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A series of tetranuclear [Ln4] clusters with defect-dicubane
cores including a Dy4 single-molecule magnet

HAIFENG ZHANG†, JIN ZHANG†, YAHONG LI*†, YARU QIN†, YANMEI CHEN†‡,
WEI LIU†, DANDAN GAO‡ and WU LI‡

†College of Chemistry, Chemical Engineering and Materials Science, Soochow University, Suzhou,
China

‡Qinghai Institute of Salt Lakes, Chinese Academy of Sciences, Xining, China

(Received 30 November 2014; accepted 8 June 2015)

A series of tetranuclear lanthanide compounds have been prepared. The Dy4 complex exhibits
single-molecule magnet behavior.

A series of tetranuclear lanthanide compounds, [Ln4(μ3-OH)2L4(NO3)2(DMF)2] (H2L = 2-(2-hy-
droxy-3-methoxybenzylideneamino)phenol; Ln = Dy (1); Tb (2); Er (3); and Gd (4)), have been
prepared under hydrothermal conditions. X-ray crystal structure analysis reveals that 1–4 are poly-
morphs. The cores of the structures can be described as co-planar defect-dicubane. The solid-state
luminescent properties indicate that the LnIII ions have very deep influence on the luminescence of
H2L. The magnetic properties for 1–4 were studied. The Dy4 complex exhibits single-molecule
magnet behavior.

Keywords: Single-molecule magnet; Defect-dicubane; Luminescent property; Lanthanide ions

1. Introduction

Single-molecule magnet (SMM) is a magnet whose magnetic moments can be unified to a
directional orientation under the influence of external magnetic field. When the external
magnetic field is removed, the speed of the spin magnetic moment of molecular reorienta-
tion is very slow if the temperature is low enough [1–3]. Thus, the SMM has potential
applications in high-density magnetic memory, molecular spintronics, and quantum comput-
ing devices [4]. Since the first SMM [5] was discovered in 1993, the design and synthesis
of SMMs have received considerable attention. An SMM with higher energy barrier to
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magnetization reversal depends on a ground state with large negative axial magnetic aniso-
tropy (D) and the total spin number of a ground state (S). Thus, there are many attempts to
increase S and D [6, 7]. Recent advances in this area reveal that coordination compounds of
lanthanide ions (especially Dy3+, Tb3+, and Er3+) are candidates for SMMs due to their
unquenched orbital angular momentum and large intrinsic magnetic anisotropy [8, 9]. A
large number of lanthanide SMMs with various nuclearities have been reported [10–20].
Another important strategy for increasing S is to employ multidentate ligands which could
incorporate many metal ions into one molecule. Multidentate hydroxyl-containing or
carboxylate-containing Schiff base compounds are good ligands to construct SMMs [9].

In continuation of our recent work preparing lanthanide SMMs by employing Schiff base
ligands [21, 22], we expand our efforts by exploring the reactions of lanthanide nitrates
with 2-(2-hydroxy-3-methoxybenzylideneamino)phenol (H2L). The employment of H2L had
previously given a series of NiII/LnIII [23–25], CoII/DyIII [26], FeIII/LnIII [27], and MnIII/
LnIII [28] heterometallic complexes, but few examples of homometallic clusters are also
reported [29]. Thus, we conducted the reaction of lanthanide nitrates with H2L. Four com-
plexes, [Ln4(μ3-OH)2L4(NO3)2(DMF)2] (Ln = Dy (1); Tb (2); Er (3); and Gd (4)), were
generated. The structures can be described as co-planar defect-dicubane. The solid-state
luminescent properties of 1–4 indicate that the LnIII ions have significant influence on the
luminescent property of H2L. The magnetic property investigations of 1–4 reveal that 1 dis-
plays typical features of SMMs. Herein, we report the synthesis, structures, luminescent,
and magnetic properties of these four clusters.

2. Experimental

All solvents and reagents were of analytical grade and used as purchased. The Schiff-base
ligand (H2L) was synthesized using the reported procedure [30].

2.1. Synthesis of complexes

2.1.1. [Dy4(μ3-OH)2L4(NO3)2(DMF)2] (1). A mixture of Dy(NO3)3·6H2O (0.0456 g,
0.1 mmol), H2L (0.0243 g, 0.1 mmol), NaOH (0.008 g, 0.2 mmol), MeOH (2 mL), and
DMF (0.5 mL) was sealed in a Pyrex-tube (8 mL). The tube was heated for 12 h at 100 °C.
After cooling to room temperature, red crystals of 1 were obtained in 40% yield (0.0192 g)
based on Dy. Anal. Calcd for C62H60Dy4N8O22 (%): C, 38.80; H, 3.15; N, 5.84. Found: C,
39.01; H, 3.24; N, 5.69. Selected IR data (KBr, cm−1): 1645 (s), 1606 (m), 1583 (w), 1496
(m), 1479 (m), 1463 (s), 1381 (m), 1257 (m), 1226 (m), 970 (w), 819 (m), 742 (m), 736
(m), 680 (w), and 588 (w).

2.1.2. [Tb4(μ3-OH)2L4(NO3)2(DMF)2] (2). Complex 2 was obtained by the same proce-
dure as that of 1 using Tb(NO3)3∙6H2O in place of Dy(NO3)3·6H2O. Yield of 2 is 49%
(0.0233 g) based on Tb. Anal. Calcd for C62H60Tb4N8O22 (%): C, 39.09; H, 3.17; N, 5.88.
Found: C, 38.85; H, 3.38; N, 5.91. Selected IR data (KBr, cm−1): 1645 (s), 1606 (m), 1583
(w), 1496 (m), 1479 (m), 1462 (s), 1381 (m), 1257 (m), 1224 (m), 970 (w), 819 (m), 742
(m), 736 (m), 680 (w), and 588 (w).
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2.1.3. [Er4(μ3-OH)2L4(NO3)2(DMF)2] (3). A mixture of Er(NO3)3·6H2O (0.0443 g,
0.1 mmol), H2L (0.0243 g, 0.1 mmol), NaOH (0.008 g, 0.2 mmol), MeOH (2 mL), and
DMF (1.0 mL) was sealed in a Pyrex-tube (8 mL). The tube was heated for 12 h at 100 °C.
After cooling to room temperature, red crystals of 3 were obtained in 46% yield (0.0223 g)
based on Er. Anal. Calcd for C62H60Er4N8O22 (%): C, 38.42; H, 3.12; N, 5.78. Found: C,
38.84; H, 3.41; N, 5.69. Selected IR data (KBr, cm−1): 1465 (s), 1608 (m), 1583 (m), 1498
(m), 1481 (m), 1465 (s), 1381 (m), 1257 (m), 1226 (m), 970 (m), 821 (m), 744 (m), 736
(m), 680 (w), and 588 (w).

2.1.4. [Gd4(μ3-OH)2L4(NO3)2(DMF)2] (4). A mixture of Gd(NO3)3·6H2O (0.0451 g,
0.1 mmol), H2L (0.0243 g, 0.1 mmol), NaOH (0.008 g, 0.2 mmol), EtOH (2 mL), and
DMF (0.3 mL) was sealed in a Pyrex-tube (8 mL). The tube was heated for 12 h at 100 °C.
After cooling to room temperature, red crystals of 4 were obtained in 36% yield (0.0171 g)
based on Gd. Anal. Calcd for C62H60Gd4N8O22 (%): C, 39.23; H, 3.19; N, 5.90. Found: C,
39.46; H, 3.11; N, 5.78. Selected IR data (KBr, cm−1): 1645 (s), 1606 (m), 1583 (w), 1496
(m), 1479 (m), 1460 (s), 1371 (m), 1255 (m), 1224 (m), 970 (w), 817 (m), 742 (m), 736
(m), and 586 (w).

2.2. X-ray diffraction crystallography

The data collections for 1–4 were carried out on a Bruker Smart ApexII diffractometer
equipped with a graphite monochromator utilizing MoKα radiation (λ = 0.71073 Å at

Table 1. Crystal data and structure refinement for 1–4.

1 2 3 4

Empirical formula C62H60N8O22Dy4 C62H60N8O22Tb4 C62H60N8O22Er4 C62H60N8O22Gd4
Formula weight 1919.18 1904.86 1938.22 1898.18
Temperature (K) 296.15 296.15 296.15 296.15
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic
Space group P21/n P21/n P21/n P21/n
a (Å) 16.0661(10) 16.1025(16) 13.0729(9) 16.1633(15)
b (Å) 11.3162(7) 11.3276(11) 14.071(1) 11.3605(11)
c (Å) 17.9645(12) 17.9904(18) 18.2247(13) 18.0486(17)
α (Å) 90 90 90 90
β (°) 94.429(1) 94.6150(10) 101.727(1) 94.7640(1)
γ (°) 90 90 90 90
Volume (Å) 3256.3(4) 3270.9(6) 3282.4(4) 3302.7(5)
Z 2 2 2 2
μ (mm-1) 4.620 4.355 5.144 4.047
F(0 0 0) 1852.2 1848 1868.0 1840
ρCalcd (g cm−3) 1.9552 1.934 1.9589 1.909
θ range for data collection (°) 2.20–27.45 2.27–27.55 2.28–27.49 2.42–27.46
Measd./independent 19,085/7419 7429/5795 19,069/7396 19,225/7463
Rint reflections 0.0224 0.0222 0.0195 0.0238
Data/restraints/parameters 7419/0/436 7429/1/441 7396/0/436 7463/0/437
Goodness-of-fit on F2 1.036 0.994 1.027 1.001
Final R indexes [I ≥ 2σ (I)] R1 = 0.0237,

wR2 = 0.0497
R1 = 0.0241,
wR2 = 0.0602

R1 = 0.0233,
wR2 = 0.0543

R1 = 0.0218,
wR2 = 0.0442

Final R indexes [all data] R1 = 0.0410,
wR2 = 0.0570

R1 = 0.0380,
wR2 = 0.0699

R1 = 0.0305,
wR2 = 0.0593

R1 = 0.0400,
wR2 = 0.0491

Largest diff. peak/hole (e Å−3) 0.94/−0.78 1.034/−0.556 0.91/−0.86 0.506/−0.393
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296 K); the ω − 2θ scan technique was applied. The structures were solved by direct meth-
ods using SHELXS-97 and refined on F2 using full-matrix least-squares with SHELXL-97
[31, 32]. The details of the crystal parameters, data collection, and refinements for the com-
plexes are summarized in table 1; selected bond lengths and angles with their estimated
standard deviations are listed in tables S1 and S2 (see online supplemental material at
http://dx.doi.org/10.1080/00958972.2015.1067691), respectively.

3. Results and discussion

3.1. Synthesis of [Ln4(μ3-OH)2L4(NO3)2(DMF)2] (1)

As described in the experimental section, the reaction of Ln(NO3)3·6H2O with H2L in the
presence of NaOH in a solvent mixture of MeOH (or EtOH for 4) and DMF generated a
red solution, from which tetranuclear Ln4 cluster was isolated. The role of sodium hydrox-
ide is important in regulation of pH of the reaction mixture. When the ratio of the ligand
and sodium hydroxide is 1 : 1, a clear solution was produced. As this ratio was changed to
1 : 3, there is precipitation in the tube. Red crystals can be found in the tube when the ratio
is 1 : 2. Moreover, the amount of DMF is also crucial in the formation of crystals. Excessive
DMF leads to clear solution and precipitation resulted if the DMF is not enough.

Red crystals can also be synthesized when we carry out the reaction of Ln(NO3)3·6H2O
(0.1 mmol) with o-vanillin (0.1 mmol) and o-aminophenol (0.1 mmol) in the presence of
NaOH (0.2 mmol) in a solvent mixture of MeOH (2 mL) (or EtOH for 4) and DMF (0.5, or
1 mL for 3, 0.3 mL for 4) at 100 °C. The ligand 2-(2-hydroxy-3-methoxybenzylide-
neamino)phenol (H2L) can be formed in situ from the reaction of o-vanillin and
o-aminophenol.

3.2. Descriptions of the structures of 1–4

Single-crystal X-ray diffraction reveals that 1–4 are polymorphs. Therefore, 1 is chosen to
depict the structure in detail. Compound 1 crystallizes in the monoclinic space group P21/n.
The asymmetric unit consists of two DyIII ions, two L2−, one OH−, one nitrate, and one
DMF [figure 1(a)]. The compound has an inversion center. Dy1 is eight-coordinate by one
nitrogen and two phenolate oxygens from one L2−, one methoxy oxygen, and one phenolate
oxygen from another L2−, one oxygen from OH− ion, one oxygen from DMF, and one
phenolate oxygen from the third L2− ligand. The O7N donor sites around Dy1 adopt a dis-
torted square-antiprismatic geometry. The coordination environments of Dy1 and Dy2 are
slightly different. Dy2 also has an O7N sphere and displays a distorted square-antiprismatic
geometry, with two oxygens from nitrate, two oxygens from two OH− ions, one nitrogen,
and two phenolate oxygens from one L2− ligand, and one oxygen from another L2− ligand
[figure 1(b)].

The core of the complex can be described as a defect-dicubane (figure 2) and the
coordination modes of the ligands are shown in scheme 1. The four coplanar DyIII ions are
bridged by two μ3-OH ligands located on opposite sides of the Dy4 plane with one μ3-OH
being above the Dy4 plane (0.9502 Å), and the other one being below the Dy4 plane. Each
OH− serves as a fairly symmetrical triple bridge, connecting Dy1 and Dy2, Dy2 and Dy2A,
Dy1 and Dy2A, respectively, with Dy–O bond lengths of 2.399(2), 2.349(2), and 2.334(2) Å

Tetranuclear lanthanide dicubane cores 2801

D
ow

nl
oa

de
d 

by
 [

M
iz

or
am

 U
ni

ve
rs

ity
] 

at
 1

4:
39

 2
8 

D
ec

em
be

r 
20

15
 

http://dx.doi.org/10.1080/00958972.2015.1067691


and Dy–O–Dy angles of 110.30(10)°, 109.52(9)°, and 93.79(8)°. The phenolate
oxygens also serve as bridging atoms, pairwisely bridging the Dy ions to complete the
defect-dicubane core.

Figure 1. (a) Asymmetrical unit of 1 with partial labeling scheme and (b) molecular structure of 1 (hydrogens
have been omitted for clarity).

Figure 2. The Dy4 unit of 1.

2802 H. Zhang et al.
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Complex 1 joins a big family of Dy4 clusters [33–44]. Several topologies for Dy4
complexes have been found [29, 44]. However, the configurations of Dy4 defect-dicubane
are not common [12, 29, 40, 44].

3.3. Luminescent properties

The solid-state luminescent properties of 1–4 and H2L at room temperature were investi-
gated. The emission spectra of 1–4 and H2L are shown in figure 3. The emission spectrum
of H2L was obtained by exciting the complex at 390 nm. It can be seen from figure 4 the
emission spectrum consists of a broad band ranging from 530 to 740 nm with the maximum
wavelength at 603 nm. For 4, the maximum wavelength appeared at 560 nm when it was
excited at 390 nm. The fluorescent properties of 1, 2, and 3 were much weaker than those
of H2L and 4. The maximum wavelengths of 1–3 appear at 524, 536, and 504 nm, respec-
tively. The emission peak of 4 shifts to lower wavelengths relative to the ligand, and the
fluorescent properties of 1, 2, and 3 were nearly quenched. These phenomena can be attrib-
uted to the influence of metal ions on the ligand π–π* transition [45]. The luminescence of
2 at 173 K was also investigated, and no emission was observed (figure S14).

3.4. Magnetic studies

Magnetism studies on coordination complexes of lanthanides are of continuing interest
[46–50], since they can provide understanding of fundamental factors governing their
magnetic properties. Some lanthanide complexes showed both luminescence and single-ion
magnet (single-molecule magnetic) properties [51–53]. Thus, the magnetic properties of
1–4 were also investigated.

The temperature dependence of the molar magnetic susceptibility for 1–4 was performed
on polycrystalline samples between 2 and 300 K in an applied magnetic field of 1000 Oe.

Figure 3. Emission spectra of 1–4 and H2L (excited at 390 nm) in the solid state at room temperature.

Tetranuclear lanthanide dicubane cores 2803
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The room temperature, the χMT value of 1 is 54.55 cm3 K mol−1 (figure 4), which is
slightly lower than the value of 56.68 cm3 K mol−1 expected for four uncoupled DyIII ions
(6H15/2, S = 5/2, L = 5, and g = 4/3). Upon cooling, the χMT value rises gradually and
reaches a maximum value of 70.59 cm3 mol−1 K at 15 K and then decreases sharply to
reach minimum of 51.01 cm3 mol−1 K at 2 K, suggesting the presence of weak ferromag-
netic interactions within the cluster. The ferromagnetic interactions were also confirmed by

Figure 4. Temperature dependence of the χMT product from 2 to 300 K at 1000 Oe for 1. The inset is the
Curie–Weiss law fit from 300 to 2 K.

Figure 5. Temperature dependence of the χMT product from 2 to 300 K at 1000 Oe for 2. The inset is the
Curie–Weiss law fit from 300 to 2 K.
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the Curie−Weiss analysis of the magnetic susceptibility data with C = 54.27 cm3 K mol−1

and θ = 5.1 K.
The observed χMT value of 2 is 54.61 cm3 K mol−1 (figure 5), which is higher than the

expected value of 47.28 cm3 K mol−1 for uncoupled TbIII ions (7F6, S = 3, L = 3, g = 3/2).
As the temperature is lowered, the χMT value undergoes a gradual increase and reaches a
maximum value of 63.83 cm3 mol−1 K at 40 K and then decreases sharply to reach mini-
mum of 45.80 cm3 mol−1 K at 2 K. The phenomenon indicates the presence of dominant
ferromagnetic exchange interactions between the metal ions. The ferromagnetic interactions
were also confirmed by the Curie−Weiss analysis of the magnetic susceptibility data with
C = 55.41 cm3 K mol−1 and θ = 3.0 K.

The temperature dependence of the magnetic susceptibilities for 3 and 4 are shown in
figures 6 and 7. The corresponding values at room temperature are 43.24 and
32.07 cm3 K mol−1 for 3 and 4, respectively, slightly different with the expected paramag-
netic values of 46.00 and 31.50 cm3 K mol−1 for ErIII and GdIII. The χMT products of 3 and
4 decrease gradually with the decreasing in temperature. In the case of 3, the sharp decrease
starts at 30 K before reaching the minimum value of 28.11 cm3 mol−1 K at 2 K. The sharp
decrease of 4 begins at 25 K and reaches minimum of 12.16 cm3 mol−1 K at 2 K, revealing
the antiferromagnetic interactions within the cluster. The antiferromagnetic interactions were
confirmed by the Curie−Weiss analysis of the magnetic susceptibility data with θ = −2.8 K
for 3 and θ = −3.2 K for 4, respectively.

To further understand the magnetism of 1, ac dynamic susceptibility measurements were
performed under zero dc field at frequencies of 10, 100, 500, 1000, 1250, and 1500 Hz
(figure 8). Strong out-of-phase signals were observed for 1, which indicate slow relaxation
of magnetization. These signals are indicative of SMM behavior.

A similar Dy4 cluster, [LnIII4(μ3-OH)2(L)4(HL)2]·2THF, has been constructed by using
the same ligand [29]. To our surprise, the dc and ac magnetic properties of 1 are totally

Figure 6. Temperature dependence of the χMT product from 2 to 300 K at 1000 Oe for 3. The inset is the
Curie–Weiss law fit from 300 to 2 K.
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different from those of [LnIII4(μ3-OH)2(L)4(HL)2]·2THF, indicating that the structural
change could result in variation of the magnetic properties.

For 2, the temperature-dependent (figures S8 and S9) ac susceptibility was also carried
out under zero dc field. To our disappointment, no out-of-phase signal was observed,
indicating that 2 does not exhibit the property of SMM.

Figure 7. Temperature dependence of the χMT product from 2 to 300 K at 1000 Oe for 4. The inset is the
Curie–Weiss law fit from 300 to 2 K.

Figure 8. Frequency dependence of the out-of-phase (χ″) ac susceptibility under an applied zero Oe field for 1.
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4. Conclusion

Four tetranuclear lanthanide clusters have been prepared. The structures can be described as
co-planar defect-dicubane. The luminescent and magnetic properties of 1–4 are also
investigated. Complex 1 displays typical features of SMM.

Supplementary material

Tables S1 and S2 give bond lengths and angles for 1–4. Figure S1 gives packing diagram
for 1. Figure S2 gives coordination polyhedrons around Dy1 and Dy2 ions of 1. Figure S3
gives the XRD spectra for 1–4. Figures S4–S7 give the IR spectra for 1–4. Figures S8 and
S9 give the magnetic properties for 2. CCDC reference numbers are 1006750, 1032544,
1006751, and 1032545 for 1–4, respectively. These data can be obtained free of charge
from the Cambridge Crystallographic Data Center via http://www.ccdc.cam.ac.uk/data_re
quest/cif, by e-mailing data_request@ccdc.cam.ac.uk or by contacting the Cambridge Crys-
tallographic Data Center, 12 Union Road, Cambridge CB2 IEZ, UK; Fax: +44(0)1223
336033.
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