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ABSTRACT: Three mononuclear octahedral Co(II) complexes are reported,
[Co(py)4(SCN)2] (1), [Co(py)4(Cl)2]·H2O (2), and [Co(py)4(Br)2] (3), that
exhibit different distortions with compression (1) or elongation (2 and 3) of the
axial positions. Easy plane magnetic anisotropy was confirmed by magnetic, HF-
EPR, and computational studies for all complexes. Further analyses indicate that
both the sign and magnitude of zero-field splitting parameters experience a
significant change (D ≥ ±150 cm−1) by tuning of the axial and equatorial ligand
field strength. Slow magnetic relaxation is observed for all compounds which is
dominated by the Raman process involving both acoustic and optical phonons.

■ INTRODUCTION

Single-molecule magnets (SMMs)1 are being investigated by
chemists and physicists owing to their potential applications
associated with data storage,2 quantum computing,3 and
molecular spintronics.4 In the pursuit of high-performance
SMMs, a critical issue is to understand magnetostructural
correlations. In this vein, the simplest models are mononuclear
SMMs with significant anisotropy, often referred to as single-
ion magnets (SIMs),5 which are ideal prototypes for gaining
insight into paramagnetic relaxation phenomena compared to
more complicated large spin ground-state polynuclear
compounds.6,7

A key underpinning of research on the topic of mononuclear
SMMs is the opportunity to maximize uniaxial magnetic
anisotropy arising from the crystal field for both the f- and d-
block elements with the spin−orbit coupling (SOC) being
much stronger for the rare earth elements.8 Crystal-field theory
underscores the importance of the local coordination environ-
ment and ligand-field strength on the electronic structures of
metal ions, as found for a number of lanthanide SMMs in
recent years.9 As for 3d analogues, first order orbital angular
momentum is typically quenched or diminished due to the low
symmetry ligand-field environment with the magnetic
anisotropy often arising from mixing of the electronic ground
and excited states which is of the second order type.5d−f

Clearly strict regulation of ligand geometry is important for
preserving first-order SOC in order to achieve high magnetic
anisotropy for mononuclear 3d SMMs.
The exquisite sensitivity of magnetic anisotropy to changes

in coordination environment is one of the main challenges for

synthetic chemists in the design of high performance SMMs.10

Representatives of 3d SMMs with a high degree of magnetic
anisotropy arising from first SOC are found in low-coordinate
metal complexes, which exhibit high effective energy barriers
comparable to the lanthanide SMMs under zero dc fields.11

This situation notwithstanding, theoretical predictions support
the contention that higher-coordinate mononuclear 3d metal
complexes are also capable of exhibiting appreciable magnetic
anisotropy from enhanced second order SOC;12 these
examples include six-coordinate Co(II) complexes.13 Both
easy-axis and easy-plane types of magnetic anisotropy have
been reported for Co(II) complexes with distorted octahedron
geometries although most of them fall into the latter category.
These literature reports reveal that the sign of the zero-field
splitting (zfs) parameter is related to the coordination
geometry of Co(II) ions, the ligand field, and even the
secondary coordination environment. Given the complexity of
these combined factors, specific effects on magnetic anisotropy
are often difficult to extract. Clearly, systematic studies of
magnetostructural correlations are essential for a better
understanding of the magnetic anisotropy and relaxation
dynamics in Co(II) systems.
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Herein we report a magnetic study of three distorted
octahedral Co(II) complexes, viz., [Co(py)4(SCN)2] (1),
[Co(py)4(Cl)2]·H2O (2), and [Co(py)4(Br)2] (3), which all
have pyridine ligands in the equatorial positions and
thiocyanate, chloride, or bromide groups in the axial sites,
leading to a compressed or elongated distortion along the axial
direction. The differences caused by the axial ligand field
contribute to a change in magnitude rather than the sign of D,
as confirmed by combined magnetic and HF-EPR data. Field
induced slow magnetic relaxation originating from a Raman
process involving both acoustic and optical phonons9h is
observed for all three derivatives. In addition, ab initio
CASSCF/NEVPT2 calculations were performed to estimate
the magnetic anisotropy parameters as well as to extract
predictive correlations by altering both the axial and equatorial
ligand fields which led to significant changes in both the
magnitude and the sign of D.

■ RESULTS AND DISCUSSION
Synthesis and Crystallographic Studies. Compounds

1−3 (Table 1) were obtained by slow evaporation of a

methanol solution containing the metal salts and pyridine (see
Experimental Section in the Supporting Information). The
molecules exhibit highly distorted six-coordinate octahedral
environments with the two thiocyanate N atoms (for 1) or two
halogen atoms (Cl for 2; Br for 3) occupying the axial
positions and the four pyridine N atoms defining the equatorial
plane (Figure 1, Table S1). For 1, the axial Co−Nthiocyanate
bond lengths (2.087(1) Å) are much shorter than the
equatorial Co−Npy bond distances (2.191(1) Å, 2.201(1) Å),
a clear indication of a compressed octahedral geometry.
Different distortions are observed for 2 and 3, for which the
coordination spheres exhibit an elongation along the X−Co−X
axis (Co(1)−Cl(1), 2.428(1) Å; Co(1)−Cl(2), 2.444(1) Å;
Co(1)−Br(1), 2.620(1) Å; Co(1)−Br(2), 2.605(1) Å))
compared to the equatorial Co−N bond length (2.169(2)−
2.195(2) Å for 2; 2.165(4)−2.174(4) Å for 3). The adjacent
Co···Co separations are 8.09, 7.99, and 8.45 Å for 1−3,
respectively (Figure S4).

Magnetometry and HF-EPR Studies. Temperature
dependent susceptibility was measured under a 1000 Oe dc
field over the 2−300 K temperature range (Figure 2). The χT

Table 1. X-ray Crystallographic Data for 1−3

1 2 3

Empirical formula C22H20CoN6S2 C20H22Cl2CoN4O C20H20Br2CoN4

Formula weight/g mol−1 491.49 464.24 535.15
crystal system Monoclinic Monoclinic Orthorhombic
space group C2/c P21/n Pna21
a, Å 12.289(6) 9.263(4) 15.850(4)
b, Å 12.991(7) 16.597(7) 9.393(2)
c, Å 14.869(8) 13.794(6) 14.052(3)
α, deg 90 90 90
β, deg 107.536(6) 94.715(5) 90
γ, deg 90 90 90
V, Å3 2263(2) 2113.6(15) 2092.2(8)
Z 4 4 4
dcal/g cm−3 1.442 1.459 1.699
Temperature, K 110(2) 110(2) 110(2)
Radiation MoKα MoKα MoKα
θ range 2.34−27.67° 3.54−25.02° 2.52−27.49°
completeness 99.2% 99.1% 100%
residual map, e Å−3 0.278/−0.284 0.304/−0.292 0.321/−0.413
Goodness-of-fit on F2 1.057 1.021 1.017
R indices [I > 2σ(I)] R1 = 0.0295, R1 = 0.0314, R1 = 0.0263,

wR2 = 0.0677 wR2 = 0.0703 wR2 = 0.0493
R indices (all data) R1 = 0.0361, R1 = 0.0455, R1 = 0.0319,

wR2 = 0.0705 wR2 = 0.0776 wR2 = 0.0508

Figure 1. Molecular structures of complexes 1−3. Thermal ellipsoids are drawn at the 50% level; all hydrogen atoms and interstitial solvent
molecules are omitted for the sake of clarity.
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products of 3.43, 3.30, and 3.34 cm3 K mol−1 for 1−3 at room
temperature are in the normal range for an isolated high spin
Co(II) ion with orbital contributions.14 Upon cooling, χT
decreases gradually above 100 K and drops more quickly at low
temperature, indicating significant magnetic anisotropy of the
Co(II) ions, as confirmed by the field-dependent magnet-
ization data which do not saturate even at the highest fields. In
order to gain insight into the magnetic anisotropy, χT vs T and
M−H plots were fitted simultaneously with the PHI program15

based on the following spin Hamiltonian (eq 1, with gx = gy):

∑μ

̂ = ̂ − + + ̂ − ̂

+ ̂
=

H D S S S E S S

Sg B

( ( 1)/3) ( )z x y

B
i x y z

i i i

2 2 2

, , (1)

where E is the rhombic ZFS parameter, μB is the Bohr
magneton, g is the Lande ́ factor, and B is the magnetic
induction. The best fit was achieved with the following

parameters: 1: gx = gy = 2.31(2), gz = 3.58(3), D = +46.8(3)
cm−1, |E| = 1.42(4) cm−1; 2: gx = gy = 2.47(3), gz = 3.19(2), D
= +68.2(5) cm−1, |E| = 2.74(3) cm−1; 3: gx = gy = 2.27(3), gz =
3.64(2), D = +61.5(4) cm−1, |E| = 2.42(2) cm−1. For all of the
complexes, it was found that the sign of the D value is sensitive
with no acceptable fits being obtained with a negative value.
Also, the obtained spin Hamiltonian parameters are com-
parable to reported mononuclear Co(II) complexes with
similar coordination geometries.13

To further determine the anisotropy parameters, tunable-
frequency HF-EPR experiments were conducted at 4.2 K on
polycrystalline samples of 1−3 (Figure 3, Figures S5−S7). HF-
EPR spectra of 1−3 exhibit three signals which arise from the
intra-Kramers transitions within the lowest doublet MS = ±1/2
with ΔMS = ±1, typical for a spin 3/2 system with large and
positive D values.16 As the magnitude of D is beyond the
frequency limit (480 GHz ∼ 16 cm−1) of our instrument, no
transitions between Kramers doublets ms = ±1/2 and ms = ±3/

Figure 2. Temperature dependence of χT obtained at 1000 Oe (data points) for 1 (a), 2 (b), and 3 (c). Solid lines represent the fits with the PHI
program. Inset shows the 2−4 K field-dependent magnetization and its fit obtained simultaneously with the χT fit.

Figure 3. Resonance field vs microwave frequency (quantum energy) for EPR transitions and HF-EPR spectrum with its simulations at 4.2 K of 1
(a), 2 (b), and 3 (c). Green, blue, and red curves are the simulations using the best-fitted spin Hamiltonian parameters with the magnetic field H
parallel to the x, y, and z axes of the ZFS tensor, respectively. The vertical dashed line represents the frequency used at which the spectra were
recorded or simulated.
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2 were observed, and the simulations were performed with the
estimated D values from SQUID measurements. The best fit
was obtained with the parameters: 1: gx = gy = 2.43(2), gz =
2.63(2), D = +46.8(3) cm−1, |E| = 3.62(2) cm−1; 2: gx = gy =
2.35(2), gz = 3.37(2), D = +68.2(5) cm−1, |E| = 9.62(2) cm−1;
3: gx = gy = 2.27(2), gz = 3.45(2), D = +61.5(4) cm−1, |E| =
6.91(2) cm−1.
Single-frequency spectra of 1 (375 GHz), 2 (375 GHz), and

3 (345 GHz) at 4.2 K were simulated as shown in Figure 3. A
positive D value matches well the experiment whereas no
reasonable simulations could be obtained when the sign of the
D values was set to be negative. These results unambiguously
corroborate the positive sign of the D value and the easy plane
magnetic anisotropy of 1−3.
Temperature and frequency dependences of the ac

susceptibility measurements were conducted to probe the
SMM behavior of 1−3 (Figure 4, Figures S8−S19). Under a
zero dc field, no slow magnetic relaxation behavior was
observed for the complexes, indicating considerable quantum
tunneling of the magnetization (QTM).17 Ac measurements
under various dc fields were performed in order to determine
the optimum field at which the QTM effects are minimized
(Figures S8−S10); dc fields of 1 kOe, 1.5 kOe, and 0.5 kOe for
1−3, respectively lead to frequency-dependent signals with
obvious out-of-phase (χ″) peaks (Figures S11−S16). Such

behavior is indicative of superparamagnetic-like slow magnetic
relaxation of a SIM.
The least-squares fittings of the plots of χ″ versus χ′ (known

as Cole−Cole plots,18 Figures S17−S19) based on the
generalized Debye model1a produced relaxation times (τ) as
well as the distribution coefficients α (Table S2). The
relaxation times were plotted versus T−1, generating Arrhenius
plots and giving an estimation of the thermal energy barrier of
32.3(6), 27.9(4), and 29.3(7) K for 1−3, respectively (Figure
4, Table 2).
Among the reported systems with easy plane magnetic

anisotropy, the mechanisms responsible for the slow magnetic
relaxation are generally summarized in two distinct ways.19

One of them arises from a field-induced phonon effect,19a−c

where the spin system follows an efficient Orbach relaxation
pathway through the excited MS = +3/2 levels. The other
mechanism is ascribed to a transverse anisotropy barrier owing
to a considerable E value.19d Neither mechanism appears to be
applicable to the present compounds, however, due to the
small effective energy barrier and experimental E values, which
indicate that the magnetic relaxation most likely proceeds
through a Raman process involving a virtual state.19e

It is notable that a Raman process has significant
contributions to the behavior of reported Co(II)-based SIMs
with the octahedron; nevertheless, a direct one-phonon
contribution should not be neglected under a dc field at low

Figure 4. Frequency dependent magnetic susceptibilities of the out-of-phase signals and temperature dependence of the relaxation rates for 1 (a), 2
(b), and 3 (c) at indicated dc fields. The blue lines correspond to the high-temperature Arrhenius fitting, and the red lines represent the fitting
based on eq 2.

Table 2. Parameters Obtained for the Fit of the Dependence of τ with Temperature at 1 kOe (for 1), 1.5 kOe (for 2), and 0.5
kOe (for 3) Using Linear Approximations and Eq 2

1 2 3

linear approximation fitted by eq 2 linear approximation fitted by eq 2 linear approximation fitted by eq 2

A, s−1 K−1 218.5(5) 124.2(3) 27.3(8)
C, s−1 K−n 0.15(2) 0.89(2) 0.16(3)
n 6.4(1) 6.2(1) 6.7(2)
τ0, s 2.7(3) × 10−7 2.1(2) × 10−7 3.3(2) × 10−7

Ueff, K 32.3(6) 27.9(4) 29.3(7)
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temperature. Therefore, we employed a model including direct
and Raman relaxation mechanisms with the expression (eq
2)20

τ = +− AT CTn1 (2)

where A, C, and n are coefficients and T is the temperature.
The best fit was obtained with the parameters listed in Table 2.
The results indicate that a dominant contribution from the
Raman process involving both acoustic and optical phonons9h

is responsible for the spin relaxation of complexes 1−3.
Theoretical Studies. Compounds 1−3 were optimized

using the XRD structure as an initial guess structure with the
optimized geometries being in good agreement with the XRD
structures (Tables S3−4). The same methodology was used to
optimize other model complexes, which were used to predict
anisotropy and magnetostructural studies. Initially, we
performed anisotropy calculations on the XRD structures
using the ORCA software suite to probe the effect of axial
elongation and compression on the magnetic anisotropy of 1−
3. Although anisotropy calculations on six coordinate Co(II)
complexes have been reported in the literature, small structural
changes involving both axial and equatorial ligand(s) that serve
to fine-tune both the sign and magnitude of D are still one of
the open issues in the molecular magnetism community.21

Although the sign of the NEVPT2/SA-CASSCF computed D
for 1−3 is in agreement with the experimental findings, the
magnitudes are larger than what was found experimentally
(Table 3). It is well-known that the spin-conserved transition

between orbitals with the same ml (magnetic quantum
number) values contributes to a negative D value, whereas
the transition between the orbitals of two different ml values
contributes to a positive D value.10i Large magnitudes of |D|
are to be expected when the energy difference between the
orbitals involved in the transition is small and vice versa. For
1−3, the dominant ground state electronic arrangement is
found to be (dyz)

2(dxz)
2(dxy)

1(dz
2)1(dx2−y2)

1 with 47%, 54%
and 89% contributions, respectively. The ground state wave
function for these compounds has a small contribution from
other determinants (Figure S20).
The first and second exited states for 1−3, which contribute

the most to the D and E parameters, are also multideterminant
in nature with (dyz)

2(dxz)
1(dxy)

2(dz
2)1(dx

2−y
2)1 and

(dyz)
2(dxz)

1(dxy)
1(dz

2)1(dx2−y2)
2 as the dominant electronic

arrangements, respectively (Figure S20). Computed D values
for 1−3 are estimated to be positive with the largest two

contributions arising from dxz → dxy and dxz → dx2−y2
transitions from ground to first and ground to second exited
states, respectively (Figure 5). These findings are not

unexpected, as the transitions occur between different ml
levels. Complexes 2 and 3 have almost double the magnitude
of D compared to complex 1. The value for 3 has a slightly
higher magnitude compared to 2 (Figure 5 and Table 3) which
can be rationalized on the basis of the energy separations
between the dxz and dxy orbitals (1626, 854, and 1010 cm

−1 for
1−3, respectively, Figure 5) and between dxz and dx2−y2 orbitals
(4253, 3395, and 2629 cm−1 for complexes 1−3, respectively,
Figure 5).
The larger the separation between the orbitals involved in

the transition, the smaller the contribution will be to the
magnitude of D and vice versa. For complexes 1−3, the
contribution to D from the dxz → dxy transition was found to
be 47.1, 57.6, and 52.7 cm−1, respectively (Figure 5, Table 3,
and Tables S5−7). Whereas for the other dominant transition,
between dxz → dx2−y2, the contribution to the D parameter was
found to be 29.6, 36.4, and 48.4 cm−1 for complexes 1−3,
respectively (Figure 5, Table 3, and Tables S5−7). The ground
to first exited states and ground to second exited states
contribution to the D parameter can also be correlated to the
energy separation between these energy states (ΔE(1−2)/
ΔE(1−3), Table 3, Tables S5−7, and Figure S21). It is
important to mention at this point that the SA-CASSCF and
NEVPT2 computed D values have the same sign and trend for
complexes 1−3. Contributions to the D and E parameters due
to spin-flip transitions are smaller for complexes 1−3 because
of the larger energy separation between the quartet and
doublet states (Figure S21 and Tables S5−7). The orientations
of the D-matrices for complexes 1−3 are shown in Figure S22.
Anisotropy calculations on the H-optimized and fully

optimized structures were also performed. For H-optimized
structures, as expected, the anisotropy parameters were found
to be very close to the XRD structures for all complexes (Table
S8). For the fully optimized structures the sign of the D
parameter was reproduced for all complexes but the magnitude
is overestimated (Table S9). This is not unexpected given that

Table 3. NEVPT2-Calculated (on the XRD Structures) D
(cm−1), E/D, g-Tensor, avg Co−X/Co−N Distance, and
Energy Separation between KD1−KD2 and KD1−KD3 for
Complexes 1−3a

1 2 3

D (DKD1−2, DKD1−3) 87.7 (47.1,
29.6)

127.0 (57.6,
36.4)

139.2 (52.7,
48.4)

E/D 0.19 0.15 0.02
gxx, gyy, gzz 1.950, 2.420,

2.834
1.424, 1.961,
2.958

1.606, 2.218,
2.742

ΔE(1−2), ΔE(1−3) 475, 897 68, 730 85, 473
Avg. (Co−X/Co−N)
Distance Å (ea−1)

2.055/2.263 2.467/2.233 2.742/2.204

aThe two values in the parentheses after D represent the contribution
to D from the ground to first and ground to second exited state
transitions, respectively.

Figure 5. NEVPT2 computed d-orbital splittings for complexes 1−3.
The values written above the diagrams are computed D and E/D.
Gray arrows represent beta electrons. Brick red and indigo color
arrows represent dominant electronic transitions from ground to first
(dxz → dxy) and ground to second exited states, respectively (dxz →
dx2−y2).
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small structural deviations around the metal centers are known
to alter the anisotropy parameters.22

To further understand the influence of both ligand fields on
the magnetic anisotropy parameters, a magnetostructural
correlation was performed on 2 with changes in the axial
and transverse ligand fields while keeping other structural
parameters the same. Magnetostructural studies suggest the
possibility of attaining both axial and easy plane magnetic
anisotropy by fine-tuning the ligand fields (Figure 6, Figure
S23, and Table S10). An interesting finding is the prediction
that certain ligand fields could lead to magnitudes of the |D|
parameter as high as ∼ ±150 cm−1. Indeed literature examples
are known for Co(II) octahedral complexes with such large D
values.19b,23 In terms of the axial-to-equatorial bond length
ratio (a/e or ae−1), a small ratio of ≤1.02 is expected to lead to
more negative D parameters and a ratio greater than 1.06
should lead to more positive D values (Figure S23). The other
important parameter E/D, which represents the transverse
component of the anisotropy, follows a parabolic trend with a
maximum at ae−1 = 1.02 (Figure S23).
Given that the usage of the spin Hamiltonian may be

ambiguous when SOC is too strong,24 the HF-EPR analysis
and calculations based on an Seff = 1/2 effective spin model25

were also performed to further corroborate the sign of
magnetic anisotropy. As a result, the calculated g matrix was
in reasonable agreement with those from HF-EPR (Table
S11); both featured significantly smaller gz compared to gx or
gy. Therefore, the strong easy-plane character of the magnetic
anisotropy is verified by both sets of spin Hamiltonian
parameters.

■ CONCLUSIONS

Three six-coordinate mononuclear Co(II) complexes with
distorted octahedral geometries were synthesized and fully
characterized. In terms of the magnetostructural studies, the
CoII centers in all the complexes are located in a distorted
octahedral geometry with similar equatorial pyridine coordi-
nation environments and axial ligands based on N, Cl, and Br
atoms. The major difference is reflected in the axial distortion;
namely, compression is observed for 1 and elongation for 2
and 3. Magnetic, HF-EPR, and theoretical studies reveal easy-
plane magnetic anisotropy for all the complexes with
considerable spin−orbit coupling arising mainly from dxz →
dxy and dxz → dx2−y2 transitions and slow magnetic relaxation
dominated by the Raman process involving both acoustic and

optical phonons. These results support the conclusion that the
easy-plane anisotropy of such cobalt(II) complexes with
distorted octahedral geometries is maintained despite the
modification of the axial ligands but that the magnitude of the
zfs parameter is significantly changed. Moreover, magneto-
structural studies performed on complex 2 hint at the
possibility of attaining very large axial and easy plane magnetic
anisotropy by fine-tuning the axial and equatorial ligand fields
associated with the axial-to-equatorial bond length ratio. As
such, the combined results of this study indicate that it is
difficult to conclude that the D values vary regularly with the
structural parameters such as the axial bond length or other
donor properties because both the sign and magnitude of D are
correlated with the electronic ground states.
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