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A DyIII
4MnIII

6 complex with a metallacrown (MC)-like topology
possesses frequency-dependent magnetic behavior, indicating
possible single-molecule magnet behavior.

While the synthesis of large lanthanide complexes has
recently been of great interest,1 there remains a paucity of
reported large lanthanide (Ln)-transition metal (TM) com-
plexes [i.e., complexes possessing more than five metal
centers]. Past research on Ln-TM complexes has primarily
focused on small complexes, particularly GdIII-CuII systems,
with an effort to understand the magnetic exchange between
the metal centers.2 In addition, several large complexes have
also been synthesized with LnIII and CuII.3 However, very
few large LnIII-TM complexes have been realized with other
transition metals, although complexes containing Ln ions
have shown interesting applications as magnetic resonance
imaging contrast agents,4 luminescence sensors,5 and mag-
netic particles.6 Recently, smaller complexes of LnIII and TM
ions have shown single-molecule magnet (SMM) behavior.7

Smaller complexes such as DyIII
2CuII

2 and TbIII 2CuII
2 were

the first to exhibit the phenomenon;7a however, complexes
such as DyIII 6MnIII

4MnIV
2,7b DyIII

4MnIII
11,7c and DyIII 3CuII

6
7d

have extended the SMM phenomenon to larger LnIII-TM
complexes. Herein we report a novel LnIII

4MnIII
6 complex

that possesses interesting magnetic properties.
Complex 1 [HoIII

4MnIII
6(H2shi)2(shi)6(sal)2(O2CCH3)4-

(OH)2(CH3OH)8]‚4CH3OH, where H3shi is salicylhydrox-
amic acid and H2sal is salicylic acid, can be prepared by
slowly evaporating the filtrate methanol solvent from the
isolation of HoIII6MnIII

4MnIV
2(H2shi)4(Hshi)2(shi)10(CH3OH)10-

(H2O)2, 2. [The synthesis of the analogous DyIII 2 has been
reported.7b] After 3 weeks, X-ray quality brown-black needle
crystals were obtained and washed with cold methanol. [A
synthetic scheme is provide in the Supporting Information.]
During this period, some of the original salicylhydroxamic
acid was hydrolyzed to the salicylate found in1, giving a
10% yield based on the original amount of Ho(NO3)3‚5H2O
used in the synthesis of the parent HoIII

6MnIII
4MnIV

2.
Complex 1 consists of two crystallographically unique

HoIII ions and three unique MnIII ions (Figures 1 and S1).8

The analogous DyIII complex,3, has also been crystallized.8

The structure of1 is best described as a 22-MC-89,10 which
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contains all of the MnIII ions and two of the HoIII ions (Ho2
and Ho2a) (Figure 2). Two additional HoIII ions (Ho1 and
Ho1a) can be considered captured in the core of the MC.
The standard metallacrown topology of M-N-O-M is
retained in this ring for all bonds except the bridge between
Mn3 (Mn3a) and Mn2 (Mn2a).

Each HoIII ion is eight-coordinate. Ho1 is surrounded by
eight oxygen atoms. Two of the oxygen atoms are carbonyl
oxygen atoms from two acetate groups. A third carbonyl
oxygen atom is derived from the carboxylate group of a sal2-

ligand. Three hydroximate oxygen atoms originate from three
different shi3- ligands: aµ3-oxygen and twoµ2-oxygen
atoms. The coordination sphere is completed by twoµ3-
hydroxide oxygen atoms. The average Ho1-O bond distance
is 2.35 Å. Ho2 is also surrounded by eight oxygen atoms:
one methanol oxygen atom, one carbonyl oxygen atom from
an acetate anion, and three carbonyl oxygen atoms and three
hydroximate oxygen atoms from three different shi3- ligands.
The hydroximate oxygen atoms consist of oneµ3-oxygen
and twoµ2-oxygen atoms. Ho2 is surrounded by three five-
membered chelate rings formed by the shi3- ligands with
the carbonyl and hydroximate oxygen atom pairs. The
average Ho2-O bond distance is 2.33 Å. Each MnIII ion is
six-coordinate with an apparent Jahn-Teller axis. The
equatorial plane of Mn1 contains two chelate rings from two
shi3- ligands. The first is a five-membered chelate ring
formed by one carbonyl oxygen atom and aµ2-hydroximate
oxygen atom. Trans to this ring is a six-membered ring
formed by a phenolate oxygen atom and a hydroximate
nitrogen atom. The axial positions are filled by a carbonyl
oxygen atom from an acetate anion and a methanol oxygen

atom with a clear Jahn-Teller elongation (average Mn1-
OJT ) 2.33 Å) that supports a 3+ oxidation state. The
average Mn1-N/O bond distance is 2.05 Å. The equatorial
plane of Mn2 consists of aµ2-hydroximate oxygen atom, a
µ3-hydroxide oxygen atom, and a six-membered chelate ring
formed by a phenolate oxygen atom and hydroximate
nitrogen atom of a shi3- ligand. The axial positions are
occupied by aµ2-carbonyl oxygen atom from a sal2- ligand
and aµ4-hydroximate oxygen atom from a different shi3-

ligand. The Jahn-Teller elongation axis (average Mn2-OJT

) 2.29 Å) and the average Mn2-N/O bond distance of 2.06
Å confirm a 3+ oxidation state. Mn3 is surrounded by two
six-membered chelate rings in the equatorial plane. The first
is formed by a phenolate oxygen atom and aµ2-carbonyl
oxygen atom from a sal2- ligand, and the second chelate
ring is formed by a phenolate oxygen atom and a hydrox-
imate nitrogen atom from an shi3- ligand. Two methanol
oxygen atoms occupy the axial positions and form the Jahn-
Teller axis (average Mn-OJT ) 2.31 Å). Again, the presence
of a Jahn-Teller axis along with the average Mn3-N/O
bond distance of 2.04 Å support a 3+ oxidation state
assignment.

Numerous bridges exist between the metal centers (Figures
1 and 2). Ho1 is bridged to Ho1a via aµ3-oxide; to Ho2 via
one acetate anion and two hydroximate oxygen atoms, aµ3-O
and aµ2-O derived from hydroximates; to Mn1 via aµ2-O
and the metallacrown N-O linkage; to Mn2 via twoµ3-O
hydroximate oxygens; to Mn2a via a carboxylate group of a
sal2- ligand and the MC N-O linkage; and to Mn1a via an
acetate anion. Ho2 is connected to Mn1 via an N-O MC
linkage, to Mn2 via aµ2-O hydroximate oxygen, and to Mn3
via another N-O MC linkage. Mn1 is bridged to Mn2a via
an N-O MC linkage. A symmetry-related Mn2 is linked to
Mn1a via an N-O MC bridge and to Mn3 via one MC N-O
bridge and aµ2-O from a carbonyl oxygen. There is no direct
connection between Mn1 and Mn2 or between Mn1 and
Mn3.

Variable-temperature dc magnetic susceptibility measure-
ments indicate that complexes1 and 3 are dominated by
antiferromagnetic exchange interactions at low temperatures
(Figures S2 and S3). TheøT product at 300 K (1, 66.7 cm3

K mol-1; 3, 69.1 cm3 K mol-1), initially increases with
decreasing temperature and then decreases to 39.3 and 45.5
cm3 K mol-1, respectively, at 5 K. For1 and3 the room-
temperatureøT value is less than that expected for the four
isolated LnIII ions and six isolated MnIII ions (∼74 cm3 K
mol-1 for both1 and3). Neither the spin nor the zero-field
splitting of the ground state was able to be determined from
variable-field dc magnetization measurements of1 and3 at
5 K. Additionally, the magnetization data do not saturate in
fields as high as 5.5 T (Figures S4 and S5), indicating a
high density of states withinkT of the ground spin state.

Variable-temperature ac magnetic susceptibility measure-
ments were performed on1 (Figures S6 and S7) and3
(Figures S8 and S9) in zero applied dc magnetic field with
a 3.5 G ac alternating drive field operating at frequencies
between 10 and 1000 Hz. The out-of-phase magnetic
susceptibility increases below 5 K and the signal is frequency

Figure 1. X-ray crystal structure of1 along the 2-fold axis. The HoIII

ions encapsulated by the MC ring are nearly eclipsed. Color scheme: orange
spheres, MnIII ; aqua spheres, HoIII ; red tubes, oxygen; blue tubes, nitrogen.
Lattice solvent molecules and hydrogen atoms have been removed for
clarity.

Figure 2. Highlight of the 22-MC-8 ring of1.
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dependentsa characteristic of SMMs and spin glasses. The
blocking temperatures for1 and3 could not be determined
due to the 1.8 K temperature limitation of the Quantum
Design MPMS SQUID magnetometer. In addition, from the
very weak out-of-phase susceptibility values for1, the
blocking temperature is expected to be well below 1.8 K.
For 1 and 3 the in-phase magnetic susceptibility is also
frequency dependent below 5 K, and extrapolation of the
ø′T product before the divergence ofø′ andø′′ yields a value
of 31.4 cm3 K mol-1 for 1 and 40.9 cm3 K mol-1 for 3.

To verify that the solid-state frequency-dependent behavior
of 1 and 3 was a molecular phenomenon, (i.e., SMM
behavior), frozen solutions of1 and3 in DMF were subjected
to ac magnetic susceptibility experiments. The experiments
reveal that1 does not possess an out-of-phase signal above
1.8 K (Figures S10 and S11). Since complex1 does not
possess frequency-dependent behavior in solution, we at-
tribute the solid-state behavior to either glassy behavior or
the onset of magnetic ordering. We have examined the
packing of the molecules in an effort to discern whether there
are any obvious intermolecular interactions that could lead
to an increase in magnetic relaxation in the solid state. There
are no direct hydrogen bonds between the molecules;
however, there is a hydrogen bond from an oxygen atom of
an axial methanol of Mn1 to a water molecule in the lattice
(2.57 Å). This water molecule is then hydrogen bonded to
an oxygen atom of an axial methanol of Mn3 of a second
Ho4Mn6 molecule (2.88 Å). The hydrogen bonds are
perpetuated along thea axis. Furthermore, the molecules are
tightly packed. Ho2 of one molecule is only 5.52 Å from a
Ho2 of a second molecule along theb axis. In addition, along
the a axis, Mn1 and Mn3 ions of separate molecules are
about 7.83 Å apart. Thus, there are possibilities for both
dipolar and hydrogen-bond pathways to mediate inter-
molecular exchange and facilitate short-range magnetic order
or glassy behavior.

In contrast, complex3 retains frequency-dependent ac
susceptibility behavior, and a blocking temperature is
observable above 2 K at 1000 Hz (Figures 3 and 4). We
estimate thatUeff ) 11 cm-1 andτo ) 2.6 × 10-7 s, which

leads to a relaxation time of 26 s at 1 K. The fact that the
out-of-phase susceptibility possesses maxima above 1.8 K
for frequencies higher than 100 Hz in solution but not in
the solid state, coupled with aτo value that is rather large,
supports our claim that the slow relaxation time is due to
possible SMM behavior. Moreover, theø′T product between
10 and 6 K isalmost constant for3 in frozen DMF (Figure
4), while it decreases in the solid state; this supports the
assertion that intermolecular interactions operating in the
solid state have been eliminated in the frozen solution
experiments, thus allowing the isolated molecular behavior
to be revealed.

These data are remarkable in that they show that simple
substitution of lanthanide cations in mixed LnIII-TM com-
plexes dramatically affects the nature of the low-temperature
magnetic behavior. Here it is observed that3 (DyIII

4MnIII
6)

exhibits behavior consistent with single-molecule magnetism,
while 1 (HoIII

4MnIII
6) does not. The fact that3 possesses slow

relaxation of its magnetization was confirmed by critical
frozen solution ac susceptibility studies. The solid-state ac
data for3 indicate that the low-frequencyø′′ signal can be
markedly reduced for some complexes, and this is likely a
result of intermolecular interactions, which mask and com-
plicate the analysis of the molecular magnetic behavior.
Future studies will continue to examine the effects of LnIII

incorporation on the possible SMM behavior of large LnIII-
TM complexes.
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Figure 3. Variable-temperature out-of-phase ac magnetic susceptibility
of 3 in DMF frozen solution. (b, 1000;9, 500; [, 100; 2, 10 Hz)

Figure 4. Variable-temperature in-phase ac magnetic susceptibility of3
in DMF frozen solution. Inset: highlight of low-temperature data. (b, 1000;
9, 500; [, 100; 2, 10 Hz)
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