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ABSTRACT: Three mononuclear Co(II) complexes with the formulas of [Co(L1)2] (1), [Co(L2)2(CH3OH)2] (2), and
[Co(L3)2(CH3OH)2] (3) (HL1 = 4 nitro 2 ((E) (propylimino)methyl)phenol, HL2 = 2,4 dinitro 6 ((E) (propylimino)
methyl)phenol, HL3 = 2 (methoxymethyl) 4 nitro 6 ((E) (propylimino)methyl)phenol) have been synthesized and structurally
characterized. The CH2OCH3 group in the ligand of complex 3 was in situ formed during the reaction. The Co(II) ion of complex 1
is in a distorted tetrahedral environment, while the Co(II) centers in complexes 2 and 3 adopt a deformed octahedral geometry. The
static magnetic data can be well fitted by the spin (1) or Griffith Figgis (2 and 3) Hamiltonian and negative D and B2

0 values were
obtained. Quantum chemical calculations confirm the presence of significant easy axial magnetic anisotropy with non negligible
transversal contributions in all the three complexes. All the three complexes show field induced slow magnetic relaxation with one
(2) or two (1 and 3) relaxation processes. Interestingly, their coordination geometry and magnetic relaxation behaviors can be tuned
by ligand substitutions.

■ INTRODUCTION

Extensive research efforts have focused on single molecule
magnets (SMMs) in the past three decades, not only because
of the unique physics of SMMs1−3 but also owing to their
potential applications in ultrahigh density information storage,
quantum computation, and molecular spintronics.4−7 The
magnetic properties of SMMs consumedly rely on spin ground
state (S) and magnetic anisotropy (D), and the interplay of
these two parameters can create an energy barrier (U) to
impede spin reversal (U = DS2 for an integer S or U = D(S2 −
1/4) for an half integer S). To improve the SMM behavior,
originally, much attention was paid to the synthesis of
polynuclear complexes with a large spin ground state.8,9

However, it was found that increasing the nuclearity to enlarge
the spin values does not guarantee an optimization of SMM
behavior.10,11 Thus, exploration has been turned to mono
nuclear complexes with considerable anisotropy.12−14 Mono
nuclear complexes with magnetic bistabilities are also named as
single ion magnets (SIMs). Since the discovery of the first

SIM,12 a large number of SIMs with one lanthanide,15−19

transition metal,20−23 or actinides ion24 as the spin center have
been reported. Impressive progress has been made for SIMs
containing Dy(III)25−29 or Co(II) ions.30−36 The blocking
temperature, below which a hysteresis loop shows up, has
exceeded liquid nitrogen temperature for the best Dy(III)
SIM,37 while the highest energy barrier of Co(II) SIM has
reached 450 cm−1.38

Among the documented transition metal SIMs, the most
popular are undoubtedly those with Co(II) ions due to their
half integer spin ground state and significant magnetic
anisotropy from the unquenched spin−orbital couplings,
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which can diminish the quantum tunneling of magnetization
(QTM) effects and lead to favorable SIM behavior. The
magnetic relaxation behavior of Co(II) SIMs is governed by
magnetic anisotropy, which is strongly dependent on ligand
field strength and coordination geometry. Several strategies
such as decreasing coordination number,30,38 changing
coordination atom,39−43 introduction of heavier coordination
atom,44−48 varying the counteranions,49,50 and ligand sub
stitution51−59 have been successfully employed to tune the
magnetic anisotropy and magnetic properties of Co(II) SIMs.
By ligand substitution, the symmetry of the coordination
geometry can be changed while the coordination atoms stay
the same. This provides an effective avenue to manipulate the
magnetic anisotropy and investigate the magneto structural
correlations of Co(II) SIMs.
Recently, we have reported two typical Co(II) SIMs with

bulky Schiff base ligand, and their structural distortion and
magnetic relaxation can be modulated by ligand substitution.60

To further study the ligand substitution effects and explore the
magneto structural relationship of Co(II) SIMs, three Co(II)
complexes, [Co(L1)2] (1), [Co(L2)2(CH3OH)2] (2), and
[Co(L3)2(CH3OH)2] (3) (HL1 = 4 nitro 2 ((E)
(propylimino)methyl)phenol, HL2 = 2,4 dinitro 6 ((E) (pro
pylimino) methyl)phenol, HL3 = 2 (methoxymethyl) 4 nitro
6 ((E) (propylimino)methyl)phenol), with different deriva
tives of Schiff base ligands were synthesized and characterized
by structure determination, magnetic investigations and ab
initio calculations.

■ EXPERIMENTAL SECTION
General Materials and Methods. All chemicals were commer

cially available and were used as received without further purification.
Elemental analyses (C, H, and N) were conducted on an Elementar
vario EL cube elemental analyzer. Fourier transform infrared (IR)
spectra were measured on a Nicolet IS10 Spectrum with samples
prepared as KBr discs. Powder X ray diffraction (PXRD) patterns
were recorded at room temperature on a Bruker D8 Advance
diffractometer. Direct current (dc) magnetic measurements were
carried out on a Quantum Design PPMS DynaCool 9 magnetometer.
The magnetic data were corrected for diamagnetic contribution by
using Pascal’s constants. Altering current (ac) magnetic measure
ments were performed on a Quantum Design MPMS XL7 SQUID
magnetometer.
Synthesis of [Co(L1)2] (L1 = 4-nitro-2-((E)-(propylimino)-

methyl)phenol) (1). 5 Nitrosalicylaldehyde (0.0836 g, 0.5 mmol)
and propylamine (42 μL, 0.5 mmol) were dissolved in a mixture of
CH3OH (10 mL) and C2H5OH (10 mL), followed by the addition of
Co(CH3COO)2·4H2O (0.0623 g, 0.25 mmol). The resulting mixture
was stirred for 25 min at room temperature and then filtered. Slow
evaporation of the filtrate produced dark red crystals after several
days. Yield: 36 mg (30% based on Co). Calc. (%) for C20H22CoN4O6:
C 50.75, H 4.68, N 11.84. Found: C 50.82, H 4.70, N 11.88. Selected
IR data (cm−1): 2962w, 1623w, 1597w, 1551w, 1495w, 1468w,
1396w, 1311s, 1188w, 1102w, 1054w, 949w, 850w, 707w, 659w
506w, 464w (Figure S1a).
Synthesis of [Co(L2)2(CH3OH)2] (L2 = 2,4-dinitro-6-((E)-

(propylimino)methyl)phenol) (2). A CH3OH (20 mL) solution
of 3,5 dinitrosalicylaldehyde (0.1061 g, 0.5 mmol), propylamine (42
μL, 0.5 mmol), and Co(CH3COO)2·4H2O (0.0623 g, 0.25 mmol)
was stirred for 30 min at room temperature and then filtered. Slow
evaporation of the filtrate produced red crystals after several days.
Yield: 67 mg (43% based on Co). Calc. (%) for C22H28CoN6O12: C
42.11, H 4.50, N 13.39. Found: C 41.84, H 4.37, N 13.58. Selected IR
data (cm−1): 3443w, 2973w, 1637w, 1596w, 1565w, 1527m, 1491w,
1461w, 1437w, 1330s, 1305m, 1227w, 1103w, 1012w, 921w, 842w,
790w, 709w, 634w, 526w, 439w (Figure S1b).

Synthesis of [Co(L3)2(CH3OH)2] (L3 = 2-(methoxymethyl)-4-
nitro-6-((E)-(propylimino) methyl)phenol) (3). A CH3OH (20
mL) solution of 3 chloromethyl 5 nitrosalicylaldehyde (0.1078 g, 0.5
mmol) and propylamine (42 μL, 0.5 mmol) was stirred for 10 min at
room temperature, followed by the addition of Co(CH3COO)2·4H2O
(0.0623 g, 0.25 mmol). The resulting mixture was stirred for another
20 min and then filtered. Slow evaporation of the filtrate produced
brown crystals after several days. Yield: 54 mg (34% based on Co).
Calc. (%) for C26H38CoN4O10·0.5H2O: C 49.21, H 6.20, N 8.83.
Found: C 49.16, H 5.87, N 8.74. Selected IR data (cm−1): 3318w,
2960w, 2872w, 1633w, 1599w, 1568w, 1489w, 1304s, 1286s, 1102m,
1023w, 954w, 908w, 833w, 775w, 715w, 611w, 517w, 482w (Figure
S1c).

Computational Details. All calculations on complexes 1−3 are
based on the respective X ray structures. The positions of the
hydrogen atoms were reoptimized with density functional calculations
(BP86 functional/def SVP basis set) with the Turbomole program
package.61 On the basis of these structures, the basis sets of Co, O,
and N were extended to def2 TZVP. The state average complete
active space self consistent field (CASSCF) calculations taking into
account all quartet states with seven electrons in the five 3d orbitals
were performed.62 On the basis of the CASSCF orbitals, spin orbit
configuration interaction (SOCI) calculations were performed with a
program developed in Karlsruhe and Kaiserslautern,63,64 using a spin−
orbit mean field approach for the 2 electron spin−orbit integrals.65,66
g tensors were obtained by the Abragam−Bleaney tensor as described
by Gerloch and McMeeking;67 magnetic susceptibilities were
calculated by Boltzman averaging from the derivatives of the energy
with respect to the magnetic field.

Crystal Structure Determination and Refinement. The
single crystal diffraction data of 1−3 were collected at 173(2)−
175(2) K on a Bruker APEX II diffractometer with monochromated
Mo−Kα radiation (λ = 0.71073 Å). The sorption corrections were
conducted using TWINABS for 1 and SADABS for 2 and 3 supplied
by Bruker. The structures were solved by direct methods and refined
by full matrix least squares analysis on F2, using the SHELXTL
program package.68 The structure of 1 was refined as a two
component twin, and some carbon atoms were found to be disorder
in the structure of 3. Ordered non H atoms were refined
anisotropically, H atoms were placed in calculated positions and
refined using a riding model. The data have been deposited to the
Cambridge Crystallographic Data Centre with CCDC 2019087−
2019089. Data collection and structural refinement parameters are
listed in Table 1.

■ RESULTS AND DISCUSSION

Synthesis and General Characterization. The reactions
of substituted salicylaldehyde, propylamine, and Co
(CH3COO)2·4H2O in the presence of organic solvent
(methanol or a mixture of methanol and ethanol) in one pot
afforded crystals 1−3 (Scheme 1). Complex 1 could also be
obtained when the reaction was made in amethanol solution,
but the yield was very low. The CH2OCH3 group in the ligand
of complex 3 was in situ formed during the reaction, and
similar reactions can also be found in the literature.69,70

Attempts to synthesize the diamagnetic Zn or Mg analogous of
complex 1 were unsuccessful. The experimental PXRD
patterns of all the three complexes are in accordance with
those from simulations based on crystallographic data (Figure
S2), confirming the phase purity and stability of the bulk
sample of as synthesized products.

Structure Analysis. Single crystal diffractions demonstrate
that all the three complexes crystallize in a triclinic system with
the space group P1. There are one Co(II) ion and two ligands
in the asymmetry unit of 1 (Figure 1a). The Co(II) center
coordinates to two singly deprotonated ligands adopting a
distorted tetrahedral CoN2O2 coordination environment. The



dihedral angle between the two chelate planes fabricated by
Co−N−C−C−C−O is 70.67°, which is smaller than those of
other Co(II) complexes with tetrahedral geometry.52−54 The
Co−N and Co−O bond lengths fall in the range 1.906(3)−
1.985(4) Å, and the Co−N bond distances are longer than
those of Co−O. The bond angles around the Co(II) center
vary from 95.78(15)° to 136.81(12)°, all of which deviate from
109.5° for an perfect tetrahedron. The O−Co−N angles within
one of the ligands are similar and close to 96°. To further
evaluate the distortion of coordination geometry, continuous

shape measures (CShMs)71,72 were conducted for 1. This
results in a CShM value of 3.223 (Table S1), indicating that

Table 1. Crystallographic Data and Structure Refinement
for Complexes 1−3

1 2 3

formula C20H22CoN4O6 C22H28CoN6O12 C26H38CoN4O10

Mr (g mol−1) 473.34 627.43 625.53
crystal system triclinic triclinic triclinic
space group P1̅ P1̅ P1̅
T (K) 175(2) 173(2) 173(2)
a (Å) 9.4970(6) 7.8713(6) 8.5595(8)
b (Å) 10.5464(7) 8.3674(6) 8.7955(9)
c (Å) 11.9011(7) 10.6989(7) 10.7634(12)
α (deg) 113.022(2) 98.280(2) 97.263(4)
β (deg) 94.458(2) 106.406(2) 112.277(4)
γ (deg) 105.003(2) 95.001(3) 99.250(3)
V (Å3) 1037.97(11) 662.82(8) 724.35(13)
Z 2 1 1
Dc (g cm−3) 1.515 1.572 1.434
μ (mm−1) 0.872 0.722 0.654
F(000) 490 325 329
reflections
collected

5465 6289

unique
reflections

3587 2405 2521

Rint 0.0397 0.0620
GOF 1.054 1.066 1.054
R1(I > 2σ) 0.0513 0.0411 0.0622
wR2 (all data) 0.1317 0.0867 0.1488
max. diff. peak/
hole (e Å−3)

0.453/ 0.360 0.308/ 0.315 0.330/ 0.529

Scheme 1. Synthetic Route for Complexes 1−3

Figure 1. (a−c) Structures of 1−3. Symmetry codes: A 1 − x, −y, 1 −
z; B 2 − x, 1 − y, −z.
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the coordination geometry of 1 exhibits relatively large
deviation from an ideal tetrahedron. The nearest intermo
lecular Co···Co distance is 6.4311(9) Å.
The molecular structures of 2 and 3 are similar except the

groups in the second position of the ligands. The second
position of the ligand for 2 is occupied by a NO2 group,
whereas the same place for 3 is taken by a CH2OCH3 group
(Scheme 1). The structures of 2 and 3 contain one Co(II) ion,
two ligands, and two coordinated methanol molecules (Figure
1b,c). The Co(II) ions coordinate to two nitrogen atoms and
four oxygen donors from two ligands and two methanol
molecules. The coordination geometry of Co(II) centers can
be described as a distorted octahedron, which is verified by
continuous shape measures with CShM values of 0.181 for 2
and 0.100 for 3, respectively (Table S1). The relatively small
CShM value suggests that the coordination geometry of 3 is
more close to a perfect octahedron. The oxygen atoms from
phenol groups locate at axial position, while the equatorial sites
are occupied by two nitrogen and two oxygen donors from two
ligands and two methanol molecules. The axial Co−O bond
lengths (2.0316(16) Å for 2 and 2.025(3) Å for 3) are shorter
than the equatorial Co−O/N (2.1804(18) and 2.117(2) Å for
2 and 2.125(3) and 2.126(4) for 3) bond distances, indicating
that the coordination polyhedrons of 2 and 3 are compressed
along the O(phenol)−Co−O(phenol) bond. The axial O−
Co−O bond angles are equal to 180°, whereas the equatorial
O−Co−N bond angles are in the range 88.02(14)°−
91.99(14)°. The closest intermolecular Co···Co separations
are 7.8713(6) Å for 2 and 8.5595(8) Å for 3, respectively.
Although the coordination polyhedrons of 2 and 3 can be

geometrically assigned to compressed octahedron, it should be
considered that the average values of Co−O and Co−N bond
lengths are different in octahedral complexes. The deviations of
the bond lengths from their average values (di = Ri − Ravg) are
crucial and produce the structural distortion parameter (dstr =
dax − deq). Positive dstr values for 2 and 3 were obtained on the
basis of the viewpoints and values given by Titis ̌ and Bocǎ
(Table S2),73 suggesting that the electronic behavior of these
two complexes correspond to that of an elongated tetragonal
bipyramid taking the methanol oxygens as axial ligands. In such
cases, first order spin−orbit coupling has to be involved to
describe the magnetic properties of the resulting compounds,
which is consistent with the conclusions from the magnetic
studies and the theoretical calculations (see below).
Static Magnetic Studies. Magnetic susceptibility meas

urements were performed on polycrystalline samples of 1−3 in
the temperature range 2−300 K under a 1000 Oe static field.
The χT products of 1−3 at 300 K are 2.54, 3.15, and 3.05 cm3

K mol−1, respectively (Figure 2). Their values are higher than

the spin only value of 1.875 cm3 K mol−1 for a high spin
Co(II) ion with S = 3/2 and g = 2, suggesting the existence of
unquenched orbital contributions to the magnetic moment.
The χT value of 1 gradually decreases with cooling to a
minimum of 1.57 cm3 K mol−1 at 5.5 K and then suddenly
increases to 1.73 cm3 K mol−1 at 2 K, whereas the χT products
of 2 and 3 monotonously decrease with reduction of
temperature and reach 1.99 and 1.66 cm3 K mol−1 at 2 K,
respectively. The decrease is probably due to the thermal
depopulation of higher energy Kramers doublets of the Co(II)
ion or/and the antiferromagnetic couplings between different
monomers, whereas the increase observed in 1 below 5.5 K
indicates the presence of weak intermolecular ferromagnetic
interactions between neighboring Co(II) ions. The field
dependences of the magnetization below 5 K for 1−3 increase
with a lifting magnetic field, and the magnetizations reach 1.96,
2.27, and 2.10 Nβ (N and β are Avogadro constant and Bohr
magneton), respectively. These values are lower than the
saturation magnetization of 3 Nβ for a high spin Co(II) ion
with S = 3/2 and g = 2. The lack of saturation and the
observation of nonoverlapping isothermal magnetization
curves imply the existence of considerable magnetic aniso
tropy.
To get more information about the magnetic anisotropy, the

magnetic data of 1 was analyzed by the zero field splitting
(ZFS) Hamiltonian in eq 1 using the program PHI74

H D S S S E S S gSH( 1)/3 ( )Z x y
2 2 2 β̂ = [ ̂ − + ] + ̂ − ̂ + ̂ (1)

in which D and E are the axial and rhombic ZFS parameters, S
is the spin operator, β is the Bohr magneton, g is Lande ́ factor,
and H is the magnetic field vector, respectively. The best fits
gave parameters D = −49.9 cm−1, E = 6.3 cm−1, and giso = 2.30
and intermolecular interactions zj = 0.026 cm−1 (Figure 2a).
The large and negative D value indicates the presence of strong
easy axis magnetic anisotropy in 1. No reasonable results could
be obtained when a positive D value was used.
Attempts to fit the magnetic data of 2 and 3 with ZFS model

were unsuccessful. This is likely ascribed to the strong first
order spin−orbital coupling (SOC) presented in Co(II)
complexes with octahedral geometry; the ZFS parameters D
and E are no longer appropriate for modeling the magnetic
properties of 2 and 3. Therefore, the magnetic data of 2 and 3
were fitted by the Griffith−Figgis Hamiltonian, which explicitly
considers first order SOC given in eq 2:

H L S B L L H L g S3 ( )z eCo Co
2

2
0

,Co
2 2

Co Coαλ α β α̂ = − ̂ ̂ + [ ̂ − ̂ ] + − ̂ + ̂

(2)

where λ is the SOC parameter, α is an orbital reduction factor,
and B2

0 represents a crystal field parameter for an axial

Figure 2. (a−c)Temperature dependence of the χT products for complexes 1−3. Inset: Field dependent magnetization plots below 5 K. The solid
lines are the best fit curves by the spin (a) or Griffith−Figgis (b and c) Hamiltonian.
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distortion. The best fit of the magnetic data with PHI
program74 results in α = 1.33, λ = −164 cm−1, B2

0 = −201.7
cm−1, TIP = 2.73 × 10−4 cm3 cm−1 for 2 and α = 0.94, λ =
−197 cm−1, B2

0 = −273.6 cm−1, TIP = 1.67 × 10−3 cm3 cm−1

for 3 (Figure 2b,c). The large and negative B2
0 values imply the

presence of strong axial magnetic anisotropy in 2 and 3. These
values are comparable to those found in other Co(II)
complexes with distorted octahedral coordination geome
try.75−77 Worse results were obtained when positive B2

0 values
were employed.
Quantum Chemical Calculation. In order to get

information about the electronic states and the magnetic
anisotropy, complete active space self consistent field
(CASSCF) and spin−orbit configuration interaction (SOCI)
calculations based on the crystal structures were performed for
all the complexes. The details of the calculations are presented
in the Experimental Section. The CASSCF calculations provide
information about the ligand field. The splitting of the 4F state
of the free Co(II) ion is shown in Table S3. The ground state
of complex 1 is separated from the two next states by 1941 and
3674 cm−1, respectively, whereas the energy gaps between the
first three quartet states of 2 and 3 are relatively small and
these three states can be considered as quasi degenerate. The
lowest doublet states are found at the energies of 15741 cm−1

for 1, 13310 cm−1 for 2, and 12979 cm−1 for 3, respectively.
They are well separated from the lowest three quartet states
and do not play an important role in the SOCI calculations.
The results of the SOCI calculations are presented in Table S4.
The contributions of the first three quartet states obtained in
the CASSCF calculations to the lowest six Kramer’s doublets
are shown in Tables S5−S7. For most of these Kramers
doublets, the three quartet states cover more than 99% of the
wave function. The contribution of the different Ms values is
summarized in Tables S8−S10. As expected from the distorted
tetrahedral coordination as well as from the isolated quartet
ground state in the CASSCF calculation, complex 1 shows a
second order behavior of the spin−orbit coupling. The first
quartet state is split into two Kramers doublets with an energy
difference of 76 cm−1. The wave functions of these two
Kramers doublets are dominated by the components of the
first quartet state, which contributes with 94% and 98%,
respectively. Analyzing the wave functions with a pseudo spin
of S = 3/2 yields D = −36.4 cm−1, E = 6.3 cm−1, gx = 2.278, gy
= 2.109, and gz = 2.609 for 1. The sign of D is also confirmed
by the g values obtained individually for the first and second
Kramers doublets (Table S11) and are consistent with the
fitting of the magnetic data. Both theoretical and experimental
D values are negative, verifying the presence of easy axis
magnetic anisotropy in 1. The calculated χT versus T plot
(Figure S3) can reproduce the measured data reasonably well,

taking into account that intermolecular interactions are not
included.
Complexes 2 and 3 possess distorted octahedral structures.

This is in agreement with the quasi degeneracy of the first
three quartet states in the CASSCF calculations. These three
quartet states strongly interact in the SOCI calculations,
resulting in six Kramers doublets in a range of 1500 cm−1. In
agreement with the smaller deviation from octahedral
symmetry and the lower energies of the second and third
quartet states in the CASSCF calculations, the second Kramers
doublet is found at higher energies in complex 3. This is
supported by the stronger contribution of the second quartet
state to the wave functions in complex 3 (38% in complex 3
and 22% in complex 2, respectively). Again, the calculated
magnetic susceptibilities are in reasonable agreement with the
experiment (Figure S3). The gz values of the first Kramers
doublet for 2 and 3 are much larger than those of gx and gy,
confirming that an easy axis type of magnetic anisotropy can be
also found in 2 and 3 (Table S11). This is in line with the
observation of negative B2

0 values in the fitted results. The
relatively large effective gx and gy values suggest that the
transversal anisotropy and quantum tunneling of magnetization
(QTM) effects in complexes 1−3 are non negligible. The
magnetic axes in complexes 1−3 are shown in Figure S4.

Dynamic Magnetic Investigations. In view of the
remarkable magnetic anisotropy in complexes 1−3, ac
susceptibility measurements were conducted to explore their
magnetic dynamics. No out of phase ac signals were observed
for all the three complexes in the absence of a dc field, which is
probably ascribed to the influence of QTM. However, the out
of phase ac signals of these complexes can be switched on by
the application of various dc fields (Figures S5−S7). The
magnetic relaxations are slowest at 2000, 1000, and 1500 Oe
for 1−3, respectively. Therefore, the frequency dependence of
ac susceptibility at different temperatures was further
investigated under these optimal fields. This leads to significant
out of phase ac signals with clear maxima (Figure 3 and Figure
S8), suggesting that all the three complexes are field induced
SIMs. Two relaxation processes were observed in 1 and 3,
whereas only one relaxation pathway was detected in 2. The
peaks of out of phase components can be observed in the
ranges 1.8−5.1 K for 1, 2−4.4 K for 2, and 2−4.4 K for 3 in the
frequency range 1−1488 Hz (Figure 3).
The Cole−Cole plots of 1−3 can be modeled by a

modified/generalized Debye function (see eqs S1−S4 in the
Supporting Information) using the CC FIT program (Figure
4a−c).78 The fits result in α1 = 0.033−0.16 and α2 = 0−0.23
for 1, α = 0.019−0.44 for 2, and α1 = 0.075−0.38 and α2 = 0
for 3 (Tables S12−S14). The presence of more than one α
value in a compound and the observation of relatively large α

Figure 3. (a−c) Frequency dependence of out of phase ac susceptibility data under a 2000/1000/1500 Oe dc field for 1−3.
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values imply that the magnetic relaxations in these systems are
realized by multichannels, such as Orbach, Raman, direct, and
QTM processes. These processes can be described by eq 3,
where the first two terms are Orbach and Raman pathways and
the last two terms represent direct and QTM processes.
Thermally activated behavior observed in the high temperature
range is generally attributed to an Orbach relaxation process,
and the energy barrier (Ueff) of the Orbach process is expected
to be close or equal to the energy gap between real electronic
states, whereas the Raman process contains transitions of
absorption and re emission of phonons via virtual states.22 The
presence of other channels, such as Raman, direct, and QTM
processes, will decrease the Ueff value. The relaxation times
obtained from the Cole−Cole plots fitting versus temperature
produces Arrhenius curves. The fits by an Arrhenius law to the
high temperature data gave the following energy barriers and
pre exponential factors: Ueff = 54.9 K with τ0 = 2.28 × 10−9 s
for 1, Ueff = 24.3 K with τ0 = 4.89 × 10−7 s for 2, and Ueff =
19.4 K with τ0 = 2.19 × 10−6 s for 3 (Figure 4d−f). The energy
barrier of 1 is lower than the calculated energy gap (109.4 K or
76 cm−1) between the lowest two spin−orbit states of the
Co(II) ions. However, these two values have the same order of
magnitudes, indicating that multiple relaxation processes are
involved in this system including the presence of an Orbach
process. The fit of the high temperature part of ln τ versus ln T
plot results in n = 11.2 for 1 (Figure S9a). This value is larger
than the Raman exponent for a Kramers ion (1 < n ≤ 9),79−81

further demonstrating that an Orbach process is present in the
high temperature range. The relaxation behavior was observed
under an applied magnetic field, and no temperature

independent part can be found in the ln τ versus T−1 plot;
therefore, the QTM pathway was considered to be quenched
in this system. Therefore, a model including Orbach, Raman,
and direct processes (eq 4) was employed to fit the ln τ versus
T−1 plot of 1 in the whole temperature range. The best fit
generates the following parameters: Ueff = 67.1 K, τ0 = 2.46 ×
10−10 s, C = 7.32 s−1 K−2.8, n = 2.8, A = 105 s−1 K−1 (Figure
4d). If only Raman and direct processes were used to fit the ln
τ versus T−1 plot in the whole temperature range (Figure S9b),
a large n value was obtained (n = 12.2). This value is also much
larger than the Raman exponent for a Kramers ion (1 < n ≤
9),79−81 confirming that the magnetic relaxation of 1 in the
high temperature region is realized via an Orbach process.
The energy barriers of 2 and 3 are far from the theoretical

energy gaps (269 K or 187 cm−1 for 2 and 396 K or 275 cm−1

for 3,Table S4), which suggests the presence of virtual states in
the magnetic relaxation pathway and magnetic relaxations in
the high temperature range possibly achieved via Raman rather
than Orbach processes. The fit of the high temperature part of
ln τ versus ln T curves leads to n = 5 for 2 and n = 3.3 for 3
(Figure S10). The n values fall in the normal range for a
Raman process (1 < n ≤ 9 is reasonable for a Raman
process).79−81 This further confirms that the magnetic
relaxation of 2 and 3 in the high temperature region is
dominated by a Raman process. The QTM relaxation process
was considered to be quenched by an applied magnetic field.
Thus, only Raman and direct processes were employed to fit
the ln τ versus T−1 curves of 2 and 3. The ln τ versus T−1

curves of 2 and 3 in the full temperature range can be
reproduced well by considering both Raman and direct
processes (eq 5) (Figure 4e,f), leading to C = 1.17 s−1 K−5.8,
n = 5.8, A = 311.8 s−1 K−1 for 2 and C = 8.74 s−1 K−4.1, n = 4.1,
A = 616.4 s−1 K−1 for 3. This phenomenon verifies that the
magnetic relaxation of 2 and 3 are realized by the mixture of
Raman and direct processes, which is consistent with other
Co(II) SIMs with octahedral geometry.82−84

U k T CT ATexp( / ) n1
0

1
eff B QTM

1τ τ τ= − + + +− − −
(3)

U k T CT ATexp( / ) n1
0

1
eff Bτ τ= − + +− −

(4)

CT ATn1τ = +− (5)

Magneto-Structural Correlation. It was established that
the magnetic relaxation of SIMs can be influenced by many
factors such as magnetic anisotropy, ligand field strength,
symmetry of coordination geometry, intermolecular interac
tion, and molecular vibration.20−23,25,26,38−59,85−88 The sub
stituent of the Schiff based ligand can regulate the coordina
tion symmetry of Co(II) ions and thus lead to a tetrahedral
geometry for 1 and octahedral geometries for 2 and 3.
Different coordination geometries will produce a distinct
electronic structure for the Co(II) ion, which strongly
influences the magnetic anisotropy and magnetic relaxation
of the resulting products. In the quantum chemical
calculations, all the three complexes show significant magnetic
anisotropy but their relaxation behavior was observed only
under a dc field. This indicates the presence of strong QTM in
these systems, which is confirmed by the observation of large gx
and gy values in the lowest Kramers doublets. The transversal
effects in 2 and 3 are much more remarkable than that of 1,
and thus, their energy barriers are lower than that of 1.
Although the coordination geometries of 2 and 3 are similar,
their distortions are different. This leads to distinct energy

Figure 4. (a−c) Cole−Cole plots for 1−3. The solid lines are the best
fits to a modified/generalized Debye model. (d−f) Temperature
dependence of the relaxation times under a 2000/1000/1500 Oe dc
field for 1−3. The red lines are the best fits to an Arrhenius law (d−f).
The blue lines are fits for the sum of Orbach, Raman, and direct
processes (d) or Raman plus direct processes (e and f).
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separations (544 cm−1 for 2 and 127 cm−1 for 3) between the
two lowest quartet states, resulting in different SOC and
magnetic relaxation behavior. Two relaxation processes were
detected in 1 where the nearest Co···Co distance is relatively
short. Therefore, the second relaxation process of 1 is from
intermolecular dipole−dipole interactions.88,89 Though the
closest Co···Co separation in 3 is longer than that in 2, two
relaxation processes were observed in 3 and only one
relaxation process appeared in 2. Therefore, it is not clear
whether the second relaxation process in 3 is induced by
intermolecular interaction. We compared the structures of 2
and 3 carefully and found that there are more C−H bonds in 3.
Thus, the appearance of the additional relaxation process in 3
is probably attributed to intermolecular dipole−dipole
interactions induced by the application of a relatively larger
dc field (1000 Oe for 2 and 1500 Oe for 3) or/and the
contribution of C−H bond vibrations.22,25,26 From the
discussion above, the differences in coordination geometry,
structural distortion, intermolecular interactions, and/or
molecular vibration are the main reasons for the observation
of the distinct magnetic relaxation behavior in 1−3.

■ CONCLUSION
Three mononuclear Co(II) complexes with different deriva
tives of Schiff base ligand have been prepared and magnetically
characterized. The substituent of the Schiff based ligand can
regulate the coordination geometry and the distortion of the
coordination polyhedrons. Complex 1 holds a tetrahedral
coordination geometry, whereas complexes 2 and 3 possess
octahedral coordination geometry with different distortions.
Magnetic studies and quantum chemical calculations reveal
that all three complexes exhibit strong easy axial anisotropy
with pronounced transversal contributions. All the three
complexes show field induced SIM behavior. The magnetic
relaxation of 1 is achieved by Orbach, Raman, and direct
processes, whereas Raman and direct processes are dominant
in 2 and 3. This suggests that large and negative D/B2

0 values
do not guarantee the existence of an Orbach process, which is
consistent with the behavior observed in other Co(II)
SIMs.75,83,90,91 Their magnetic relaxation behaviors can not
only be manipulated by the coordination geometry and its
distortion but also be influenced by intermolecular interactions
or/and molecular vibrations. The work presented herein not
only extends the family of Co(II) SIMs but also it will direct us
to tune and improve the magnetic properties of SIMs by ligand
substitution. The employment of other Schiff base ligands with
flexible groups to construct new Co(II) SIMs is in progress.
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