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Magnetic anisotropy in square pyramidal cobalt(II) complexes 
supported by a tetraazomacrocyclic ligand 

Hui-Hui Cui,a Man-Man Ding,b Xiu-Du Zhang,c Wei Lv,a Yi-Quan Zhang,*b Xue-Tai Chen,*a Zhenxing 
Wang,*d Zhong-Wen Ouyang,d and Zi-Ling Xuee 

Two five-coordinate mononuclear Co(II) complexes [Co(12-TMC)X][B(C6H5)4] (L = 1, 4, 7, 10-tetramethyl-1, 4, 7, 10-

tetraazacyclododecane (12-TMC), X = Cl− (1), Br− (2)) have been studied by X-ray single crystallography, magnetic 

measurements, high-frequency and -field EPR (HF-EPR) spectroscopy and theoretical calculations. Both complexes have a 

distorted square pyramidal geometry with the Co(II) ion lying above the basal plane constrained by the rigid tetradentate 

macrocyclic ligand. In contrast with the reported five-coordinate Co(II) complex [Co(12-TMC)(NCO)][B(C6H5)4] (3) exhibiting 

easy-axis anisotropy, an easy-plane magnetic anisotropy were found for 1 and 2 via the analyses of the direct-current 

magnetic data and HF-EPR spectroscopy. Frequency- and temperature-dependent alternating-current magnetic 

susceptibility measurements demonstrated that complexes 1 and 2 show slow magnetic relaxation at an applied dc field. 

Ab initio calculations have been performed to reveal the impact of the terminal ligands on the nature of magnetic 

anisotropies of this series of five-coordinate Co(II) complexes. 

Introduction 

Single-molecule magnets (SMMs),1-3 which display slow magnetic 

relaxation at low temperature, have been the recent hot topics of 

molecular magnetism due to their potential applications such as 

molecular spintronics, ultra-dense information storage and 

quantum computing.4-6 Thermal energy barrier (U) for the reversal 

of magnetic moment in a SMM is usually governed by the total spin 

(S) and easy axis anisotropy parameter (D), which can be defined as 

|D|S2 and |D|(S2 − 1/4) for integer and half-integer spins, 

respectively.1 Since polynuclear transition metal clusters with a 

large spin (S) ground state will not exhibit superior properties, a 

substantial effort has been devoted to those SMMs containing one 

paramagnetic lanthanide7-8 and transition-metal ion,9-12 which are 

termed as single-ion magnets (SIMs). They are the simplest systems, 

in which magnetic anisotropy and magnetic dynamics can be fine-

tuned via variation of the ligand field around the metal canter.  

To date a large number of SIMs based on the first row 
transition metal complexes have been reported.9-12 Among the 3d-
SIMs, the anisotropic Co(II) complexes are most extensively studied 
due to the non-integer spin ground state, which decreases the 
probability of quantum tunnelling of magnetization (QTM).13 So far 
various Co(II)-based SIMs with different coordination geometries 
and environments are known. Compared to the large number of 
examples of four- and six-coordinate analogues,9-12,14-19 the number 
of five-coordinate Co(II)-SIMs is relatively limited.20-57 The reported 
five-coordinate Co(II)-SIMs are summarized in Tables S1 and S2 
(ESI†) along with their structural features and magnetic parameters. 
We have collected or calculated Addision τ5 value58 and the 
continuous shape measure (CShM) values59-60 to evaluate the 
degree of deviation from the ideal square pyramidal and trigonal 
bipyramidal symmetries when the values were not reported in the 
literature. The τ5 value is zero for an ideal square pyramid, while a 
value of 1 corresponds to the ideal trigonal bipyamidal 
configuration.58 The most well-known family are those with the 
molecular formula [(NNN)CoX2] (X = halide or pseudohalide) 
supported by tridentate nitrogen ligands (NNN) together with two 
halido or pseudohalido ligands (Table S1, ESI†).20-35 Their reported 
τ5 values vary in a wide range from 0.01 to 0.83, meaning that the 
coordination geometries could be distorted square pyramid and 
trigonal bipyramid with various distortion degrees. It is found that 
their coordination geometries change with the tridentate NNN 
ligand and/or the terminal ligand. For example, the configuration of 
[Co(terpy)Cl2] (τ5 = 0.05) is a distorted square pyramidal geometry 
while the Co(II) coordination geometry in [Co(terpy)(NCS)2] shifts 
towards trigonal bipyramid (τ5 = 0.43).20 Similarly, halido or 
pseudohalido ligand has a significant impact on the geometry of the 
metal coordination sphere of five-coordinate Co(II) complexes with 
bis(imino)pyridine pincer ligands (Table S1, ESI†) with the τ5 values 
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in a range of 0.03-0.43.22-24 Furthermore, the substituent in the 
tridentate nitrogen ligand also influences the coordination 
geometry. [Co(L2a)(NCS)2], for example, has a larger τ5 value (0.27) 
than [Co(L2b)(NCS)2] (0.03) (Entries 4 and 5, Table S1 and Scheme S1, 
ESI†).22 This change in coordination geometry complicates the 
studies of the influence of the terminal ligand on magnetic 
properties. A more stable configuration towards the terminal ligand 
is desired. A rigid tetradentate tripodal ligand favours trigonal 
bipyramidal configuration, in which a terminal ligand can be varied. 
For the trigonal bipyramidal Co(II) complexes supported by the 
tripodal tetradentate ligands L9-L14 (Table S2, Scheme 2, ESI†), 
whose Addison parameters τ5 range from 0.83 to 1.0.19-29 The 
magnetic anisotropy is negative when the terminal ligand is halide 
or pseudohalide such as NCS-. However, positive anisotropy is found 
when the terminal ligand is neutral, such as H2O or CH3CN for L10 or 
L13 as the supporting ligand,38,45 Similar systematic studies have not 
been performed for the square pyramidal Co(II)-SIMs yet. 

 In view of the above-mentioned background, a rigid 
tetradentate macrocyclic ligand 1, 4, 7, 10-tetramethyl-1, 4, 7, 10-
tetraazacyclododecane (12-TMC)61 has attracted our attention. The 
rigidity of tetradentate macrocyclic backbone meets the 
requirement for obtention of the isostructural square pyramidal 
configuration. In 2017, we have employed 12-TMC to synthesize 
five-coordinate Co(II) complexes [(12-TMC)Co(CH3CN)]2+ with CH3CN 
as the axial ligand, which display spin-crossover with incomplete 
transition and low-temperature, field-induced SIM behaviour 
originating from the low spin state of Co(II).56 Subsequently, a high-
spin square pyramidal Co(II) complex [Co(12-TMC)(NCO)][B(C6H5)4] 
(3) with NCO− as the axial ligand demonstrated an easy-axial 
magnetic anisotropy and field-induced slow magnetic relaxation.57 
These studies clearly show that the variation of the axial ligand 
could tune the electronic structure and the magnetic anisotropy. 
Herein we present the synthesis and structures of square pyramidal 
12-TMC-Co(II) compounds [Co(12-TMC)X][B(C6H5)4] with Cl− (1) or 
Br− (2) in the axial position. By analysing the direct-current (dc) 
magnetic data, 1 and 2 are found to exhibit easy-plane magnetic 
anisotropy with the similar D values of +44.43 and +52.06 cm-1. The 
easy-plane anisotropic nature has been confirmed by high-field and 
high-frequency electron paramagnetic resonance (HF-EPR) 
spectroscopy and theoretical calculations. Alternating-current (ac) 
magnetic susceptibility measurements demonstrated the field-
induced slow magnetization relaxation in 1 and 2. 

 

Experimental 
Synthesis and general characterization 

The reactions were carried out using standard Schlenk techniques 

under N2 atmosphere. All the solvents were dried and purified using 

conventional methods before use. The other chemicals employed 

were commercially available and used as received. 

Tetraphenylboron silver (Ag[B(C6H5)4]) was synthesized from AgNO3 

and Na[B(C6H5)4] in water. 1, 4, 7, 10-Tetramethyl-1, 4, 7, 10-

tetraazacyclododecane (12-TMC) was prepared by the literature 

procedure.61 Elemental analyses were performed on an Elementar 

Vario ELIII elemental analyser. Powder X-ray diffraction (PXRD) 

patterns were recorded on a Bruker D8 ADVANCE X-ray powder 

diffractometer with a Cu Kα X-ray source (λ = 1.54056 Å) operated 

at 40 kV and 40 mA. 

 

Synthesis of 1 and 2 

Co(12-TMC)Cl][B(C6H5)4] (1). CoCl2 (0.5 mmol, 0.065 g) and 12-

TMC (1.0 mmol, 0.19 g) were dissolved in 15 mL of CH3CN and 

stirred at room temperature for 6 h to give a blue solution. 

Ag[B(C6H5)4] (0.5 mmol, 0.214 g) was added to the solution and 

stirred for another 3 h and then filtrated. The diffusion of diethyl 

ether into the acetonitrile solution in one week gave the blue 

crystals of 1 at 70% yield based on Co. Anal. Calc. for C36H48BCoN4Cl: 

C, 67.35; H, 7.54; N, 8.73. Found: C, 67.40; H, 7.49; N, 8.69. 

[Co(12-TMC)Br][B(C6H5)4] (2). 2 was synthesized by the same 

procedure as 1, but using CoBr2 (0.5 mmol, 0.11 g) instead of CoCl2 

(0.5 mmol, 0.065 g). The blue crystals of 2 formed with a yield of 65% 

based on Co. Anal. Calc. for C36H48BCoN4Br: C, 62.99; H, 7.05; N, 

8.16. Found: C, 62.93; H, 6.96; N, 8.22. 

 

X-ray single-crystal structure determination 

Single-crystal X-ray crystallographic data were collected for 1 and 2 

using a Bruker APEX DUO diffractometer at 155 K with a CCD area 

detector (Mo Kα radiation, λ = 0.71073 Å).62 The APEXII program 

was used for collecting frames of data and determining the unit cell 

parameters. The data were integrated with SAINT program63 and 

corrected for Lorentz factor and polarization effects. The absorption 

corrections were applied using SADABS.64 The molecular structures 

were solved and completed via full-matrix least-squares procedure 

SHELXL (version 2014/7).65 The Co atom was determined first using 

the difference Fourier maps and then the other non-hydrogen 

atoms were subsequently identified. All non-hydrogen atoms were 

refined anisotropically and hydrogen atoms were set and generated 

as riding on the corresponding non-hydrogen atoms. 

 

Magnetic measurements 

Magnetic measurements were performed using a vibrating sample 

magnetometer (VSM) of Quantum Design MPMS SQUID-VSM 

system, with ground microcrystalline powders which were 

restrained in a frozen eicosane matrix and tightly packed in a 

polycarbonate plastic capsule to prevent torquing of crystallites 

under magnetic field. Variable temperature direct-current 

susceptibility data of 1 and 2 were collected under a field of 0.10 T 

in the range of 2-300 K. The field-dependent magnetizations were 

measured in the range of 1-7 T at 1.8 K, 3.0 K and 5.0 K. Alternating-

current (ac) susceptibility measurements were carried out with an 

oscillating ac field of 2 Oe at frequencies ranging from 1 to 1000 Hz 

under different external fields. All magnetic susceptibilities data 

were corrected for the diamagnetic contributions of sample holder 

as well as for diamagnetism of the sample using Pascal’s 

constants.66 

 

HF-EPR measurements.  

HF-EPR spectra were recorded on a locally developed spectrometer 

at the Wuhan National High Magnetic Field Center, China.67-68 The 

microwaves of the transmission-type instrument are propagated by 

over-sized cylindrical light pipes. The samples were measured with 

KBr and pressed into pellets to minimize the effect of field-induced 

torquing. 

Results and discussion 
Synthesis  
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Complexes 1 and 2 were prepared similarly by direct mixing of the 

12-TMC and CoX2 (X = Cl, Br) in CH3CN. A blue solution was 

developed and then treated with one equiv of Ag[B(C6H5)4] to give a 

solution containing the desired product and the precipitation of AgX 

(X = Cl, Br). The crystalline product was obtained by diethyl ether 

vapor diffusion into the CH3CN solution in a good yield. The phase 

purity of samples of 1 and 2 were confirmed by PXRD spectra and 

elemental analysis (Fig. S1-S2, ESI†). 

 

Crystal structural descriptions 

The crystallographic data and the parameters of single crystal 

structural analyses are listed in Table S3†. The selected bond 

parameters of 1-2 are shown in Table S4†. Compounds 1-2 

crystallize in the same monoclinic space group P21/c. The 

asymmetric units of 1 and 2 contain two crystallographically 

different molecules 1a, 1b, 2a and 2b (Fig. 1 and Fig. S3, ESI†). The 

structural parameters of two distinct molecules in 1 and 2 vary only 

slightly. As shown in Fig. 1, the cation is five-coordinate with a 

square pyramidal configuration, in which a central Co(II) ion is 

coordinated by four nitrogen atoms of 12-TMC ligand in equatorial 

positions, and a halide ion in an axial position. The important 

structural parameters of 1 and 2 and the reported 

[Co(TMC)(NCO)][B(C6H5)4] (3)57 are listed in Table 1 for comparison. 

The average Co−Neq bond lengths are 2.1544, 2.1567, 2.1578 and 

2.1603 Å for 1a, 1b, 2a and 2b, respectively, and they are similar to 

2.1608 Å reported for 3.57 The Co−X bond distances in an axial 

position are much longer than Co−N in the equatorial position. The 

Co−Cl bonds of 2.2425(8) Å for 1a, 2.2267(7) Å for 1b are shorter 

than Co-Br bonds of 2.4017(10) Å for 2a, 2.3641(8) Å for 2b, which 

is in accord with the different ionic radius of the corresponding 

halide ion. These Co-Xaxial bonds in 1 and 2 are longer than the Co-

Naxial bond in 3 (1.9399(17) Å).57 The metal center is located out of 

the basal N4 plane by 0.807 Å (1a), 0.811 Å (1b), 0.810 Å (2a), and 

0.817 Å (2b), similar to 0.802 Å in 3.57 The bond angles between the 

two neighboring nitrogen atoms around Co(II) ion are in the range 

of 81.19(8)°-82.66(9)° for 1-2. The N–Co–N bond angles with the 

two opposite nitrogen atoms are in the range of 134.87(15)°-

136.78(8)°, which are much smaller than 180°. These bond angles 

are also comparable to those in 3.57 The shortest intermolecular Co-

--Co distances are 6.238 Å for 1 and 6.528 Å for 2, respectively. 

The calculated τ5 values, defined as an index of the distortion 

degree between trigonal bipyramidal and square pyramidal 

configurations, are 0.027, 0.023, 0.019, 0.024 for 1a, 1b, 2a and 2b, 

similar to that of 3 (0.012), indicating that the coordination 

geometry at the Co(II) centre can be described as slightly distorted 

square pyramid.58 Furthermore, the continuous shape measure 

(CShM) analyses were calculated by SHAPE 2.159-60 to evaluate the 

degree of deviation from the ideal square pyramidal and trigonal 

bipyramidal symmetries. The distortion values of 1-2 confirm that 

they can be described as square pyramid (0.759 for 1a, 0.760 for 1b, 

1.124 for 2a, and 1.081 for 2b) rather than as trigonal bipyramid 

(5.624 for 1a, 5.640 for 1b, 5.983 for 2a, and 5.857 for 2b, Table S5, 

ESI†). The above structural parameters show the stability of the 

square pyramidal configuration in this series of five-coordinate 

Co(II) complexes. The most significant distinction between 1, 2 and 

3 is the axial ligand − weak halide ligand (1 and 2) vs stronger NCO- 

ligand (3), and the distinction may be responsible for the different 

magnetic anisotropy.  

There are significant weak interactions in the crystal structures 

of 1 and 2. Weak C–H⋯X-M hydrogen bonds are found in molecule 

1b containing Co2 between the coordinated chlorine atom and one 

hydrogen atom of TMC from adjacent 1b molecules (H---Cl = 2.654 

Å) to form one-dimensional hydrogen-bonded chain (Fig. S4a, ESI†). 

Around these chains, the BPh4
- anions based on B1 atoms are 

assembled through the C-H---π interactions (2.883 Å) to generate 

one-dimensional binary supramolecular chains (Fig. S4a, ESI†). 

Every two adjacent molecules of 1a containing Co1 form a dimer 

through C-H---Cl (H---Cl = 2.853 Å), which further join the binary 

chains to give two-dimensional supramolecular layers via the 

hydrogen bonds (H---Cl = 2.776 Å) between the chlorine atom (Cl1) 

and BPh4
- anions based on B1 atoms (Fig. S4b, ESI†). Significant C-H-

--π and π---π (T–shaped) interactions between the BPh4
- anions 

based on B2 atoms and the neighbouring layers promote the 

formation of three-dimensional structure (Fig. S4c, ESI†). Similar 

supramolecular interactions exist in the crystal structure of 2 (Fig. 

S5, ESI†) 

Table 1. Important structural parameters of 1-3. 

 1a 1b 2a 2b 3c 

av. Co-N (Å) 2.1544 2.1567 2.1578 2.1603 2.1608 

av. Co-X (Å) 2.2425 2.2267 2.4017 2.3641 1.9399 

av. cis-N-Co-N (°) 81.93 81.87 81.88 82.17 82.09 

trans-N-Co-N (°) 136.98 135.81 135.83 135.58 136.36 

d (Å)a 0.807 0.811 0.810 0.817 0.802 

τ5 0.027 0.023 0.019 0.024 0.012 

CShM (4py) 0.759 0.760 1.124 1.081 0.442 

Co---Co (Å)b 6.238 6.528 7.094 

a. The distance of Co(II) ion lying out of the basal N4 plane; b. The shortest 
intermolecular Co---Co distance; c. Reference 57. 

 

         

                           (a)                                                                      (b) 

Fig. 1 Structure of the anion of (a) 1a and (b) 2a. Red, blue, green, orange and gray 

spheres represent Co, N, Cl, Br and C atoms. H atoms are omitted for clarity.  

 

Static magnetic properties  

Variable-temperature direct-current (dc) magnetic susceptibilities 

were measured on polycrystalline samples of 1–2 in the 

temperature range of 2-300 K under an applied field of 0.10 T. As 

shown in Fig. 2 and S6†, the resulting χMT versus T curves show the 

similar trend. At room temperature, the χMT values are 3.03, and 

3.15 K mol-1 for 1 and 2, respectively. These are considerably larger 

than the spin-only value of 1.875 cm3 mol−1 K for a high-spin Co(II) 
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ion (S = 3/2, g = 2.0), which can be attributed to the significant 

orbital contribution. Upon cooling from 300 K, the χMT values 

decrease slowly until 75 K, below which, they fall abruptly and 

reach 1.84 and 1.99 cm3 mol−1 K at 2 K for 1 and 2, respectively. This 

decline at the low temperature range should be, to a great extent, 

due to the intrinsic magnetic anisotropy of the Co(II) ion. 

The field-dependent magnetizations were collected at applied 

magnetic fields in a range of 1-7 T below 5 K (Fig. 2 and S6, ESI†). 

The magnetization values are 2.47 and 2.60 NB for 1 and 2 at 7 T, 

without reaching saturation. The lack of saturation agrees with the 

presence of magnetic anisotropy. 

 

Fig. 2 Variable-temperature dc susceptibility data of 1 under 0.10 T applied dc field. 

Inset: field dependence of the magnetization below 5 K for 1. Solid lines are the fits to 

the data with program PHI.69 

 

As in most of Co(II) complexes, the static magnetic data of five-

coordinate Co(II) complexes were usually modelled by the 

conventional spin-Hamiltonian based on the assumption that the 

zero-field splitting (ZFS) parameters, axial D and rhombic E, can be 

used to present their magnetic anisotropy. Our theoretical 

calculations have showed that their anisotropies of 1-2 can be 

approximately depicted by the effective spin Hamiltonian with zero-

field splitting parameters D and E (vide infra). Therefore, the χMT 

versus T and M versus H curves were fit simultaneously with the 

following spin Hamiltonian (equation 1) employing the PHI 

program,69 
2 2 2ˆ ˆ ˆ ˆ( ( 1) / 3) ( )z x y BH D S S S E S S gS H      

    
(1) 

where μB is the Bohr magneton, g is a tensor, H is the magnetic field 

vector. In addition, the intermolecular exchange interactions with zj 

parameter was considered. The resulting parameters including D 

and E values are afforded in Table 2. As we can see, the signs of ZFS 

parameters D are positive with the values of +44.43(9) and +52.06(2) 

cm-1 for 1 and 2, respectively, implying the significant easy-plane 

anisotropy. This positive sign of D value was further confirmed by 

the fact that the fitting could not give the reasonable agreement 

when the D value was set negative.  

 

Table 2. The spin-Hamiltonian parameters of 1-2 obtained by the fitting of magnetic 

data. 

 1 2 

D, cm-1 + 44.43(7) +52.06(2) 

E, cm-1 -2.27(0) 0.014(2) 

gx,y 2.62(2) 2.75(1) 

gz 2.37(5) 2.16(7) 

zj (cm-1) -0.014(7) -0.032(7) 

 

HF-EPR spectroscopy 

It is well known that the reliability of the magnetic parameters from 

the fitting of static magnetic data, especially the sign of the 

magnetic anisotropy derived, may be questioned. In order to get 

further insight into the magnetic anisotropy, especially confirming 

the positive sign of D parameter, HF-EPR spectra were recorded for 

the polycrystalline samples of 1 and 2. Although there are two 

crystallographically different molecules in the crystal lattice of 1, 

only one set of EPR features were observed (Fig. 3a). In contrast, 

two sets of three EPR features were found for 2 in accordance with 

the two crystallographically different molecules (Fig. S7, ESI†). This 

implies that the EPR responses of the two crystallographically 

different molecules are similar and overlapped in 1 due to the same 

CShM values (0.759 for 1a and 0.760 for 1b), but are distinct in 2 

with rather significantly different CShM values (1.124 for 2a and 

1.081 for 2b). The resonance fields at various microwave 

frequencies are extracted and plotted in Fig. 3b and S7b†, in which 

three straight lines are obtained, corresponding to each set of the 

three features. This suggests that the separation of the Kramers 

doublets [2(D2 + 3E2)1/2] is larger than quantum energy of the 

microwave frequency. Only the Kramers doublet would be 

populated at low temperature and the observed resonances are 

attributed to the intra-Kramers transitions within the lowest 

doublet MS =  1/2 with MS =  1. These spectra can be 

interpreted in terms of an effective spin Seff = 1/2 state and effective 

g values. The typical EPR at 219 GHz and 2D resonating field versus 

frequency map of 1 was fit by using SPIN70 (Fig. S8, ESI†) to give the 

effective g values with g1
’= 6.80, g2

’ = 2.98 and g3
’ = 1.66, 

corresponding to an effective spin doublet (Seff = 1/2), indicating the 

easy-plane magnetic anisotropy in 1.71-72 The six signals observed in 

2 preclude the definite assignment of each set of three features and 

the simulation, but the sign of D value is positive. 

The HF-EPR data can be used to prove the positive sign of D 

value and estimate the λ = E/D value according to the approach 

reported by Misochko et al.73 It is known that the effective geff 

values with Seff = 1/2 are related to the g values corresponding to 

the true spin S = 3/2 in equation 2.72-75   
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Fig. 3 a) Representative HFEPR spectrum of 1 at 1.8 K (black) with the simulations using 

spin Hamiltonian with the true spin S = 3/2  (red: D > 0; green: D < 0). b) Resonance 

field vs. microwave frequency for EPR transitions for 1 and .the simulations with spin 

Hamiltonian with the true spin S = 3/2.   

Since the experimentally determined g1’, g2’ and g3’values are 

not fully assigned to the principal axes in the above fitting with Seff = 

1/2 model, we have in principle to assign g1’, g2,’ and g3’ to gx’, gy’ 

and gz’ in six possibilities: (gx’, gy’, gz’) = (g1’, g2,’ g3’) or (g1’, g3,’ g2’) 

or (g2’, g1,’ g3’) or (g2’, g3,’ g1’) or (g3’, g1,’ g2’) or (g3’, g2,’ g1’). For 

each assignment, with the known gx’, gy’ and gz’ values, we can 

calculate the g values as a function of λ as shown in Fig. S9†. 

Considering that the g values of Co(II) complexes are in the range 

from 2 to 3,9-57,71-72 only one assignment (gx’, gy’, gz’) = (g2
’, g1

’, g3
’) = 

(2.98, 6.80, 1.66) is realistic (Fig. S9c, ESI†) and the other five 

assignments should not be considered further.  

It have also be demonstrated that the g and λ values are not 

independent but related to each other with a relationship shown in 

equation 3.75-76 

2 ( )

x y

z x y

g g

g g g





 
                     (3) 

Following the approach of Misochko et al,73 we define a function 

f(λ) as shown in equation 4 in order to determine the λ value using 

the graph method.  
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                    (4) 

We can draw a graph of function f(λ), in which the λ value of 

0.274 is found when f(λ) = 0 (Fig. 4). Subsequently gx = 2.567 , gy = 

2.570 and gz = 2.057 can be calculated according to equation 2. 

With these gx, gy, gz and λ values, the 2D resonating field versus 

frequency map and the spectra of 1 (Fig. 3) were simulated using 

spin Hamiltonian with the true spin S = 3/2 shown in equation 1 

assuming D value (+44.43 cm-1) as that determined by magnetic 

data.70 As shown in Fig. 3a, the simulated spectrum agrees well with 

experimental one, confirming that the sign of D value is positive 

rather than negative for 1 since no reasonably simulated spectrum 

could be obtained if the sign of D was assigned as negative.  

 

Fig. 4 Dependences f(λ) plotted for the assignments of (gx
’, gy

’, gz
’)↔(g2

’, g1
’, g3

’), 

yielding λ = 0.274 at y = 0. 

Dynamic magnetic properties 

To investigate the relaxation dynamics, temperature- and 

frequency-dependent alternating-current (ac) susceptibility 

measurements were performed on polycrystalline samples of 1 and 

2. Under zero static magnetic field, there was no out-of-phase 

susceptibility signals. The field dependent measurements were 

performed under various dc fields up to 0.20 T at 1.8 K (Fig. S10, 

ESI†). Significant frequency-dependent out-of-phase signals (χ''M) 

were observed for 1 and 2, suggesting that 1 and 2 are field-induced 

single-ion magnets. The data indicate that the optimum fields to 

reduce the QTM effect are 0.08 and 0.10 T for 1 and 2, respectively. 

Therefore, these optimum fields are used for the further 

temperature- and frequency-dependent ac measurements in the 

temperature range of 1.8−3 K (Fig. 5, S11 and S12, ESI†). The peaks 

of χM’’ signals for 1 and 2 appear at 389 Hz and 559 Hz at 1.8 K, 

respectively. With the increase of temperature, the peaks value of 

χM’’ shift gradually to the high frequency region. 
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Fig. 5 Frequency dependence of the ac susceptibility from 1.8 to 3 K for 1-2. The solid 

lines are for eye guide. 

The Cole−Cole plots (Fig. 6a and S13, ESI†) generated from the 

alternating-current susceptibility data were fit using the generalized 

Debye model77-78 (equation 5) to extract the values and distribution 

of the relaxation times (Table S6, ESI†)  

)1()(1
)(











i

ST
Sac

         (5) 

where χT and χS are the isothermal and the adiabatic susceptibility, 

respectively;  is angular frequency;  is the relaxation time; α 

indicates the deviation from a pure Debye model.77-78 The obtained 
α values for 1 and 2 are in the range of 0.05–0.16 and 0.21–0.26 
(Table S6, ESI†), respectively, which suggest the relatively narrow 
distribution of the relaxation times for 1 and a moderate 
distribution for 2. The plots of ln(τ) versus T−1 were modelled by 
using Raman process with the power law τ-1 = CTn, yielding C = 
31.61(5) s−1 K−7.45, n = 7.45(7) for 1 and C = 29.83(8) s−1 K−8.58, n = 
8.58(8) for 2 (Fig. 6b and S14, ESI†). The simulated data are in good 
agreement with the experimental ones and the values of n (7.45 for 
1 and 8.58 for 2) is approximately equal to 9, suggesting that Raman 
processes are dominating in both 1 and 2. The fittings employing 
the Orbach and/or direct process could not give reasonable results. 
It is important to note that the extracted values from the above fits 
should be carefully considered since there are only few data points 
in a narrow temperature range (1.8 K-2.6 K). However, the above 
observations imply the similarity of magnetic dynamics of 1 and 2.  
 

 

 

Fig. 6 a) Cole−Cole plots for 1 under 0.08 T dc field. The solid lines are the best fits to 

the experiments with the generalized Debye model. b) The plot of ln(τ) versus T−1 for 1. 

The solid red line represents the best fit by the Raman process.  

In order to investigate the influence of dipolar interactions on 

the magnetic relaxation dynamics, magnetically diluted samples in 

the diamagnetic Zn(II) matrix, [Co0.1Zn0.9(12-TMC)Cl][B(C6H5)4] (1’) 

and [Co0.1Zn0.9(12-TMC)Br][B(C6H5)4] (2’) were obtained via co-

preparation starting with a 1:9 stoichiometry of Co(II) and Zn(II) 

salts. The diamagnetic Zn(II) analogs were also prepared and their 

single-crystal X-ray crystallographic data were collected. 

Unfortunately, only poor quality data were obtained, but the atom 

connectivity was definitely determined. The Zn(II) analogs exhibit 

the same crystalline phase with 1 and 2 (Fig. S15-S16, ESI†), which 

permits the facile preparation of the diluted samples. The resulting 

XRD (Fig. S17, ESI†) and ICP data confirmed that the diluted samples 

were successfully synthesized. Alternating-current (ac) susceptibility 

measurements showed that no ac susceptibility signal was observed 

for both complexes 1’ and 2’ under zero static field (Fig. S18, ESI†). 

Dc fields of 0.08 T and 0.10 T were applied during the ac 

measurement for 1’ and 2’, respectively (Fig. S19-S22, ESI†). Upon 

dilution in the diamagnetic Zn(II) matrix, an obvious shift in χM’’ to 

lower frequencies was observed for both 1’ and 2’. Under the same 

applied dc field, the magnetic relaxation of diluted samples was 

relatively slower. To extract the values and distribution of the 

relaxation times, the Cole−Cole plots (Fig. S23, ESI†) were 

constructed by fitting of the χM’’ vs χM’ data with generalized Debye 

model,77-78 affording the α parameters in the range of 0.86×10-14-

0.08 for 1’ and 0.002-0.07 for 2’ (Table S7, ESI†). The relaxation 

times derived from the Cole−Cole plots were analyzed by using 

Raman mechanism for 1’ and 2’ (Fig. S24, ESI†). The fittings gave 

the following parameters of C = 4.84(8) s-1 K-8.73, n = 8.73(7) for 1’ 

and C = 5.81(7) s-1 K-8.39, n = 8.39(7) for 2’. Compared with 1 and 2, 
the relaxation times of diluted samples are obviously slower (Fig. 

S25, ESI†). The ac susceptibilities in diluted samples confirm that 

the slow magnetic relaxation originates from the individual 

complexes 1 and 2. 

 

 Theoretical calculations 

Ab initio multireference calculations were performed on 1 and 2 by 

CASPT2 with MOLCAS 8.479 and NEVPT2 with ORCA 4.2.80 The 

calculations by CASPT2 have been performed for 3 and reported 

earlier.57 Complex 3 has been further studied by NEVPT2 with ORCA 

4.2, which are provided here for comparison. Calculation details are 

given in ESI†.   

The energies of the low-lying spin-free states and spin-orbit 

states were calculated for 1-3, which are listed in Tables S8 and S9†. 

The energy gap between the two lowest spin-free states are larger 

than those between the lowest two spin-orbit states. Even though 

the compositions of the ground and first spin-orbit states of 1–3 are 

not formed from just the ground spin-free state, but the ground 

spin-state makes a major contribution with a percentage larger 

than 65% (Table S9, ESI†). In such cases, the effective spin-

Hamiltonian with ZFS parameters D and E can be approximately 

used to depict their magnetic anisotropies.81-82 The ZFS parameters 

can be reasonably estimated. The calculated D, E (cm–1) and g (gx, gy, 

gz) tensors for 1–3 respectively, are listed in Table 3. The calculated 

positive D values (57.5, 56.1, 61.1 and 58.4 cm-1 for 1a, 1b, 2a, and 

2b by CASPT2 method and 52.6, 52.0, 53.8 and 51.4 cm-1 for 1a, 1b, 

2a and 2b by NEVPT2 calculations) show that 1 and 2 are easy-plane 

magnetic systems, while 3 is easy axial with a negative D value (-

79.7 cm-1 by CASPT2 and -67.7 cm-1 by NEVPT2). These calculated 

results support the nature of magnetic anisotropies of 1-3 revealed 
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by magnetic and HF-EPR studies. With these computed parameters 

the χMT versus T plots of 1–3 were calculated as shown in Fig. S27†, 

which are in good agreement with the experimental ones. 

Table 3. Calculated ZFS parameters D, E (cm–1) and g (gx, gy, gz) tensors of 1-3 using 

CASPT2 and NEVPT2 with MOLCAS 8.4 and ORCA 4.2, respectively. 

 CASPT2 

Dcal Ecal gx gy gz 

1a 57.5 -7.9 3.086 2.943 1.829 

1b 56.1 -5.8 2.968 2.859 1.915 

2a 61.1 -16.6 3.231 2.942 1.782 

2b 58.4 -4.9 2.991 2.891 1.922 

3 -79.7 8.8 1.933 2.439 3.173 

 
NEVPT2 

Dcal Ecal gx gy gz 

1a 52.6 12.3 2.990 2.771 1.959 

1b 52.0 5.8 2.920 2.818 1.970 

2a 53.8 9.8 2.960 2.760 1.967 

2b 51.4 4.1 2.873 2.798 1.986 

3 -67.7 4.5 1.956 2.514 3.094 

 

To deeply analyze their magnetic anisotropies, we have 

obtained the principal contributions of the excited states (with 

relative energy, cm-1) to D values for 1-3 using NEVPT2 with ORCA 

4.2, which are listed in Table S10†. The origin of positive D values of 

1 and 2 come mainly from the first and second quartet excited 

states while the negative sign of 3 is mainly determined by the first 

and third quartet excited states.  

In order to get further insight into the electronic structures 

caused by the different axial ligands in 1-3, the relative energy 

order (cm-1) of ligand field d-orbitals splitting for complexes 1-3 

have been extracted according to AI-LFT (AILFT) analysis using 

NEVPT2 implemented in ORCA 4.2. (Table S11, ESI†).83-84 The d-

orbital diagram for the ground state of 1-3 are shown in Fig. S28†. It 

is found that the ground states of 1-3 are multideterminant, which 

suggests the strong spin-orbit coupling in 1-3. In both 1 and 2, the 

singly occupied dx
2

-y
2 state exhibits the strongest destabilization 

from the ligand field while dxy is the most stable. Further, the other 

one doubly occupied and two singly occupied states are very close 

in energy and act as linear combination of dxz, dyz and dz
2 AOs, 

which might be the cause for the multideterminant character for 

the ground states of 1-2. In contrast with 1 and 2, the most 

destabilized state is dominated by dz
2

 and the dyz is lowest in energy. 

The differences between 1 or 2 and 3 is caused by the nature of 

axial ligands (weak Cl- or Br- in 1 and 2 vs strong NCO- in 3). This 

suggests that the various axial ligand would give the different 

ground and excited states, which give the different nature of 

magnetic anisotropies for this series of five-coordinate Co(II) 

complexes. The calculated orientations of the gx, gy and gz in the 

ground spin-orbit states on CoII ions of complexes 1–3 (Fig. S29†) 

are different. In 1 and 2, the gz orientation (hard axis) lies along the 

Co-Xaxial bond while the gz orientation (easy axis) is nearly 

perpendicular to the Co-Naxial bond in 3. 

As reported earlier, we introduced the more rigid 12-mebered 

tetraazomacrocyclic ligand 12-TMC to construct the CH3CN-

coordinated complexes [(12-TMC)Co(CH3CN)]2+, with a ground spin 

state with S = 1/2, which exhibits field-induced SIM behavior at low 

temperature.56 Then a high-spin complex [Co(12-

TMC)(NCO)][B(C6H5)4] (3) with NCO- as the axial ligand was found to 

exhibit an easy-axial magnetic anisotropy.57 In the present work, 

with further changing the axial ligand to halide such as Cl- and Br-, 

positive anisotropy was found for 1 and 2. Since the tetragonal-

pyramidal configuration of these four complexes with 12-TMC are 

stable with similarly small τ5 values, they allow us to examine the 

influence of the axial ligand on the magnetic anisotropy in the 

tetragonal-pyramid complexes. Our comparative studies could lead 

to the following important conclusion: the employment of the weak 

halide ligand would give the easy-plane magnetic anisotropy in 

contrast with strong negative anisotropy induced by a strong axial 

NCO- ligand. 

Conclusions 

In summary, we synthesized two five-coordinate mononuclear 

Co(II) complexes 1 and 2 utilizing a rigid tetradentate 

macrocyclic ligand 12-TMC and investigated the magnetic 

anisotropy and slow magnetic dynamics. The X-ray single-

crystal diffraction analyses show similar square pyramidal 

configuration in 1 and 2. Their positive magnetic anisotropies 

have been revealed by magnetometry, HF-EPR and theoretical 

calculations. The ac susceptibility studies demonstrate that 1 

and 2 exhibit slow magnetic relaxation behavior under the 

applied dc fields. Compared with the reported easy-axial 

magnetic anisotropy for the analogue complex 3 with a strong 

terminal ligand NCO-, the positive anisotropy in 1 and 2 could 

be due to the terminal weak ligands. These studies clearly 

show that the variation of terminal ligand is an effective 

approach to fine-tine the magnetic properties of in the square 

pyramidal Co(II) complexes. 
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