acetonitrile and layered with ethylether.
Red /brown crystals suitable for X-ray analysis formed
after a week.

2.2. Physical measurements
Alternating current (ac) magnetic susceptibility measurements were made with a MPMS2 Quantum Design
SQUID magnetometer equipped with an 1T magnet and
capable of achieving temperatures of 1.7 /400 K. The
a.c. field range is 1 /10 4 to 5 G, oscillating in a
frequency range of 5 /10 4 /1512 Hz. Pascal’s constants [22] were used to approximate the diamagnetic
molar susceptibility contribution for each complex that
were subtracted from the experimental molar susceptibility data to give the molar paramagnetic susceptibility
data. Ac magnetic susceptibility data were collected on
microcrystalline and frozen solution samples in an a.c.
field of 1 G and a dc field of 0 G. Variable-temperature
and variable-field magnetization data were collected on
a Quantum Design MPMS5 SQUID magnetometer.
Samples were restrained in eicosane by first keeping the
samples at a temperature above the melting point (308 /
310 K) of eicosane for 15 min, then the temperature was
gradually decreased below the melting point to solidify
the eicosane in order to restrain the crystals. Magnetization versus magnetic field hysteresis data were determined for complexes 3 and 4 by means of the microSQUID technique that is described elsewhere [23].

3. Results and discussion
3.1. Structures
plots of the [Mn4(hmp)6(NO3)2(MeCN)2]2
cation in complex 3, the complex 4 [Mn4(hmp)6(NO3)4]
and the [Mn4(hmp)4(acac)2(MeO)2]2 cation in complex
ORTEP

2.1.2. [Mn4(hmp)6(NO3)4]×/MeCN (4)
[Mn7(OH)3(hmp)6Cl3]Cl ×/(ClO4) (0.212 g, 0.16 mmol)
was dissolved in MeCN (50 ml). To this solution 5
equiv. of AgNO3 (0.094 g, 0.55 mmol) were added. The
dark brown solution turned pink and an off-white
precipitate formed (AgCl). The solution was filtered
and a 1:2 Et2O/hexanes mixture (100 ml) was added to
afford a cerise-colored powder [Mn4(hmp)6(NO3)4]×/
MeCN.
2.1.3. [Mn4(hmp)4(acac)2(MeO)2](ClO4)2 ×/2MeOH
(5)
Mn(ClO4)2 ×/6(H2O) (3.6 g, 10 mmol) and hmpH (1.1
g, 10 mmol) was dissolved in 30 ml methanol followed
by addition of a solution of acac (1 g, 10 mmol) and
sodium methoxide (0.54 g, 10 mmol) in 30 ml methanol.
After 2 h, the solution was filtered and layered with
ethylether. Dark brown crystals formed after 1/2 weeks.

Fig. 1. ORTEP representation of the [Mn4(hmp)6(NO3)2(MeCN)2]2
cation in complex 3 showing 50% probability ellipsoids.
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edge of the two triangular faces) are assigned as MnII
ions that are seven coordinate in complexes 3 and 4, and
six coordinate in complex 5.

3.2. DC magnetic susceptibility
The xMT versus temperature data for these three
complexes were fit in order to determine the exchange
parameters characterizing the magnetic exchange interactions in complexes 3 /5. The experimental data were
least-squares fit employing the Kambe approach where
only two dominant exchange pathways are considered
(Fig. 4). The spin Hamiltonian is given in Eq. (1).
Ĥ Jwb (Sˆ2T 2Sˆ2A  Sˆ2B )Jbb (Sˆ2A  Sˆ21  Sˆ23 )
Fig. 2. ORTEP representation of complex 4 showing 30% probability
ellipsoids.

5 are shown in Figs. 1 /3. All three complexes are mixedvalence, consisting of 2MnII and 2MnIII ions and have a
planar diamond core. In complexes 3 and 4, the
monoanionic bidentate 2-hydroxymethylpyridine anion
(hmp ) serves as the only bridging ligand, whereas in
complex 5 oxygen atoms of both hmp  and MeO 
serve as the bridging ligands. The Mn4 ‘dicubanes’ in all
three complexes are composed of two Mn3 triangular
faces held together by an m3-oxygen atom from the
hmp  (complexes 3 and 4) and MeO  (complex 5). The
manganese ions on the common edge of the two
triangular faces are six coordinate and assigned to MnIII
ions on the basis of the presence of a Jahn/Teller
elongation. The other two Mn ions (not on the common

Fig. 3. ORTEP representation of the [Mn4(hmp)4(acac)2(MeO)2]2
cation in complex 5 showing 50% probability ellipsoids.

(1)

where
SˆA  Sˆ1  Sˆ3 ; SˆB  Sˆ2  Sˆ4 ;

and

SˆT  SˆA  SˆB

(2)

The Kambe equivalent operator approach gives the
eigenvalue expression in Eq. (3).
E(ST )Jwb [ST (ST 1)SA (SA 1)SB (SB 1)]
Jbb [SA (SA 1)]

(3)

With two S /2 and two S /5/2 interacting ions there
are a total of 110 possible states with ST , the total spin
of the Mn4 cluster, ranging from 0 to 9. The experimental data obtained under 1 Tesla for all three
molecules shows a xMT value of approximately 15/16
(cm3 K mol1) at 300 K and this increases to 32 (cm3 K
mol 1) at 15 K, then decreases abruptly upon decreasing the temperature. The data below 15 K were omitted
in the fitting, because zero-field and magnetization
saturation effects are likely to influence the data in
this temperature range. The results of fitting the
experimental data are shown as solid lines in Figs. 5/
7. The final fitting parameters are g /1.87, Jbb /9.9
cm 1, Jwb /1.0 cm 1 for complex 3; g/1.99, Jbb /6.3
cm 1, Jwb /4.2 cm 1 for complex 4; g/1.93, Jbb /5.3
cm 1, Jwb /0.78 cm 1 for complex 5. It is clear that all
three molecules are ferromagnetically coupled to give a
S /9 ground state.

Fig. 4. Diagram showing the deﬁnition of atom number and magnetic
exchange parameters for the three Mn4 complexes studied.
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Fig. 5. Plot of xMT versus temperature for a powdered sample of
complex 3, where xM is the molar paramagnetic susceptibility. The
solid line represents a least-squares ﬁt of the data in the 15 /300 K
region.

3.3. Variable-ﬁeld DC magnetization
In order to further characterize the ground state spin
S , and the g and zero-field splitting D values for the
ground state, complexes 3 /5 were further examined by
variable-field dc magnetization measurements with applied magnetic fields of 10/50 kG in the 2/4 K range. In
this measurement, the reduced magnetization M /(NmB)
versus H/T is calculated, where M is the magnetization,
N is Avogadro’s number, mB is the Bohr magneton, and
H is the magnetic field. The resultant reduced magnetization fitting (full matrix diagonalization with a

Fig. 7. Plot of xMT versus temperature for a powder sample of
complex 5, where xM is the molar paramagnetic susceptibility. The
solid line represents a least-squares ﬁt of the data in the 15 /300 K
region.

powder average) gives the spin parameters as S /9,
g /1.84 and D /kB //0.27 K for complex 3; S/9, g/
1.84 and D /kB //0.31 K for complex 4; and S /9, g /
2.04 and D /kB //0.31 K for complex 5.
3.4. AC magnetic susceptibility
Evidence that complexes 3 /5 function as SMMs was
obtained with a.c. magnetic susceptibility measurements. In order for a molecule to be a SMM, it must
possess both a large spin ground state and negative
magnetoanisotropy to give rise to an energy barrier
between the spin-up and spin-down states. Therefore, if
an oscillating magnetic field is applied at low tempera? ) signal and a
tures, a reduction in the in-phase (x M
ƒ ) signal
corresponding increase in the out-of-phase (x M
are seen. The sluggish relaxation of magnetization is due
to the energy barrier. Powdered polycrystalline samples
of 3 /5 were studied in the 1.8 /10 K range with a 1 G
a.c. field oscillating in the range of 50/1000 Hz (50 /
1500 Hz for complex 4), see Figs. 8/10. At temperatures
below 3 K there are significant increases of the out-ofphase signal accompanied by collapses of the in-phase
signal. The frequency dependence of the a.c. signals
suggests that all three complexes are SMMs.
3.5. Magnetization hysteresis data

Fig. 6. Plot of xMT versus temperature for a powder sample of
complex 4, where xM is the molar paramagnetic susceptibility. The
solid line represents a least-squares ﬁt of the data in the 15 /300 K
region.

The fact that complexes 3 and 4 are SMMs has been
further confirmed by magnetization versus magnetic
field hysteresis measurements, the results of which are
shown in Figs. 11 and 12. The hysteresis loops were
taken in a temperature range 0.04 /1.2 K for complex 3
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? T (top) and x M
ƒ (bottom) versus temperature for a
Fig. 8. Plot of x M
polycrystalline sample of complex 3 in a 1.0 G a.c. ﬁeld.

and 0.04 /1.05 K for complex 4 with a scanning rate of
0.07 T s 1 for complex 3 and 4. The samples were first
saturated in a field of /1 T and swept down to 1 T, and
then cycled back to /1 T. Steps are seen at regular
intervals of external field for both complexes 3 and 4.
Clearly, complexes 3 and 4 exhibit resonant quantum
tunneling of magnetization. The coercive fields observed

? T (top) and x M
ƒ (bottom) versus temperature for a
Fig. 9. Plot of x M
polycrystalline sample of complex 4 in a 1.0 G a.c. ﬁeld.
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? T (top) and x M
ƒ (bottom) versus temperature for a
Fig. 10. Plot of x M
polycrystalline sample of complex 5 in a 1.0 G a.c. ﬁeld.

for both complexes are appreciable. This is in contrast
to the smaller coercive field observed [16,17] for Mn4
complex 1. It has been shown that there are significant
intermolecular magnetic exchange interactions present
for complex 1. There are both intermolecular Br/  /Br
contacts and p/p interactions of pyridine moieties in
complex 1 and these must lead to the reduced coercive
field observed. Thus, complex 1 has a greater rate of
quantum tunneling due to larger transverse interactions
and/or spin /spin cross relaxation [15].

Fig. 11. Plot of hysteresis loop for complex 3 with scanning rate 0.07 T
s 1 in the temperature range of 0.04 /1.2 K. The hysteresis loop are
temperature independent below 0.4 K indicating quantum tunneling
on the ground state.
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Fig. 12. Plot of hysteresis loop for complex 4 with scanning rate 0.14 T
s 1 in the temperature range of 0.04 /1.05 K. The hysteresis loop are
temperature independent below 0.25 K indicating ground state
quantum tunneling.

A very interesting observation can be made by
comparing the magnetization loops shown in Figs. 11
and 12 for complexes 3 and 4, respectively. The first step
for magnetization tunneling is seen at zero field for
complex 4, whereas the first step for complex 3 is shifted
to /0.1 T. There is an ‘exchange bias’ in the magnetic
field at which magnetization tunneling occurs for
complex 3. In a very recent paper [24], it was shown
that an antiferromagnetic exchange interaction between
two S /9/2 Mn4 SMMs in a [Mn4]2 dimer led to a
/0.33 T exchange bias in the magnetization tunneling.
Six hydrogen bonding contacts together with a Cl/  /Cl
contact within the [Mn4]2 dimer gave a weak (J//0.05
K for /2J/Sˆ1 × Sˆ2 ) antiferromagnetic exchange interaction. Thus, the exchange interaction shifts the magnetic
field at which an avoided crossing of two energy levels
occurs and the first step in the hysteresis loop is shifted
to /0.33 T. It must be emphasized that the antiferromagnetic interaction in this case is between only two
S /9/2 molecules. However, even more recently we
showed [25] that an exchange interaction that extends
three dimensionally throughout the lattice also produces
significant exchange biasing of the field at which
magnetization tunneling occurs. Cl/  /Cl contacts between neighboring S /4 Ni4 SMM moleucles that
develop throughout the lattice led in one case to a shift
from zero-field to /0.7 T for the first tunneling step.
It has to be concluded that the Mn4 complex 3 must
possess intermolecular exchange interactions that cause
the /0.1 T shift, see Fig. 11. Indeed, examination of the
crystal packing for complex 3 shows that there is a p /p
interaction likely between the hmp  pyridine units on
neighboring Mn4 complexes, see Fig. 13. Although the
two pyridine units are not eclipsing each other, this
interaction occurs between pairs of Mn4 complexes in an
extended fashion. This could be sufficient to cause the

Fig. 13. Packing diagram of complex 3 in crystal lattice showing the
intermolecular p /p interaction between two [Mn4(hmp)6(NO3)2(MeCN)2]2 cations. An overlap between two pyridine moieties
is present.

relatively small exchange bias of /0.1 T that is
observed. Insulating substituents could be added to the
hmp  pyridine moiety to eliminate this intermolecular
interaction and this should remove the exchange bias.

4. Conclusions
II
Three MnIII
2 Mn2 complexes have been synthesized
and characterized. The magnetic properties of metal
complexes 3 /5 have been studied and all three complexes have a S /9 ground state with D B/0. A
frequency dependence of the out-of-phase a.c. magnetic
susceptibility signal indicates that complexes 3 and 4 are
SMMs. Well developed magnetization hysteresis loops
with appreciable coercive fields are seen for both
complexes. Interestingly, complex 3 exhibits a /0.1 T
exchange bias, ie, a shift in the first step in the hysteresis
loop.

5. Supplementary material
Crystallographic data for the structural analysis have
been deposited with the Cambridge Crystallographic
Data Centre, CCDC No. 195523, 195524 and 195525.
Copies of this information may be obtained free of
charge from the Director, CCDC, 12 Union Road,
Cambridge, CCB2 1EZ, UK (fax: /44-1223-336033;
e-mail: deposit@ccdc.cam.ac.uk or www: http://
www.ccdc.cam.ac.uk).
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