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Wang,b Z. W. Ouyang,b You Song,a and Zi-Ling Xued  

Abstract: Two mononuclear seven-coordinate cobalt(II) complexes [Co(L)3(NO3)2]  

(L = 4-tert-butylpyridine, 1; L = isoquinoline, 2) were prepared and structurally 

analyzed by single-crystal X-ray crystallography. The coordination spheres of 1 and 2 

exhibit the distorted pentagonal bipyramid geometry. Analysis of their direct-current 

magnetic data reveals the existence of easy plane anisotropy (D > 0) with small 

transverse anisotropy (E), which was further confirmed by high-field electron 

paramagnetic resonance (HFEPR) spectroscopy. Field-induced slow magnetic 

relaxations were observed under the applied dc field in complexes 1 and 2 by 

alternating-current magnetic susceptibility measurements. Importantly, these 

complexes constitute new instances of mononuclear high-coordinate cobalt(II)-based 

single-molecule magnets.  
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Introduction 

In the past two decades, single-molecule magnets (SMMs), which are based on the 

intrinsic properties of individual molecules rather than the interactions between 

molecules, have invoked much research interest, providing excellent model systems 

for understanding the quantum effects and offering unprecedented potential 

applications in high-density spin-based information storage and processing, quantum 

computation, and spintronics.1 Studies of the SMM behavior have been focused on 

transition metal clusters2 and those containing lanthanide ions.3 More recently, the 

research effort was turned to the smaller molecules like mononuclear Ln(III)4 and 

transition metal complexes,5-10 which have been called as single-ion magnets (SIMs). 

The local magnetic anisotropy and the resulting SIM properties may be fine-tuned by 

variation of the ligand field. It is believed that the low coordination environment for 

first-row transition metal complexes form a relatively weak ligand field resulting in 

the d orbital energy splitting with a small separation between the electronic ground 

state and the excited states, thus maximizing the spin-orbit coupling to enhance the 

magnetic anisotropy.11,12 Indeed, the two-coordinate Fe(I) complex 

[K(crypt-222)][Fe(C(SiMe3)3)2] showed the largest yet effective spin-reversal barrier 

of Ueff  = 226(4) cm-1 for SMMs based on pure transition metal.7a So far Co(II)-based 

SIMs are the most extensively studied family among the transition metal ion SIMs 

with which coordination number ranging from two to six and a variety of coordination 

geometries including trigonal-planar, tetrahedral, square-pyramidal, triangular prism 

and octahedral polyhedron with different distortions.5-6 Recently we reasoned that the 
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high coordination geometry may also lead to a small energy separation between the 

electronic spin ground state and low-lying excited state if the donor atoms provide a 

weak coordination field. We have reported the first eight-coordinate Co(II)-containing 

SIM exhibiting field-induced slow relaxation of magnetization, in which Co(II) ion is 

sandwiched by two12-crown-4 ligands, generating the large and negative magnetic 

anisotropy with the zero-field splitting parameter D value of -37.6 cm-1.6o Huang et al 

revealed the slow magnetic relaxation in three mononuclear seven-coordinate Co(II) 

complexes with pentagonal bipyramid geometry supported by pentadentate ligand5j. 

Due to the limited number of the high-coordinate Co(II)-based SIMs compared to a 

great number of low-coordination analogues, the dynamic magnetic properties of 

mononuclear Co(II) complexes with the high-coordination number (seven or eight) 

are worthy of further exploration in search for new SIMs and investigation of the 

relationship between the magnetic anisotropy and ligand field.   

As part of our research into the high-coordinated transition metal ion SIMs and 

their dynamic magnetic properties, herein we report structural characterization and the 

magnetic properties of two seven-coordinate mononuclear cobalt(II) complexes 

[Co(L)3(NO3)2] (L = 4-tert-butylpyridine, 1; L = isoquinoline, 2). Both complexes 

display field-induced slow magnetic relaxation behavior with the zero-field splitting 

parameter D > 0. It is noted that the coordination spheres of our compounds exhibits 

more serious distortion of pentagonal bipyramid geometries due to the occurrence of a 

unsymmetrical binding NO3
- group compared with the reported seven-coordinate 

Co(II)-SIMs.5j 
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Experimental Section 

General considerations 

All manipulations were carried out using standard Schlenk techniques under 

nitrogen atmosphere. Solvents were dried over molecular sieves and distilled under 

nitrogen. Unless otherwise stated, all chemicals were purchased from commercial 

sources and used without further purification. Elemental analyses were performed on 

an Elementar Vario ELIII elemental analyzer. The powder XRD patterns were 

recorded at room temperature on a BRUKER D8 ADVANCE X-ray diffractometer. 

Inductively coupled plasma-optical emission spectrometry (ICP OES-Optima 5300DV, 

Perkinelmer Inc., Waltham, MA, USA) was employed to confirm the ratio of Zn:Co in 

the diluted sample.  

Synthesis of [Co(L)3(NO3)2] (L = 4-tert-butylpyridine, 1) 

To a solution of CoCl2 (1.0 mmol, 0.13 g) in 10.0 mL acetonitrile was added a 

solution of AgNO3 (2.0 mmol, 0.34 g) in 10 mL acetonitrile. The mixture was stirred 

until the reaction was complete, then the insoluble silver chloride was removed by 

filtration. 4-Tert-butylpyridine (3.4 mmol, 0.5 mL) was slowly added to the filtrate, 

and the solution was allowed to stand overnight. The red brown block crystals were 

isolated in 85% yield based on Co content. Elemental analysis (%) calcd. for 

CoC27N5O6H39 (MW 588.6): C, 55.10; H, 6.68; N, 11.90. Found: C, 55.20; H, 6.68; 

N,11.69. 
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Synthesis of [Co(L)3(NO3)2] (L = isoquinoline, 2) 

Compound 2 was prepared by the same procedure as compound 1, but with 

isoquinoline (3.4 mmol, 0.4 mL) used instead of 4-tert-butylpyridine (3.4 mmol, 0.5 

mL). The deep red brown block crystals were isolated in 80% yield based on Co 

content. Elemental analysis (%) calcd. for CoC27N5O6H21 (MW 570.4): C, 56.85; H, 

3.71; N, 12.28. Found: C, 56.55; H, 3.84; N, 11.91. 

Synthesis of [Co0.1Zn0.9(L)3(NO3)2] (L = 4-tert-butylpyridine, Zn-1) 

The diluted sample Zn-1 was prepared by the same procedure as compound 1, but 

with the mixture of CoCl2 (0.1 mmol, 0.013 g) and ZnCl2 (0.9 mmol, 0.123 g) used 

instead of CoCl2 (1.0 mmol, 0.13 g). The red microcrystal was isolated in 76% yield 

based on Co content. Successful dilution was confirmed by XRD and ICP OES data. 

X-ray Structure Determination  

X-ray diffraction data for 1 and 2 were collected using a Bruker APEX DUO 

diffractometer with a CCD area detector (Mo Ka radiation, λ= 0.71073 Å) at room 

temperature.13 The APEXII program was used for collecting frames of data, 

determining lattice parameters. Data were integrated through the SAINT. Absorption 

corrections were applied using SADABS.14 The structures were solved using 

SHELXS-97 and subsequently completed by Fourier recycling using SHELXL 97 

program.15 The Co atoms were firstly determined, and O, N and C atoms were 

subsequently identified by the difference Fourier maps. All non-hydrogen atoms were 
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 6 

refined by anisotropic displacement parameters. Hydrogen atoms on organic ligands 

were set in the calculated positions and generated by the riding model. 

Crystallographic data, data collection, and refinement parameters for 1 and 2 are listed 

in Table S1 in the ESI. 

Magnetic measurements 

Magnetic susceptibility measurements were recorded with a Quantum Design 

SQUID VSM magnetometer. Direct current susceptibility data were collected 

between 1.8 and 300 K using an applied field of 1.0 kOe. Magnetization 

measurements were performed from 1.8 to 5 K at fields up to 7.0 T. The temperature 

and frequency-dependent alternative-current susceptibility data were collected using 

an oscillating ac field of 2.0 Oe at ac frequencies ranging from 1 to 1000 Hz. The 

magnetic susceptibilities data were corrected for the sample holder, as well as for 

diamagnetism of the constituent atoms (estimated using Pascal’s constants). HFEPR 

measurements were performed on a locally developed spectrometer at Wuhan 

National High Magnetic Field Center, using a pulsed magnetic field of up to 30 T.16 

The X-band (f = 9.36 GHz) low-field electron spin resonance (ESR) measurements 

were carried out at High Magnetic Field Laboratory of the Chinese Academy of 

Sciences, using a Bruker EMX plus 10/12 CW-spectrometer, equipped with a 

continuous He gas-flow cryostat to cover the temperature range 1.8–300 K. 

Results and discussion 

The molecular structures of 1 and 2 were characterized by the single-crystal X-ray 
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diffraction analyses, which are presented in Figure 1. The selected bond distances and 

angles around the cobalt (II) ion are listed in Table 1. As shown in Figure 1, 

complexes 1 and 2 possess the pentagonal bipyramid geometry. In 1, the central 

cobalt atom is coordinated by three 4-tert-butylpyridine and two bidentate NO3
- 

groups. The axial sites are occupied by two nitrogen atoms of 4-tert-butylpyridine, 

while the equatorial plane is formed by four oxygen atoms (O1, O2, O4, O5) from the 

two bidentate NO3
- groups and one nitrogen atom (N1) from 4-tert-butylpyridine. One 

of the NO3
- groups binds in unsymmetrical bidentate mode17 resulting in a shorter 

Co–O distance (Co–O(1)) of 2.138(4)Å and a longer one (Co–O(2)) of 2.509(6) Å. 

However, the other NO3
- group coordinated to Co(II) ion in a more symmetrical 

fashion with the small discrepancy between Co–O distances of about 0.1 Å. The 

distances of Co–N(1), Co–N(2) and Co–N(3) bonds are 2.145(4), 2.163(4) and 

2.170(4) Å, respectively. The equatorial O–Co–O angle in the interior of NO3
- groups 

[56.32(16)o and 52.70(16)o] are significantly smaller than the other three equatorial 

bond angles N(1)–Co–O(1) [87.93(16)o], N(1)–Co–O(4) [85.92(17)o] and 

O(2)–Co–O(5) [77.2(2)o]. All of them deviate seriously from the angle for an ideal 

pentagonal bipyramid (72o). The axial N–Co–N bond angle (171.89(16)o) is also close 

to linearity for an ideal pentagonal bipyramid. The structural feature of 2 is similar to 

that of 1, as depicted in Figure 1 with the structural parameters listed in Table 1. We 

have also performed the continuous shape measurement (CShM) analysis by SHAPE 

2.1 program.18 The values of 1.410 and 1.542 obtained for 1 and 2 relative to the ideal 

pentagonal bipyramid, respectively, support the small distorted deviations. The 
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shortest intermolecular Co–Co distances for complexes 1 and 2 are 6.722 and 6.898 Å, 

respectively. 

 

Figure 1. Structures of complexes 1 and 2. H atoms are omitted for clarity. 

 

Page 8 of 32Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t



 9 

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

 1 2 

Co(1)-O(1) 2.138(4) 2.169(2) 

Co(1)-O(2) 2.509(6) 2.400(3) 

Co(1)-O(4) 2.183(4) 2.205(2) 

Co(1)-O(5) 2.284(4) 2.232(2) 

Co(1)-N(1) 2.145(4) 2.148(2) 

Co(1)-N(2)   2.163(4) 2.141(2) 

Co(1)-N(3) 2.170(4) 2.154(2) 

   

N(1)-Co(1)-O(1)   85.92(17) 84.74(9) 

N(1)-Co(1)-O(4) 87.93(16) 89.72(8) 

O(4)-Co(1)-O(5)   56.32(16) 57.46(8) 

O(1)-Co(1)-O(2) 52.70(19) 53.78(8) 

O(2)-Co(1)-O(5) 77.2(2) 74.77(8) 

N(2)-Co(1)-N(3) 171.89(16) 172.64(8) 
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 10 

 

Figure 2. Variable-temperature dc susceptibility data of polycrystalline samples of 1 

and 2. Solid red lines indicate the best fits with the PHI program.19 

  Direct-current (dc) magnetic susceptibilities were measured for 1 and 2 in the 

temperature range 1.8–300 K. The two complexes show similar magnetic behavior 

(Figure 2). At 300 K, the χMT values are 2.80 and 2.72 cm3 K mol-1 for 1 and 2, 

respectively, which are larger than the expected spin-only value of 1.875 cm3 K mol-1 

for mononuclear cobalt(II) ion (S = 3/2, g = 2.0). Upon cooling, the χMT products for 1 

Page 10 of 32Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t



 11 

and 2 gradually decrease to about 50 K, after which they rapidly decrease to the 

minimum values of 1.57 and 1.66 at cm3 K mol-1 at 1.8 K, respectively. The downturn 

below 50 K is attributed to the effect of magnetic anisotropy of the cobalt(II) ion 

rather than intermolecular interactions due to the long distances between the Co(II) 

ions. The magnetizations were measured from 0 to 7 T at different temperatures, as 

shown in Figure 3. With the magnetic field increases, the magnetizations continuously 

rise to reach 2.22 and 2.30 Nβ at 7 kOe for 1 and 2, respectively. The high-field 

non-saturation and the non-superposition of M versus H/T curves (Figure 3) suggest 

the presence of significant magnetic anisotropies in 1 and 2. 

  In order to get the insight into the magnetic anisotropy, the trustworthy ZFS 

parameters were obtained by simultaneously fitting the χMT versus T and the M versus 

H/T curves using the PHI program,19 that diagonalizes an anisotropic spin 

Hamiltonian. The parameters of D, E, and g were selected to correlate the data. In the 

fit process, it was found that the fitting results were insensitive to the initial values of 

the parameters E and g, while the sign of the initial D value is crucial to the final 

fitting result. Only when the sign of the initial parameter D was assigned to be 

positive, the reasonable results were obtained. The best fit values were summarized in 

Table 2, which reveals the anisotropic g parameters, large and positive D values and 

small E values for 1 and 2. Similar large and positive D values from +25 to +33 cm-1 

have been reported for the seven-coordinate Co(II) complexes with pentagonal 

bipyramid geometry, in which a pentadentate ligand is located in the equatorial 

positions.5j,20 
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Table 2. The fitting results of the magnetization data by the PHI program19 for 

complexes 1 and 2. 

 gx,y gz D(cm-1) |E|(cm-1) Residual 

1 2.26 2.78 35.8 0.21 0.000063 

2 2.43 2.35 35.7 0.02 0.000029 
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Figure 3. Variable-temperature, variable-field dc magnetization data collected on 

pure polycrystalline samples of 1 (top) and 2 (bottom). Fields of 1 to 7 T were used 

from 1.8 to 5 K. Solid lines indicate the best fits with the PHI program.19
 

The polycrystalline X-band EPR at 4.2 K present rhombic symmetry (geff = [5.20, 

4.00, 2.05] for 1 and geff = [6.30, 4.08, 2.48] for 2). The patterns of the geff  values are 

characteristic of an orbitally non-degenerate ground state with a large positive D value 

(Figures S1 and S2).[21,5c,5d] HFEPR spectra were also recorded on the polycrystalline 

samples of 1 and 2 at the frequency up to 235 GHz in order to further probe their 

magnetic anisotropies. As the magnitude of D values (35.8 and 35.7 cm-1 for 1 and 2) 

are out of the frequency range in our measurements (235 GHz ~ 8 cm-1), no any 

transitions between Kramers doublets MS = ± 1/2 and MS = ± 3/2 were observed 

(Figure 4). Both HFEPR spectra of 1 and 2 contain three signals, typical for a spin 3/2 

system with large and positive D values.5a,5b,5d,5i,20d,22 All signals were from the 

intra-Kramers transitions within the lowest doublet MS = ± 1/2 with ∆MS = ± 1, which 

was confirmed by the field versus frequency dependence of the observed turning 

points (Figure 5).   

HFEPR spectra of 1 and 2 could be well simulated with the estimated D values 

from SQUID measurements, as shown in Figures 4 and 5. D values are confirmed to 

be positive. For 1, the simulation was done using D value obtained by magnetization 

measurements (+35.8 cm-1), while adjusting the zero-field splitting parameter E and 

intrinsic g values, which gave an axial g-tensor [gx = gy = 2.21(1), gz = 1.98(1)] and 
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|E| = 0.07(1) cm-1 (|E/D| ~ 0.002). Similar simulation was also performed on the 

HFEPR spectrum of 2. The parameters D = 35.7 cm-1 (SQUID), |E| = 1.81(1) cm-1 

(|E/D| ~ 0.051), gx = gy = 2.21(1), and gz = 2.00(1) were obtained. If the sign of the D 

values are set to be negative, no reasonably simulated spectrum could be obtained 

(Figure 4). It should be noted that no transitions between Kramers doulets MS = ± 1/2 

and MS = ± 3/2 were observed due to the large D values and the limitation of the 

technique, as shown in several mononuclear Co(II) complexes.5a,5b,5d,5i,20d,22 The 

derived Hamiltonian parameters are not very precise, however, the positive sign of D 

value has been unambiguously determined, which further demonstrates the easy plane 

magnetic anisotropies of 1 and 2.    
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Figure 4. Top: HFEPR spectrum of 1 at 4.2 K (red) and its simulations (blue trace: 

positive D; green trace: negative D) at 120 GHz. Bottom: HFEPR spectrum of 2 at 4.2 

K (red) and its simulations (blue trace: positive D; green trace: negative D ) at 120 

GHz.23  
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Figure 5. Resonance field vs microwave frequency (quantum energy) for EPR 

transitions for 1 (top) and 2 (bottom). Simulations were conducted the Hamiltonian 

parameters used in Figure 4.23 Solid lines show the (x, y, z) transitions as labeled. The 

vertical dashed lines represent the frequency (120 GHz) used in Figure 4 at which the 

spectra were recorded or simulated. 

To investigate single molecular magnetism in 1 and 2, alternative-current (ac) 
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susceptibility measurements were carried out at 1.8 K under different external dc 

fields of 0 – 2000 Oe (Figures S3 and S4). Within the frequency range 1-1000 Hz, no 

out-of phase ac susceptibilities (χM’’) signals were found for both complexes under 

zero applied dc field. This is primarily due to the occurrence of the quantum tunneling 

of the magnetization (QTM) through the spin-reversal barrier, as usually observed for 

many mononuclear SMMs based on cobalt(II) ion.5, 6e-6p For non-integer spin systems, 

such as the high-spin cobalt(II) ion with S = 3/2, the transverse anisotropy (E) would 

not promote tunneling through mixing of the ground ±mS levels.24 Therefore, the 

origin of QTM in 1 and 2 could be attributed to the hyperfine and dipolar interactions 

rather than the transverse anisotropy (E).25 As depicted in Figures S3 and S4, when a 

small static dc field was applied, the nonzero χM’’ signals appeared. The χM’’ signal 

intensifies with the increase of the applied dc field. At the applied dc field above 1000 

Oe for 1 and 1200 Oe for 2, the maximum begins to move to the high frequency. 

Therefore, the optimum dc fields of 1000 Oe and 1200 Oe were determined for 1 and 

2, which were used as the applied dc fields to probe the temperature and frequency of 

the ac susceptibility (Figures 6 and S5-S6). The frequency dependent χM’’ peaks were 

observed for 1 at the temperature from 1.8 to 4.6 K with the frequency range 1-1000 

Hz while only one maximum was observed for 2. Obviously the magnetic relaxation 

is slower in 1 than in 2 in spite of the similar zero field splitting D values. 
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Figure 6. Frequency dependence of the out-of-phase ac magnetic susceptibility from 

1 to 1000 Hz under applied dc field of 1.0 KOe for 1 (top) and 1.2 KOe for 2 (bottom). 

The solid lines are for eye guide.  

For 1, the Cole-Cole plots at different temperature gave semicircular shape, 
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which were fit using the generalized Debye model26 (Figure S7). The fitting values of 

χT (isothermal susceptibility), χS (adiabatic susceptibility), τ (relaxation time) and α (α 

determines the width of the distribution of relaxation times) are summarized in Table 

S2 in the ESI. The parameters α is in the range of 0.03–0.27 and found to increase 

with the decrease of the temperature, which suggests that a small distributions of 

relaxation times. The relaxation times τ extracted from using the χM’’ peaks from the 

frequency-dependent data in the temperature from 1.8 to 4.6 K were used to construct 

the Arrhenius plot shown in Figure S8. A fit to the linear relationship affords an 

effective energy barrier of Ueff = 17.7 cm-1 with τo = 7.68×10-7 s-1. In the case of 2, 

there is only one maximum observed in the frequency-dependence out-of-phase ac 

magnetic susceptibility signals, as depicted in the bottom of Figure 6. Hence the 

relaxation times were extracted from the isothermal χM'' versus frequency plots using 

a classical scaling method7i,27 (Figure S9). The obtained relaxation time vs. 1/T plot is 

displayed in Figure S10, which give a value of Ueff = 11.0 cm-1 (τo = 7.01×10-7) by 

fitting ln(τ) versus 1/T in the high-temperature regime. It should be noted that such an 

estimation of effective energy barrier is based on the frequently made assumption of a 

thermally assisted Orbach process28 and a temperature-independent QTM as dominant 

relaxation processes. In fact, it has been demonstrated in some cases that the Orbach 

mechanism is not necessarily the dominant process at least in the investigated 

temperature range.5d,5e,7k,29-31 

The sizes of effective energy barrier of Ueff = 17.7 cm-1
 for 1 and Ueff = 11.0 cm-1

 

for 2 are not comparable with the 2D values expected for an Orbach process. Such a 
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thermal-assisted process was suggested by Long et al5a as the dominant relaxation 

process in the first tetrahedral Co(II)-SIM with the easy plane anisotropy. In the 

suggested process, the direct relaxation between the ground MS = ±1/2 levels in 

tetrahedral cobalt(II) complex with easy-plane anisotropy (D > 0) is slowed due to the 

phonon bottleneck, generating the Orbach process through the excited MS = ±3/2 

levels, with the observed barrier consistent with the 2D values.5a In some other 

cobalt(II)-SIMs5b-5c, the transverse anisotropy (E) instead of the axis anisotropy (D) 

was suggested as the possible source facilitating the occurrence of slow magnetic 

relaxation behavior. In this sense, a possible axis within the xy plane would be 

constructed by the transverse anisotropy. The energy of the transverse barrier for 

rotation of the magnetic moment in the xy plane could be )4/1( 2 −=∆ SEU for a 

half-integral spin. However, the values of Ueff (17.7 cm-1 and 11.0 cm-1) obtained 

experimentally from ac susceptibility measurements are significantly larger than the 

expected energy barrier )4/1( 2 −SE associated with the in-plane anisotropy. This 

inconsistency suggests this interpretation based on the transverse anisotropy is 

incompatible with the system of 1 and 2, and was also rejected in other reports.5d-5e   

The curvature found in the Arrhenius plots of 1 and 2 implies a non-negligible 

direct and/or Raman processes in determining the relaxation rate. Therefore a model 

including three possible relaxation processes. i.e. direct, Raman and Orbach 

mechanisms32 were employed to analyze the contribution to the relaxation in 1 by 

using equation (1): 
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)/exp(1
0

1 kTUCTAT eff

n
−++=

−− ττ                     (1) 

where the terms in equation (1) represent the contributions of direct, Raman or 

Raman-like and Orbach mechanisms. For the second term, n = 7 expected for the 

Raman process in non-Kramers ion and n = 9 for Kramers ion while n = 1-6 can occur 

for optical acoustic Raman-like process.32-33 The best fits were obtained and 

summarized in Table 3. As depicted in Figure S11, the fit reproduce the experimental 

data very well. For 1, it is concluded that the contributions of Orbach and direct 

processes are very small compared with the Raman process. Furthermore, if the two 

contributions of the Orbach and direct processes are neglected, the relaxation time 

data can be modeled by a power law τ-1
 = CT

n with the resulting value C = 17.8 K-3 

and n = 3.5 (Figure 7). These fits suggest that the optical acoustic Raman-like 

mechanism (n = 3.5) is the dominant process in the magnetic relaxation of 1. In the 

case of 2, the region at low temperature (1.8 – 2.8 K) is dominated by a direct process, 

whereas the relaxation process at high temperature (2.8 – 5 K) mainly attribute to the 

optical acoustic Raman-like mechanism (Figure S12). Such Raman or Raman-like 

mechanism has been demonstrated to occur in the dynamic magnetic relaxation of 

some SIMs with the easy plane anisotropy including six-coordinate Co(II) SIM 

[Co(acac)2(H2O)2] (n = 9),5e Y-Co(II) SIM (n =4.5),5d and two-coordinate Fe(I) SIM 

(n = 8.14).7k  
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Figure 7. Temperature dependence of the magnetization relaxation rates of 1. The 

solid red lines represent only the Raman process was employed to fit. 

Table 3. Summary of the parameters of direct, Raman, and Orbach relaxation for 1 

and 2. 

 Hdc (KOe) n A (K-1 s-1) C (K-4 s-1) τo (s
-1) Ueff (cm-1) 

1 

1.0 4.1 60.2 6.5 7.5×10-10 41.7 

0.5 2.8 0.0575 58.9 3.7 × 10-9 36.8 

2 

1.2 3.6 2071.0 126.8 8.5×10-8 24.5 

0.5 3.5 315.2 508.0 9.1×10-8 20.2 

Zn-1 1.0 8.17 1.88 0.00138 1.8×10-14 95.0 

Additional ac susceptibility measurements under an applied dc field of 500 Oe 
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were also performed in the temperature range of 1.8-10 K for 1 and 2. The 

temperature- and frequency- dependence of the ac susceptibility are depicted in 

Figure S13 and S14. Similar with the dynamic magnetic behaviors observed under the 

applied dc fields of 1.0 KOe (1.2 KOe), several maximums of χM’’ signals at the 

temperature from 1.8 to 4.2 K for 1 and only one peak for 2 were observed in the 

frequency range 1-1000 Hz. Similar treatments were used to extract the relaxation 

rates occurring in 1 and 2, which were analysized using equation (1) involving the 

three possible relaxation processes. i.e. direct, Raman and Orbach mechanisms32 (see 

Figures S15-S17). These analyses revealed that the optical acoustic Raman-like 

mechanism is dominant in 1 and 2 over the studied temperature range with the applied 

dc field of 500 Oe (Figures S15 and S17) 

In order to investigate the effect of intermolecular interactions in the magnetic 

relaxation of 1, a magnetically dilute sample [Co0.1Zn0.9(L)3(NO3)2] (L = 

4-tert-butylpyridine, Zn-1) was prepared by co-crystallization. The dc field of 1000 

Oe was applied during the ac measurement for Zn-1. The Arrhenius plot derived from 

the peaks of out-of-phase χM’’ from the frequency-dependent data for Zn-1 (Figure 

S18) was analyzed by using eqn (1), yielding the parameters given in Table 3. 

Comparison between Figures S11 and S19 and the parameters in Table 3 could give us 

two conclusions: (a) The contributions of Orbach and direct processes are not 

significant in both cases. The dominant pathway is Raman or Raman-like process. (b) 

The difference between the diluted and undiluted samples is the n value. The derived 

n value is 8.17 for sample Zn-1 while n = 4.1 for 1. This suggests that after the 
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dilution, the main process become Raman process in contrast with the optical acoustic 

Raman-like process in 1.   

In summary, we have reported the syntheses, structures, and magnetic properties 

of two seven-coordinate cobalt(II) complexes with easy plane anisotropy. The 

magnetization data reveal the large and positive values of the zero-field splitting 

parameters (D) and very small value of the transverse anisotropy (E), which were 

confirmed by HFEPR data. Both complexes show the slow magnetic relaxation 

behavior in the presence of an applied dc field. The dominant Raman-like process is 

applied to explain the dynamic magnetic behaviors of 1. For 2, the relaxation at high 

temperature region can occur via Raman-like process while a direct process become 

the dominant mechanism at lower temperature range.  
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Slow magnetic relaxation in mononuclear seven-coordinate 

cobalt(II) complexes with easy plane anisotropy 
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Two mononuclear pentagonal bipyramid cobalt(II) complexes with the positive 

zero-field splitting D values are demonstrated to exhibit field-induced slow relaxation 

behaviour. 
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