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Abstract: Two mononuclear tetrahedral Co(II) complexes (HNEt3)2[Co(L1)2]∙H2O (1) and 

(Bu4N)2[Co(L2)2]∙H2O (2) (H2L1 = N,N'-bis(p-toluenesulfony1)oxamide, H2L2 = 

N,N'-diphenyloxamide) have been synthesized and their structures have been characterized by 

single-crystal X-ray diffraction. Both complexes adopt distorted tetrahedral coordination 

geometries surrounding the Co(II) center, which is ligated by two doubly deprotonated 

oxamide ligands oriented perpendicularly to each other. Their highly axial magnetic 

anisotropies were revealed by the direct current (dc) magnetic measurements, high-field and 

high-frequency electron paramagnetic resonance (HFEPR) and theoretical calculations. Both 

complexes display slow magnetic relaxation in the absence of an applied dc field. Upon 

application of the 0.15 T dc field, the quantum tunneling of magnetization (QTM) has been 

suppressed efficiently. In addition, both complexes display hysteresis loops with different 

field sweep rates at 1.8 K, which is rarely observed for Co(II) single-ion magnets (SIMs).  

 

Introduction 

Since the first observation of slow magnetic relaxation and hysteretic effect in polynuclear 

metal complexes in 1993,1 single-molecule magnets (SMMs)2 have aroused great attention 

due to their potential applications in high-density information storage of digital data, quantum 

computations and spintronics devices.3 Such complexes usually possess long spin relaxation 

times because of a high energy barrier to spin inversion arising from the presence of strong 

magnetic anisotropy. The effective energy barrier Ueff is defined as Ueff = |D|S2 for the 

molecules with integer spin ground state and Ueff = |D|(S2 – 1/4) for those with half-integer 

spin ground state, where D is the axial zero-field splitting (ZFS) parameter and S represents 
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the spin of the ground state. Importantly, it has been proved difficult to enhance the energy 

barrier only by increasing the spin of the ground state in mostly polynuclear coordination 

complexes of first row transition metals since the D value will go down with increasing the 

value of S.4 Hence the attention has subsequently turned to the ions with strong magnetic 

anisotropy. In 2003, the discovery of slow magnetic relaxation in mononuclear rare-earth 

complexes refreshed the area of SMM.5 Similar SMM behavior was subsequently observed 

on mononuclear transition metal compounds by Freedman and coworkers in 2010.6a Since the 

slow magnetic relaxation comes from a single magnetic metal center in these complexes, they 

are referred to as single-ion magnets (SIMs), which are the simplest system of SMMs. SIMs 

are particularly attractive because their magnetic anisotropy and slow magnetic relaxation 

could be modified properly by structural modulation. The dynamic behavior would depend 

on the coordination environment around the metal center. Even small structural changes may 

make a significant impact on the nature and magnitude of magnetic anisotropy.  

Since the first discovery of the 3d-SIM,6a more and more SIMs based on first-row 

transition metal ions have been reported, and the number is rapidly increasing.7 A particular 

attention has been paid to the CoII-based complexes due to its strong spin-orbit coupling and 

the half-integer spin. A large number of CoII-based SIMs in various coordination 

environments along with the coordination number from two to eight have been reported.8-14 

However, only few of them exhibit slow magnetic relaxation in the absence of a dc field 

while the majority are field-induced SIMs, in which a dc magnetic field is needed to suppress 

effectively the fast relaxation through quantum tunneling of magnetization (QTM).15 

Tetrahedral Co(II) complexes are especially important for the design of Co(II)-based 
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SIMs because they are normally air- and moisture-stable compared with those low 

coordinated Co(II) complexes, which could possess high energy barrier.8 The majority of the 

reported four-coordinate Co(II)-SIMs are composed of mixed donor sets9 while relatively few 

are known to contain the four identical donors with the CoX4 moiety (X = O, S, Se, Te,10 N11, 

Cl12). Those with large D values (|D| > 50 cm-1) and high relaxation energy barriers Ueff 

(Ueff > 30 cm-1) are summarized in Table S1 (Supporting Information).10c-d,11b-c These 

complexes usually exhibit the zero-field slow magnetic relaxation. It should be noted that 

they all bear four identical donors such as S and N atoms. Two complexes bearing 

N,N’-chelating ligands (Chart 1), i.e., (HNEt3)2[Co(pdms)2] and [Co{NtBu)3SMe}2], show 

the hysteresis loop observed by using a commercially available standard Quantum Design 

SQUID magnetometer.11b,c It is reasoned that fine-tuning of the geometric distortion and 

electronic structure of the tetrahedral Co(II) complexes with four identical donors would 

promote large easy-axis anisotropy and magnetic dynamic properties. 

 

Chart 1. N,N’-chelating ligands of H2(pdms), [(thf)2Li2{(NtBu)3SMe}2], H2L1 and H2L2. 

 

In the current work, we employed the N,N’-chelating oximide ligands, L1 and L2 (H2L1 = 
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N,N'-bis(p-toluenesulfony1)oxamide, H2L2 = N,N'-diphenyloxamide, Chart 1), to prepare the 

mononuclear Co(II) complexes with two aims. First, the oximides could have similar 

chelating angles and two negative charges with pdms2-, which could give similar magnetic 

anisotropy. Second, the bridging capability of the oximides would make the resulting 

mononuclear complexes as very promising building blocks to construct the one-dimensional 

complexes or polynuclear clusters in the future work. Herein, we report two mononuclear 

tetrahedral Co(II) complexes (HNEt3)2[Co(L1)2]∙H2O (1) and (Bu4N)2[Co(L2)2]∙H2O (2), 

which have been intensively studied by the X-ray structure analyses, HFEPR spectroscopy, 

magnetic measurements and theoretical calculations. The oxamide ligands introduce serious 

structural distortions, resulting in a large and negative single-ion magnetic anisotropy 

required for single-molecule magnet properties. Slow magnetic relaxation at zero external 

magnetic field was observed for these two complexes. The presence of the hysteresis loop of 

the magnetization with different sweep rates at 1.8 K is very rare for a Co(II) 

SIMs.8a,8b,11b-c,13g,h 

 

Experimental Section 

General Characterization and Physical Measurements. 

All experiments were carried out under dry nitrogen atmosphere by using standard Schlenk 

techniques. Solvents were dried by conventional methods prior to use. All other chemicals 

were employed from commercial sources and were used without further purification, except 

that N,N'-bis(p-toluenesulfony1)oxamide (H2L1) and N,N'-diphenyloxamide (H2L2) were 

synthesized according to the literature methods.16-17 Powder X-ray diffraction (PXRD) 
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patterns were recorded on a Bruker D8 ADVANCE X-ray powder diffractometer equipped 

with a Cu Kα X-ray radiation (λ = 1.54056 Å) over the 2θ range of 5°-50° at room 

temperature. Elemental analyses (C, H and N) were carried out on an Elementar Vario ELIII 

elemental analyzer. IR spectra were recorded on a FT-IR spectrometer (Vector 22) 

spectrometer with KBr pellets in the 400-4000 cm-1 region. Solid UV-Vis-NIR spectra were 

measured as diffuse reflectance on polycrystalline powders of 1 and 2 using a Varian Cary 

5000 spectrophotometer in the 4000 to 30000 cm-1 region at room temperature.  

Synthesis of (HNEt3)2[Co(L1)2]∙H2O (1). CoCl2 (0.5 mmol, 0.065 g) and H2L1 (1.0 mmol, 

0.397 g) were dissolved in 30 mL of mixed solvents (15 mL CH2Cl2 and 15 mL CH3OH). 

NEt3 (3 mL) was added to the above solution. The color of the reaction mixture changed 

immediately from blue to red violet. The reaction mixture was stirred at room temperature for 

another 3 h and then diethyl ether (80 mL) was added. The resulting red violet precipitate was 

collected and then dissolved in 15 mL of acetonitrile. Diffusion of diethylether into the 

acetonitrile solution yielded pink crystals with a yield of 70% based on Co. Anal. Calc. for 

C44H62CoN6O13S4: C, 49.38; H, 5.84; N, 7.85. Found: C, 49.36; H, 5.83; N, 7.86. 

Synthesis of (Bu4N)2[Co(L2)2]∙H2O (2). Bu4NOH (3 mL, 40% in CH3OH) was added to a 

solution of H2L2 (1.0 mmol, 0.25 g) in 10 mL of DMF. The mixture was stirred until the 

solution was clear. Then CoCl2·6H2O (0.5 mmol, 0.119 g) was added. After stirring at room 

temperature for another 6 h, diethyl ether (100 mL) was added. The resulting red precipitate 

was collected and then dissolved in 15 mL of acetonitrile. Diffusion of diethylether into the 

acetonitrile solution yielded red crystals with a yield of 60% based on Co. Anal. Calc. for 

C60H94CoN6O5: C, 69.40; H, 9.12; N, 8.09. Found: C, 69.46; H, 9.18; N, 7.99.  
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X-ray Single-Crystal Structure Determination. Suitable single crystal of 1 or 2 was 

selected from the mother liquor and covered with paraffin liquid. Single-crystal X-ray 

diffraction experiments were carried out at 155 K on a Bruker APEX DUO diffractometer 

equipped with a CCD area detector using graphite-monochromated Mo Kα radiation (λ = 

0.71073 Å).18 A hemisphere of data were collected using a narrow-frame method with an 

exposure time of 1 s for 1 and 3s for 2 per frame. The APEXII program was used to 

determined unit cell parameters. The data were integrated with SAINT program,19 which 

were corrected for Lorentz factor and polarization effects. And the multiscan absorption 

corrections were applied using SADABS.20 The molecular structures were solved and refined 

via full-matrix least-squares on F2 using SHELX program (version 2014/7). 21 All 

non-hydrogen atoms were refined with anisotropic displacement parameters while the 

hydrogen atoms were refined isotropically on calculated positions, with the vibration 

parameters related to the corresponding non-hydrogen atoms. Crystal data and the final 

refinement parameters of the studied complexes are shown in Table S2. Additional 

refinement details of two compounds were recorded in the corresponding CIF file (see 

Supporting Information).  

Magnetic Measurements. Magnetic measurements were performed on a vibrating sample 

magnetometer (VSM) of Quantum Design MPMS SQUID-VSM system. Measurements for 

two complexes were performed on finely ground microcrystalline powders, which were 

restrained in a frozen eicosane matrix and tightly packed in a polycarbonate plastic capsule to 

prevent torquing of crystallites in magnetic fields. Direct current (dc) magnetic 

susceptibilities were measured in the dc mode of detection with an applied field of 0.1 T in 
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the temperature range 2−310 K. The magnetization data were taken up to 7 T under different 

temperatures. The magnetic susceptibilities data were corrected for the diamagnetic 

contributions of samples as well as for the background of the eicosane using Pascal’s 

constants.22 The alternating current (ac) susceptibility data were obtained with a 0.2 mT ac 

field oscillating at frequencies of 1−1000 Hz under different applied dc fields and 

temperatures. 

High-field and high-frequency electron paramagnetic resonance (HFEPR) 

measurement. HFEPR data was collected on a home-built multi-frequency high-field 

electron magnetic resonance spectrometer at Chinese High Magnetic Field Laboratory, Hefei. 

Measurements were performed on ground powders immobilized with eicosane and pressed 

tightly to minimize the effect of field-induced torquing. 

 

Results and Discussion 

Synthesis and Characterization. Complexes 1 and 2 were synthesized by the reactions of 

H2L1/H2L2 and CoCl2/CoCl2·6H2O with molar ratio of 2:1 in methanol/dichloromethane or 

DMF at room temperature (Scheme 1). Excess NEt3 or Bu4NOH was used as a base. Plenty 

of diethylether was added to the reaction mixture to deliver the brightly colored solid, which 

was subsequently dissolved in a moderate amount of acetonitrile. The single crystals suitable 

for X-ray diffraction were obtained by the slow diffusion of diethylether into the acetonitrile 

solution. The phase purity of the crystals was confirmed by the powder X-ray diffraction 

(PXRD), which agrees well with those simulated by the single crystal X-ray data (Figures S1- 

S2). 
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Scheme 1. Synthetic routes to 1 and 2. 

Both complexes were characterized by IR and solid UV-Vis-NIR diffuse reflectance 

spectra. The IR spectra revealed a strong absorption band at the 1671 cm-1 for 1 and 1666 

cm-1 for 2, in the range of 1630-1680 cm-1 typical for the band of C=O groups,[23] which are 

assigned to the C=O groups in oxamide ligands (Figure S5).  

In the solid UV-Vis-NIR diffuse reflectance spectra of 1 and 2 (Figure S6), there are three 

obvious absorption bands in the record region of 4000-30000 cm-1. The strong absorption 

above 25000 cm-1 is attributed to ligand-based transitions or charge-transfer transitions 

between metal ion and ligands. Two other bands are clearly observable between 5000 and 

25000 cm-1. Besides, there is one weak band observed below 5000 cm-1, which is on the low 

bound of the energy range. In an idealized Td symmetry, three spin-allowed transitions are 

expected: v1 = 4A2 (4F) → 4T2 (4F), v2 = 4A2 (4F) → 4T1 (4F) and v3 = 4A2 (4F) → 4T1 (4P) in an 

increasing order of energy.24 The band below 5000 cm-1 is assigned as the v1 transition while 
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those observed in NIR region (5000-13000 cm-1) and the visible region (15000-24000 cm-1) 

refers to the v2 and v3 transitions, respectively. The absorption envelopes display multiple 

bands and broadness possibly resulting from spin−orbit coupling and/or structural distortions 

from ideal tetrahedral geometry. Since the energy of the v1 transition is not easily determined 

due to their weak appearance. From the average energies of the other two bands (v2 = 8060 

and v3 = 18281 cm-1
 for 1 and v2 = 8273 and v3 = 17988 cm-1

 for 2), the tetrahedral crystal 

field splitting (10Dq) and the Racah parameter (B) can be calculated25 to be Dq = 467 cm−1 

and B = 822 cm−1 for 1 and Dq = 482 cm−1 and B = 787 cm−1 for 2. Accordingly the transition 

v1 is expected to be 10Dq, i.e. 4670 cm-1 for 1 and 4820 cm-1 for 2, which are consistent with 

the relatively weak bands below 5000 cm-1 in Fig. S5.  

Structural Descriptions. As illustrated in Table S2, complex 1 crystallizes in orthogonal 

space group P212121 with four molecules in the unit cell, while 2 crystallizes in triclinic space 

group P 1 with two molecules in the unit cell. The selected bond lengths and bond angles are 

listed in Table 1. Single crystal X-ray diffraction studies of both complexes reveals a 

distorted tetrahedral coordination geometry surrounding the Co(II) center, which is ligated by 

two doubly deprotonated oxamide ligands oriented perpendicularly to each other (Figure 1). 

The overall two negative charge of the anion is neutralized by two NHEt3
+ cations for 1 and 

two Bu4N+ cations for 2. The structure of a similar Co(II) complex has been deposited in 

CCDC with number 247784.[26] The Co–N bond lengths are very similar in 1 

(1.988(5)-2.005(5) Å) and 2 (1.984(3)-1.987(3) Å). But the average Co−N bond length of 1 

(1.994 Å) is slightly longer than that of 2 (1.988 Å). The N-Co-N angles in both complexes 

can be classified into two categories. Two smaller N-Co-N angles are 81.7(2)°, 81.3(2)° for 1 
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and 83.38(12)°, 84.78(12)° for 2 due to the chelation of oxamide ligands. The other four 

larger N-Co-N angles are in the range of 121.7(2)°-127.6(2)° in 1 and 

120.88(13)°-125.07(12)° in 2. These deviate seriously from the ideal angle of 109.5° for a 

perfect tetrahedron. Therefore, the structure of 1 prefers a more elongated tetrahedron than 2. 

The two coordination planes defined by the Co-N-C-C-N metallacycles are almost 

perpendicular with an angle of 86.68(6)° for 1 and 85.37(3)° for 2 (Figures S3-S4).  

The bulky peripheral substituents and cations make the central Co(II) ions well isolated 

from each other. The closest intermolecular Co---Co distances are relatively long with 

11.37(2) Å for 1 and 10.39(4) Å for 2, making the contact among the neighboring molecules 

negligible. No other interaction like hydrogen bond was observed except for van der Waals’ 

forces in the crystal lattice for both complexes. The continuous shape measure (CSM) 

analyses have been calculated with SHAPE software27 to evaluate the degree of deviation 

from the ideal tetrahedron. The distortion values are 5.89 and 4.86 for 1 and 2, respectively 

(Table S3), indicating that the molecular geometries of 1 and 2 deviate distantly from the 

ideal tetrahedron. 
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Figure 1. Crystal structure of the anions of 1 and 2. Co is shown in red, N in blue, O in green, 

S in yellow, and C in grey. H atoms have been omitted for clarity. 

 

Table 1. Selected Bond Lengths (Å) and Angles (deg) for 1 and 2  

1 2 

Co1-N1 1.988(6) Co1-N1 1.984(3) 

Co1-N2 2.005(5) Co1-N2 1.987(3) 

Co1-N3 1.996(5) Co1-N3 1.990(3) 

Co1-N4 1.988(5) Co1-N4 1.992(3) 

N1-Co1-N2 81.7(2) N1-Co1-N2 83.38(12) 

N3-Co1-N4 81.3(2) N3-Co1-N4 84.78(12) 

N1-Co1-N3 127.6(2) N1-Co1-N3 124.50(12) 

N2-Co1-N4 125.5(2) N2-Co1-N4 125.07(12) 

N1-Co1-N4 125.4(2) N1-Co1-N4 120.88(13) 

N2-Co1-N3 121.7(2) N2-Co1-N3 123.43(13) 
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  Magnetic Anisotropy. Magnetic static properties of 1 and 2 have been studied by dc 

magnetic measurements, HFEPR and theoretical calculations. Variable-temperature dc 

magnetic susceptibilities were measured on polycrystalline powders of 1 and 2 at an applied 

dc field of 0.1 T between 1.8 and 300 K (Figures 2 and S7). The room temperature magnetic 

susceptibility-temperature products, χMT, are 3.19 and 3.21 cm3 mol−1 K for 1 and 2, 

respectively, corresponding to the expected value for an S = 3/2 ion with g = 2.61 and 2.62. 

These large observed χMT values are much higher than the spin-only value of 1.875 cm3 mol−1 

K expected for a S = 3/2 system (g = 2.0), indicating a sizable contribution of orbital angular 

momentum. 1 and 2 exhibit similar trend in the χMT–T plots. With decreasing temperature, the 

χMT values remains constant until 150 K, below which they decrease rapidly to 2.61 and 2.52 

cm3 mol−1 K at 2 K for 1 and 2, respectively. The sudden drop of the χMT value suggests the 

presence of a large zero-field splitting rather than the intermolecular interactions, because the 

nearest Co–Co distance is so large.  
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Figure 2. Variable-temperature dc susceptibility data recorded on a powder sample of 1 at an 

applied field of 0.1 T. Inset: Variable-temperature, variable-field dc magnetization data of 1. 

The solid line is the fit to the experimental data with the program PHI.28  

The large magnetic anisotropy is further confirmed by the magnetization (M) versus H 

plots, which were recorded at 1.8 K up to 7 T (Figure S8). As the applied dc field increases, 

the magnetization rises gradually to 2.44 and 2.40 NAμB for 1 and 2 at 7 T, respectively, which 

are far below the expected saturation value (3 NAμB), suggesting the presence of magnetic 

anisotropy. Low-temperature magnetization data from 1.8 to 5.0 K at various applied dc 

fields were also measured for 1-2. Although the resulting M vs H/T plots (Figures 2 and S9) 

exhibit the superimposition of the iso-field curves, they are attributed to a large magnetic 

anisotropy, which has been reported in the literatures.11b,13e,f 

For tetrahedral Co(II) complexes, the d7 ground term is 4A2 in ideal Td symmetry, 

meaning the first-order orbital angular momentum has been quenched. Thus, tetrahedral 

Co(II) ion is usually assumed to be a pure spin ion. The static magnetic properties of nearly 

all reported mononuclear tetrahedral Co(II) complexes have been modelled via the 

spin-Hamiltonian.[9-12] Accordingly, the experimental χMT vs T and M vs H/T curves of 1 and 

2 were fit simultaneously by the PHI program28 using a conventional spin Hamiltonian for an 

S = 3/2 system with zero-field splitting and Zeeman effect, considering anisotropic 

parameters (gx = gy) as given in eqn. 1: 

 

2 2 2ˆ ˆ ˆ ˆ( ( 1) / 3) ( )z x y BH D S S S E S S gS H      
                     (1) 
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The parameters D and E are the axial and rhombic anisotropy parameters, S are the spin 

operator, μB is the Bohr magneton, g is a tensor and H are the magnetic field vector, 

respectively. The data were fitted well with D = -144.1(3) cm-1, E = 0.02(7) cm-1, gx = gy = 

2.2(2), gz = 3.0(3) for 1 and D = -130.8(9) cm-1, E = -0.70(0) cm-1, gx = gy = 2.2(7), gz = 3.0(2) 

for 2. For both complexes, the signs of ZFS parameters D are negative and the ratio of |E/D| 

are relatively small, indicating that these complexes exhibit easy axis anisotropy with the 

ground state MS = ± 3/2 being the lowest in energy. The D values of 1 and 2 are among the 

largest ones reported for the four-coordinate Co(II) complexes (Table S1).10c-e,11b-c  

Considering the strong distortion of 1 and 2 with respect with the tetrahedral geometry, 

their electronic structures have been studied by ab initio theoretical calculations. The 

XMS-CASPT229 calculations considering the effect of the dynamic electron correlation based 

on complete-active-space self-consistent field (CASSCF) method were performed on the 

basis of X-ray determined geometries of 1 and 2 (Figure S10) using MOLCAS 8.2 program 

package.30 Calculation details are given in Supporting Information. The calculated energies 

(cm−1) of the lowest ten spin-free terms and the lowest two spin-orbit states for 1 and 2 are 

shown in Tables S4-S5. The energy differences between the lowest two spin-free states are 

240.057 cm-1 for 1 and 117.905 cm-1 for 2, which are smaller than those between the lowest 

two spin-orbit states (261.7 cm-1 for 1 and 289.8 cm-1 for 2, Table S5). Moreover, the ground 

spin-orbit states of 1 and 2 are not only from the ground spin-free state, but also from the first 

excited one (Table S5). The lowest energy gap between the lowest two spin-free states 

(240.057 cm-1 for 1 and 117.905 cm-1 for 2) is of the size of the spin-orbit coupling constant 

(ξeff = 446 cm-1).11c These results strongly suggest a quasi-degeneracy of the multielectron 



 16 

ground and the first excited states. Such a quasi-degeneracy suggests that spin-Hamiltanian 

based on the perturbation theory should not be used in the evaluation of magnetic anisotropy 

parameters such as g, D and E. Therefore D and E values derived from the above fitting of 

the magnetic data by eqn. 1 can be false. They should be regarded to be qualitative as 

suggested for the tetrahedral complex (HNEt3)2[Co(pdms)2].11c 

The calculated effective g-values corresponding to the fictitious spin S = 1/2 of the 

ground state Kramers doublet of 1 and 2 are also shown in Table S6, where the ground state 

gx = 0.099, gy = 0.104 and gz = 9.758 for 1 and gx = 0.018, gy = 0.018 and gz = 9.823 for 2. 

These axial anisotropy of g values suggests the highly axial magnetic anisotropy in 1 and 2. 

With the smaller gx and gy values, the quantum tunneling of magnetization (QTM) in the 

ground state induced by transversal magnetic field (2Δtun = μB[gx
2Hx

2+ gy
2Hy

2]1/2) can be 

suppressed effectively, 31 which is consistent with the observed zero-field slow magnetic 

relaxation and hysteresis loop (see below).  

Furthermore, the calculated χMT versus T plots of 1 and 2 are shown in Figure S11 and 

the calculated field dependence of magnetizations under low temperature are shown in Figure 

S12, in which all the calculated data conform well to the experimental ones. The calculated 

orientations of the gx, gy, gz in the ground spin-orbit state on CoII ion of 1 and 2 are shown in 

Figure S13. Just like other elongated tetrahedral Co(II) complexes,10d,11c the magnetic axis 

lies in the C2 axis going through the midpoints of backbone of oxamide ligands.  

 In order to further confirm the axial magnetic anisotropies of 1 and 2, HFEPR spectra 

were recorded on polycrystalline samples of 1 and 2 with different frequencies (Figures 

S14-S15). There is no obvious HFEPR signal observed for 1 and 2. Such “EPR-silent” 
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behaviour in a high-spin Co(II) system24a could occur only in the case when the Ms = ±3/2 

Kramers doublet lies at lower energy than the Ms = ±1/2 doublet, corresponding to easy-axis 

magnetic anisotropy. The intra-Kramers EPR transition within the ±3/2 doublet 

corresponding to ΔMs = ±3 is nominally forbidden. The transition could be partly allowed 

when a sizable rhombic ZFS E-term mixes the ±3/2 doublet with the ±1/2 doublet. The 

absence of HFEPR signal in 1 and 2 suggests that the magnetic anisotropy is nearly axial, in 

consistent with the calculation results. 

Dynamic Magnetic Properties. To investigate the magnetic relaxation dynamics, frequency- 

and temperature-dependent alternating current (ac) susceptibility measurements were 

performed on polycrystalline samples of 1 and 2 in the frequency range of 1−1000 Hz. The ac 

magnetic susceptibility data were found to show significant frequency-dependence of both 

in-phase (χM’) and out-of-phase (χM’’) susceptibilities even without the application of a static 

external field, indicating a slowly relaxing magnetic moment (Figures 3 and S16–S18). Thus, 

1 and 2 display zero-field slow magnetic relaxation, which is rarely observed in 

Co(II)-SIMs.8a,8b,9b-c,10,11 As shown in Figures 3 and S18, both in-phase (χM’) and out-of-phase 

(χM’’) susceptibilities show frequency-dependence in a broad temperature range. For 1 and 2, 

the maximum appears at ν = 1.0 Hz and decreases in height with increasing temperature, but 

at the same time the peak shifts to higher frequency. Furthermore, the signals at all different 

frequencies show strong upturn at low temperature, which could be due to the impact of 

quantum tunneling of magnetization (QTM) on the relaxation process. Such influence caused 

by QTM has been found in other Co(II)-SIMs.10d,13f In order to reduce the effect of QTM, a 

dc field of 0.15 T was applied for both complexes to measure the ac susceptibilities (Figures 



 18 

3 and S19-S21). Obviously, the upturn at low temperature has diminished dramatically, 

indicating that QTM has been suppressed efficiently. Interestingly, the frequency dependent 

out-of-phase ac susceptibilities at 0 T reveal a second relaxation pathway under low 

temperatures below 4.5 K and low frequencies below 10 Hz for both complexes (Figures 

S16-S17). In contrast, there was only one relaxation process when a dc field of 0.15 T was 

applied for both complexes (Figure S19-S20). This second relaxation pathway is the same as 

the upturn observed in temperature dependence of in-of-phase (χM’) and out-of-phase (χM”) 

ac susceptibility shown in Figure 3, which is due to the impact of QTM.6b 

 

 

Figure 3. Temperature dependence of in-of-phase (χM’) and out-of-phase (χM”) ac 

susceptibility for 1 at different ac frequency under zero field and 0.15 T dc field.  



 19 

The plots of ln(τ) vs T−1 were extracted from the peak values of the variable-frequency 

susceptibility data under the zero filed (Figures S17-S18) to give magnetic relaxation times 

(τ). Assuming the Orbach process occurring at high temperature range, linear fit to the five 

data points in the high temperature region according to the Arrhenius 

law )/exp(0 kTUeff  gave Ueff = 46.02 cm−1 with τ0 = 5.40 × 10−6 s for 1 and Ueff = 58.41 

cm−1 with τ0 = 2.47 × 10−6 s for 2, respectively (Figure 4a and S22). However, the resulting 

energy barriers are much smaller than the calculated energy gap between the lowest two 

spin-orbit states (261.7 cm-1 for 1 and 289.8 cm-1 for 2). This is perhaps not surprising, as the 

estimation of effective energy barrier here is based on the assumption of an Orbach process as 

dominant relaxation processes in the high-temperature range. It has been showed that the 

Orbach mechanism is not necessarily the dominant pathway at least in the studied 

temperature range. The above estimation of energy barrier for the Orbach process is incorrect. 

The curvature in the Arrhenius plots of 1 and 2 implies a non-negligible direct and/or Raman 

processes in determining the relaxation rate. Thus, we tried to fit the relaxation times with a 

multi-processes, given by eqn. 2,32 

 

 1 1

0 /  n

effAT eC U TT xp k                           (2) 

where the first, second and third term represents direct process, Raman process and Orbach 

process, respectively.33 Many attempts showed that only Raman process was utilized to fit the 

data because no reasonable agreement could be obtained when considering other processes 

simultaneously. The best fit by a power law τ-1 = CTn is obtained with C = 0.004(1) s−1 K−4.8, 

n = 4.8(7) for 1 and C = 0.01(3) s−1 K−4.3, n = 4.3(3) for 2, suggesting a dominant Raman-like 
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process in the studied temperature range (Figures 4a and S22).  

The relaxation times of 1 and 2 obtained at the different times under 0.15 T field were 

similarly extracted. A comparison of the relaxation times under zero and 0.15 T shows that 

the relaxation times do not display the dramatic field-dependence in the whole temperature 

range (Figure S23). The relaxation times were reasonably fitted by a power law τ-1 = CTn to 

give C = 0.01(1) s−1 K−4.3, n = 4.3(7) for 1 and C = 0.01(0) s−1 K−4.3, n = 4.3(8) for 2 (Figure 

S24). Again, these results showed that the Raman mechanism is the dominant process at zero 

field and 0.15 T in the studied temperature range in 1 and 2. The contribution of other 

processes including the Orbach process can be neglected.  
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Figure 4. (a) Relaxation time of the magnetization ln(τ) vs T-1 plots for 1 under zero dc field. 

The red line represents the best fit by the Arrhenius law τ = τ0 exp(Ueff/kBT) and the blue line 

represents the best fit by the Raman process with τ-1 = CTn. (b) Cole−Cole plots for 1 under 

zero dc field. The solid lines are the best fits to the experiments with the generalized Debye 

model.33 

 

The χM’’ vs. χM’ data of 1 and 2 at different temperatures were extracted to generate the 
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Cole−Cole plots. As shown in Figures 4b and S25, in an absence of a dc field, only one 

process is observed between 6.0 and 20 K, while there are two semicurves in low temperature 

range (1.8-5.4 K), corresponding to the two relaxation processes. Therefore, their Cole−Cole 

plots were fitted by the generalized Debye model33 based on eqns. 3 or 4 to extract the values 

and distribution of the relaxation times: 
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where χT and χS are the isothermal and the adiabatic susceptibility, respectively;  is angular 

frequency;  is relaxation time; α indicates deviation from a pure Debye model.34  
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where χS,tot = χS1 + χS2, Δχ1 = χT1 - χS1 and Δχ2 = χT2 - χS2.  

 

In contrast, the Cole-Cole plots show there is only one relaxation process under 0.15 T dc 

field (Figure S26), which were fitted by eqn. 3. The obtained α values at zero-field reflect a 

wide relaxation time distribution while the distribution become narrower with the rise of the 

temperature (Table S7). Under an applied dc field of 0.15 T, the α values become very small 

with 0.22 × 10−5 to 0.035 for 1, which tend to zero corresponding to a single relaxation 

process. But for 2, the obtained α values are still little large in the low temperature range 

(1.8-5.0 K) (Figure S26, Table S8). 

In order to get more insight into the relaxation mechanism, we have tried to synthesize the 
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diluted samples with diamagnetic Zn matrix. Only diluted complex 

(HNEt3)2[Co0.1Zn0.9(L1)2]∙H2O (1’) was successfully obtained, which was confirmed by ICP 

and XRD data (Figure S27). The frequency- and temperature-dependent ac susceptibilities of 

1’ at 0 T displays only one relaxation process under whole temperature range (Figures 

S28-S29), further indicating the second relaxation mechanism at low temperatures and 

frequencies in 1 is attributed to the interatomic interactions. The plot of ln(τ) versus T−1 

extracted from the variable-frequency susceptibility data was fitted by the Raman process, 

respectively, yielding the parameters C = 0.005(9) s−1 K−4.7, n = 4.7(1) (Figure S30). 

Moreover, the Cole−Cole plots (Figure S31) were also constructed by fitting of the χM’’ 

versus χM’ data by the generalized Debye model,34 yielding the α parameters in the range of 

0.58-0.04 (Table S9), which indicating a wide relaxation time distribution in low temperature 

region (1.8-5.5 K) but with a narrow distribution in high temperature range (6.0-19 K). In 

summary, the observation of slow magnetic relaxation in the diluted sample 1’ proves that the 

slow magnetic relaxation is intrinsic to the individual [Co(L1)2]2- molecules. 

 Magnetic hysteresis loops in the field-dependence of the magnetization were measured at 

1.8 K with the various field sweep rates (0.06 to 0.60 T/min) and with a constant sweep rate 

at 0.30 T/min over the temperature range 1.8 to 3.0 K (Figures 5 and S32). A typical 

hysteresis loop in the field-dependent magnetization was observed for both 1 and 2, an 

important characteristic of SMMs, which is rarely observed for CoII-based SIMs.8a,8b,11b-c,13g,h 

The hysteresis loops are found as a function of the field sweep rate and the temperature, 

which becomes larger with increasing the sweep rates at 1.8 K (Figures 5 and S32, top), but 

smaller with increasing the temperature at a constant sweep rate of 0.30 T/min (Figures 5 and 
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S32, bottom), as observed in the other reported CoII-based SIMs.8a,8b,11b,c,13g,h It is interesting 

that the loop is open at zero field with sweep rate range from 0.06 to 0.6 T/min at 1.8 K with 

a small coercity (0.007−0.010 T for 1 and 0.017−0.022 T for 2). But at the sweep rate of 0.3 

T/min, as the temperature rises, the hysteresis loops close gradually and vanish at about 3.0 K 

due to the fast relaxation through quantum tunneling of magnetization.  

 

 

 

Figure 5. Magnetic hysteresis loop of 1 under various field sweep rates at 1.8 K (top) and in 
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the temperature range of 1.8 to 3.0 K (bottom). 

 

Conclusions 

Two four-coordinate complexes 1 and 2 with oxamide ligands have been synthesized 

and characterized. Both behave as single-ion magnets (SIMs) without the requirement of an 

applied dc field. The SIM behavior originates from the strong axial distortion induced by the 

oxamidate ligands, which leads to a small gap between the ground and first excited states 

resulting in the large magnetic anisotropy. Compared with the four-coordinate tetrahedral 

CoII-SIMs reported by Carl11b and Rechkemmer11c, which possess the small N-Co-N bite 

angles introduced by N,N’-chelating ligand (71.5°and 80.59°), our tetrahedral CoII complexes 

exhibit similar elongated tetrahedral geometry with the similar bite angle (81.3(2)° for 1 and 

83.38(12)° for 2). Because of the similar coordination environments in 1 and 2, the difference 

of the energy gap between 1 (261.7 cm-1) and 2 (289.8 cm-1) calculated by ab initio 

theoretical calculations is not likely significant. The high-performance SMM behavior in the 

absence of external field and a hysteresis loop at 1.8 K make 1 and 2 to be new examples for 

zero-field CoII-based SIMs (SMMs). These two mononuclear Co(II) complexes not only 

enrich the family of CoII-based SIMs but also help the search for new better SIMs.  
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Two mononuclear tetrahedral Co(II) complexes display hysteresis loop as well as slow 

magnetic relaxation in the absence of an applied dc field. 

 

 

 

  


