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A Dy6 Cluster Displays Slow Magnetic Relaxation with an Edge-to-Edge
Arrangement of Two Dy3 Triangles
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A new dysprosium(III) cluster, namely [Dy6
III(L)4(μ3-OH)4-

(CH3OH)2(NO3)2]·6CH3CN (1), has been synthesized from
the Schiff base ligand 1,3-bis(salicylideneamino)-2-propanol
and dysprosium nitrate. A single-crystal X-ray diffraction
study reveals that the core of 1 consists of an edge-to-edge

Introduction
The design, synthesis, and investigation of single-mole-

cule magnets (SMMs)[1] continue to receive a great deal of
attention owing to their potential applications in high-den-
sity information storage at the molecular level[2] and as
qubits in quantum computation.[3] SMMs are molecular
species that are characterized by the slow relaxation of mag-
netization originating from the combination of a high-spin
ground state and easy-axis magnetic anisotropy.[1a] It is well
established that the incorporation of heavy lanthanide ions,
such as TbIII[4] and DyIII[5] ions possessing significant in-
herent magnetic anisotropy arising from the large, un-
quenched orbital angular momentum, is one of the most
promising strategies to design new SMMs.[6] Especially, re-
search interest in SMMs based on pure lanthanide systems
has grown dramatically after the observation of slow mag-
netic relaxation in the case of mononuclear complexes.[7]

However, only a few pure lanthanide[8] SMMs have been
reported relative to those of transition-metal[9] clusters be-
cause of synthetic challenges and the difficulty in improving
magnetic interactions through the overlap of the bridging
ligand orbitals with the “contracted” 4f orbitals of the lan-
thanide ions. In addition, several polynuclear lanthanide
compounds[10] with a nuclearity number of up to thirty[11]

have been shown to exhibit slow magnetic relaxation.
Powell and co-workers have prepared two “dysprosium

triangles” that show unusual slow magnetic relaxation aris-
ing from an almost non-magnetic ground state, which gives
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arrangement of two Dy3 triangles. Both static (dc) and dy-
namic (ac) magnetic properties of 1 have been studied. The
results show that slow magnetic relaxation is operating in
compound 1.

an interesting system with unprecedented magnetic proper-
ties.[8d,12] More recently, the linkage and opening up of high
anisotropic dysprosium triangles has become a hot topic in
order to create new SMMs and to possibly enhance the
slow magnetic relaxation. In efforts to create new polynu-
clear lanthanide clusters exhibiting slow magnetic relax-
ation, we have obtained an unprecedented hexanuclear dys-
prosium cluster (Dy6, Dy6-1) using 1,3-bis(salicylidene-
amino)-2-propanol (H3L) as ligand, which has proven to be
a versatile chelating and bridging group that has yielded a
number of 3d metal clusters.[13] More interestingly, from a
structural point of view, Dy6-1 shows an “edge-to-edge” ar-
rangement of two Dy3 triangles, which is quite different
from previously reported Dy6 cases (Dy6-2[8f] and Dy6-
3[10b]), in which the vertices of two almost parallel triangles
are linked through bridging alkoxide oxygen atoms of two
ligands. Meanwhile, Dy6-1 exhibits slow magnetic relax-
ation with a frequency-dependent, out-of-phase signal.
Herein, we describe the synthesis, crystal structure, and
magnetic properties of the hexanuclear dysprosium complex
with a novel “edge-to-edge” arrangement of two Dy3 tri-
angles.

Results and Discussion

The reaction of dysprosium nitrate with H3L in the mix-
ture of methanol and acetonitrile, in the presence of trieth-
ylamine, produces the Dy6 cluster with the formula
[Dy6

III(L)4(μ3-OH)4(CH3OH)2(NO3)2]·6CH3CN (1), whose
molecular structure is depicted in Figure 1. The [Dy6(μ2-
O)6(μ3-OH)4(μ3-O)2]6+ core consists of two [Dy3(μ3-O)(μ3-
OH)] triangular units in an “edge-to-edge” arrangement
linked by two μ3-OH– ions and two deprotonated alcohol
oxygen atoms from two η1:η1:η3:η3:μ4-L3– ligands. The
other four Dy2 edges (Dy2A–Dy3 and Dy1–Dy3) are each
bridged by one deprotonated phenol oxygen atom from two
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η1:η1:η3:η3:μ4-L3– ligands. The Dy2 and Dy2A ions are lo-
cated in the center of the core, in which all six dysprosium
ions effectively lie on the same plane. The four ligands are
fully deprotonated and located directly above and below the
[Dy6] plane. For dysprosium triangle Dy1Dy2ADy3, one
μ3-OH– ion (O12A) and one μ3-O (O2) atom are capped
above and below the plane of the triangle, with Dy···Dy
distances of 3.5321(5), 3.5460(5), and 3.5825(6) Å. Two
sides of the triangle are bridged by two deprotonated phe-
nol oxygen atoms, while the remaining side is linked by one
μ3-OH– ion (O11).The equivalent atom (O11A) together
with two alcohol oxygen atoms link the two dysprosium
triangular units, which results in an“edge-to-edge” arrange-
ment of the dysprosium triangles. It should be mentioned
that the topology in 1 is quite different from previously re-
ported Dy6 cases, in which the vertices of two almost-
parallel triangles are linked through bridging alkoxide oxy-
gen atoms of two ligands, which leads to a “head-to-head”
arrangement of the dysprosium triangles (Scheme 1). Each
Dy ion is eight coordinate. The ligation is completed by
four ligands, four μ3-OH– ions, two methanol molecules,
and two nitrate anions. The values of the dysprosium–oxy-
gen and dysprosium–nitrogen bond lengths cover the range
2.197(6)–2.507(6) and 2.488(7)–2.520(7) Å, respectively. The
Dy–O–Dy angles are in the range 94.34(18)–113.1(2)°. The
coordination spheres of the dysprosium ions are illustrated
in Figure S1. In a word, it is noteworthy that such a struc-
tural motif is relatively rare in lanthanide chemistry.[14]

Figure 1. Structure of 1 (top) and its core (bottom) highlighting
the dysprosium triangle subunits (dashed lines).

Additionally, in 1, the oxygen atom (O1) from the
η1:η3:η3:μ3-L3– ligand form intramolecular hydrogen bonds
to the oxygen atom (O10) from the coordinated methanol
molecule. On the other hand, two oxygen atoms (O11 and
O12) from two μ3-OH– ions form hydrogen bonds to the
uncoordinated acetonitrile lattice solvent molecule, and
there are no direct intermolecular hydrogen bonds (see Fig-
ure S2).
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Scheme 1. The cores of three Dy6 complexes based on two different
Dy3 triangle arrangements.

The plot of χMT vs. T (in which χM is the molar magnetic
susceptibility) is shown in Figure 2. At 300 K, the χMT
value of 83.6 cm3 K mol–1 is close to the expected value of
85.0 cm3 Kmol–1 for six uncoupled DyIII ions (S = 5/2, L =
5, J = 15/2, 6H15/2, g = 4/3). The value of χMT gradually
decreases until 75 K and then further decreases to
56.6 cm3 K mol–1 at 2 K, which may conceivably be ascribed
to a combination of the progressive depopulation of the
excited Stark sublevels and the exchange interaction be-
tween the DyIII ions.

Figure 2. Temperature dependence of the χMT product at 1000 Oe
for 1. Inset: M vs. H/T plots for 1 below 5 K.

The non-superimposition of the M vs. H/T data on a
single master curve suggests the presence of a significant
magnetic anisotropy and/or low-lying excited states. The
magnetization eventually reaches the value of 35.2 μB for 1
at 2 K and 70 kOe without clear saturation. This value is
much lower than the expected saturation value of 60 μB for
six free, non-interacting DyIII ions, most likely because of
the crystal-field effect at the DyIII ion, which eliminates the
16-fold degeneracy of the 6H15/2 ground state. Indeed, the
maximum value for the magnetization is consistent with the
expected value (6� 5.2 μB) for six uncorrelated DyIII ions
with a value of 5.2 μB per DyIII ion, assuming the presence
of considerable ligand-field effects.[8d]

The dynamics of magnetization are given in Figure 3 as
plots of χ� vs. T and χ�� vs. T. Compound 1 shows fre-
quency-dependent in-phase (χ�) and out-of-phase (χ��) sig-
nals, which indicate the presence of slow magnetic relax-
ation at low temperature. However, there is an absence of
frequency-dependent peaks in the out-of-phase suscep-
tibility signals for 1 because of fast quantum tunneling of
the magnetization, which is too fast to observe at the limits
of our equipment – we thus cannot determine the energy
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barrier and corresponding relaxation time. Alternatively, ac
susceptibility measurements as a function of frequency at
different temperatures were carried out with the results
shown in Figure 4. The relaxation time at different tempera-
tures was extracted by fitting the curves χ�� vs. frequency.
The plotting of the relaxation time vs. the reciprocal tem-
perature generated the Arrhenius plot, which furnishes Δ =
3.2 K and τ0 = 2.8 �10–5 s.

Figure 3. Temperature dependence of in-phase (top) and out-of-
phase (bottom) ac susceptibility components at different fre-
quencies and zero applied dc field for 1.

Figure 4. Frequency dependence of out-of-phase ac susceptibility
of 1 (top) and the resulting Arrhenius plot from the ac suscep-
tibility of 1 under zero-dc field (bottom).

Conclusions

We have shown the formation of an unprecedented Dy6

cluster with two edge-to-edge Dy3 triangles by incorporat-
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ing the pentadentate Schiff base ligand H3L in two different
binding modes and its slow magnetic relaxation behavior.
The interesting magnetic behavior in dysprosium com-
pounds can presumably be attributed to the magnetic an-
isotropy of the molecules, which depends not only on the
individual anisotropies of the metal ions but also on the
relative orientation of the local axes. This new edge-to-edge
arrangement of two triangles provides a unique opportunity
to probe the relaxation dynamics of polynuclear lanthanide
systems; thus, this may enrich the structure correlation to
magnetic properties of the Dy3 triangle family. However,
further in-depth studies are required to determine the relax-
ation dynamics of such systems.

Experimental Section
Synthesis of 1: A methanol solution of triethylamine (0.8 mL,
0.4 mmol) was added to the ligand H3L (0.2 mmol, 63 mg) dis-
solved in methanol (4 mL). The reaction mixture was stirred for
1 h. Solid dysprosium nitrate hexahydrate (0.2 mmol, 95 mg) was
then added, and the resulting yellow solution was stirred for 1 h.
Acetonitrile (10 mL) was subsequently added. The reaction mixture
was left unperturbed to allow the slow evaporation of the solvent.
Yellow single crystals, suitable for X-ray diffraction analysis, were
obtained after one week. Yield: 40 mg, (45%, based on the metal).
C82H90Dy6N16O24 (2658.71): calcd. C 37.04, H 3.41, N 8.43; found
C 36.92, H 3.48, N 8.33. IR (KBr): ν̃ = 3428 (w), 3022 (w), 2891
(w), 2842 (w), 1632 (s), 1599 (m), 1551 (m), 1475 (s), 1448 (s), 1398
(m), 1289 (s), 1246 (w), 1197 (m), 1150 (m), 1127 (w), 1061 (w),
1044 (m), 1031 (m), 1004 (w), 973 (w), 899 (w), 886 (w), 857 (w),
818 (w), 795 (w), 758 (s), 742 (m), 709 (w), 648 (w), 634 (m), 594
(m), 562 (w), 511 (w), 477 (w) cm–1.

CCDC-816968 (1) contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge from
the Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): Experimental section, physical measurements, X-ray crystal
structure determination, and additional structural data and dia-
grams.
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