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Efficient Enhancement of Magnetic Anisotropy by 
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Dysprosium Cluster 
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Wang, Quan-Wen Li, and Ming-Liang Tong* 

The perturbation to ligand field around the lanthanide ion may significantly contribute to the 

magnetic dynamics of single molecule magnet. This can be demonstrated by two typically Dy4 

cluster-based single molecular magnets (SMMs), 

[Dy4X2(µ3-OH)2(µ-OH)2(2,2-bpt)4(H2O)4]X2·2H2O·4EtOH (X = Cl and Br for 1 and 2, 

respectively), which were constructed by using 3,5-bis(pyridin-2-yl)-1,2,4-triazole (2,2-bptH) 

as the polynuclear-chelating ligand. Alternating-current (ac) magnetic susceptibility 

measurements show that the energy barriers in complexes 1 and 2 were immensely enhanced by 

comparing with our previous work due to the optimization of the ligand field around DyIII ion. 

Remarkably, their high thermal active barriers with 190 K (1) and 197 K (2) under zero applied 

external dc magnetic fields are also among the highest within the reported tetranuclear 

lanthanide-based SMMs. 

 

Introduction 

As a remarkable class of molecules, Single molecule magnets 
(SMMs) with magnetic bistability in the field of molecular 
magnetism have received considerable attention owing to their 
potential utilities in high density information storage and quantum 
processing.1 The fundamental characteristic of these systems is the 
presence of an energy barrier to the reorientation of magnetization 
and this can be defined in terms of a large uniaxial anisotropy (D) 
and a large spin ground state (S) for transition-metal complexes. In 
order to maximize the performance of SMMs in practice, the 
relaxation barrier must be large enough to guarantee stability of the 
moment orientation to thermal and quantum fluctuations.2 Hence 
much effort for questing high barriers in the preceding years is 
mainly focus on the anisotropic transition metal clusters with large S 
values.3 Since the discovery of (Bu4N)[Tb(Pc)2] (H2Pc = 
phthalocyanine) molecule,4 lanthanide-based single-ion magnets 
(SIMs) with higher spin reversal barrier started to become as a 
subject of the extensive research with respect to SMMs.5 Indeed, for 
4f ions the large magnetic moment and strong spin-orbit coupling 
under the effect of crystal fields can engender much larger single ion 
magnetic anisotropy when compared with d-block element. It can 
stabilize the sublevels with the largest MJ values resulting in LnIII 
ions exhibit easy-axis anisotropy (Ising type) and thus higher 
magnitude of magnetization blocking.6 Especially for DyIII-based 
SIMs, which always being the focus of study attribute to its usually 

large ground Kramers doublet with MJ = 15/2. Subsequent endeavor 
therefore in the community has primarily been directed at 
understanding and enhancing uniaxial anisotropy of DyIII-containing 
SIMs.7 Even so, recent studies have shown that only a few 4f-based 
SIMs remains keeping large effective energy (Ueff) in the absence of 
an applied magnetic field due to the fast quantum tunnelling of 
magnetization (QTM) between ground states.5c,6a The documented 
effective solution for suppressing QTM is strict site symmetry of 
geometry, such as the well-known quasi-D5h,

8 D4d
6a and C3

5c 
configuration, which depends closely on the ligands around 
lanthanide ions. But assembling a targeted and perfect symmetry is 
always a challenging task because of the essence of large 
coordination number for lanthanides ions.9 Fortunately, it has proved 
that QTM can also be reduced moderately by implanting strong 
magnetic exchange into polynuclear dysprosium SMMs when lack 
of symmetry environment.10 The anisotropic axis of DyIII ion in this 
case is often determined by a short coordination bond,11 whether in 
SIMs or polynuclear SMMs, for which the origin of magnetic 
relaxation is found to be the single ion in nature rather than magnetic 
exchange, verified already by advanced ab initio calculations.6b In 
addition, the effective barrier of SMM can be further improved by 
tuning or optimizing surrounding ligand field of anisotropic axis.12 
Of notable importance is recent work illustrating the effect of 
electron withdrawing groups on terminally coordinated ligands 
capable of fine tuning the anisotropic barrier.12b It has underlined 
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that ligand field plays an important role in determining the magnetic 
anisotropy of DyIII-based SMM. 

Tetranuclear dysprosium (Dy4) cluster has long occupied a 

vital position in lanthanide-based clusters because of their 

multifunctional potential and attractive SMM performance.13 

We have previously synthesized a series of typically Dy4 

clusters as well as Dy8 and Dy10 clusters by employing 

(3,5-bis(pyridin-2-yl)-1,2,4-triazole (2,2-bptH) as ligand with 

different dysprosium salts, which display chirality, 

fluorescence, ferroelectric, toroidal magnetic moment as well as 

SMM behavior under different ligand fields.13a,14 Despite the 

lack of perfect symmetry for individual DyIII ion, QTM still to 

some extent obtains suppression by magnetic exchange within 

cluster. It has been proved that deeply investigation to a certain 

system is undoubtedly important for scientific research.4,6a,15 In 

this system, we found that a stable Dy4 skeleton can be easily 

formed in a proper alkaline environment. Meanwhile, the 

anisotropic axis evidenced in such Dy4 type was close to the 

orientation of the shortest Dy-O bond upon preceding ab initio 

calculation.14b It is worth noting that the solvent molecules or 

anions coordinated to dysprosium ions are replaceable and thus 

provide possibility for optimizing ligand field to improve 

magnetic anisotropy. In this work, two such typical Dy4 

clusters, 

[Dy4X2(µ3-ΟΗ)2(µ-ΟΗ)2(2,2-bpt)4(H2O)4]X2·2H2O·4EtOH (X 

= Cl and Br for 1 and 2, respectively), were successfully 

synthesized. The magnetic anisotropy of complexes 1 and 2 

were promoted dramatically due to the optimization of ligand 

field for dysprosium ion. In addition, their thermal energy 

barriers with 190 K (1) and 197 K (2) under zero external fields 

are also among the highest within the reported tetranuclear 

lanthanide-based SMMs.6b 

Experimental section 

Materials and Measurements. The commercially available 

chemicals and solvents were used and purified by standard 

procedures. The C, H and N microanayles were determined using an 

Elementar Vario-EL CHNS elemental anaylzer. IR spectra using 

KBr pellets were recorded on a Bio-Rad FTS-7 spectrometer. 

Magnetic susceptibility measurements were performed with a 

Quantum Design MPMS-XL7 SQUID. Polycrystalline samples of 

complex 1 and 2 were embedded in vaseline to prevent torqueing. 

Variable temperature (2-300 K) magnetic susceptibility and field 

dependence of the magnetization at different temperatures 

measurements on the polycrystalline samples were performed at 

different magnetic fields. All the ac susceptibility data were 

collected at zero dc field and 5 Oe ac amplitude. The sample was 

packed into the cling film, which was then mounted in 

low-background diamagnetic plastic straws. The data were corrected 

for the magnetization of the sample holder and the diamagnetism of 

the constituent atoms using Pascal constants.  

Synthesis. 

[Dy4Cl2(µ3-OH)2(µ-OH)2(2,2-bpt)4(H2O)4]Cl2·2H2O·4EtOH (1): 

Single crystal of 1 was obtained by the slow diffusion technique. 

2,2-H2bpt (67 mg, 0.3 mmol) and triethylamine (30 mg, 0.3 mmol) 

dissolved in EtOH (5 mL) were placed in a 5mL test tube while 

another 1mL test tube contained an ethanolic solution of 

DyCl3·6H2O (111 mg, 0.3 mmol). The two vessels were inserted into 

a 30 mL vial filled with EtOH. Colourless block crystals suitable for 

single-crystal X-ray diffraction were formed after 2 weeks. (1, yield 

ca. 83% based on Dy). Elemental analysis Calcd (%) for 

C56H72Cl4Dy4N20O14: C 32.95, H 3.55, N 13.72; Found: C 32.72, H 

3.26, N 13.58; IR (KBr) for 1: ν (cm-1) = 3400(br), 1607(s), 1473(s), 

1407(s), 1341(vs), 1280(m), 1249(vs), 1199(m), 1137(vs), 1091(w), 

1036(s), 986(w), 805(m), 751(w), 720(m), 623(m), 465(w). 

[Dy4Br2(µ3-OH)2(µ-OH)2(2,2-bpt)4(H2O)4]Br2·2H2O·4EtOH (2): 

Single crystal of 2 was obtained by similar method as 1. 2,2-H2bpt 

(67 mg, 0.3 mmol) and triethylamine (30 mg, 0.3 mmol) dissolved in 

EtOH (5 mL) were placed in a 5 mL test tube while another 1mL test 

tube contained an aqueous solution of anhydrous DyBr3 (120 mg, 

0.3 mmol). The two vessels were inserted into a 30mL vial filled 

with EtOH. Colourless block crystals suitable for single-crystal 

X-ray diffraction were formed after 4~5 weeks. (2, yield ca. 76% 

based on Dy). Elemental analysis Calcd (%) for 

C56H72Br4Dy4N20O14: C 30.31, H 3.27, N 12.62; Found: C 30.19, H 

3.37, N 12.89; IR (KBr) for 2: ν (cm-1) = 3306(br), 1607(s), 1480(s), 

1416(m), 1353(vs), 1283(m), 1248(vs), 1203(m), 1133(vs), 1082(m), 

989(w), 804(s), 751(w), 728(w), 630(m), 440(w). 

X-ray Crystallography.Crystal diffraction data was recorded 

at 150(2) K on a Rigaku R-AXIS SPIDER Image Plate 

Diffractometer with MoKa radiation. The structures were solved 

by direct methods and all non-hydrogen atoms were refined 

anisotropically by least square on F2 using the SHELXTL 

program.16 

Results and Discussion 

Crystal Structures. 

Single-crystal X-ray crystallography reveals that compounds 1 

and 2 are isomorphs hence 1 will be used as a representative 

example to illustrate their common features. The crystal data are 

summarized in Table S1 and comprehensive listing of bond lengths 

and angles for both complexes are given in the supporting 

information (Table S2). 

The molecule structure of 1 has a centro-symmetric 

defect-dicubane central core as previously reported,13c,14b which 

established by two internal µ3-OH groups and two external µ-OH 

groups based on parallelogram frame of four eight coordinated DyIII 

ions (Figure 1a). The two µ3-OH groups were fixed above and below 

the parallelogram respectively by connecting one Dy1 and two Dy2 

atoms with Dy-O bond lengths of 2.342(4), 2.409(4) and 2.427(4) Å 

and Dy-O-Dy bond angles of 103.31(17), 106.46(17) and 

126.20(16)°. It is noted that the µ-OH bridge between Dy1 and Dy2 

atoms with short Dy1-O2 and Dy2-O2 contacts of 2.240(4) and 

2.252(4) Å was attested meaningful with respect to magnetism. The 

bong angle of Dy1-O2-Dy2 is 112.76(19)°. In addition, the 

peripheral four coordination sites of each Dy atom were donated 

from two 2,2-bptH ligands with Dy-N bond lengths range from 
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2.428(6) to 2.692(6) Å. The remaining terminal coordination nodes 

of Dy1 and Dy2 were occupied by H2O molecule or H2O molecule 

and Cl (Br) atoms(Figure 1b). The Dy-Cl (Br) bond length is 2.715 

(2.889) Å. Calculation of the degree of distortion for the 

coordination geometries of Dy1 and Dy2 atoms in both compounds 

by the SHAPE software17 led to shape measurements close to the 

triangular dodecahedron (TDD-8) and square antiprism (SAPR-8) 

with values of 2.031 (2.032) and 1.308 (1.297) respectively. Closing 

inspection of the packing arrangement by crystallization solvent 

molecules and Cl (Br) anions reveals stacking of the molecular along 

the b-axis with intermolecular Dy…Dy distances of 8.98 Å. 

 

(a) 

 
 

(b) 

 

 

Figure 1. a) The defect-dicubane central core of complex 1. b) Molecule structure 

without free ions and solvents included in the lattice for 1. Hydrogen atoms are omitted 
for clarity. Color code: dark green, DyIII ion; red, O; blue, N; gray, C. 

Magnetic properties:  

Static magnetic susceptibility: Variable-temperature dc magnetic 
susceptibility studies of compounds 1 and 2 have been carried out in 
an applied magnetic field of 1 kOe over the temperature range 300-2 
K. As shown in Figure. 2, the roomtemperature χmT values are 55.8 
and 56.1 cm3 K mol-1 for 1 and 2, respectively, which are close to 
the value of 56.6 cm3 K mol-1 expected for four uncoupled DyIII ions 
(6H15/2, S = 5/2, L = 5, J = 15/2, g = 4/3).

13b,18 Upon cooling, the χmT 
products decrease monotonically to the values of 46 (at ca. 9 K) and 
47 cm3 K mol-1 (at ca. 16 K) for 1 and 2, respectively, where they 
drop abruptly to the minimum of 25.6 (1) and 24.8 (2) cm3 K mol-1 

at 2 K. This behavior is due to the depopulation of the MJ sublevels 
of the dysprosium ion that arises from the splitting of the 6H15/2 
ground term by the crystal field and/or weak DyIII…DyIII 
antiferromagnetic interactions.19 A steep increase is then observed in 
the isothermal magnetization versus field plots at low temperature 
and fields. Moreover, without any clear saturation and 
non-superimposable nature of the curve at larger magnetic fields 
indicate the presence of strong magnetic anisotropy coming from the 
ligand-field effects (Figures S1 and S2). 

 

 

Figure 2. Temperature dependence of the χmT product at 1 kOe for complex 1 (○) and 2 
(△). 

 

Dynamic magnetic susceptibility: In order to investigate the 

magnetic relaxation dynamics of 1 and 2, alternating-current (ac) 

magnetic susceptibility measurements as a function of the 

temperature and frequency were performed on polycrystalline 

samples in zero applied external dc magnetic fields. The obvious 

temperature and frequency dependence of the in-phase (χ′, Figures 

3a, S3) and out-of-phase (χ′′, Figures 3b, S4) susceptibilities below 

30 K confirm the zero-field slow magnetization relaxation and SMM 

behaviour of complexes 1 and 2. Upon decreasing temperature, 

without any obvious increase of χ′ and χ′′ for both compounds 

implies the suppressed QTM, which probably due to weak exchange 

interactions between DyIII ions. This observation is consistent with 

previous studies on lanthanide-based SMMs.20 The Cole-Cole 

diagrams for 1 and 2 in the temperature ranges of 9-24 K and 9-25 K 

(Figures S5, S6) exhibit concurrently semicircular shapes and can be 

fitted by using the generated Debye model. The α values fitted are in 

the ranges of 0.06-0.24 (1) and 0.06-0.22 (2) that reveal a single 

dominant relaxation path at higher temperatures, with other 

pathways becoming competitive at lower temperatures.21b The 

relaxation times extracted from the frequency dependent 

susceptibility data follow an Arrhenius law (τ = τ0 exp(Ueff/kT)) 

yielding effective energy barriers for the reversal of the 

magnetization Ueff = 190 K (1) and 197 K (2) with pre-exponential 

factors τ0 = 2.2 × 10-8 s (1) and 1.4 × 10-8 s (2) (Figure 4). The 

compound 2 has much longer relaxation time than 1, whch can be 

seen from the τ values for 1 (τ= 0.4 s) and 2 (τ = 2.4 s) at 3 K. At 
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lower temperature, the deviation from the linear relation of 

relaxation time suggests the presence of other relaxation processes.21 

(a) 

 
(b) 

 

Figure 3. Temperature dependence of the in-phase (χ′,) and out-of-phase (χ′′) 
susceptibilities for 1 (a) and 2 (b) below 30 K under a zero dc field.  

 

It should be noted that a toroidal magnetic moment in the 

absence of conventional total magnetic moment was previously  

observed in the first 2,2-bpt bridged Dy4 SMM, 

([Dy4(µ3-OH)2(µ-OH)2(2,2-bpt)4(NO3)4(EtOH)2] (3).14b To 

verify the influence of ligand field on its magnetic anisotropy in 

the hope of obtaining higher thermal relaxation barrier, only the 

positions occupied by EtOH molecule and NO3
- around 

individual DyIII ions of the framework were respectively 

replaced with Cl- (Br-) and H2O molecule in this work. 

According to the well-known oblate-prolate model,22 the free 

ion electron density of the DyIII ion and its ground Kramers 

doublet with MJ = ±15/2 have an oblate shape. This electron 

density shape is favored by an axial crystal field where the 

donor atoms with the largest electron densities are best to 

locateon the perpendicular direction (always close to the 

shortest Dy-O bond direction) of the transverse plane 

encompassed by other coordination atoms with smaller electron 

densities. A reduced interactions between the ligands and 

f-electron charge clouds will thus be achieved by this kind of 

arrangement. In these three typically Dy4 compounds, the main 

anisotropic axes of the ground Kramers doublet on DyIII sites 

are nearly determined by the shortest Dy-O bond (from µ2-OH), 

which have been already evidenced by the previous ab initio 

calculation in complex 3.14b Moreover, the magnetic blocking 

comes from the local Dy sites rather than exchange interaction. 

Consequently, it is reasonable to assume that weakening 

electron densities in the area of the transverse plane by 

adjusting ligand field can further intensifies the magnetic 

anisotropy of dysprosium ion. Noted that the magnetic 

anisotropy in the complexes of 1 and 2 was reinforced 

prominently which can be supported by apparent variations of 

energy barrier as well as relaxation time of compounds 1-3 

(Table 2). This scenario explains the important role of 

optimizing ligand fieldin improving SMM property and 

consists with the obvious distinction of Dy-X bonds (transverse 

plane) around Dy1 ions under different ligand fields (Table S3). 
 

 
Figure 4. Plots of magnetization relaxation time (lnτ) versus T-1 for 1 and 2 under a 
zero-dc field; the solid line represents the best fit to the Arrhenius law. 

 
Table 2. The comparison of SMM properties for complexes 1-3 

Compound 1 2 3 

Ueff (K) 190 197 80 

τ0 (s) 2.2 × 10-8 1.4 × 10-8 5.7 × 10-6 

 

Hence this will be a good strategy for further optimizing the SMM 

property in other systems. In addition, the weak intra- and 

inter-molecular magnetic interactions between DyIII ions of these 

compounds might also contributed to the SMM behavior.6b,21b 

Conclusions 

We have shown a good system that the coordination sites of 

dyprosium ion within a stable Dy4 skeleton can be modified 

purposely. The SMM property in such a typically Dy4 cluster 

can be dramatically boosted by optimizing ligand field around 

the DyIII ion. In the case of a givencoordination configuration, 

the alteration on donor atoms lie in the area of the transverse 

plane, such as the choice of coordination atoms with longer 

bond to DyIII ion or weak crystal field ligand, that can modulate 
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the ligand field to decrease the electrostatic repulsions between 

the ligands and f-electron charge clouds, and thus intensify the 

uniaxial anisotropy. This strategy provides new insight for 

further enhancing thermal energy barrier in lanthanide-based 

SMMs. 
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