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Slow Magnetic Relaxation in Novel Dy4 and Dy8 Compounds
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Two novel dysprosium(III) clusters have been prepared and struc-
turally characterized. One has a tetranuclear core with a rare zigzag
arrangement, and the other is an unprecedented octanuclear cluster
with six triangular Dy3 units sharing vertices. Both dysprosium(III)
clusters possess frequency-dependent on alternating-current mag-
netic susceptibilities, indicating possible single-molecule magnet
behavior.

In the past 2 decades, single-molecule magnets (SMMs)1

have attracted increasing attention of both physicists and
chemists owing to their potential applications for use in high-
density magnetic memories, quantum computing devices,
andmolecular spintronics.2-4For transition-metal complexes,
the SMM behavior is due to these compounds displaying a
large-spin ground state (ST) and a sufficiently large magnetic
anisotropy due to a negative axial zero-field splitting (D).5-8

This leads to an energy barrier (Δ) to the reversal of the mag-
netization vector |D|ST

2 for integer spin and |D|(ST
2- 1/4) for

half-integer spin.Manydifferent directions are beingpursued
in the study of SMMs.9-11 One of them focuses on how to

obtainmolecules with the large-spin ground state (ST) so that
the energy barrier is increased.12 Exceptional efforts have led
to a significant increase in the spin ground state,with a record
value as high as S = 83/2.

13 However, it has proven to be
remarkably difficult to optimize both parameters,14 and a
recent reappraisal of this suggests that the relationship is
linearly dependent on the spinST,

15 in turn directing research
toward increasing the anisotropy in new systems; thus,
maximizing D represents a new challenge.
As is well-known, lanthanide ions have a large anisotropy

arising from the strong spin-orbit coupling. Fewer pure
lanthanide-based SMMshave been reported so far, andmost
of them contain dysprosium(III) ions, such as di-,16 tri-,17

tetra-,18 penta-,19 hexa-,20 and decanuclear21 and wheel dys-
prosium compounds.22 Among them, a tetranuclear dys-
prosium(III) cluster with a defect-dicubane geometry has
the highest anisotropic barrier for the reported SMMs at
170 K.18d This indicates that the lanthanide-based cluster
compounds have been some of the most highly promising
systems for the development of higher-barrier SMMs. For
polymetallic lanthanide SMMs, single-ion anisotropy, which
is sensitive to the strength and symmetry of the local crystal
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field, is probably the most important factor and magnetic
exchange is a secondary consideration that moderates the
magnetic relaxation of the single ions.16c How to increase
single-ion anisotropy and promotemagnetic coupling remain
an exciting challenge in polymetallic lanthanide systems.
Thus, it is necessary to design novel structures to enlarge
the available database in order to improve our knowledge
of the structure-property relationship of lanthanide-based
SMMs. As is known, the o-vanillin aldehyde ligand is espe-
cially useful in forming polynuclear lanthanide complexes.
Pyridine-2,6-dimethanol is extensively employed for manga-
nese cluster chemistry. This ligand should formhomometallic
lanthanide clusters, with the hardO-donor alkoxy armsbeing
able to bind and form bridges to the oxophilic lanthanide
ions. The ancillary carboxylate ligands can be used as bridg-
ing ligands or to meet the coordination spheres of metal
ions. We decided to investigate using the mixed-ligand strat-
egy. Herein we report the successful isolation of two novel
pure dysprosium compounds with unprecedented structural
motifs, namely, [Dy4(pdmH)2(pdm)4(PhCO2)2(PhCO2H)4] 3
CH3OH 3H2O (1) and [Dy8(μ3-OH)4(ovn)2(mvn)2(p-NO2bz)14-
(CH3OH)2] 3 3.09CH3CN 3 6CH3OH 3H2O (2), where pdmH2

is pyridine-2,6-dimethanol, ovnH is o-vanillin, mvnH2 is the
methyl hemiacetal derivative of o-vanillin, and p-NO2bz is
p-nitrobenzoate.
Single-crystalX-ray analysis revealed that compound 1has

a tetranuclear core (Figure 1). The four DyIII atoms arrange
in a zigzag fashion and are all eight-coordinated with a dis-
torted square-antiprismatic geometry, where Dy1 (Dy1A)
sites are surrounded by anO atom from a pdmH- ligand and
two N atoms and five O atoms from three pdm2- ligands
while Dy2 (Dy2A) ions are surrounded by an O atom from a
pdm2- ligand, a N atom and two O atoms from a pdmH-

ligand, and two O atoms from a PhCO2
- ion together with

twoOatoms from twoPhCO2Hmolecules. All of the pdmH-

and pdm2- groups in compound 1 adopt a μ2-η
1:η1:η2 mode

(Scheme 1). Dy1 and Dy2 are bridged by two μ2-Oalkoxide

atoms from pdmH- and pdm2- groups, forming a binuclear
unit, which are further connected by two μ2-Oalkoxide atoms
from two pdm2- groups, obtaining the central tetranuclear
core. The Dy-O bond lengths are in the range of 2.270(16)-
2.517(7) Å, and Dy-N are in the range of 2.480(10)-
2.514(8) Å, which are comparable to those of the reported
dysprosium(III) complexes.18d The intracluster Dy---Dy se-
parations are 3.7222(10) and 3.7289(10) Å, respectively. The
zigzag tetranuclear core in 1 is an unprecedented structural
type in pure lanthanide clusters. Compound 2 consists of a
centrosymmetric octanuclear dysprosium(III) cluster that
contains three types of ligands, p-nitrobenzoate (p-NO2bz),
o-vanillin (ovnH), and the methyl hemiacetal derivative of
o-vanillin (mvnH2).

23 It is known that unstable hemiacetals
are widely recognized as intermediates in many organic reac-
tions;24 however, to our best knowledge, only one lanthanide
compound with a methyl hemiacetal ligand was reported.23

In 2, eight DyIII ions are held together by four μ3-OH-

ligands and two O atoms of the hemiacetal ligands to form a
[Dy8(μ3-OH)4(μ3-OR)2] core (Figure 1), which is composed
of six triangular Dy3 units sharing vertices with Dy---Dy
separations of 3.8412(5) Å for Dy1---Dy2, 3.8317(6) Å for
Dy2---Dy3, and 3.7341(6) Å for Dy3---Dy4. The OH- or
alkoxide groups lie in the centers of the triangles. These μ3-
OH--capped triangular units are similar to those of previously
reported trinuclear lanthanide(III) compounds.17a,23,25 Per-
ipheral ligation is provided by 2 ovn ligands, 14 p-nitroben-
zoate molecules, and 2 methanol molecules. The ovn- ligand
links two Dy atoms in a μ2-η

1:η2:η1 mode, while the mvn2-

ligand bridges four Dy atoms in a μ4-η
1:η2:η3:η1 fashion

(Scheme 1). Another feature of 2 is the coexistence of three
different coordination modes of carboxyl groups of p-nitro-
benzoate, namely, μ2-η

1:η1, η1:η1, and μ2-η
2. It should be

noted that the methyl hemiacetal ligand chelates Dy ions,
which may play a crucial role in forming the large cluster.
Both chelating and bridging capacities of o-vanillin and the
hemiacetal ligand together with the hydroxo and versatile
carboxyl groups consolidate this Dy8 cluster.
Magnetic susceptibility data for the two compounds were

measured in the temperature range 2-300 K under a field of
2 kG. The resulting plots of χMT vsT for 1 and 2 are depicted
in Figure 2. For 1, the χMT value at room temperature is slightly
smaller than that of 56.68 cm3 mol-1 K calculated for four
noninteracting DyIII ions (S = 5/2, L = 5, 6H15/2, and g =
4/3). χMT decreases smoothly from a value of 55.67 cm3mol-1K
at 300 K to 49.09 cm3 mol-1 K at 24.0 K, and then
the value falls sharply to 18.13 cm3 mol-1 K at 2.0 K,

Figure 1. Cores in compounds 1 (left) and 2 (right). Color codes: yellow,
Dy; red, O. Other atoms were omitted for clarity.

Scheme 1. BindingModes of pdm2- and pdmH- in Compound 1 and
ovn- and mvn2- in Compound 2
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which probably ascribes to a combination of the exchange
interaction between theDyIII ions and the progressive depop-
ulation of excited Stark sublevels.18e For 2, at room tem-
perature, the χMT value of 115.3 cm3 K mol-1 is slightly
higher than the expected value of 113.36 cm3 mol-1 K for
eight noninteractingDyIII ions.Upon cooling, theχMTproduct
gradually increases to reach amaximumof 121.6 cm3mol-1K
at about 45 K and then decreases to 83.9 cm3 mol-1 K at
2.0 K. The increase of χMT suggests the presence of an intra-
molecular ferromagnetic interaction between the DyIII ions.
The decrease of χMT at low temperature is likely due to
a combination of intermolecular magnetic coupling, large
magnetic anisotropy, and depopulation of excited Stark
sublevels.
The field dependences of magnetization (M) for 1 and 2

have been determined at 2 K in the range of 0-70 kOe
(Figure 2). For 2, as expected for ferromagnetically coupled
spins, theM value displays a rapid increase at low magnetic
fields, whereas theM value gradually increases for 1. At high
fields,M increases to reach 26.7 and 48.7 Nβ at 70 kOe for 1
and 2, respectively, but does not reach the expected satura-
tion values of 40 and 80 Nβ, respectively (10 Nβ for each
DyIII ion for J= 15/2 and g=4/3), indicating the presence of
magnetic anisotropy and/or low-lying excited states in the
system, which correspond to the reported results.26 In addi-
tion, the M vs H plots for 1 and 2 do not show hysteresis
above 2.0K (Figures S5 andS6 in theSupporting Information).
To examine the spin dynamics, the temperature dependen-

cies of the alternating-current (ac) magnetic susceptibility for
1 and 2were collected at zero direct-current (dc) field with an
ac field of 3.5 Oe with oscillating frequencies, given in Figure
3 as plots of χ00 vs T, respectively. Strikingly, frequency-
dependent out-of-phase signals are observed for both com-
pounds, indicating the onset of slow magnetization, which
might be the signature of a SMM behavior. The absence
of frequency-dependent peaks in out-of-phase susceptibility
signals for the two compounds is likely because of the fast
quantum tunneling of the magnetization that is too fast
to observe at the operating limits of our SQUID. As is
well-known, the tunneling mechanism can be suppressed

by applying a static magnetic field. In order to find out
whether tunneling affects the magnetization dynamics, the ac
susceptibilities are measured in 3 kOe external field (Figure
S9 and S10 in the Supporting Information) for two com-
pounds to remove the degeneracy of the levels on opposite
sides of the anisotropy barrier.
Clearly, this is not the case above 2.0 K. The height of the

signal is reduced, but the similar frequency dependence is
observed. Thus, quantum tunneling in zero field is negligible
for the two compounds. This is generally observed in the
absence of fast zero-field ground-state quantum tunneling.27

As is seen, different slow relaxation behaviors are observed in
the two compounds. The SMM properties of lanthanide-
containing polynuclear compounds are dominated by single-
ion anisotropy and are extremely sensitive to distortions of
the coordination geometry of rare-earth ions.28 Thus, the dif-
ferent magnetic relaxation behaviors in 1 and 2 are probably
the result of different structures, which are likely to affect the
nature or directions of the easy axes through the ligand fields,
as well as magnetic coupling among the lanthanide ions.
In summary, we have reported two pure polynuclear dys-

prosium(III) clusters. Compound 1 possesses a tetranuclear
core with an unprecedented zigzag array in pure lanthanide
clusters, while compound 2 is composed of six triangular Dy3
units sharing a Dy---Dy edge between every two neighboring
triangles. The frequencydependenceof the ac signals suggests
that the two compounds may be SMMs and quantum tun-
neling in zero field is negligible for both compounds. Further
work is underway to use the polydentate ancillary ligands to
obtain new dysprosium clusters with SMM behavior.
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Figure 2. (left) Temperature dependence of χMT values for 1 and 2.
(right) Isothermal (2 K) field dependence of magnetization for 1 and 2.

Figure 3. Temperature dependence of the out-of-phase (χ0 0) ac suscept-
ibility components at different frequencies for 1 (left) and 2 (right) with
zero dc field and an oscillation of 3.5 G.
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