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High Symmetry or Low Symmetry, It Is a Question − High 

Performance Dy(III) Single-ion Magnets by Electrostatic Potential 

Design 

Wen-Bin Sun, a,b Peng-Fei Yan,b Shang-Da Jiang, a Bing-Wu Wang,*a Yi-Quan Zhang,a Hong-Feng Li,b 
Peng Chen, b Zhe-Ming Wanga and Song Gao *a  

A series of mononuclear lanthanide Zn-Dy-Zn type single-molecule magnets (SMMs) were synthesized and magnetically 

characterized. The four molecules ([Zn2(L
1)2DyCl3]•2H2O (1), [Zn2(L1)2Dy(MeOH)Br3]•3H2O (2), [Zn2(L1)2Dy(H2O) 

Br2]•[ZnBr4]0.5 (3) and [Zn2(L2)2DyCl3]•2H2O (4)) all display remarkable magnetic relaxation behavior with relatively high 

energy barrier and hysteresis temperature although possessing low local geometry symmetry of center Dy(III) ions. The ab 

initio studies revealed that the symmetry of charge distribution around Dy(III) ion is the key factor to determine the 

relaxation of the SMMs. The four complexes orient their magnetic easy axes along the negative charge dense direction 

concerning the first coordination sphere. The entire molecular magnetic anisotropy was therefore controlled by the single 

substituent atom in the hard plane consisting of five coordination atoms (perpendicular to the easy axis), the lower charge 

distribution on which and closer to the hard plane, the more prominent magnetic slow relaxation displaying. It offers an 

efficient and rational method to improve dynamic magnetic relaxation of these mononuclear lanthanide SMMs that 

usually possessing the low local geometry symmetry around lanthanide(III) center.

Introduction 

Since the first single-molecule magnet (SMM), Mn12Ac, was 

discovered in the 1990s, many magnetic molecules exhibiting 

slow relaxation of magnetization were synthesized and 

magnetically characterized. Large negative zero-field splitting 

and ground state spin are regarded as two essential factors to 

obtain an SMM with high relaxation barrier (Ueff) and blocking 

temperature (TB), which play a crucial role in technological 

applications of SMMs involving the field of quantum computer, 

spintronics device and high-density information storage.1-6 The 

intrinsic strong spin-orbit coupling and large magnetic 

anisotropy render the lanthanide ions as the ideal candidate 

for constructing SMMs with high relaxation barrier  compared 

to transition metal-based SMMs. Even in the single 4f-center 

system, i.e. mononuclear lanthanide SMMs or single-ion 

magnets (SIMs), the significant slow relaxations of the 

magnetization with high energy barriers for magnetization 

reversal have been observed.7 The relative simply structure of 

lanthanide SIMs is convenient for chemists to improve the 

understanding on the magneto-structural correlation.8-14 

Compared to transition metal system, however, the magnetic 

structure of lanthanide is more complex due to their strong 

spin-orbit coupling. Recent researches reveal the single-ion 

magnetic anisotropy of lanthanide ions is extremely sensitive 

to the subtle change of ligand field (LF) and the local 

geometrical symmetry. The electrostatic potential distribution 

around spin center plays an important role.15, 16 

 With the fast development of lanthanide based SMMs, the 

record of reversal barrier of mononuclear SMMs is 

continuously broken, whereas improving the blocking 

temperature seems much more difficult. The magnetic 

hysteresis, as an important criterion of SMMs, was only 

observed at low temperature. It is mostly ascribed to the 

faster quantum tunneling of magnetization (QTM) through the 

barriers, which reduces the thermally activated relaxation 

across the barrier, commonly referred as the Orbach process, 

and/or the thermal assisted QTM (TA-QTM). Usually a high 

axial symmetry around spin center favors suppressing QTM 

and renders the thermally active Orbach relaxation 

prominently. Some lanthanide-based molecules possessing 

high order axial symmetry, such as D4d, D3h, D2d, D5h, C5 and C∞v 

have been designed and synthesized to reduce the QTM and 

develop novel SMMs with improved energy barriers and 

blocking temperature.11,17-19 However, the high local symmetry 

is not easy to achieve due to the intrinsic high coordination 

numbers and variable coordination modes of lanthanide ions, 
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a low symmetry system is usually observed for the lanthanide-

containing complexes. 

 The electron density distribution of lanthanide(III) ions is 

strongly angular dependent. It has a preferred orientation 

under the electrostatic potential generated by the ligand 

donor atoms. In other words, the charge distribution of ligand 

provides an efficient way to control the magnetic anisotropy. 

This principle has been illustrated in terms of “oblate” and 

“prolate” electron density distributions in a recent review.20a It 

was shown that for the terbium(III) and dysprosium(III)-based 

SMMs, the strong anisotropy can be achieved by using axial 

ligand fields, whereas equatorial ligand fields favour 

erbium(III)-based SMMs. The former inference has been 

verified by the archetypal family of phthalocyanine (Pc) 

complexes [Bu4N][LnPc2] (Ln = Tb and Dy) and their analogues, 

and the latter model has been obtained by few Er-based SIMs 

with equatorial ligand field.19b,21a 

 Although there are many exciting works on the lanthanide-

based mononuclear and multinuclear SMMs, the relaxation 

barriers have been reached 938 K7 and impressive blocking 

temperature increased to 14 K (TB),22 there are still some open 

questions like the source of slow magnetic relaxation of 4f-

based SMMs, the relaxation mechanism and/or the key factors 

influencing the magnetic anisotropy. Therefore, it presents a 

challenge to design and synthesize an ideal system to study 

and well understand the relaxation behavior of lanthanide 

SIMs, for example, does the geometrical or electronic 

symmetry of molecule determine the relaxation behavior? It is 

a real complicated task to construct certain charge 

configuration induced by the coordination donor atoms in 

ligands because of the high coordination number and flexible 

coordination model of lanthanide complexes. 

 Recently, several SMMs studies on Zn–Dy and Zn–Dy–Zn19a, 

23, 24 type complexes constructed by the Schiff based ligands 

have revealed that the phenoxo-oxygen donor atoms possess 

relative larger negative charges than aldehyde-oxygen donor 

atoms or methoxyl oxygen atoms within ligand. An axial high 

charge distribution along the magnetic easy axis will enhance 

the energy barriers of Dy(III)-based SMMs but no impressive 

hysteresis temperature was achieved. Even in a series of linear 

Zn(II)–Ln(III)–Zn(II) type molecules,23c in which all the higher 

electron density induced by four phenoxo-oxygen atoms 

distributed in the opposite position of the Dy(III) ion, but no 

significant SMM behavior was observed. Given the very recent 

report of the first trigonal pyramidal erbium SMM 21b that 

revealed strictly prolate f-electron density is not required to 

stabilize a crystal field that favors SMM behavior, the 

geometric design principles to minimize electronic repulsions 

between the electron densities of the lanthanide ions and the 

ligands should be used carefully. Especially, for the low 

symmetric system, the tiny deviation of coordination atoms 

from the easy axis and/or the hard plane (perpendicular to the 

easy axis) could introduce the transversal anisotropy 

component and reduce the Ueff significantly. Fortunately, we 

verified this key factors in a series of air-stable mononuclear 

lanthanide based Zn-Dy-Zn type SMMs formed by salen-type 

ligands H2L1 and H2L2 (Scheme 1 and 2), which possesses the 

plentiful phenoxyl and methoxyl oxygen donor atoms with 

higher and lower negative charges distribution, and they were 

elaborately placed in nearly parallel and perpendicular 

arrangement to the easy axis, respectively.     

 In comparison to the high symmetrical geometry structure 

usually found in high performance lanthanide SIMs, only a C2 

axis exists through Cl and Dy(III) center in the two of these 

molecules. There are nine coordinated oxygen atoms in the 

first coordination sphere of Dy(III) ion, in which five oxygen 

atoms with lower electron density constitute a hard plane with 

pseudo C5 axis surrounding the Dy(III) center, and the phenoxyl 

atoms with the high electron density locate the two sides of 

this hard plane. This special electron density distribution 

results in a significant SMMs behaviour with the magnetic 

hysteresis at the temperature as high as 12 K and a large 

relaxation barrier over 430 K. It is more important that one of 

the coordination atoms in this hard plane could be replaced by 

other substituents while maintaining the other coordination 

atoms, which allows us to fine-tune the hard plane in the first 

coordination sphere, and consequently control the magnetic 

anisotropy of the molecule. Furthermore, another similar 

ligand with same inner tetradentate coordination O2O2 site 

was used to probe the influence beyond the first coordination 

sphere on the slow magnetic relaxation. 

 Herein we provide an experimental case involving four 

novel Zn-Dy-Zn SMMs for exploring the impact of the subtle 

change of the electron density in the first and second 

coordination sphere on the dynamic magnetic relaxation 

behavior.  

Experimental 

All chemicals and solvents were obtained from commercial 

sources and were used as received, without further 

purification. The starting Zn(II) complex [Zn(L)] was synthesized 

according to the procedure reported by Wong et al.25 

Synthesis of complexes 1-4 

The similar procedure was employed in preparing all 

complexes; hence, only complex 1 was described in detail. A 

solution of DyCl3•6H2O (12 mg, 0.03mmol) in methanol (10 mL) 

was added to a suspension solution of ZnL1 (27 mg, 0.06 mmol) 

in acetonitrile. The mixture was stirred and heated under 

reflux (6 hours). After cooled to room temperature, the 

solution was filtered. The crystals of product were obtained by 

diffusing diethyl ether slowly into the solution in a sealed 

container. Elemental analysis calcd (%) for 1, 

C44H40Cl3DyN4O10Zn2: C, 44.62; H, 3.40; N, 4.73; found: C, 44.70; 

H, 3.12; N, 4.73. ZnL2 was used instead of ZnL1 for synthesizing 

4, DyBr3 was used instead of DyCl3•6H2O for synthesizing 2, 

ethanol and DyBr3 were used instead of methanol and 

DyCl3•6H2O when synthesizing 3. Elemental analysis calcd (%) 

for 2, C45H46Br3DyN4O12Zn2: C, 39.51; H, 3.39; N, 4.10; found: C, 

39.88; H, 3.43; N, 4.20; Elemental analysis calcd (%) for 3, 

C44H38Br4DyN4O9Zn2.5: C, 37.42; H, 2.71; N, 3.97; found: C, 

37.60; H, 2.80; N, 4.02. Elemental analysis calcd (%) for 4, 
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C44H50Cl3DyN4O9Zn2: C, 44.84; H, 4.28; N, 4.75; found: C, 44.79; 

H, 4.11; N, 4.65. 

Physical measurements 

Elemental (C, H and N) analyses (EA) were performed on a 

Perkin-Elmer 2400 analyzer. Samples were fixed by eicosane to 

avoid movement during magnetic measurements. The static 

magnetic measurements and alternating-current (ac) 

susceptibility measurements under an oscillating field of 3 Oe 

in the frequency range from 1 to 1000 Hz were performed on 

the polycrystalline samples using a Quantum-Design MPMS 

magnetometer, respectively. The magnetization hysteresis 

loops were measured on a Quantum Design MPMS XL-5 SQUID 

magnetometer at low sweep rate (100-300 Oe/min). For the 

sweep rate more than 50 Oe/s, the measurement was 

performed on the Quantum Design PPMS magnetometer. 

Magnetic data were corrected for the diamagnetism of the 

samples using Pascal’s constants and the sample holder. 

Crystallographic data collection and refinement 

Data were collected on a Nonius Kappa CCD diffractometer 

with Mo Kα radiation (λ = 0.71073 Å). Empirical absorption 

corrections were applied using the Sortav program. All 

structures were solved by the direct method and refined by 

full-matrix least squares on F2 using the SHELX program.26 H 

atoms were located in a difference Fourier synthesis.  

Results and discussion 

Synthesis and characterization 

We utilize the classic compartment salen-type Schiff base as 

the ligand which has been widely used to build d-f 

heteronuclear complexes with the magnetic or luminescent 

properties.  We also developed a series of salen-type dinuclear 

and tetranuclear SMMs with the relative rigid and aromatic 

cyclic backbone ligand.27 In order to construct a more simple 

system i. e. mononuclear lanthanide SMMs, the hexadentated 

(N2O2O2) salen-type Schiff base N,N ′ -bis(3-

methoxysalicylidene)phenylene-1,2-diamine (H2L1) and N,N′-

bis(3-methoxysalicylidene)-1,2-diaminocyclohexane (H2L2) 

were used (Scheme 1), in which the inner N2O2 site was 

occupied initially by diamagnetic Zn(II) ions leaving the outer 

O2O2 cavity for the larger lanthanide ions, consequently the 

two Zn-L fragments encapsuled a Zn-Dy-Zn type compounds 

were obtained. 

 

Scheme 1 The schematized construction of these SMMs. 

All the complexes 1-4 were obtained using the similar 

synthesis procedures. The starting Zn-based precursors [ZnL] (L 

= L1 and L2) was synthesized according to the procedure 

reported by Wong et al.25 Reaction of ZnL complex with DyCl3 

or DyBr3 in 2:1 mole ratio gave four complexes with general 

formula [Zn2(L1)2DyCl3]•2H2O (1), [Zn2(L1)2Dy(MeOH)Br3]•3H2O 

(2), [Zn2(L1)2Dy(H2O) Br2]•[ZnBr4]0.5 (3) and 

[Zn2(L2)2DyCl3]•2H2O (4) (Scheme 2). When complex 1 was 

obtained, we notice that the Cl- anion in the nine-coordinated 

environment surrounding Dy(III) center is prone to be 

substituted to fine-tune the local coordination geometry and 

further possibly control the mononuclear magnetic anisotropy 

of Dy(III) ion.  

 

Scheme 2 The synthesis procedure for 1-4 and their core structures, the green 

coordination atoms represent the substitutable positions. 

 As the first strategy the Br- anion was used to replace Cl-, 

however, the bromine is too large to locate at the chlorine 

position, a methanol molecule unexpectedly occupies the 

position and resulting in the complex 2. Then, we try to replace 

the MeOH molecule by EtOH, interestingly, another 

unexpected structure, complex 3 was obtained, in which the 

MeOH molecule in 2 was replaced by a H2O molecule. The 

synthesis of 1-3 indicates the spatial position of the 

replaceable Cl- in 1 is suitable to accommodate a molecule 

with the size between Cl- and MeOH. These complexes provide 

the opportunity to fine tune the first coordination sphere 

surrounding Dy(III) center. In order to explore the influence of 

far coordination region, another salen-type Schiff based N,N′

-bis(3-methoxysalicylidene)-1,2-diaminocyclohexane (H2L2, 

Scheme 1, 2) was used to build [Zn2(L2)2DyCl3] (4) and 

maintain the first coordination sphere configuration. 

 The geometric structures of complex 1-4 are depicted in Fig. 

1, Fig S1 and the crystal data are listed in Table S1. Complex 1 

and 4 are constructed from ligands H2L1 and H2L2, they nearly 

possess the same coordination atoms in the first coordination 

sphere. They crystallize in the same monoclinic space group 

C2/c. 2 and 3 are constructed by H2L1 but crystallized in triclinic, 

P-1 and monoclinic, P21/c space group respectively due to the 

different recrystallization conditions. In the four complexes, 

the Zn(II) ions invariably occupy the internal N2O2 site and 

further completed the five-coordinated square-pyramidal 

geometry by one Cl- (for 1 and 4) or Br- (for 2 and 3) at the 
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apical position. The Dy(III) ion is encapsulated by the two ZnL 

fragments with outer O2O2 coordination site, lying nearly 

perpendicularly to each other, consequently located in a 

pocket consisting of eight oxygen and one substitutable atoms. 

The Dy(III) ions of complex 1-4 have the similar first 

coordination sphere, only differ in the outer diamine moiety. 

As for 1, 2 and 3, the first coordination sphere surrounding the 

Dy(III) center differ in the ninth substituent group Cl-, MeOH 

and H2O besides the same eight oxygen atoms from two 

ligands (Fig. 1). The shortest distances of neighboring Dy(III) 

ions in 1-4 are longer than 10 Å due to the large ZnL spacer. 

    

     

Fig. 1 The core structure for 1 (top left), 2 (top right), 3 (bottom left), 4 (bottom right), 

the outer backbone of ligands and counter anions are omitted for clarity. 

 The local symmetry of Dy(III) ions in complex 1-4 was 

analysed using the parameter S of continuous-shape-measures 

(CShMs) method,28, 29 which allowed us to quantify the degree 

of distortion of the coordination sphere (S value equals 0, 

corresponds to the perfect polyhedron and the larger value 

indicates the more deviated from the ideal geometry). The 

relative large S values of 2.1-3.6 (Table S2) reveal that the 

coordination environment of Dy(III) center in 1-4 is in a low 

geometrical symmetry. The structures are almost in the same 

degree of deviation to the ideal spherical capped square 

antiprism (C4v), spherical tricapped trigonal prism (D3h) and 

Muffin-shape (Cs), respectively, in which C4 mad C3 axial 

symmetry are often observed for SIMs. In fact, as for the 

monoclinic C2/c crystal system for 1 and 4, there is a C2 

symmetric axis in the molecules through Cl and Dy atoms (Fig. 

S2, black dashed line). 

 Interestingly, the further inspection to the coordination 

environment of the Dy(III) center in 1-4 reveals that there is a 

five-member ring consisted of four methoxyl oxygen atoms 

from two ligands and one chlorine atom (for 1 and 4) or 

oxygen atom in MeOH (for 2) or in H2O (for 3)  (Fig. 1, thick 

black ring). It is almost perpendicular to the Zn-Dy-Zn direction. 

Given a least-square plane defined by the five coordination 

atoms, the deviations of the individual atoms from this least-

square plane are not large except for complex 3 (Table S3). The 

charge density from ab initio calculations (Table S4) reveals 

that the lower charge density distributes on the pentagonal 

ring consisting of four methoxyl oxygen atoms and one 

substitutable atom (Fig. 1, thick black ring). In contrast, larger 

negative charge distributes on phenoxyl oxygen atoms, which 

results in the shorter bonding distance of Dy-O and an axially 

enhanced LF. The axial electron density distribution are found 

to induce a high energy barrier but the magnetic hysteresis 

was not detected.23  

Magnetic behavior 

 The static magnetic measurements were performed on the 

polycrystalline samples using a Quantum-Design MPMS 

magnetometer. The temperature dependence of magnetic 

susceptibility χMT for 1-4 is shown in Fig. S3. The values of χMT 

are 14.09, 14.27, 14.04 and 14.29 cm3Kmol-1 at 300 K for 1-4 

respectively, which are in good agreement with the theoretical 

value for one free Dy(III) ion (S = 5/2, L = 5, 6
H15/2, g = 4/3). On 

lowering the temperature, the χMT product decreases 

gradually, which is likely due to the thermal depopulation of 

the Ln(III) Stark sublevels. The magnetization of 1-4 from zero 

to 50 kOe dc field at 2, 3 5 and 8 K are shown in Fig. S4. The 

maximum values of magnetization reaching 4.9, 4.8, 4.9 and 

5.1 Nβ and the lack of saturation at 50 kOe are likely attributed 

to crystal-field effect and the existence of low lying excited 

states.  

 In order to probe the magnetic dynamic behavior of these 

complexes, the ac susceptibilities at various frequencies and 

temperatures in the absence of dc field are measured and 

depicted in Fig. 2 and Fig. S9, S10. 

 Both in-phase (χ') and out-of-phase (χ'') susceptibilities 

show significant frequency dependence peaks at relative high 

temperature range, which clearly indicates the slow relaxation 

of magnetization arises from SMM properties. The maximum 

peaks of the out-of-phase signals were found from 10 K to 30 K 

for an oscillating field range of 1 Hz to 1000 Hz. The first and 

clear peaks are observed at 3.2, 32, 320 and 3.2 Hz for 1-4 

respectively. The increasing of χ' and χ'' below 10 K is 

indicative of the quantum tunneling of the magnetization 

(QTM) at a zero dc field. The frequency magnitude of the first 

maximum peaks for 1-4 reflects the impact of QTM to the 

SMMs, the lower one mostly indicates the existence of a 

slower QTM process where the thermally activated Orbach 

relaxation process occurs prominently. In order to suppress or 

minimise the QTM it is necessary to lift the degeneracy of the 

states to prevent the spins relaxing through tunneling. This can 

be achieved by applying a dc field. As shown in Fig. S11, S12, 

the χ' and χ'' tails nearly vanished under 1000 Oe dc field and 

the peaks can be observed even at the lower frequency of 1 Hz, 

which indicates the QTM is suppressed efficiently. 
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Fig. 2 Temperature dependence of the out-of-phase susceptibility (χ'') plots of 1 (top 

left), 2 (top right), 3 (bottom left), 4 (bottom right), between 1 and 1000 Hz under zero 

dc field. 

 To confirm whether the relaxation in 1-4 is thermally 

activated mechanism, the natural log of the relaxations, τ 

extracted from the peak maxima of χ'', were plotted versus 1/T 

to check for Arrhenius-type linearity which was normally 

referred to the Orbach relaxation of the magnetization (τ = τ0 

exp(Ueff/kBT), Fig. 3). It is interesting to note that, the 

curvature in the ln(τ) versus 1/T plot under zero field was 

observed for 1, and the QTM process was usually responsible 

for this deviation from Arrhenius-type linearity. Owing to the 

Kramers nature of Dy(III) ion, at zero field, dipole–dipole and 

hyperfine interactions should be responsible for the mixing of 

the two Kramers ground states that allows the zero-field 

quantum tunneling dynamics of the magnetization. To remove 

the QTM effect, the ac magnetic susceptibility measurements 

under applying a 1000 field and on a diluted sample by Y(III) 

analogue with 1/20 molar ratio were performed. They does 

efficiently suppress the QTM process with the diminishing χ'' 

signals at the low temperature range (Fig. S14, S15). It is also 

noteworthy that the plots of ln(τ) versus 1/T either under 1000 

field or for the diluted sample still exhibit obvious curvature 

which indicates perhaps another relaxation pathway is also 

operative (Fig. 3 left).The presence of multiple relaxation 

processes is possible as reported in a few SIMs.30-32 In view of 

this, we fitted the magnetic data with the equation 1 

considering the spin-lattice relaxation of both Raman and 

Orbach processes.33 

1/τ = CT
n +τ0

-1exp(-Ueff/kBT)                                  (1) 

 The first and second terms correspond to the Raman and 

Orbach processes, respectively. In general, n = 9 for Kramers 

ions, but when both the acoustic and optical phonons are 

considered depending on the structure of energy levels, n 

values between 1 and 6 are reasonable. 34 Equation 1 affords 

Ueff/kB = 430 K, τ0 = 7.4 ×10-11 s in the absence of dc field, 

Ueff/kB = 481 K, τ0 = 1.3 ×10-11 s under 1000 Oe dc field, and 

Ueff/kB = 434 K, τ0 = 7.0 ×10-11 s for the samples with 20 times 

magnetic site dilution, respectively (see Fig. 3 left, Table S6). 

Complex 4 displays the similar relaxation behavior as 1, the 

same equation 1 was used to fit the plot of lnτ versus 1/T and 

give the energy barrier of Ueff/kB = 398 K with τ0 = 3.5 ×10-10 s. 

       

Fig. 3 Plots of ln(τ) versus 1/T at zero, 1000 Oe dc field and the sample with 20 times 

magnetic site dilution for 1 (left) and (right) for 1-4 under zero field. The red solid lines 

represent the fitting of the frequency-dependent data by Equation 1 for 1 and 4 and 

the pure Arrhenius fitting at the high-temperature linear region for 2 and 3. 

 Whereas for 2 and 3, there is an apparent cross procedure 

from temperature-dependent regime associated with 

thermally active Orbach relaxation to a temperature-

independent regime related to the QTM upon lowering the 

temperature. The high-temperature region (19-24 K for 2, 17-

22 K for 3) was fitted using the pure Arrhenius law, which 

resulted in the estimated effective energy barrier to the 

magnetization reversal of Ueff/kB = 233 K with τ0 = 2.5 ×10-8 s 

for 2 and Ueff/kB =121 K with τ0 = 8.5 ×10-7 s for 3 in the 

absence of dc field. The relaxation time of QTM for 2 and 3 are 

extracted from ac susceptibility as 51.3 ms and 3.5 ms, 

respectively, whereas the slower QTM process occurred in 1 

and 4. In our case, the relaxation barriers increase in the order 

of 3 < 2 < 1, 4 corresponding to their QTM time trends.  

 Generally, the effective relaxation barrier of Orbach 

process is comparable with the energy difference of the 

ground and first excited states. The CASSCF/CASPT2/RASSI 

method was used to calculate the fine energy spectrum of 

complex 1-4 (see computation details in SI). The obtained 

energy gap 497 K and 398 K between the ground and the first 

excited states in 1 and 4 are close to the fitting values 

extracted from the modified Arrhenius analysis, whereas 

apparent deviation observed in 2 and 3. The origin of this 

discrepancy may be related with the presence of additional 

relaxation processes (for example, tunneling in the ground 

state induced by dipolar-dipolar interactions or vibronic 

coupling) that are important for the extracted experimental 

Ueff values but were not considered in the Ucalcd values15, 35. 

Moreover, the value of Ueff in 2 and 3 should be treated with 

caution owing to the high temperature peak maximum data 

are limited in the fitting of Ueff from the pure Arrhenius fitting. 

On the other hand, the tunneling effect usually was quantified 

by the transverse anisotropy component. The calculated 

values of gx 0.0012, gy 0.0018 for 2 and gx 0.0023, gy 0.0036 for 

3 are larger than gx 0.0000, gy 0.0002 for 1 and gx 0.0002, gy 

0.0005 for 4 (table S5), which confirms the QTM in 2 and 3 

with relative larger transverse anisotropy components are 

pronouncedly than 1 and 4. 

 To confirm the SMM behavior of these complexes, 

magnetic hysteresis, another important characteristic of 

magnetic bistability of a magnet, was also measured at 

different temperature on polycrystalline samples (see Fig. 4) 

with the sweep rate used in a traditional SQUID magnetometer 

(100-300 Oe·min-1). The significant hysteresis was still detected 

Page 5 of 8 Chemical Science

C
he

m
ic

al
S

ci
en

ce
A

cc
ep

te
d

M
an

us
cr

ip
t



ARTICLE Journal Name 

6 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

under 8 K, 6 K, 4 K and 8 K for 1-4, respectively. As for 1, if the 

sweep rate of the field was increased to 50 Oe·s-1 and 200 

Oe·s-1, the hysteretic behavior could be even detected at 10 K 

and 12 K, respectively (Fig. S7, S8). To the best of our 

knowledge, these hysteresis temperatures are among the 

highest ones reported to date for the Dy(III)-based SIMs.19a, 16b, 

36 

 For the lanthanide-based SIMs, the butterfly type loops 

were often observed. The close up of the hysteresis at zero 

field is attributed to the QTM process. To deduce the QTM 

effect, the 20 times magnetic site dilution samples with 

Yttrium for 1 are also measured at low temperature. The loop 

was still recorded well, which indicates that it is the single-ion 

feature rather than the long-range ordering. A remanence of 

1.2 Nβ and a coercive field of 300 Oe was found at 1.8 K and 

the open of the loop at zero field could still be observed until 4 

K (Fig. S13). 

      

       

Fig. 4 Magnetization (M) vs. applied dc field (H) on a Quantum Design MPMS XL-5 

SQUID magnetometer for 1 (top left), 2 (top right), 3 (bottom left) and 4 (bottom right). 

 The calculated g values for 1-4 are listed in Table S5. The gz 

values close to 20 indicate that the four systems display 

significant strong uniaxial magnetic anisotropy for Dy(III) ions. 

However, we noticed that they differ in the energy barriers 

(Ueff, under zero field) and hysteresis temperatures (under the 

same sweep rate used in a traditional SQUID magnetometer). 

For 1-4, the energy barriers and hysteresis temperatures are 

430 K, 233 K, 121 K, 398 K and 8 K, 6 K, 4 K and 8 K, 

respectively. Both of the two parameters increase in the order 

of 3 < 2 <1 ≈ 4 which is in consist with the gz values increasing 

trend 19.7884 (3) < 19.8462 (2) < 19.9615 (1) ≈ 19.9658 (4). 

The significant magnetic relaxation behavior mainly arises 

from the corresponding large magnetic anisotropy. Moreover, 

the reduced gz value usually accompanying relative high gx and 

gy values can be considered as the characteristic of transverse 

anisotropy component. The system with a slower QTM process 

favours occurrence of the thermally active magnetic 

relaxations. It is very crucial to make clear that what 

introduces the transverse anisotropy component, however, 

the influence factors are very complicated than assume. The 

symmetry of the local coordination environment is one of the 

indispensable factors. Usually a relative high axial symmetry 

results in a high magnetic anisotropy. The coordination sphere 

especially within the closest region, even the second 

peripheral ligand surrounding the magnetic easy axis, will 

influence the magnetic anisotropy significantly. The direction 

of the calculated anisotropy axis was shown in Fig. S1 and 

Table S5, which nearly parallels with the Zn-Dy-Zn direction 

and being perpendicular (with angle of 90o) to the C2 axis of 

the molecule 1 and 4. The same phenoxyl oxygen atoms 

surround along the principal axis (or JZ vector) with high charge 

density distribution in 1-4, which generates a strong easy-axis 

ligand field (vide infra for ab initio calculations Table S4). On 

the other hand, the hard plane composed of one substitutable 

group and four methoxyl oxygen atoms possesses the lower 

charge density distribution (see Fig. S1). The results 

demonstrate that a joint contribution, combining the 

enhanced high negative charge distribution along the magnetic 

easy axis with the decreased electrostatic distribution within 

the hard plane, may ultimately lead to high performance 

SMMs capable of retaining their magnetization at more 

practical temperatures irrespective of the low symmetry of the 

coordination environment.  

 In our case, the significant axially high and equatorially low 

negative charge distribution around the oblate Dy(III) ion 

induced by ligands are observed which leads to the significant 

SMMs behaviors. As for the SIMs system, the magnetic 

anisotropy is related with the fine electronic structures, as 

described previously, depending on which Jz sublevel of the 

lanthanide ions has a characteristic electronic distribution. For 

Dy(III) ions, the pure ground state sublevel with a maximum 

|Jz| value of 15/2 has a larger electronic distribution on the 

equatorial plane (hard plane) than along the principal axis, 

whereas sublevel with a minimum |Jz| value of 1/2 has a larger 

distribution along the principal axis. If coordination atoms with 

larger negative charges are located along the axis and/or lower 

electronic distribution around the equatorial plane, it will 

strongly stabilizes the former  (m15/2 state) due to the 

decreased electron repulsion and leads to significantly easy 

axial anisotropic ground states, whereas the latter (m1/2 state) 

becomes relatively unstable. Inspecting to the closest 

electrostatic potential distribution surrounding the Dy(III) 

center in 1-4, there is nearly the same charge distribution 

along the magnetic easy axis, therefore the electron 

distribution in hard plane was considered as the key factor to 

introducing transverse anisotropy and QTM, and finally 

influence the whole molecular magnetic anisotropy.37   

 However, despite much lower electronic density 

distributed on the hard plane of 3, which displayed a relative 

weak magnetic anisotropy reflected in their slightly smaller 

calculated g values and SMMs properties with lower energy 

high and hysteresis temperature. There might be other 

important factor to determine the single-ion magnetic 

anisotropy besides the special electrostatic potential 

distribution pandering to the electron density distributions of 

the lowest ground states mJ in 4f ions. The more detail 

inspection to the hard plane reveals that the deviations of five 

coordination atoms from their least-square plane are different 

owing to the key substituent coordination atom (Table S3). 

Page 6 of 8Chemical Science

C
he

m
ic

al
S

ci
en

ce
A

cc
ep

te
d

M
an

us
cr

ip
t



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 7  

Please do not adjust margins 

Please do not adjust margins 

Complexes 2 and 3 display relative more apparent deviation 

from the hard plane than 1 and 4.  

 For each 4f-ion, the charge distribution of sublevels with 

maximum Jz quantum number, characterized by the angle θmax 

(the angle from the equatorial plane), will diffuse the 

maximum electric density.20b For the Tb(III) ion, the maximum 

distribution angle θmax found in the equatorial plane is 0°, 

whereas θmax increases to 34° for Dy(III) ion.23c Thus the 

positions of the coordination donor atoms with different 

deviation from the equatorial plane generate different 

electronic repulsion strength between the 4f electrons and 

donor atoms. The relative large repulsion might lead to 

reduction of anisotropy.20a,23c For our case, the substitutable 

coordination atom in the equatorial plane of 3 displays the 

largest deviation (Table S3), followed by 2, 4, and 1. The more 

deviation from the equatorial plane the more possible meeting 

in the direction distributing highest electron density between 

the electrons of Dy(III) and donor atoms, and the electronic 

repulsion may ultimately lead to a relative weak magnetic 

anisotropy system, which might be mostly responsible for the 

different SMMs behavior in 1-4. On the other hand, the four 

complexes possess the two axially same coordination phenoxyl 

atoms along the easy axis, and the five substitutable atom in 

the hard plane acts as the key adjusting knob, the deviation of 

which from the hard pane will lead to the distortion of the 

assumptive pentagonal–bipyramid geometry and consequently 

influence the molecular magnetic anisotropy. 

Conclusions 

In summary, a series of air-stable Zn-Dy-Zn lanthanide SIMs 

displaying remarkable slow magnetic relaxation behavior were 

facilely synthesized. They afford the relative high relaxation 

energy barrier for the reversal of the magnetization and 

hysteresis temperature among the Dy(III)-based mononuclear 

SMMs. More importantly, although they display the significant 

low geometrical symmetry, only C2 axis among them, which is 

much lower than previously reported higher axial symmetry 

system, the relatively strong magnetic anisotropy and 

significant SMMs behavior were observed. The magnetic data 

analysis and theoretical calculations showed that the 

symmetry of charge distribution around the Dy(III) ion is the 

key factor to determine the slow relaxation of these molecules. 

It provides a practical idea to design new lanthanide SMMs 

despite the lanthanide-containing complexes usually have a 

high coordination number and flexible coordination geometry. 
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