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Magnetic anisotropy and slow magnetic relaxation processes of
cobalt(ll)-pseudohalide complexes
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Three mononuclear six-coordinate Co(ll)-pseudohalide complexes [Co(L)Xz] with two N-donor pseudohalido coligands
occupying in the cis-positions (X is NCS™(1),NCSe™ (2) or N(CN)2 (3)), and a five-coordinate complex [Co(L)(NCO)][B(CsHs)4]

(4), where L is a macrocyclic ligand,1, 4, 7, 10-tetramethyl-1, 4, 7, 10-tetraazacyclododecane (12TMC), have been prepared

and structurally characterized. Easy-plane magnetic anisotropies for 1-3 and easy-axis anisotropy for 4 were revealed via

the analyses of the direct-current magnetic data, high—frequency and —field EPR (HFEPR) spectra and ab initio theoretical

calculations. They have found to display slow magnetic relaxations and thus are field-induced single-molecule magnets.

Typically, 1 and 2 show two slow relaxation processes under an external dc field, in agreement with two

crystallographically different molecules in the crystal lattice, while only one relaxation process occurs in 3 and 4. The

Raman-like mechanism is found to be dominant in the studied temperature in 1, while the Orbach mechanism contrubute

to some extent at high temperature range besides the dominant Raman process at the low temperature region in 2-4.

Introduction

Single molecule magnets (SMMs) display slow magnetic relaxation
and magnetic hysteresis arising from the electronic structure at
molecular level and have attracted much attention due to the
forward-looking applications such as quantum computing,!
spintronic devices,> and high density data storage.? Single ion
magnets (SIMs), which contain a unique paramagnetic center, form
an important subclass of SMMs. The extensive researches have
been conducted to understand the origin and mechanism of slow
magnetic relaxation and improve the performance of SIMs. Besides
the extensively studied lanthanide-based SIMs,* many transition-
metal SIMs with various coordination numbers>® have been
reported since the discovery of the first 3d-ion SIM based on
mononuclear trigonal pyramidal Fe(ll) complex in 2010 by Long and
co-workers.%

The Co(ll) ion has been frequently used to construct molecule-
based magnets because of its strong magnetic anisotropy.
Moreover, Co(ll) complexes have a high accessibility to model the
magnetic behavior through tuning the coordination number,
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geometry and electronic structure. To date, a variety of different
coordination geometries of Co(ll)-based SIMs including linear'?,
trigonal,*? tetrahedral,’® square-pyramidal,** distorted octahedral®
pentagonal bipyramid,® and square antiprism'” have been designed
to attain strong magnetic anisotropy. Besides the coordination
geometry, the nature of donor atoms has also been used to tune
the magnetic anisotropy. In this regard, several studies have
showed that heavier donor atoms like S, Se, Te, P and As would give
larger and negative anisotropy in metal complexes.'®

Recently, our group has reported two five-coordinate cobalt(ll)
complexes  [Co(12-TMC)(CHsCN)](X),  (12-TMC = 1,4,7,10-
tetramethyl-1,4,7,10-tetraazacyclododecane, X = BF4, PFg’), which
are the first examples of the coexistence of field induced slow
magnetic relaxation and spin-crossover.’® With the neutral
tetradentate macrocyclic ligand 12-TMC to support the Co(ll)
center, the methyl group linked to N donor atoms would compel
the Co(ll) center out of the macrocyclic plane and leave one or two
vacant sites accessible for further coordination. The metal
coordination environment can thus be modified through simply
using the different co-ligand to occupy the vacant coordinate sites.
The co-ligands are expected to finely tune the magnetic anisotropy.

Herein we present the synthesis and magnetic properties of
three mononuclear six-coordinate Co(ll) complexes [Co(12TMC)X;]
with different pseudohalides, NCS™ (1), NCSe™ (2) and N(CN)y™ (3),
and a five-coordinate complex [Co(12TMC)(NCO)][B(CsHs)4] (4). The
easy-plane magnetic anisotropy has been confirmed for the six-
coordinate complexes 1-3 by magnetometry and high—frequency
and —field EPR (HFEPR) spectroscopy. In contrast, the easy-axis
anisotropy was found for 4. The ac susceptibility measurements
demonstrate that they exhibit slow magnetic relaxation under an
applied direct-current (dc) field. Remarkably, there are two
relaxation processes observed in 1 and 2, which could be caused by
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two molecules in the asymmetric unit. The detail of the relaxation
dynamics of magnetization are reported as follows.

Experimental
Materials and methods

All the solvents were dried and purified using conventional methods
before use. The other chemicals employed were commercially
available and used as received. 1, 4, 7, 10-Tetramethyl-1, 4, 7, 10-
tetraazacyclododecane (12-TMC) was synthesized according to
literature procedure.? The synthetic experiments were carried out
under N, atmosphere with standard Schlenk techniques. Elemental
analyses of C, H and N were performed on an Elementar Vario ELIII
elemental analyzer. Powder X-ray diffraction (PXRD) patterns were
measured on a Bruker D8 ADVANCE X-ray powder diffractometer
with a Cu Kar X-ray source (A =1.54056 A) at 40 kV and 40 mA. The
phase purities of the complexes were confirmed with good
agreement between the measured X-ray diffraction patterns and
the simulated ones (Fig. S1-S4, ESIT). High-frequency and —field EPR
(HFEPR) experiments were performed using a spectrometer
constructed at the National High Magnetic Field Laboratory, USA.?*

Synthesis of complexes 1-4

[Co(12-TMC)(NCS),]-0.5CH30H (1). Co(NCS), (0.5 mmol, 0.095 g)
and 12-TMC (0.5 mmol, 0.09 g) were dissolved in 15 mL of CH3OH
and stirred for 5 h at room temperature. A purple solution was
formed and then filtrated. The purple crystals of 1 were obtained
after several days by the diffusion of diethyl ether into the filtrate,
with a yield of 70 % based on Co. Anal. Calc. for C;sHg0C02N1,0S4: C,
41.52; H, 7.21; N, 20.03. Found: C, 41.58; H, 7.20; N, 20.10.

[Co(12-TMC)(NCSe),]-0.5CHsCN (2). CoCl, (0.5 mmol, 0.065 g)
and 12-TMC (0.5 mmol, 0.09 g) were dissolved in 15 mL of C;HsOH
and stirred for 30 min at room temperature. KNCSe (1.0 mmol, 0.15
g) was added to the solution and stirred for another 5 h. The
mixture was filtrated, and the precipitate was dissolved successively
in acetonitrile. The purple crystals of 2 formed over several days by
the diffusion of diethyl ether into the CH5CN solution with a yield of
65% based on Co. Anal. Calc. for C3gHsoCo,N13Ses: C, 34.79; H, 5.74;
N, 17.58. Found: C, 34.75; H, 5.71; N, 17.60.

[Co(12-TMC)(N(CN)2)2] (3). 3 was obtained according to the
same procedure as 2, but using 12-TMC (1.0 mmol, 0.18 g) and
NaN(CN), (1.0 mmol, 0.089 g) instead of 12-TMC (0.5 mmol, 0.09 g)

KNCSe (1.0 mmol, 0.15g). The red crystals of 3 were obtained in 70%

yield based on Co. Anal. Calc. for Ci6H2sCoN1o: C, 45.82; H, 6.73; N,
33.40. Found: C, 45.80; H, 6.71; N, 33.43.
[Co(12-TMC)(NCO)][B(CsHs)a] (4). CoCl, (0.5 mmol, 0.065 g) and
12-TMC (1.0 mmol, 0.18 g) were dissolved in 15 mL of C;HsOH and
stirred for 30 min at room temperature. KNCO (0.5 mmol, 0.04 g)
and Na[B(CgHs)4] (0.5 mmol, 0.17 g) was added to the solution and
stirred for another 5 h. The resulting blue precipitate was collected
and then dissolved in 15 mL acetonitrile. The blue crystals of 4
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formed over several days by the diffusion of diethyl ether into the
solution with a vyield of 71% based on Co. Anal. Calc. for
C37H43BCoNsO: C, 68.52; H, 7.46; N, 10.80. Found: C, 68.49; H, 7.45;
N, 10.81.

X-ray single-crystal structure determination

Single-crystal X-ray diffraction data were collected on a Bruker APEX
DUO diffractometer at 155 K with a CCD area detector (Mo Ka
radiation, A = 0.71073 A).22 The frames of data and unit cell
parameters were determined using the APEX Il program. The data
was integrated by SAINT and corrected for Lorentz and polarization
effects. Absorption corrections were applied using the multiscan
program SADABS.? The molecular structures were determined via
full-matrix least-squares procedure SHELXL (version 2014/7).2* The
hydrogen bonded to carbon were generated theoretically with
isotropic thermal parameters riding on their parents. All non-
hydrogen atoms were refined through full-matrix least-squares
routine. A summary of the crystallographic data and refinement
parameters are listed in Table S1.T

Magnetic measurements

Magnetic characterizations were carried out on a vibrating sample
magnetometer (VSM) of Quantum Design MPMS SQUID-VSM
system for ground microcrystalline powder of 1-4 restrained with
eicosane within a polycarbonate plastic capsule in order to prevent
solvent molecules from disappearance or any torquing caused by
magnetic field. Direct-current (dc) magnetic data were collected in
fields between 0 and 7 T at a temperature between 2 K and 300 K.
Alternating-current  (ac) susceptibility
performed with an ac field of 0.2 mT at frequencies varying over the
range of 1 to 999 Hz under different external fields. All
experimental susceptibilities data the
diamagnetic contributions using Pascal’s constants, included the
sample holder as well as the diamagnetism of the sample.?

measurements  were

were corrected for

Results and discussion

Synthesis

Initially we employed the reactions between Co?* and 12TMC to
synthesize the six-coordinate [(12-TMC)CoX,], with the different
pseudohalides (NCS~, NCSe™, NCO and N(CN);7). The six-coordinated
complexes 1-3 were expectedly obtained with X = NCS™, NCSe™ and
N(CN)2~, while with NCO™, only five-coordinated complex [Co(12-
TMC)(NCO)][B(CgHs)4] (4) was formed (Scheme 1). We have tried to
use excess NCO™ salt to prepare the six-coordinate analogue, but
only five-coordinate complex 4 was formed. Such unusualness was
only rarely observed. Khan et. al. observed the different
coordination modes between the dinuclear copper(ll) complexes
with NCO™ and NCS.2¢
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Scheme 1. Synthetic routes to complexes 1-4.

Fig. 1 (a) The octahedral Co" ion of two different molecules in the asymmetric unit of 1; (b) The two octahedral Co" ion of two different molecules in the asymmetric unit of 2; (c)
The octahedral Co' ion in 3; (d) The spherical square pyramidal Co" ion in 4. Red, blue, and gray spheres represent Co, N, and C atoms, and yellow, purple and green ones represent

S, Se and O, respectively. All H atoms and solvent water molecules were omitted for clarity.
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Structural descriptions

Complexes 1, 2 and 3 crystallize in the monoclinic space group
P 21/n. The selected bond lengths and bond angles are afforded in
Table 1. In contrast with only one unique molecule in 3 and 4, the
unit of complexes 1 and 2 consist of two
crystallographically distinct molecules, which are labelled as 1a, 1b

asymmetric

and 2a, 2b (Fig. 1), whose structural parameters vary slightly. The
central Co" ions of these six-coordinate complexes are coordinated
by six nitrogen atoms and adopt the distorted octahedral geometry.
The two N atoms of pseudohalogen ions (NCS, 1; NCSe, 2;
NCNCN", 3) in cis positions and two tertiary amine N atoms from
the neutral tetradentate macrocyclic ligand 12TMC define the
equatorial plane while the remaining two tertiary nitrogen atoms
occupy the axial positions (Fig. 1a, 1b and 1c). In the equatorial
positions, Co-Npseudohalice bONdSs in a range of 2.065(3)-2.1058(14) A
are shorter than the bond distances between Co" ion and the two N
atoms of 12TMC ligand (2.252(3)-2.2826(13) A), which are in turn
larger than the Co-Nixrmc bond distances in the axial positions
(2.161(3)-2.195(3) A). The equatorial N-Co-N bond angle involving
the two cis- pseudohalide groups (83.38(6)-86.33(12)°) are smaller
than that involving the two cis- nitrogen atoms of 12TMC ligand
(100.99(9)-102.29(5)°). It can be seen that all of the angles in the
equatorial plane deviate from the angle for an ideal octahedron
with 90°. These angle distortions give a trapezoid in the equatorial
plane. Furthermore, the axial bond angles between Co" ion and the
N atoms of 12TMC ligand are more bent with a range of
146.76(10)-147.80(10)° compared with the bond angle for an ideal
octahedron (180°). Such tilting of two axial ligands combining with
the distortion of the equatorial base leads to a skew-trapezoidal
bipyramid configuration for 1-3.27

In addition, a geometrical analysis was performed with the
SHAPE program,?® which is used to evaluate the degree of deviation
from the ideal symmetry. The continuous shape measures (CShMs)
of the Co" centers show that the distortion value is 3.277, 3.230 and
2.967 for 1, 2 and 3, respectively, indicating that their molecular
geometries are distorted octahedron (Table S2, ESIT). Besides, there
is no intermolecular interaction, such as hydrogen bonds, except for
van der Waals’ forces in the crystal lattice. The average shortest
intermolecular Co---Co distances are 7.905 A for 1, 7.987 A for 2
and 8.055 A for 3, respectively.

It is noted that the similar coordination geometry of two
molecules in complexes 1 and 2, but the most obvious difference is
the bond angles between Co' ion and the pseudohalogen ions. For 1,
the two Co-Nncs—Cnes bond angles are rather bent with 149.3(3)°
and 155.5(3)° in 1a while those are identical with 173.4(4)° in 1b.
The corresponding Co-N-C bond angles are 153.2°and 155.4° in 2a,
175.3°and 175.1° in 2b and 163.20(15)° and 160.01(14)° in 3. In
addition, the two sets of N(CN),™ of complex 3 bent in the opposite
direction, wherein the bond angles of C-N-C are 119.12° and
123.64°, respectively.

Complex 4 crystallizes in the monoclinic space group P 2:/c. It
is five-coordinated with Co(ll) center residing in the distorted
square pyramidal configuration, consisting of four N atoms from 12-
TMC ligand in equatorial basal plane and one N atom from the NCO-
group in the apical position (Fig. 1d). The Co(ll) center lies out of the
basal plane by 0.802 A. The average Co—Nequatorial bond distance is
2.161 A, which is longer than the bond distances of Co-Nnco with
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1.9399(17) A. The greater basal angles of N-Co-N are almost equal
with 136.0(2)° and 136.71(13)°, which is comparable to the
structure as a perfectly square pyramidal with C; geometry. The
shortest intermolecular Co---Co distances is 7.094 A in 4. Moreover,
the continuous shape measures (CShMs) of the Co' center were
calculated by SHAPE software.?® The distortion value is 0.442 (Table
S2, ESIt), which is close to zero for an ideal square pyramidal
geometry.

Table 1. Selected Bond Lengths (A) and Angles (deg) for complexes 1-4.

la 1b
Col-N1 2.190(3) Co2-N7 2.304(3)
Col-N2 2.294(3) Co2-N8 2.180(3)
Col-N3 2.193(2) Co2-N9 2.316(2)
Col-N4 2.264(3) Co2-N10 2.180(3)
Col-N5 2.065(3) Co2-N11 2.073(3)
Col-N6 2.080(3) Co2-N12 2.072(3)
N1-Col-N3 146.78(9) N8-Co2-N10 146.76(10)
N2-Col-N4 101.60(9) N7-Co2-N9 100.99(9)
N5-Co1-N6 84.28(11) N11-Co2-N12 86.33(12)
N2-Col1-N5 86.09(10) N7-Co2-N11 86.19(10)
N4-Col-N6 89.30(10) N9-Co2-N12 86.82(11)
C13-N5-Col 155.5(3) C27-N11-Co2 173.4(3)
C14-N6-Col 149.3(3) C28-N12-Co2 173.4(3)

2a 2b
Col-N1 2.195(3) Co2-N5 2.304(2)
Col-N2 2.252(3) Co2-N6 2.174(3)
Co1-N3 2.192(3) C02-N7 2.307(3)
Col-N4 2.276(3) Co2-N8 2.161(3)
Col-N9 2.073(3) Co2-N11 2.081(3)
Col-N10 2.080(3) Co2-N12 2.083(3)
N1-Col-N3 147.80(10) N6-Co2-N8 147.67(10)
N2-Co1-N4 101.90(10) N5-Co2-N7 101.54(9)
N9-Co1-N10 83.85(11) N11-Co2-N12 85.88(11)
N2-Co1-N10 89.14(10) N5-Co2-N12 86.85(10)
N4-Col1-N9 86.42(10) N7-Co2-N11 85.83(10)
C25-N9-Col 153.2(3) C27-N11-Co2 175.1(3)
C26-N10-Col 155.4(3) C28-N12-Co2 175.3(3)

3 4
Col-N1 2.2731(13) Col-N1 2.108(3)
Col-N2 2.1762(14) Col1-N2 2.161(4)
Col-N3 2.2826(13) Col-N3 2.169(7)
Col-N4 2.1791(14) Col-N4 2.205(3)
Col-N5 2.1058(14) Col-N5 1.9399(17)
Col-N8 2.0756(15) N1-Col-N2 82.33(10)
N2-Col-N4 147.78(5) N1-Col-N4 82.68(10)
N1-Col-N3 102.29(5) N2-Col1-N3 82.48(14)
N5-Co1-N8 83.38(6) N1-Col-N3 136.0(2)
N1-Col-N5 86.75(5) N2-Col-N4 136.71(13)
N3-Col-N8 88.03(5) N3-Col-N4 80.88(14)
C13-N5-Col 163.20(15) N1-Col1-N5 117.12(10)
C15-N8-Co1 160.01(14) N2-Co1-N5 106.84(11)
C14-N6-C13 123.64(17) N3-Co1-N5 106.70(2)
C16-N9-C15 119.12(15) N4-Co1-N5 116.16(10)

Static magnetic properties and HF-EPR spectra

The direct-current (dc) magnetic susceptibilities were measured
on polycrystalline samples of 1-4 under a dc field of 0.1 T in the
2-300 K temperature range. The obtained temperature
dependence of yyT products are shown in Fig. 2 and S5-S7t. The
room temperature yuT values are 2.66, 2.65, 2.61 and 3.01 cm3 K
mol? for 1-4, respectively, which are higher than the theoretical
spin-only value of 1.875 cm? K mol™? for the mononuclear high-spin
Co(ll) center (S = 3/2, g = 2.0). They are in the reported range of
2.1-3.4 cm? K mol™ for anisotropic high-spin Co(ll) center, ?® which
are ascribed to the significant orbital contribution. Upon cooling
from room temperature, the yyT product remains constant until 80-
90 K for 1-4, and then slightly decreases to 1.68, 1.66, 1.65 and 1.97
cm?3 K mol?, respectively, at 2 K. The downturn of T value at low
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temperature is due to the inherent magnetic anisotropy of the Co"
ion rather than the intermolecular antiferromagnetic interactions
between the metal ions considering the large intermolecular Co---
Co separations.
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Fig. 2 Variable-temperature dc susceptibility data of 1 under applied dc field of 0.1 T
Inset: field-dependent the magnetizations below 5 K. Solid lines are fits to the data with
program PHPPL.

the
determined for 1-4 at applied magnetic fields ranging from 0to 7 T
at 1.8, 3.0 and 5.0 K, respectively (inset, Fig. 2, and S6-S7, ESIt). The
magnetisation data attain the values of 2.42, 2.43, 2.47 and 2.44
Naug at 7 T and 1.8 K for 1-4, respectively, which are far lower than
the theoretical saturation value of 3 Nausz for an isolated Co'" ion (g
= 2, S = 3/2), indicating the magnetizations do not achieve
saturationat 7 T.

Furthermore, field-dependent  magnetisations were

To analyse the magnitude and nature of the magnetic anisotropy,
we employ the full Hamiltonian as given in eqn (1), which considers
the strong orbital contribution to the magnetic moment for the
Co(ll) complexes where the unquenched orbital moment contribute
strongly to the magnetic moment.

H=0cAL-S+c*(B'(3L} —1:2)+3722(I:+2 +L )+ p(cf+28)-H (1)
where o represents a combined orbital reduction parameter o =
-A-k. The A parameter is required when using the T=P equivalence
for orbital triplet terms and takes the value of 1.0 when
representing a T, term and 3/2 when representing a T, term. The k
parameter considers the reduction of the orbital momentum
caused by the delocalization of the unpaired electrons. A, B; and B;
represent the spin-orbit coupling constant and crystal field
parameters (CFPs)C. The fit to the dc magnetic susceptibilities of
six-coordinate complexes 1-3 using PHPP! program gives the
reasonable parameters, which were listed in Table 2. The fitting
curves match well with the experimental data in the range of whole
temperature (Fig. S5, ESIt). From the fitting results of the magnetic
susceptibilities above, it can be concluded that the parameters BS
are positive, representing the easy-plane magnetic anisotropies,
which are consistent with the following HFEPR data.

When the B; parameter is positive and relatively large, Az can
be considered as the ground term, which is well-separated from the
excited term “Eg. Then, the energy gap between the two Kramers
doublets of Ms = £1/2 and Ms = £3/2 splitting from the *A,, term
can be associated with an axial ZFS.1521% |n this case, the magnetic
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properties may be interpreted with the spin Hamiltonian as shown
in eqn. (2):
H=D(S>-S(S+1)/3)+ES, -8 +u,gS-H  (2)

where D, E, S, H, and ug represent the axial and rhombic ZFS
parameters, the spin operator, magnetic field vectors, and the Bohr
magneton, respectively. To estimate the zero-field splitting
parameters D and E of the Co(ll) centres in 1-3, the experimental
susceptibility and magnetization data were fitted simultaneously
using the program PHI.3! The best-fit values of the parameters were
showed in Table 2 for 1-3. As we can see, the signs of ZFS
parameters D are determined to be positive with the values of
32.10, 33.49, and 25.95 for 1-3, respectively. These values show
significant easy-plane anisotropies of the Co(ll) centre in 1-3.

For the five-coordinate complex 4 with a square-pyramid
configuration, the orbital moment could contribute greatly to the
magnetic properties.'#d14¢ The magnetic susceptibility data of 4 was
also modelled with the general Hamiltanian as shown in eqn (1) by
the program PH?L. It was found that no unique set of fitting
parameters were obtained. To avoid the overparameterisation, we
fix the rhombic crystal parameter B2 as zero and treat magnetic
data with three parameters o, A, and B5. The fitting parameters are
listed in Table 2. The negative value of B;shows the easy axis
magnetic anisotropy of 4, which is in agreement with the HFEPR
spectra.

Table 2. The fitting parameters obtained experimentally for complexes 1-4.

1 2 3 4
fittings of the dc magnetic
data with eqn (1) by PHI.3!
Orbital reduction factor o -1.17 -1.16 -1.18 -1.35
A, cm? -82.66 -88.72 -73.83 -88.17
B, cm?t 98.85 102.23 95.61 -89.82
B;, cm! 96.94 89.91 85.94 /
fittings of the dc magnetic
data with eqn (2) by PHI.31
D, cm? 32.10 33.49 25.95 /
E,cmt 0.32 0.16 0.12 /
Oxy 2.46 2.44 2.43 /
g, 2.13 2.20 2.16 /

To confirm the nature of the magnetic anisotropies in 1-4, high-
field and -frequency electron paramagnetic resonance (HFEPR)
spectra3? were recorded for the powder samples of 1-4 at different
frequencies (Fig. 3 and S8-S11, ESIt). For complex 3, the spectrum
at the frequency of 100 GHz at 4.2 K shows the three features with
gx=5.90, g, = 3.89, and g, = 1.81. This pattern of g values (g, g, > g.)
is typical for a spin 3/2 system with large and positive D values.!>®33
All features were from the intra-Kramers transitions within the
lowest doublet Ms= + 1/2 with AMs = + 1. A 2D resonating field
versus frequency map was derived from the observed features (Fig.
3), indicating that these spectra can be interpreted in terms of an
effective Sey = 1/2 state and effective g values, which were also
modeled with the spin-Hamiltanian.?*It can be concluded that the
simulated spectrum is more reasonable when the D value is positive
with + 25 cm™ and E = 6.5 cm™ instead of negative. For complexes
1-2, there are two sets of three EPR features observed, which are in
accord with two crystallographically different molecules in the
crystal lattices (Fig. S8-S9, ESIt). The patterns of g values (g, g, > g7)
are also in agreement with the large and positive D values.'>33

J. Name., 2013, 00, 1-3 | 5



Fig. 3 Left: The experimental and simulation spectra for complex 3 under 100 GHz in

derivative mode at 4.2 K. Right: Frequency dependence of the high-frequency EPR peak
positions deduced from studies of powder samples of 3 at 4.2 K. The squares are the
experimental points while green, blue, and red curves are generated by fitting using
program SPIN3* with the magnetic field parallel to the x, y, and z axes of the ZFS tensor,

respectively.

The HFEPR spectra for the powdered sample of 4 at 4.2 K and
112 GHz (Fig. S10, ESIT) shows only a single parallel-type transition
occurring at an effective g value of g =7.01(4). There is only one
strong signal observed at g® = 7, confirming the easy axis type
anisotropy for Co(ll) center.’3¢ These observations are in agreement
with the results obtained by fitting the magnetic data of 4.

Theoretical studies of magnetic anistropy in 1-4

In order to get further insight into the nature of magnetic
anisotropies of 1-4, theoretical studies were performed on 1-4 by
the complete active space second-order multiconfigurational
perturbation theory (CASPT2) considering the effect of the dynamic
electron correlation based on complete-active-space self-consistent
field (CASSCF) method with MOLCAS 8.2 program package.
Calculation details are given in ESIT.

The energies of the spin-free states and spin-orbit states were
calculated, which are listed in Tables $3-54T. The first excited spin-
free state is in the range of 1440.1-1687.2 cm™ above the ground
one for 1-3, which means that the lowest quartet term is well
isolated from the excited ones for 1-3. These energy differences
between the lowest two spin-free states are much larger than those
between the lowest two spin-orbit states. Furthermore, the spin-
orbit ground states are mainly composed from the ground one. The
orbital nondegeneracy of the ground term allow us to use spin
Hamiltanian as shown in eqn (2) with the ZFS parameters D and E to
model their magnetic anisotropies. The calculated D, E (cm™) and g
tensor (x, y, z) of 1-3 are listed in Table S5T. The calculated D values
are +26.6, +24.5, +27.4, +25.9 and +22.5 cm™ for 1a, 1b, 2a, 2b and
3, respectively, which are comparable to those derived from the
magnetic data. The calculated g values are consistent with the easy-
plane anisotropies in 1-3. The calculated ymT versus T and M versus
H plots of 1-3 are shown in Fig. $12-S13%. The calculated
orientations of the local main magnetic axes on Co'ion of 1-3 are
shown in Fig. 5147,

For complex 4, the energy gap (375.7 cm™) between the
lowest two spin-free states is in agreement with the quasi-
degeneracy related to the “E term in the idealized Cg
symmetry.'#d1% This energy gap is larger than that between the
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lowest two spin-orbit states (162.3 cm™). However, the spin-orbit
ground state is composed from the lowest two spin-free states, not
just from the ground one (Table S4, ESIt). These suggest that there
is very strong first-order spin-orbital coupling in 4 and zero-field
splitting parameters D and E cannot be used to depict its magnetic
anisotropy. Therefore the traditional spin Hamiltanian can not be
used to model the magnetic data and HFEPR spectra.'*®4 The
calculated S = 1/2 effective g-values of the ground state Kramers
doublet of the Co" centre of 4 are g« = 0.541, g, = 0.735, and g, =
9.253 (Table S6, ESIt), demonstrating its easy-axis anisotropy. The
magnetic susceptibilities and magnetizations of 4 were also
calculated as shown in Fig. S12-S13t, which are comparable to the
experimental curves. Furthermore, the calculated orientations of
the gy, gy, g. (easy axis) of the ground doublet on the Co"ion was
shown in Fig. S14t.

Dynamic magnetic properties

To investigate the relaxation dynamics of 1-4, alternating-current
(ac) susceptibility measurements were carried out in the
temperature range of 1.8-6 K with an alternating field of 0.2 mT
oscillating with 1-999 Hz under different dc fields (Fig. 4 and S15-
S26, ESIt). Unfortunately, no out-of-phase (xm”) signals were
detected under zero applied dc field. However, all complexes
exhibit strong frequency-dependent ac susceptibilities under a
small external dc field. The absence of out-of-phase (xn”) signals
under zero applied field could be caused by the occurrence of
strong quantum tunneling of magnetization (QTM), which has been
observed in most Co(ll)-based SIMs.11-17

|'I = fifd O

"dem'mol”

Fig. 4 Frequency dependence of the ac susceptibility from 1.8 to 6 K for 1 under 0.1 T
(left) and 0.6 T (right). The solid lines are for eye guide.

For 1 and 2, there is only one magnetic relaxation process under
an external dc field from 0.02 to 0.1 T. However, two slow
relaxations were observed in the yy” vs v plot with the increase of
the external dc field until 0.6 T, which could be in consistent with
the two crystalliographically different molecules in the crystal
lattice. Hence, 0.1 T and 0.6 T were chosen for 1 and 0.08 T and 0.6
T for 2 to perform further ac magnetic measurements in the
temperature range of 1.8-6.0 K (Fig. 4 and S16-S22, ESIt). Under
these two different external dc fields, only one slow magnetic
relaxation was observed in the whole temperature range. The plot
of In(t) versus T1 were extracted from the peak value of the
variable-frequency susceptibility data under 0.1 T, which were
fitted with Arrhenius’ law t = exp(Ueg/ksT), giving the effective
energy barrier with the preexponential factor as Ueg = 8.2 cm™ (1o =
1.1 x 105 s) for 1, Uesr = 10.4 cm™ (1o = 3.0 x 10 s) for 2, respectively

This journal is © The Royal Society of Chemistry 20xx



(Fig. S23, ESIT). These derivations are based on the assumption that
the thermally activated Orbach process is the dominant relaxation
mechanism in the higher temperature range. The obtained 1o values
are obviously too large for an Orbach process compared with those
found in other Co(ll) SIMs.*'7 Given the possible coexistence of
multiple relaxations due to the curvature found in the Arrhenius
plots, other mechanisms such as Raman process may occur in the
magnetic relaxation of 1 and 2. On these grounds, we model the
relaxation rates employing the Raman and Orbach relaxation
processes by using eqn (3):3°
' =CT" +7,” exp(-U,, /kT)  (3)

where the first term represents the contribution of the Raman or
Raman-like process and the second term is for the Orbach process.
The fitting curve with eqn (3) accords well with the data over the
whole temperature range, with the following parameters: C = 46.38
SK3,n=3.2,19=5.2x107s, Uy =31.1 cm™ for 1 and C = 127.4 S'IK
3,n=23, 19=6.4x10%s, Uegr = 21.4 cm™ for 2 (Fig. 5a and S24, ESIt).
Therefore it can be concluded that the optical acoustic Raman-like
mechanism is the dominant process in the studied temperature
range in 1. But in 2 the Raman process is dominated but the Orbach
mechanism contributes to a less extent in high temperature range.

Fig. 5 (a) Relaxation time of the magnetization In(t) vs T plots for 1. (b) Cole-Cole plot

obtained from the ac susceptibility data under different range of temperature for 1.

Solid lines represent the best fits to a generalized Debye model3®.

Relaxation times under 0.6 T for 1-2 were extracted from the
variable-temperature susceptibility data of high-frequency area.
The In(t) vs T! plots were also fitted with Arrhenius’ law t =
Pexp(Ueg/ksT) (Fig. S25, ESIT). We can derive the effective energy
barrier with the preexponential factor as Ueg = 23.23 cm™ (1o = 3.0 x
10® s) for 1, Uegr = 25.53 cm™ (1o = 1.8 x 102 s) for 2. Because the
data were extracted from the peak value of the temperature
dependence of out-of-phase ac susceptibility (xm” ), which were in
the high-frequency and -temperature region, so it can be
considered that the Orbach mechanism is the dominant process
under 0.6 T. The Cole—Cole plots from the ac magnetic susceptibility
data were also constructed (Fig. 5b and S26, ESIt) and fitted by the
generalized Debye model3®to give the isothermal susceptibility (x7),
adiabatic susceptibility (xs), T, and a parameters. The a parameters
are in a range of 0.10-0.41 for 1 and 0.08-0.33 for 2, suggesting the
relatively narrow distribution of the relaxation time (Table S7, ESIT).

For investigation of the relaxation dynamics of 3 and 4, 0.2 T and
0.1 T fields were chosen to perform additional ac measurements,
respectively (Fig. S27-S30, ESIt). There is only one magnetic
relaxation process under an external dc field. The plot of In(t)
versus T-! extracted from the variable-frequency susceptibility data

This journal is © The Royal Society of Chemistry 20xx

were fitted with eqn (3), giving the following parameters of C = 2.4
S1K3, n=3.7, o= 1.4x108s, Uy = 26.8cm™ for 3 and €= 11.3 SK3,
n=4.8, 1= 1.4x107s, Ueg = 22.7 cm for 4 (Fig. S31, ESIt). It shows
that the Raman process is the dominated mechanism at the low
temperature region while the Orbach mechanism dominates at high
temperature range for both 3 and 4. The Cole-Cole plots (Fig. S32,
ESIT) were also constructed by fitting of the yp” versus yu” data by
the yielding the
susceptibility (x7), adiabatic susceptibility (xs), T, and a parameters,
which are listed in Table S7t. The obtained a parameters are in the
range of 0.08-0.35 and 0.09-0.17 for 3 and 4, respectively.
Compared with six-coordinate Co(ll) complexes 1, 2 and 3, the five-

generalized Debye model,3® isothermal

coordinate Co(ll) complexes of 4 signifies a narrower relaxation
distribution.

Conclusions

this the and

characterization of four field-induced SIMs based on Co'" ion

In conclusion, report presents synthesis
supported by a macrocyclic ligand 12TMC and commitantly
adjusted by the pseudohalogen ligands, namely, NCS™ (1),
NCSe™ (2), N(CN)y (3) and NCO" (4). Different from six-
and 3,

coordinated with NCO™ occupying at the axial position. It can

coordinate complexes 1, 2, complex 4 is five-
be revealed that there are easy-plane anisotropies in all six-
coordinate complexes by direct magnetic measurements and
HFEPR spectroscopy and theoretical studies, while it is easy-
axis anisotropy in five- coordinate complex. The detailed study
of the dynamic susceptibilities revealed that complexes 1 and
2 show two slow relaxation processes under an external dc
field, consistent with two different molecules in the crystal
lattice, which is rare in the previously reported transition
metal ion SIMs.3” The relaxation processes are taking place
with Raman process being dominated at the low temperature
region and the Orbach mechanism contributes to some extent
at high temperature range. The present work shows the slight
change in the magnetic anisotropy and the slow relaxation
dynamics within SMMs by structural modification by the
pseudohalides. We believe that our research will enrich and
deepen the study on field-induced Co(ll) SIMs.
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