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Twonewdysprosium(III) coordination compounds, namely, [Dy4(HL)4(C6H4NH2COO)2(μ3-OH)4(μ-OH)2(H2O)4] 3 4CH3CN 3
12H2O (1) and Dy8(HL)10(C6H4NH2COO)2(μ3-OH)8(OH)2(NO3)2(H2O)4] (2), have been synthesized from the
Schiff-base ligand 2-{[(2-hydroxy-3-methoxyphenyl)methylidene]amino}benzoic acid (H2L) and dysprosium chloride
(1) or dysprosium nitrate (2). Single-crystal X-ray diffraction studies reveal that compound 1 exhibits a tetranuclear
cubane-like structure and that 2 is an octanuclear, bis-cubane complex. The [Dy4(μ 3-OH)4] cubane cores of 1 and 2
are structurally related; however, the magnetic properties of 1 and 2 are drastically different. Indeed, 2 shows slow
relaxation of magnetization while no out-of-phase alternating current (ac) signal is noticed for 1. These significant
disparities are most likely due to the different M-O-M angles observed for the respective cubane cores.

Introduction

The observation of slow relaxation of magnetization in
metal clusters is of great interest, both from a fundamental
point of view1-5 and for the potential practical applications
in data storage and processing.2,6-11 Since the early 2000s,
great research efforts have been dedicated to the design and

preparation of discrete magnetic clusters12-16 because para-
magnetic clusters with large-spin ground states may behave
as single-moleculemagnets (SMMs).17-19 Thus, since the dis-
covery 20 years ago of the first SMMbased onmanganese(III)
ions,5 various coordination compounds exhibiting this property
have been described in the literature, most of them from 3d
metal centers.14,20-23 4f-Based clusters are promising com-
pounds for the development of high-barrier SMMs. How-
ever, the promotion of magnetic-exchange interactions bet-
ween lanthanide (Ln) ions through the overlap of bridging
ligand orbitals with their “contracted” 4f orbitals is a difficult
task.16 Overcoming this obstacle and promoting ferromagnetic
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interactions between Ln centers would generate remarkable
magnetic behaviors as a result of their large intrinsicmagnetic
anisotropy. Indeed, the presence of large magnetic anisotro-
py in ferromagnetically coupled high-spin molecular systems
may lead to the slow relaxation of the magnetization. There-
fore, the synthesis and investigationofmolecularmagneticmate-
rials based on lanthanide complexes represent a current chal-
lenging area of Inorganic Chemistry and Physical Chemistry.
Actually, Ln-containing SMMs are increasingly reported in
the literature,24-26 most of them containing dysprosium(III)
ions.24,27-36

A number of cubane clusters displaying SMM behavior
have been described,14,37-42 including dysprosium ones.43

Recently, some of us have reported a Dy4 cubane showing
slow relaxation ofmagnetization.44 On the basis of these inte-
resting results, we have now prepared a newDy cubane com-
plex, that is, [Dy4(HL)4(C6H4NH2COO)2(μ3-OH)4(μ-OH)2-
(H2O)4] 3 4CH3CN 3 12H2O (1), and a bis-Dy cubane, that is,
Dy8(HL)10(C6H4NH2COO)2(μ3-OH) 8(OH)2(NO3)2(H2O) 4]
(2), from a potentially tetradentate Schiff-base ligand, namely,
2-{[(2-hydroxy-3-methoxyphenyl)methylidene]amino}benzoic
acid (H2L). The solid-state structures of 1 and 2 have been
determined by single-crystal X-ray diffraction, and their mag-
netic properties havebeen thoroughly investigated.Compound
2 shows a SMMbehaviorwhile compound 1 does not display
slow relaxation ofmagnetization.A closer look at the structural

features of their [Dy4(μ3-OH)4] cores reveals significant dis-
parities of the respective cubane M-O-M angles (induced
by two additional μ-OH - bridges in 1). These differences of
the cubane metric parameters are most responsible for the
distinct magnetic-exchange interactions observed.

Experimental Section

Materials and Methods. All starting materials were of A.R.
Grade and used as received. The elemental analyses for C, H,
and N were performed with a Perkin-Elmer 2400 analyzer. The
IR measurements were recorded on a VERTEX 70 Fourier
transform infrared (FTIR) spectrophotometer using the reflec-
tance technique (4000-300 cm-1); the samples were prepared as
KBr disks. The Schiff base ligandH2L, that is, 2-{[(2-hydroxy-3-
methoxyphenyl)methylidene]amino}benzoic acid, was obtained
by condensation of anthranilic acid and o-vanillin in methanol,
applying a previously reported synthetic method.45

Magnetic measurements were performed in the temperature
range 1.9-300K, using a QuantumDesignMPMS-XL SQUID
magnetometer equipped with a 7 T magnet. The diamagnetic
corrections for the compounds were estimated using Pascal’s
constants,46 and magnetic data were corrected for diamagnetic
contributions of the sample holder.

Synthesisof theDy4CubaneCluster [Dy4(HL)4(C6H4NH2COO)2-
(μ3-OH)4(μ-OH)2(H2O)4] 3 4CH3CN 3 12H2O (1). An aqueous
solution of potassium hydroxide (0.45 mL, 0.20 mmol) was
added to a solution of the Schiff-base ligand (0.20 mmol, 56 mg)
in 10 mL of acetonitrile. The resulting reaction mixture was
stirred for 40min. Then, solid dysprosium chloride hexahydrate
(0.20mmol, 75mg) was added, and the ensuing red solution was
stirred for 1 h. Finally, 5 mL of methanol were added, and the
reaction mixture was filtered. The filtrate was left unperturbed
to allow the slow evaporation of the solvent. Red single crystals,
suitable forX-ray diffraction analysis, were obtained after 2weeks.
These crystals were collected by filtration, washed with cold
methanol and acetonitrile, and dried in air. Yield: 25mg (19.5%,
based on the ligand). Elemental analysis (%) calcd for C82H110-
Dy4N10O42: C, 38.50, H, 4.33, N, 5.48; found C, 38.65, H, 4.31,
N, 5.75. IR (KBr, cm-1): 3436 (w), 2841 (m), 1636 (w), 1611 (w),
1597 (w), 1567 (w), 1539 (w), 1492 (w), 1466 (w), 1440 (w), 1400
(w), 1291 (m), 1280 (m), 1263 (m), 1235 (w), 1181 (w), 1100 (m),
1069 (s), 1035 (s), 966(s), 922 (s), 858(s), 839 (s), 738 (w), 688 (m),
669 (m), 661(m), 634(m), 593(m), 538(m), 466(m), 435(m).

Synthesis of the Bis-Dy4 Cubane Cluster [Dy8(HL)10(C6H4NH2-
COO)2(μ3-OH)8(OH)2(NO 3)2(H2O)4] (2) . A methanolic solu-
tion of potassium hydroxide (0.35mL, 0.15mmol) was added to
the Schiff-base ligand (0.15 mmol, 42 mg) dissolved in 6 mL of
ethanol. The reactionmixture was stirred for 40min. Next, solid
dysprosium nitrate hexahydrate (0.15 mmol, 68 mg) was added
to the above mixture, and the resulting red solution was stirred
for 1h.Sixmilliliters of dichloromethanewere subsequently added,
and the reaction mixture was filtered. The ensuing filtrate was
left unperturbed to allow the slow evaporation of the solvent.
Red single crystals, suitable for X-ray diffraction analysis, were
obtained after 3 weeks. These crystals were collected by filtra-
tion, washed with cold ethanol, and dried in air. Yield: 22 mg
(32%, based on the ligand). Elemental analysis (%) calcd for
C164H150Dy8N14O64: C, 42.44, H, 3.26, N, 4.23; found C, 42.60,
H, 3.09, N, 4.28. IR (KBr, cm-1): 3445 (m), 3058 (m), 2935 (m),
2839 (m), 1598 (w), 1568 (m), 1540 (w), 1494 (m), 1469 (m), 1445
(w), 1358 (w), 1292 (m), 1235 (w), 1181 (m), 1100 (s), 1069 (s),
1032 (s), 967 (s), 914 (s), 857 (s), 788 (s), 739 (m), 696 (m), 664
(m), 634 (m), 565 (s), 540 (s), 466 (s), 422 (s).

X-ray Crystallographic Analysis and Data Collection. Crystallo-
graphic data and refinement details are given in Table 1. Suitable
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single crystals with dimensions of 0.19�0.17�0.15mm3 and 0.19�
0.15� 0.12 mm3 for 1 and 2, respectively, were selected for single-
crystal X-ray diffraction analysis. Crystallographic data were col-
lected at a temperature of 187(2) K on a Bruker ApexII CCD dif-
fractometer with graphite monochromatedMoKR radiation (λ=
0.71073 Å).Dataprocessingwas accomplishedwith the SAINTpro-
cessing program.47 The structure was solved by the direct methods
and refined on F2 by full-matrix least-squares using SHELXTL97.48

The location of Dy atom was easily determined, and O, N, C, and
Hatomswere subsequently determined from the differenceFourier
maps. The non-hydrogen atoms were refined anisotropically. The
H atoms were introduced in calculated positions and refined with
fixed geometry with respect to their carrier atoms. CCDC-778293
(1) and 778294 (2) contain 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.

Results and Discussion

The Schiff-base ligand 2-{[(2-hydroxy-3-methoxyphenyl)-
methylidene]amino}benzoic acid (H2L) (Scheme 1) was
obtained by simple condensation reaction between o-vanillin
(2-hydroxy-3-methoxybenzaldehyde) and anthranilic acid
(2-aminobenzoic acid) in methanol, following an earlier repor-
ted procedure.45 The reactions of different dysprosium(III)
salts (chloride or nitrate) with the ligand H2L using several
solvent combinations generate compounds with distinct struc-
tures.The formationmechanismfor thesedifferentarchitectures
is not clear as yet. However, the two additional μ-OH groups

linking the Dy ions within the Dy4 cubane, formed in the
presence of water, instead of a bridging HL ligand and a
terminal bidentate η2-nitrate may prevent the formation of
the [Dy4]2 structure (2), therefore resulting in the isolation of
a discrete Dy4 cubane (1).

Crystal Structure of [Dy4(HL)4(C6H4NH2COO)2(μ3-
OH)4(μ-OH)2(H2O)4] 3 4CH3CN 3 12H2O (1). The reaction
of DyCl3 3 6H2O with a basic solution of H2L in water/
acetonitrile/methanol (see Experimental Section) produces
red crystals of 1 after 2 weeks. Single-crystal X-ray studies
revealed that 1 crystallizes in the orthorhombic space group
Fddd. A perspective view of the molecular structure of 1 is
represented inFigure1.Details for the structure solutionand
refinement are summarized in Table 1, and selected bond
distances and angles are listed in Table 2. The molecule is a
tetranuclear dysprosium(III) cubane compound consisting
of eight-coordinated metallic centers in a square antipris-
matic coordination environment (Figure 2 and Supporting
Information, Figure S1). The two square bases of the square
antiprism are formed by the atoms (O1, O3, O6, and O6c)
and (O5,O6a,O7,O8), respectively (SupportingInformation,
Figure S1). The Dy1 ion is coordinated by two carboxylato
oxygen atoms (O1 and O5) belonging respectively to one
HL- ligand and one anthranilatomoiety (resulting from the
hydrolysis of a H2L molecule), a phenolato oxygen atom
(O3), three μ3-OH

- groups (oxygen atoms O6, O6a, and
O6c), a μ-OH- ligand (oxygen atomO7), and awatermole-
cule (oxygen atom O8; Figure 2B). The Dy-OCOO, Dy-
OPhO, Dy-OOH, and Dy-OH2O bond distances can be
considered as normal (Table 2).49-51 A square antiprism
can be described by an angle describing its elongation or
flatness.52 This parameter, that is,R, is the angle between the

Table 1. .Crystal Data and Structure Refinement for [Dy4(HL)4(C6H4NH2-
COO)2(μ3-OH)4(μ-OH)2(H2O)4] 3 4CH3CN 3 12H2O (1) and [Dy8(HL)10(C6H4NH2-
COO)2(μ3-OH)8(OH)2(NO3)2(H2O)4] (2)

1 2

empirical formula C82H110Dy4N10O42 C164H150Dy8N14O64

Fw (g mol-1) 2557.80 4640.98
crystal system orthorhombic monoclinic
space group Fddd C2/c
crystal color red red
crystal size (mm3) 0.15�0.17�0.19 0.12�0.15�0.19
temperature (K) 187(2) 187(2)
a (Å) 10.0802(4) 32.6847(17)
b (Å) 40.8842(15) 27.4910(14)
c (Å) 44.0852(16) 24.9658(13)
β (deg) 90 107.327(1)

V (Å3) 18168.4(12) 21414.7(19)
Fcalcd (Mg/m3) 1.870 1.439
μ (mm-1) 3.354 2.830
F(000) 10176 9088
θ for data collection (deg) 1.36-26.07 0.99-25.10
collected reflections 28938 54806
independent reflections 4510 19027
Rint 0.0555 0.1678
R [I > 2σ(I)] 0.0337 0.0747
wR (all data) 0.1060 0.2826
goodness of fit on F2 1.075 1.013
largest diff. peak

and hole (e Å3)
-1.106 and 1.382 -1.672 and 2.700

Scheme 1. Representation of the Ligand 2-{[(2-Hydroxy-3-methoxy-
phenyl)methylidene]amino}Benzoic Acid (H2L)

Figure 1. Representation of the molecular structure of [Dy4(HL)4(C6H4-
NH2COO)2(μ3-OH)4(μ-OH)2(H2O)4] 3 4CH3CN 3 12H2O (1), illustrating
the Dy4 cubane core. Only the H atoms involved in hydrogen-bonding
interactions and from the μ3- and μ-hydroxido ligands are shown for
clarity. The blue bonds symbolize the μ3-hydroxido ligands and the
green bonds represent μ-hydroxido ligands. Symmetry operations: a=
5/4-x, 1/4-y, z; b=x, 1/4-y, 1/4-z; c=5/4-x, y, 1/4-z.
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8869–8880.
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S 8 axis of the square antiprism and the central atom ligand
bond (Figure 3).53,54 This angle is also defined as R= γ/2,
γ being the angle between opposite bonds within one hemi-
sphere (Figure 3). For a soft-sphere model with a repulsion
energy law ≈1/ r6, the ideal R value amounts to 57.16�.53,54
For 1, the R angles vary from 50.98(14) to 63.55(13)�
(Table 2). Actually, the hemisphere including the atoms
(O1, O3, O6, and O6c) is strongly distorted, since the angles
R (O1,O6)=63.55(13)� andR (O6,O6c)=50.98(14)� are respec-
tively 6.39� and 6.18� outside the perfect value. This distor-
tion ismost likely due to both the very small bite angle of the
ligandHL- (O1-Dy-O3=69.55(14)�), and the coordina-
tion of two μ3-OH - ligands (O6-Dy1-O6c=69.16(13)�).
The second hemisphere is characterized by R angles of
58.73(11) and 54.18� (Table 2), closer to the expected value
for a regular square antiprism. Thus, the self-assembly
between four symmetry-related DyIII ions, four μ3-hydro-
xido ligands, four HL- ligands, four water molecules, two
anthranilato groups and two μ2-hydroxido ligands generates
adistorted cubane core (Figure 2A).Within this tetranuclear

cluster, eachDyIII ion is connected to three neighbors through
μ3-OH

- ligands (see blue bonds in Figure 2A). In addition,
the metal centers Dy1 and Dy1b, and Dy1a and Dy1c are
bridgedbyμ-hydroxidounits (see greenbonds inFigure2A).
Finally, the metals Dy1 and Dy1a, and Dy1b and Dy1c
are connected by μ-O,O0-carboxylato ligands (respectively,
O5 andO5a andO5b andO5c). The resulting cubic array of
alternatingdysprosiumandoxygenatomsexhibits intracluster
metal 3 3 3metal separation distances in the range 3.589(1)-
3.832(1) Å. The crystal packing of 1 reveals the formation of
one-dimensional (1-D) supramolecular chains along the crys-
tallographic a axis (Supporting Information, Figure S2).
The 1-D chain is assembled through π-π stacking inter-
actionsbetween theanthranilic groupsofHL- ligandsbelong-
ing to adjacent Dy4 units (centroid-to-centroid distance of
3.474(4) Å). The shortest intercubane Dy 3 3 3Dy distance,
namely, 7.643(1) Å, is found in this self-organized chain
(Supporting Information, Figure S2A).
The crystal structure of 1 exhibits intramolecular hydro-

gen bonds involving the imino (N1) and the amino (N2)
N-Hmoieties of theHL- and anthranilato ligands, respec-
tively (Supporting Information, Table S1). In addition, an
intricate network of intra- and intermolecular O-H 3 3 3O
bonds is observed (Supporting Information, Table S1).

Table 2. Selected BondDistances (Angstroms) and Angles (Degrees) for [Dy4(HL)4-
(C6H4NH2COO)2(μ3-OH)4(μ-OH)2(H2O)4] 3 4CH3CN 3 12H2O (1)a

Dy1

Bond Distances (Å)

Dy1-O1 2.369(4) Dy1-O3 2.279(4)
Dy1-O5 2.333(4) Dy1-O6 2.345(4)
Dy1-O7 2.521(4) Dy1-O8 2.421(4)
Dy1-O6a 2.372(4) Dy1-O6c 2.348(4)

Bond Angles (deg.)

O1-Dy1-O3 69.55(14) O3-Dy1-O6 81.02(14)
O6-Dy1-O6c 69.16(13) O6c-Dy1-O1 75.12(13)
O5-Dy1-O6a 76.58(14) O6a-Dy1-O7 67.72(11)
O7-Dy1-O8 73.39(12) O8-Dy1-O5 71.56(14)
O1-Dy1-O6

(γ angle)b
127.09(13) O3-Dy1-O6c

(γ angle)
101.96(14)

R angle (O1, O6)c 63.55(13) R angle (O3, O6c) 50.98(14)
O5-Dy1-O7

(γ angle)
117.45(11) O6a-Dy1-O8

(γ angle)
108.35(14)

R angle (O5, O7) 58.73(11) R angle (O6a, O8) 54.18

a Symmetry operations: a, 5/4-x, 1/4-y, z; c, 5/4-x, y, 1/4-z. b,cSee
Figure 3 for the definitions of the angles R and γ.

Figure 2. (A) Representation of the Dy4 cubane core and (B) coordina-
tion environment of the dysprosium(III) ion. Only the hydrogen atoms
from the μ3-OH

- groups are shown for clarity. The blue bonds symbolize
the μ3-hydroxido ligands and the green bonds represent μ-hydroxido
ligands. Symmetry operations: a=5/4-x, 1/4-y, z; b=x, 1/4-y, 1/4-z;
c = 5/4-x, y, 1/4-z.

Figure 3. Definition of the angleR in a regular square antiprism.53 γ is the
angle between opposite ligands within one hemisphere; R= γ/2.52

Figure 4. Representation of the molecular structure of octanuclear [Dy8-
(HL)10(C6H4NH2COO)2(μ3-OH)8(OH)2(NO3)2(H2O)4] (2), showing the
two cubane units doubly bridged by μ-O,O0-carboxylato ligands (oxygen
atomsO26,O26a,O24, andO24a;orangebonds).Thebluebonds symbolize
the μ3-hydroxido ligands. Only the H atoms involved in hydrogen-bonding
interactions and from the μ3- and μ-hydroxido ligands are shown for clarity.
Symmetry operation: a =-x, y, 1/2-z.

(53) Kepert, D. L. Stereochemistry in Inorganic Chemistry Concepts;
Springer: Berlin, Germany, 1982; Vol. 6.

(54) Kepert, D. L. Prog. Inorg. Chem. 1978, 24, 179–249.
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Crystal Structure of [Dy8(HL)10(C6H4NH2COO)2(μ3-
OH)8(OH)2(NO3)2(H2O)4] (2). The reaction of Dy(NO3)3 3
6H2O with a basic solution of H2L in methanol/ethanol/
dichloromethane (seeExperimentalSection) yields redcrystals
of 2 after three weeks. The single-crystal X-ray structure of
the octanuclear compound is depicted in Figure 4. Com-
pound 2 crystallizes in the monoclinic space group C2/c.
Details for the structure solution and refinement are sum-
marized in Table 1, and selected bond distances and angles
are listed in Table 3. 2 consists of two symmetry-related
[Dy4(μ3-OH)4] cubanes doubly bridged by μ-O,O0-carboxy-
lato groups (oxygen atoms O26, O26a, O24 and O24a;
orange bonds in Figure 4), belonging to two shared HL-

ligands. The tetranuclear core contains four different
dysprosium(III) ions (Figures 4 and 5).
The metal center Dy1 is eight-coordinated by one

bidentate HL- ligand (through the phenolato oxygen
atom O3 and the oxygen atom O2 from a monodentate
carboxylato group), a carboxylato oxygen atom (O5)
from a bridging HL- ligand, a bidentate nitrate anion
(O21 and O22), and three μ3-hydroxido ligands (O28,
O29, and O31; Figure 5B). The coordination geometry of
Dy1 is best described as a hula hoop-like geometry (Sup-
porting Information, Figure S3), by analogy with the envi-
ronment described in the literature for the nine-coordinate
compound [La2I2(OH)2(dibenzo-18-crown-6)2]I(I3).

55,56

In 2, the cyclic ring (hula hoop) is defined by the atoms
O3, O22, O21, O29, and O28 (Supporting Information,
Figure S3). TheDy-OCOO,Dy-OPhO,Dy-OOH, andDy-
ONO3 bond lengths are in normal ranges (Table 3).31,57

The eight-coordinated Dy2 ion exhibits a square-
antiprismatic coordination environment formed by one
bidentate HL- ligand (O9 and O26a), whose μ-O,O0-
carboxylato group acts as a bridge between the two
cubanes, a carboxylato oxygen atom (O24) from a second
HL- ligand coordinated to the adjacent cubane unit, a
carboxylato oxygen atom (O16) belonging to an intracu-
bane bridging anthranilato ligand, one monodentate
hydroxido (O27) ligand, and three μ3-hydroxido ligands
(O29, O30, and O31; Figure 5C). The Dy-OCOO, Dy-
OPhO, and Dy-OOH bond distances are comparable to
those reported for DyIII clusters (Table 3).31,58 The angles
R, defining the regularity of a square antiprism,54 for Dy2
range from 45.7(4) to 66.1(4)� (Table 3). The first hemi-
sphere containing the atoms (O16, O24, O27, and O31;
Supporting Information, Figure S4) is strongly distorted,
as reflected by the angles R(O16,O27) and R(O24,O31) of
48.5(4) and 66.1(4)�, respectively (the ideal R value is
57.16�). The distortion is mainly caused by steric con-
straints arising from the bridging ofDy2 to the other three
metal centers of the cubane, through three μ3-OH- anions
and a μ-O,O0-anthranilato group (see Figure 5A), and
from the involvement of Dy2 in the formation of the bis-
cubane unit, via two μ-O,O0-carboxylato bridges connect-
ing Dy2 to Dy2a (see orange bonds in Figure 4). The
second hemisphere (O9, O26a, O29, andO30; Supporting

Table 3. Selected Bond Distances (Angstroms) and Angles (Degrees) for
[Dy8(HL)10(C6H4NH2COO)2(μ3-OH)8(OH)2(NO3)2(H2O)4] (2)

a

Dy1

Bond Distances (Å)

Dy1-O2 2.313(11) Dy1-O3 2.254(11)
Dy1-O5 2.361(12) Dy1-O21 2.463(13)
Dy1-O22 2.585(14) Dy1-O28 2.351(10)
Dy1-O29 2.330(8) Dy1-O31 2.342(11)

Bond Angles (deg.)

O3-Dy1-O22 84.2(4) O22-Dy1-O21 50.6(4)
O21-Dy1-O29 74.4(4) O29-Dy1-O28 71.3(3)
O28-Dy1-O3 76.9(4) O2-Dy1-O5 134.0(4)
O5-Dy1-O31 149.7(4) O2-Dy1-O31 76.1(4)

Dy2

Bond Distances (Å)

Dy2-O9 2.317(11) Dy2-O16 2.302(11)
Dy2-O24 2.454(10) Dy2-O26a 2.355(11)
Dy2-O27 2.383(10) Dy2-O29 2.376(10)
Dy2-O30 2.369(10) Dy2-O31 2.382(11)

Bond Angles (deg.)

O16-Dy2-O24 70.5(4) O24-Dy2-O27 80.1(3)
O27-Dy2-O31 71.1(4) O31-Dy2-O16 75.9(4)
O9-Dy2-O26a 71.0(4) O26a-Dy2-O29 73.3(4)
O29-Dy2-O30 69.5(3) O30-Dy2-O9 76.0(4)
O16-Dy2-O27

(γ angle)b
97.0(4) O24-Dy2-O31

(γ angle)
132.2(4)

R angle (O16, O27)c 48.5(4) R angle (O24, O31) 66.1(4)
O9-Dy2-O29

(γ angle)
91.3(4) O26a-Dy2-O30

(γ angle)
128.9(4)

R angle (O9, O29) 45.7(4) R angle (O26a, O30) 64.5(4)

Dy3

Bond Distances (Å)

Dy3-O12 2.318(14) Dy3-O13 2.276(11)
Dy3-O15 2.289(13) Dy3-O25 2.405(11)
Dy3-O28 2.334(10) Dy3-O30 2.318(11)
Dy3-O31 2.330(11)

Bond Angles (deg.)

O12-Dy3-O13 72.6(4) O13-Dy3-O28 107.4(4)
O28-Dy3-O12 82.1(4) O15-Dy3-O25 79.4(4)
O25-Dy3-O30 75.8(4) O30-Dy3-O15 86.9(4)
O31-Dy3-O13 83.6(4) O31-Dy3-O15 84.0(4)
O31-Dy3-O30 71.5(4) O31-Dy3-O28 70.4(4)

Dy4

Bond Distances (Å)

Dy4-O6 2.317(13) Dy4-O7 2.418(12)
Dy4-O18 2.339(11) Dy4-O19 2.281(11)
Dy4-O28 2.377(8) Dy4-O29 2.408(10)
Dy4-O30 2.357(10) Dy4-O32 2.411(13)

Bond Angles (deg.)

O7-Dy4-O6 66.3(4) O6-Dy4-O28 75.6(4)
O28-Dy4-O32 73.3(4) O32-Dy4-O7 69.7(4)
O18-Dy4-O19 73.4(4) O19-Dy4-O29 80.6(4)
O29-Dy4-O30 69.2(3) O30-Dy4-O18 73.8(4)
O6-Dy4-O32

(γ angle)b
97.8(4) O7-Dy4-O28

(γ angle)
121.2(4)

R angle (O6, O32)a 48.9(4) R angle (O7, O28) 60.6(4)
O18-Dy4-O29

(γ angle)
126.7(4) O19-Dy4-O30

(γ angle)
104.8(4)

R angle (O18, O29) 63.4(4) R angle (O19, O30) 52.4(4)

a Symmetry operations: a, -x, y, 1/2-z. b,cSee Figure 3 for the
definitions of the angles R and γ.

(55) Ruiz-Martinez, A.; Casanova, D.; Alvarez, S. Chem.;Eur. J. 2008,
14, 1291–1303.

(56) Runschke, C.; Meyer, G. Z. Anorg. Allg. Chem. 1997, 623, 1493–
1495.

(57) Gu, X. J.; Xue, D. F. Inorg. Chem. 2007, 46, 3212–3216.
(58) Zhang, M. B.; Zhang, J.; Zheng, S. T.; Yang, G. Y. Angew. Chem.,

Int. Ed. 2005, 44, 1385–1388.
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Information, Figure S4) of the square antiprism is strongly
distorted as well, the R angles being R(O9,O29) = 45.7(4)�
andR(O26a,O30)=64.5(4)� (Table 3). Again, this distortion
most likely arises from the creation of the bis-cubane
structure which clearly generates steric constraints.
The seven-coordinatedDy3 ion adopts a capped trigonal-

prismatic geometry (Supporting Information, Figures S5
and 5D. The trigonal prism is formed by one bidentate
HL- ligand (O12 and O13), one oxygen atom (O15) from
a bridging anthranilato ligand, two μ3-OH- groups (O28
and O30), and one water molecule (O25). The capped
ligand is a μ3-OH- anion (O31) connecting Dy3 to Dy1
and Dy2. The regularity of a trigonal prism is defined by
the torsion angles R involving opposite corners and the
centroids of the trigonal faces (Figure 6).59 For a regular
trigonal prism, these anglesR are equal to 0�. ForDy3, the
angles R amount to 6.18, 11.20 and 14.17�. These significant
deviations from the ideal value of 0� are because the tri-
gonal faces (O15, O25, O30) and (O12, O13, O28) are not
perfectly equilateral (Supporting Information, Figure S5B).
In addition, these two faces are not parallel, as illustrated
by a dihedral angle between them of 4.38�. This distortion
may be ascribed to the small bite angle of theHL- ligand
(O12-Dy3-O13 = 72.6(4)�), and to the coordination of
three μ3-hydroxido ligands to Dy3 generating the [Dy4(μ3-
OH)4] core. The Dy-OCOO, Dy-OPhO, and Dy-OOH

bond lengths are in normal ranges (Table 3).58,60

As depicted in Figures 4 and 5E,Dy4 is eight-coordinated
by two π-stackedHL- ligands, three μ3-OH- groups (O28,
O29 andO30), and onewatermolecule (O32). The coordi-
nation geometry of Dy4 is best described as a distorted
square antiprism (Supporting Information, Figure S6).
The angles R, defining the regularity of a square anti-
prism,54 for Dy4 range from 48.9(4) to 63.4(4)� (Table 3)
and therefore significantly outside the standard value of
57.16�. Thus, the first hemisphere containing the atoms
(O6,O7,O32, andO28; Supporting Information, Figure S6)
is characterized by the values R(O6,O32) = 48.9(4)� and
R(O7,O28)=60.6(4)� (Table 3). The second distorted hemi-
sphere (O18, O19, O29, O30) is defined by the R angles
R(O18,O29)= 63.4(4)� and R(O19,O30)= 52.4(4)� (Table 3).
The distortion of the square antiprism may be explained
by both the small bite angle of theHL- ligand (O6-Dy4-
O7=66.3(4)�), and the steric constraints induced by the
formation of the cubane core. TheDy-OCOO,Dy-OPhO,
andDy-OOH bond distances can be considered as typical
for such DyO8 coordination environments.57,58

The self-assembly between the four differentDyIII ions,
five HL- ligands, four μ3-hydroxido ligands, one OH-

and one NO3
- anions, and two water molecules produces

a cubic [Dy4(HL)5(C6H4NH2COO)(μ3-OH)4(OH)(NO3)-
(H2O)2] cluster. Within this tetranuclear cluster, each
DyIII ion is connected to the other three metal centers
via three μ3-OH- bridges. In addition, Dy1 and Dy4 are
linked by the μ-O,O0-carboxylato group of aHL- ligand
(oxygen atomsO5 andO6), andDy2 andDy3 are bridged
by a μ-O,O0-anthranilato ligand (oxygen atoms O15 and
O16). In the resulting [Dy4(μ3-OH)4] cubane, the intra-
molecular Dy 3 3 3Dy separation distances are in the range
3.674(1)- 3.853(1) Å. This cubane is connected to an adja-
cent symmetry-related cubane by two μ-O,O0-carboxylato
units (see orange bonds in Figure 4), belonging to twoHL-

ligands (whose phenolato parts are coordinated to distinct
cubanes), thus generating the octanuclear compound 2.
The shortest intramolecular, intercubane metal 3 3 3metal
distance is Dy2 3 3 3Dy2a=5.889(1) Å. The crystal pack-
ing of 2 reveals the formation of a supramolcular 1-D
zigzag chain along the crystallographic c axis, through the
association of Dy8 clusters by means of π-π interactions
between HL- ligands (centroid-to-centroid distance of
3.607(11); Supporting Information, Figure S7). This
crystal-packing arrangement is of a scalelike network
observed in a manganese(II)-azido framework.61 The
shortest Dy 3 3 3Dy within the zigzag chains is 8.737(1) Å.
The arrangement of these 1-D chains in the crystal lattice

Figure 5. (A) Cubane core of compound 2; (B) coordination environ-
ment of the dysprosium(III) ion Dy1, (C) Dy2, (D) Dy3, and (E) Dy4.
Only the hydrogen atoms from the μ3-OH

- and OH- groups are shown
for clarity. The blue bonds symbolize the μ3-hydroxido ligands and the
orange bonds represent the bridging μ-O,O0-carboxylato ligands. Sym-
metry operation: a = -x, y, 1/2-z.

Figure 6. Angle r characterizing the distortion of a trigonal prism.59.

(59) Sreerama, S. G.; Pal, S.; Pal, S. Inorg. Chem. Commun. 2001, 4, 656–
660.

(60) Xu, N.; Shi, W.; Liao, D. Z.; Yan, S. P. Inorg. Chem. Commun. 2007,
10, 1218–1221.

(61) Gao, E. Q.; Bai, S. Q.; Wang, Z. M.; Yan, C. H. J. Am. Chem. Soc.
2003, 125, 4984–4985.
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produces infinite channels (Supporting Information,
Figure S8). The shortest interchain Dy 3 3 3Dy separation
distance is 8.733(1) Å.
The crystal structure of 2 exhibits an intricate network

of intramolecular N-H 3 3 3O and O-H 3 3 3O hydrogen
bonds (Supporting Information, Table S2). In addition,
the Dy8 clusters are interconnected through O-H 3 3 3O
bonds (Supporting Information, Table S2).

Magnetic Properties.Direct-current (dc) magnetic sus-
ceptibility studies of 1 and 2 have been carried out in an
applied magnetic field of 1000 Oe in the temperature
range 300-2 K. The plot of χMT versus T, where χM is
the molar magnetic susceptibility, is shown in Figure 7.
The observed χMT value at 300K of 53.6 cm3Kmol-1 for
1 (50.2 cm3Kmol-1 for 2) is lower than the expected value
of 56.7 cm3 K mol-1 for four uncoupled DyIII ions (S=
5/2, L=5, 6H15/2, g=4/3). χMT gradually decreases until
50 K and then further decreases to reach a minimum of
23.1 cm3 K mol-1 for 1 (23.8 cm3 K mol-1 for 2) at 2 K,
indicating a progressive depopulation of excited Stark
sublevels.
Magnetization (M) data for 1 and 2 were collected in

the 0-70 kOe field range below 5 K. The non-super-
imposition of the M versus H/T data on a single master-
curve (Figures 8 and 9) suggests the presence of a sig-
nificant magnetic anisotropy and/or low-lying excited
states. The magnetization eventually reaches the value
of 24.4 μB for 1 (22.2 μB for 2) at 2 K and 70 kOe without
clear saturation. This value is much lower than the expected

saturation value of 40 μB for four non-interacting DyIII

ions, most likely due to the crystal-field effect at the DyIII

ion that eliminates the 16-fold degeneracy of the 6H15/2

ground state.35

Alternating current (ac) susceptibility measurements
were carried out for 1 and 2 under a zero-dc field to inves-
tigate the dynamics of themagnetization. As shown in the
Supporting Information, Figure S9, 1 does not exhibit
any out-of-phase ac signal. The dynamics of magnetiza-
tion for 2 were also investigated from ac susceptibility
measurements, in a zero-static field and in a 3.0Oe ac field
oscillating at the indicated frequencies given in Figure 10
(as the plots of χ0 vs T and χ00 vs T). Strikingly, a frequency-
dependent increase of the in-phase signal together with
the concomitant appearance of an out-of-phase signal
is observed, indicating the onset of slow magnetization

Figure 7. Temperature dependence of the χMT products at 1 kOe for 1
(open cycle) and 2 (open triangle), normalizing all the data per Dy4 unit.

Figure 8. M versus H/T plots for 1 at 2 and 3 K.

Figure 9. M versusH/T plots for 2 at different temperatures below 5K,
by normalizing the data per Dy4 unit.

Figure 10. Temperature dependence of the in-phase (top) and out-of-
phase (bottom) ac susceptibility for 2 under zero dc field.
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relaxation. Although such ac signals are observed above
1.9 K, no hysteresis is noticed in the graph of M versus.
H (Supporting Information, Figure S10), obtained using
a traditional SQUIDmagnetometer. The non-occurrence
of a hysteresis may be caused by the presence of a rela-
tively fast zero-field relaxation.

Structure-Property Relationship. The cubane cores
in compounds 1 and 2 are a priori comparable (see
Figures 2A and 5A). However, the magnetic properties
are drastically different (see section above). Indeed, the
Dy4 compound 1 does not exhibit any out-of-phase ac
signal, while the bis-Dy4 compound 2 shows a slow mag-
netic relaxation of magnetization. These distinct mag-
netic behaviorsmust be caused by subtle but crucial struc-
tural differences between the respective [Dy4(μ3-OH)4]
cores. Actually, a closer look at the two cubic arrange-
ments reveals important disparities.
As is evidenced inFigure 11, eachDyIII ion in 1 is linked

to the three othermetal centers via μ3-OH- bridges (light-
blue bonds in Figure 11). In addition, Dy1 is diagonally
bridged to Dy1b through a μ-OH- ligand; Dy1a and
Dy1c are connected in the same way (see dark-blue bonds
in Figure 11). The resulting cubane is defined by Dy-O
bonds varying from 2.345(4) to 2.372(4) Å (Table 2). The
Dy-O-Dy cubane angles range from 99.00(14) to
109.50(15)� (Table 4). The four small angles Dy1-O6a-
Dy1b, Dy1-O6c-Dy1b, Dy1a-O6-Dy1c, and Dy1a-
O6b-Dy1c of 99.00(14)� (compare to the eight other Dy-
O-Dy angles which are above 108�) obviously results
from the μ-OH--bridging of Dy1 to Dy1b, and of Dy1a
to Dy1c (angle Dy1-O7-Dy1b= 90.75(16)�; Table 4).
The metal 3 3 3metal distances are in the range 3.589(1)-
3.832(1) Å (Table 4).
In compound 2 (Figure 12), the cubane Dy-O bonds

vary from 2.318(11) to 2.408(11) Å (Table 3). The
Dy-O-Dy angles of the cubane lie between 102.5(4)
and 109.3(4)� (Table 4). Thus, in contrast to 1, all angles
in 2 are well above 99�. The metal 3 3 3metal distances
range from 3.674(1) to 3.853(1) Å (Table 4).
The main, significant disparities between the two cubic

arrays are thus found in the Dy-O-Dy angles. There-
fore, the distinct magnetic properties observed for com-
pounds 1 and 2 are most likely due to different magnetic

interactions between the metal centers induced by the
hydroxido bridges. It is well-known for other metal ions
linked by μ-OH- ligands that theM-O-Mangles have a
great influence on the magnetic exchange coupling.62-66

One can rationally expect the same effect for theDy-O-Dy
angles. Indeed, the Dy-O-Dy angle will modify the
overlap between the magnetic orbitals of the Dy ions and
therefore will influence the intracubane magnetic inter-
actions, although such intra and intercubane interactions
are expected to be very weak. Moreover, the local tensor
of anisotropy on each Dy site and their relative orienta-
tions caused by the change ofDy-O-Dy angle could be a
crucial feature to induce or not a SMM behavior in these

Figure 11. Cubane core of compound 1 showing characteristicM-O-M
angles involving μ-hydroxido and μ3-hydroxido bridging ligands.

Table 4. Selected Important Bond Distances (Angstroms) and Angles (Degrees)
for the Cubane Cores in Compounds 1, 2 and [Dy4(μ3-OH)4(isonicotinate)6(py)-
(CH3OH)7](ClO4)2 3 py 3 4CH3OH (3)44

Compound 1a

Bond Distances (Å)

Dy1-Dy1a 3.831(1) Dy1-Dy1b 3.589(1)
Dy1-Dy1c 3.832(1)

Bond Angles (deg.)

Dy1-O6-Dy1a 108.60(15) Dy1-O6a-Dy1b 99.00(14)
Dy1-O6-Dy1c 109.50(15) Dy1-O7-Dy1b 90.75(16)

Compound 2

Bond Distances (Å)

Dy1-Dy2 3.729(1) Dy1-Dy3 3.785(2)
Dy1-Dy4 3.805(1) Dy2-Dy3 3.768(1)
Dy2-Dy4 3.853(1) Dy3-Dy4 3.674(1)

Bond Angles (deg.)

Dy1-O28-Dy4 107.2(4) Dy1-O29-Dy4 106.8(4)
Dy1-O29-Dy2 104.8(3) Dy1-O31-Dy2 104.2(4)
Dy1-O28-Dy3 107.8(4) Dy1-O31-Dy3 108.2(5)
Dy2-O30-Dy3 107.0(4) Dy2-O31-Dy3 106.2(4)
Dy2-O29-Dy4 107.3(4) Dy2-O30-Dy4 109.3(4)
Dy3-O28-Dy4 102.5(4) Dy3-O30-Dy4 103.6(4)

[Dy4(μ3-OH)4(isonicotinate)6(py)(CH3OH)7](ClO4)2 3py 3 4CH3OH44

Bond Distances (Å)

Dy1-Dy2 3.783(1) Dy1-Dy3 3.725(1)
Dy1-Dy4 3.761(1) Dy2-Dy3 3.720(1)
Dy2-Dy4 3.811(1) Dy3-Dy4 3.857(1)

Bond Angles (deg.)

Dy1-O13-Dy4 106.22(16) Dy1-O14-Dy4 105.19(16)
Dy1-O13-Dy2 103.99(16) Dy1-O15-Dy2 108.36(17)
Dy1-O14-Dy3 104.40(15) Dy1-O15-Dy3 105.52(16)
Dy2-O15-Dy3 105.25(16) Dy2-O16-Dy3 103.65(16)
Dy2-O13-Dy4 108.72(15) Dy2-O16-Dy4 106.74(15)
Dy3-O14-Dy4 110.11(15) Dy3-O16-Dy4 108.51(15)

aSymmetry operations: a, 5/4-x, 1/4-y, z; c, 5/4-x, y, 1/4-z.

(62) Ruiz, E.; Alemany, P.; Alvarez, S.; Cano, J. Inorg. Chem. 1997, 36,
3683–3688.

(63) Ruiz, E.; Alemany, P.; Alvarez, S.; Cano, J. J. Am. Chem. Soc. 1997,
119, 1297–1303.

(64) Canada-Vilalta, C.; O’Brien, T. A.; Brechin, E. K.; Pink, M.;
Davidson, E. R.; Christou, G. Inorg. Chem. 2004, 43, 5505–5521.

(65) Crawford, V. H.; Richardson, H.W.; Wasson, J. R.; Hodgson, D. J.;
Hatfield, W. E. Inorg. Chem. 1976, 15, 2107–2110.

(66) Merz, L.; Haase, W. J. Chem. Soc., Dalton Trans. 1980, 875–879.



Article Inorganic Chemistry, Vol. 49, No. 16, 2010 7557

dysprosium systems.67-69 In addition, the low symmetry
of the Dy4 cubane in compound 2 and their relative

orientations may affect the cluster molecular anisotropy
andhence lead tomagnetizationrelaxation.44Actually, some
of us have recently reported a tetranuclear dysprosium(III)
compound, that is, [Dy4(μ3-OH)4(isonicotinate)6(py)(CH3-
OH)7](ClO4)2 3 py 3 4CH3OH (3),44 whose cubane core
(Figure 13) is structurally related to those herein des-
cribed. This compound exhibits magnetic properties that
are similar to that of bis-cubane 2. In compound 3, the
Dy-Obonds are in the range 2.295(4)-2.407(4) Å.44 The
Dy-O-Dy angles of this cubane vary from 103.65(16) to
110.11(15)� (Table 4). Thus, the metric parameters for the
cubane core of 3 (especially the Dy-O-Dy angles) are
very close to those of compound 2. In contrast to 1, both 2
and 3 do not exhibit μ-hydroxido bridges that signifi-
cantly alter the Dy-O-Dy angles. These features clearly
suggest that the cubane angles together with the μ-OH-

bridge are responsible for the different magnetic beha-
viors observed.

Conclusions

In summary, two new DyIII coordination compounds
containing [M4O4] cubane clusters have been prepared. The
[Dy4(μ3-OH)4] cubane cores of these two compounds exhibit
a closely related structure. Nevertheless, the two DyIII com-
plexes possess distinct magnetic properties.While compound
1 does not show any out-of-phase ac signal, compound 2
exhibits slow relaxation of magnetization. A careful observa-
tion of the bond distances and angles of the respective
[Dy4(μ3-OH) 4] cores reveals small but apparently crucial
disparities in the M-O-M angles. These angle differences
(induced by the presence of additional μ-OH- bridges in 1)
clearly affect the orbital overlaps between the metal centers
and the μ3-hydroxido ligands, as well as the local tensor of
anisotropy on each Dy site and their relative orientations,
therefore generating dissimilar dynamic magnetic behavior.
Theoretical studies are required to thoroughly analyze the
Dy-O-Dy angle/magnetic property relationship.
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Figure 12. Cubane core of compound 2 showing characteristicM-O-M
angles involving μ3-hydroxido bridging ligands.

Figure 13. Cubane core of [Dy4(μ3-OH)4(isonicotinate)6(py)(CH3OH)7]-
(ClO4)2 3 py 3 4CH3OH(3)44 showing characteristic M-O-M angles invol-
ving μ3-hydroxido bridging ligands.
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