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Magneto-structural correlations in cobalt(II)-
phenanthroline compounds with chloranilic acid

Filip Torić, a Lidija Androš Dubraja, a Mirta Herak, b Nikolina Novosel, b

Irina Petreska, c Krešimir Molčanov*a and Dijana Žilić *a

The impact of subtle modification of the environment on magnetic properties, by exchanging only

solvent molecules, was investigated using a novel series of cobalt(II) compounds as a case study. Three

new cobalt(II) complexes with a phenanthroline ligand (phen) and chloranilic acid (CA) [Co(CA)(phen)2] (1)

were synthesized: 1·MeOH, 1·EtOH, and 1·EtGly. Single-crystal and powder X-ray diffraction revealed that

all structures are isostructural mononuclear complexes with a distorted octahedral cobalt environment.

X-band ESR spectroscopy provided an effective spin of 1/2 with anisotropic geff-values for cobalt ions at

low temperatures. ESR linewidth analysis, supported by DFT calculations, revealed negligible inter-

molecular interactions. Static magnetic properties were studied using the temperature and field depen-

dence of magnetization. Comprehensive magnetic modeling of the experimental data provides deeper

insight into the subtle influence of different crystal packing arising from solvent exchange on the mag-

netic properties of the complexes. Additionally, AC magnetic susceptibility studies at low temperatures

revealed field-induced slow magnetization relaxation in these cobalt(II) compounds.

1. Introduction

Chloranilic acid (2,5-dichloro-3,6-dihydroxy-1,4-benzoquinone,
CA) is a highly versatile ligand capable of coordinating to tran-
sition metals in a variety of coordination modes, the most
common ones being bridging (bis)bidentate and terminal
bidentate.1 Its uniquely malleable π-electronic structure is sen-
sitive to (de)protonation states and coordination modes; while
in bridging (bis)bidentate mode it has two delocalised systems
separated by single C–C bonds, its terminal bidentate mode
has an o-quinoid structure.2 It is widely used in coordination
chemistry and design of metal–organic frameworks3–6 with a
wide variety of topologies.6–11 In addition to serving as an
excellent bridging ligand, chloranilic acid has several potential
sites for hydrogen bonding, charge transfer, and other inter-
actions, making it useful for forming various supramolecular
complexes.

Mononuclear cobalt(II) complexes stand out from the tran-
sition metal family due to their complicated magnetic descrip-
tion because of significant spin–orbit coupling.12 In tetra-
hedral cobalt(II) compounds, the orbital angular momentum

is quenched, and therefore it is justified to use the spin
Hamiltonian approach. The true g-values correspond to the
g-values in the original S = 3/2 spin Hamiltonian, which are
approximately 2.0.13 In octahedral Co(II) compounds, the
ground orbital state is t2g, and the degeneracy of the dx2−y2 and
dxy orbitals is removed, so their contribution to orbital angular
momentum is quenched. However, the contribution from the
degeneracy of dxz and dyz can still remain, and the total orbital
angular momentum could be non-quenched. In cases where a
large portion of orbital angular momentum remains, the
simple spin Hamiltonian approach is not valid anymore, and
the relationship between the effective g-values and other para-
meters becomes complicated.13–15 Therefore, tailoring the
ligand field around the cobalt center plays a crucial role in
manipulating the magnetic and electronic properties of the
targeted compound.16,17 Besides significant ligand influence,
intermolecular interactions can also play a crucial role, which
in turn changes the magnetic properties of the material.18–20

However, it has also been known that small variations beyond
the first coordination sphere can also influence the zero-field
splitting parameters of the cobalt ion.12 These factors can
complicate the synthesis of complexes with desired magnetic
anisotropy parameters and they should be further investigated.

In this work, we present single-crystal and powder X-ray
diffraction, elemental analysis, electron spin resonance (ESR)
and magnetization studies of novel Co(II)-chloranilate com-
plexes [Co(CA)(phen)2] (1; phen = 1,10-phenanthroline) with
three solvents: methanol (MeOH), ethanol (EtOH), and ethyl-
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ene glycol (EtGly). Despite their very similar molecular struc-
tures, the local and bulk magnetic structures of the 1·solvent
complexes reveal small but noticeable differences.
Computational methods and DFT calculations, in tandem with
experimental ESR and SQUID results, were used to interpret
the magnetic behavior and establish magneto-structural corre-
lations in the investigated cobalt(II) complex solvates. To probe
the potential of these complexes for single-molecule magnet
properties, AC magnetic susceptibility was measured both in
the absence and in the presence of a magnetic field.12,17

2. Results
2.1. Crystal structures

The following solvates of compound 1 were prepared: 1·MeOH,
1·EtOH, and 1·EtGly. They are isostructural and comprise a C2-

symmetric molecule of 1 (with the Co atom located on a
twofold axis, which also passes through the chloranilate
moiety, Fig. 1) and a solvent molecule located on a twofold
axis. Compound 1 (Fig. 1) is analogous to previously published
Cu(II)-CA and Ni(II)-CA complexes with ancillary ligands 2,2′-
bpy21 and 1,10-phen;22,23 they comprise a single CA dianion
(bound as a terminal bidentate ligand) and two bpy or phen
molecules bound to the metal centre. The uniformity and crys-
tallinity of the bulk products were confirmed by powder X-ray
diffraction (PXRD) and elemental analysis. The PXRD patterns
shown in Fig. S7 in the SI of compounds 1·MeOH, 1·EtOH,
and 1·EtGly correspond closely to those simulated from the
single-crystal data of these compounds at room temperature,
indicating that structural integrity is maintained in the bulk
materials subsequently used for magnetic measurements.

In compound 1, the Co(II) ion is hexacoordinated in a dis-
torted octahedral environment (Table 1). The calculations of
the continuous shape measures (Table 2) show no significant
differences in the coordination sphere of cobalt(II) across all
complexes,24 as can be seen from the overlaid structures in
Fig. 2. Even more detailed measures for octahedral distortion
that are commonly used, ζ, Δ and Σ (ref. 25) (see the SI for
expressions), are similar across all complexes. The chloranilate
ligand coordinates the metal as a terminal bidentate
ligand21,22 and has an o-quinoid structure21–23 (Table S3). The
coordination sphere is completed by two phenanthroline
ligands. A solvent molecule is hydrogen-bonded to the chlora-
nilate moiety and occupies a cavity located on the twofold axis
(Fig. 1 and Fig. 3). Since both molecule 1 and the solvent are
located on the twofold axis, the asymmetric unit contains a
half of each.

The studied compounds differ in the steric size, symmetry,
polarity and proton donating capabilities of the solvent

Fig. 1 A molecule of 1 with a twofold symmetry axis marked as a
dashed line. The position of the solvent molecule is indicated by a grey
sphere.

Table 1 Geometric parameters of cobalt(II) coordination spheres (Å, °)

1·EtGly@100K 1·EtGly@RT 1·MeOH@100K 1·MeOH@RT 1·EtOH@100K 1·EtOH@RT

Co1–O1 2.081(3) 2.0844(18) 2.0843(14) 2.0836(11) Co1–O1 2.0863(12) 2.0857(16)
Co1–N2 2.111(3) 2.115(2) 2.1217(17) 2.1262(15) Co1–O2 2.0847(11) 2.116(2)
Co1–N1 2.133(3) 2.135(2) 2.1265(16) 2.1280(13) Co1–N1 2.1095(15) 2.1342(19)
O1–Co1–N1 93.68(12) 167.57(7) 92.50(6) 90.86(5) Co1–N2 2.1309(14) 94.42(7)
O1–Co1–N2 92.48(12) 91.81(8) 94.02(6) 166.66(5) Co1–N3 2.1343(13) 92.82(7)
O1–Co1–O1i 78.73(11) 78.32(7) 78.67(5) 78.44(5) Co1–N4 2.1137(15) 78.33(6)
O1–Co1–N1i 167.24(12) 94.42(7) 90.27(6) 92.74(5) O1–Co1–O2 78.63(5) 167.64(6)
O1–Co1–N2i 91.39(12) 92.87(8) 166.51(5) 94.31(5) O1–Co1–N1 91.25(5) 91.82(7)
N1–Co1–N2 78.60(13) 78.38(9) 78.65(6) 78.20(5) O1–Co1–N2 166.70(5) 78.42(8)
N1–Co1–O1i 167.24(12) 94.42(7) 90.27(6) 92.74(5) O1–Co1–N3 93.38(5) 167.64(6)
N1–Co1–N1i 95.51(12) 94.41(8) 176.42(6) 175.35(5) O1–Co1–N4 92.19(5) 94.37(7)
N1–Co1–N2i 97.99(13) 97.46(9) 98.91(6) 98.60(5) O2–Co1–N1 92.49(5) 97.45(8)
N2–Co1–O1i 91.39(12) 92.87(8) 166.51(5) 94.31(5) O2–Co1–N2 92.93(5) 91.82(7)
N2–Co1–N1i 97.99(13) 97.46(9) 98.91(6) 98.60(5) O2–Co1–N3 167.30(5) 97.45(8)
N2–Co1–N2i 175.00(12) 173.97(8) 98.91(6) 94.87(5) O2–Co1–N4 91.79(5) 174.01(7)
O1i–Co1–N1i 93.68(12) 167.57(7) 92.50(6) 90.86(5) N1–Co1–N2 78.75(6) 94.42(7)
O1i–Co1–N2i 92.48(12) 91.81(8) 94.02(6) 166.66(5) N1–Co1–N3 97.57(5) 92.82(7)
N1i–Co1–N2i 78.60(13) 78.38(9) 78.65(6) 78.20(5) N1–Co1–N4 174.97(5) 78.42(8)

N2–Co1–N3 96.60(5)
N2–Co1–N4 98.38(6)
N3–Co1–N4 78.56(5)

Symmetry operator: i 1 − x, y, 3/2 − z.
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molecules. EtOH and MeOH have a C1 symmetry and are
single-proton donors, while EtGly is a C2-symmetric double
proton donor. Therefore, EtOH and MeOH located in a special
position with C2 symmetry are disordered over two positions,
while EtGly is ordered at 100 K, but at room temperature dis-
plays dynamic disorder. In addition, the double proton donor
EtGly is capable of forming two symmetry-equivalent hydrogen
bonds to the chloranilate moiety (with atom O1 as an acceptor,
Fig. 4), while EtOH and MeOH form only one (Table 3).

An interesting aspect of these structures is the ordering of
the solvent at 100 K and disorder at room temperature. The
ethanol molecule in 1·EtOH at RT is disordered about the
twofold axis (Fig. 4a), but at 100 K, it is ordered. Ordering of
the ethanol molecule in 1·EtOH at 100 K leads to a phase
transformation: the RT C2/c unit cell transforms to P21/n. Due
to the lower symmetry at 100 K, both the molecule of 1 and
ethanol are located in a general position; therefore, the asym-
metric unit contains a single molecule of 1 and a single,
ordered molecule of ethanol (Fig. 4b). The overall crystal
packing in both cells remains unchanged, so the P21/n cell has
pseudo-systematic absences consistent with C-centering.
However, the structure solution in the space group C2/c
yielded a disordered structure. The situation in 1·EtGly is
similar, with the solvent at 100 K being ordered, forming two

hydrogen bonds to the chloranilate moiety (Fig. 4c), but at
room temperature its conformation changes due to a dynamic
disorder. However, there is no phase transformation in
1·EtGly. In 1·MeOH, the solvent is disordered about the
twofold axis at both temperatures. In addition to hydrogen
bonds, all complexes exhibit similar aromatic stacking inter-
actions. Details of aromatic stacking geometry can be found in
Table S4 in the SI.

2.2. ESR study

The complexes were investigated by electron spin resonance
(ESR) or electron paramagnetic resonance (EPR) spectroscopy.
At room temperature, the complexes were ESR silent due to
the fast spin–lattice relaxation.26 Representative spectra,
obtained at three selected low temperatures, are shown in
Fig. 5. The spectra are highly anisotropic with three or four dis-
tinct features. The direct comparison of the spectra of
different solvates, presented as ESR intensity vs. g-values to
avoid B-shift due to slightly different microwave frequencies,
can be seen in Fig. 5(b).

The simulation of the spectra was performed with EasySpin
software27 using the reduced form of the spin Hamiltonian for
Co(II) ions:28

H ¼ μB � B � g � S ð1Þ
where B is the magnetic field, g is the g-tensor, and the con-
stant μB is the Bohr magneton. For octahedral Co(II) ions in
the high-spin state, spin S = 3/2 couples to the orbital angular
momentum L with the strength λ of spin–orbit coupling.26 In
the ground state, only the lowest levels are thermally occupied
as can be seen later in Fig. 11. As a result, effective spin Seff =
1/2 can be used to describe the observed ESR line with very an-
isotropic g-values.26,28–31 A hyperfine interaction for Co(II) ions
was not detected and therefore this term is omitted from eqn
(1). Consequently, the spectra were simulated using an aniso-
tropic g-tensor with an assumed Gaussian line shape. g-Strain
parameters were also included in the simulation to account for
the small distribution of g principal values.32 The principal
g-values obtained at different temperatures are presented in
Table 4, along with the average g-values at 5 K. The fact that it
was not possible to simulate the spectra at different tempera-
tures using the same g-values suggests a different population
of spin states at varying temperatures. The obtained aniso-
tropic g-values are in agreement with the distorted octahedral
structure around Co(II) ions and with the values for similar Co
(II) geometry reported in the literature.30,33–35

The nearest cobalt–cobalt distances, according to the struc-
ture recorded at 100 K, are around 8.5 Å: 8.44, 8.57 and 8.54 Å
for 1·MeOH, 1·EtOH and 1·EtGly, respectively. To estimate
intermolecular coupling, we calculated the dipolar contri-
bution to the ESR linewidth. Using the method of
moments,36,37 the linewidths due to dipolar interactions of
cobalt spin Seff = 1/2 with spins of all cobalt ions in the sphere
of radius 15 Å are Γd ≈ 27–28 mT (Table 4). The positions of
cobalt spins are taken from the crystallographic data obtained

Fig. 2 Overlaid structures of 1·MeOH (green), 1·EtOH (blue), and
1·EtGly (red) recorded at 100 K.

Table 2 Continuous shape measures (CShM), ζ, Δ and Σ, as defined in
the SI, for the CoN4O2 octahedron in the studied complexes, calculated
using the OctaDist repository25

Complex T/K CShM Z Δ Σ

1·EtGly 100 1.1611 0.1087 0.000107 70.6686
1·EtGly RT 1.1784 0.1083 0.000098 72.4468
1·EtOH 100 1.1717 0.09839 0.000084 70.6442
1·EtOH RT 1.1684 0.1054 0.000089 72.2221
1·MeOH 100 1.2130 0.1061 0.000079 70.6781
1·MeOH RT 1.2516 0.1161 0.000094 73.0507
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at 100 K. Experimentally observed linewidths, taken from ESR
simulations at 5 K, are around 25 mT (Table 4). Applying the
linewidth analyses:38,39

Γexp � γΓd
2=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
J½SðSþ 1Þ�

p
; ð2Þ

Fig. 3 Crystal packing of 1·MeOH (a, b), 1·EtOH (c, d) and 1·EtGly (e, f ) recorded at 100 K and room temperature (RT) viewed in the [−1 1 0] direction.
Molecules of 1 are grey, and solvent molecules are shown in green (MeOH), blue (EtOH), and red (EtGly) in the space-fill representation.

Fig. 4 Hydrogen-bonded motif of crystal packing in (a) 1·EtOH at RT
with a disordered ethanol molecule (the other component of the dis-
order is drawn in a pale colour), (b) 1·EtOH at 100 K with an ordered
molecule of ethanol and (c) 1·EtGly at 100 K with an ordered molecule
of ethylene glycol.

Table 3 Geometric parameters of hydrogen bonds

Complex D–H/Å H⋯A/Å D⋯A/Å D–H⋯A/°
Symm.
op. on A

1·EtGly@100 K
O3–H3⋯O2 0.84 2.06 2.795(9) 146 x, y, z
1·EtGly@RT
O3–H3⋯O2 0.83 2.17 2.275(2) 124 x, y, z
1·EtOH@100 K
O5–H5⋯O4 0.84 2.02 2.7947(18) 153 x, y, z
1·EtOH@RT
O3–H3⋯O2 0.82 2.00 2.699(8) 142 x, y, z
1·MeOH@100 K
O3–H3⋯O2 0.84 2.15 2.770(3) 130 x, y, z
1·MeOH@RT
O3–H3⋯O2 0.82 2.11 2.773(5) 138 x, y, z
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where γ is the gyromagnetic ratio, the intermolecular-coupling
constant was estimated to have a value of J ≈ 0.07–0.09 cm−1,
given in Table 4. The presence of weak intermolecular coup-
ling is consistent with the Gaussian line shape assumed in the
simulation of the ESR spectra, in contrast to the Lorentzian
shape observed for strongly coupled spins.37

2.3. Magnetization study

Field dependence. Fig. 6 shows the magnetic field depen-
dence of the induced magnetic moment measured at T = 1.8 K
for the three complexes 1·MeOH, 1·EtOH and 1·EtGly.
Magnetic hysteresis was not detected for any of the samples.
In addition to experimental data, the Brillouin functions at the
lowest measured temperature, T = 1.8 K, assuming a spin state
S = 1/2 and an average g-value gav from ESR simulations at 5 K

(Table 4), are also shown. None of the complexes exhibits
behaviour described by the Brillouin function, which includes
a spin-only contribution and describes the non-interacting
spin S = 1/2. However, in a high field around 7 T, the magnetic
moment saturates. The saturated moment obtained for
1·MeOH agrees well with the saturated moment obtained from
the Brillouin function μsat = S·gav = 1/2·gav. For two other com-
plexes, 1·EtGly and 1·EtOH, we obtain effective moments
slightly smaller than expected for spin-only S = 1/2 and gav of a
noninteracting system.26,31

Temperature dependence. In Fig. 7, we plot the temperature
dependence of the product of molar susceptibility and temp-
erature, χT. The values of magnetic moment μeff at high temp-
eratures saturate to magnitudes that are in agreement with
high-spin S = 3/2 for Co2+ in an octahedral environment,
where incomplete quenching of orbital angular moment leads
to an increased moment magnitude in comparison with the
spin-only value of 3.87μB/Co.

40–42 The moment values at 300 K
reach 5.1μB/Co for all three complexes, 1·MeOH, 1·EtGly, and
1·EtOH (Fig. S8), comparable to values found for the Co2+ ion
in an octahedral environment in some complexes.40–42 As the
temperature decreases, μeff decreases in all complexes. The
decrease of μeff at low temperatures in cobalt octahedral com-
pounds in a N4O2 environment found in the literature16,41,43–52

is associated with the spin–orbit coupling, which results in an
Seff = 1/2 ground state and lowering of the population of
higher excited state as the temperature decreases. The pres-
ence of spin–orbit coupling makes the magnetic analysis of
cobalt compounds not straightforward.

2.4. Magnetic modeling

As the octahedral environment of the investigated Co(II) ions is
highly distorted and far from Oh crystal symmetry, magnetic

Fig. 5 (a) Experimental (red lines) and simulated (black lines) ESR spectra of polycrystalline samples of the investigated complexes. The ESR intensi-
ties of the spectra at different temperatures are presented in the real ratios. The weak, narrow lines labeled with asterisks originate from the ESR
cavity. (b) Comparison of the experimental ESR spectra presented as ESR intensity vs. g-factor of the investigated complexes recorded at the lowest
measured temperature of 5 K.

Table 4 The principal g-values [gx gy gz] obtained from the simulations
of ESR spectra using spin Hamiltonian (1) and assuming effective spin
Seff = 1/2

Complex 1·MeOH 1·EtOH 1·EtGly

g-Values
78 K [2.54 4.5 6.7] [2.6 4.5 6.45] [2.75 5.0 5.1]
40 K [2.53 4.4 6.0] [2.6 4.5 6.45] [2.75 4.3 5.6]
5 K [2.54 4.57 6.6] [2.65 4.7 6.9] [2.68 4.65 6.3]
5 K gav = 4.86 gav = 5.06 gav = 4.78

Linewidths
Γexp (mT) 24 25 25
Γd (mT) 27.9 28.2 26.7
J (cm−1) 0.08 0.09 0.07

The average g-value is calculated as gav ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðgx2 þ gy2 þ gz2Þ=3

p
.

Experimental Γexp and dipolar Γd linewidths, defined in the text, and
the calculated intermolecular coupling constant J are given.
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data were first reproduced using a simple spin Hamiltonian
for spin S = 3/2 with axial and rhombic anisotropy, which is
commonly used when analysing Co(II) magnetic data:

H ¼ μBgS � Bþ D Sz2 � SðSþ 1Þ
3

� �
þ EðSx2 � Sy2Þ ð3Þ

where D and E are the axial and rhombic zero-field splitting
parameters, respectively. The obtained best-fit parameters are
given in Table 5. The fitted curves plotted in Fig. 7 correspond
to χTOT

χTOTðTÞ ¼ χHamðTÞ þ χdia þ χTIP ð4Þ

where χHam is the result obtained by the procedure described
above based on Hamiltonian (3), χdia includes the temperature-
independent diamagnetic contribution of the samples, as well
as the sample holder, and χTIP is the temperature-independent
paramagnetism, also given in Table 5. The values for axial D
and rhombic E magnetic parameters were given as absolute
values, as it is not possible to distinguish the sign.

Besides the use of simple spin Hamiltonian (3), we have
extended our research by reproducing the measured magnetic
susceptibility data using the Hamiltonian that contains orbital
and spin Zeeman terms, spin–orbit coupling, and local environ-
ment anisotropies. Here, we used a simplified model, in which
orbital spin L = 3 is reduced to L̃ = 1 using an isomorphism
between the orbital triplet 4T1 coming from the 4F term and
triplet L̃ = 1 from 4P.28 Furthermore, a distorted octahedral
environment, which is reflected in anisotropic g-values obtained
from the ESR study, suggests a need to use both axial and
rhombic anisotropies to reproduce the susceptibility data:28

H ¼ μBgeS � B� 3
2
μBκL � B� 3

2
κλL � S

þ Δax Lz2 � 2
3

� �
þ ΔrhðLx2 � Ly2Þ

ð5Þ

where λ is the spin–orbit coupling parameter for Co(II) ions, κ
is the orbital reduction factor, and Δax and Δrh are axial and
rhombic distortion parameters. In general, reproducing

measured data using Hamiltonian (5) and obtaining reliable
fit parameters for Co(II) octahedral complexes have proven very
challenging. Interestingly, using Cambridge Crystallographic
Data Centre (CCDC) ConQuest Software53 query for N4O2 Co(II)
octahedra, we were able to identify only 12 articles where mag-
netic data were reproduced using a Hamiltonian containing
spin–orbit coupling parameters,16,41,43–52 with different fit
qualities ranging from good to poor. A promising direction for
improving the reliability of Co(II) magnetic parameters and
preventing over- and under-parametrization is a joint model-
ing approach that combines ESR results with static magnetiza-
tion data.52 In our research, Hamiltonian (5) is diagonalized
and fitted using our own developed code written in Python,
which enabled us to perform (1) a grid search with fixed para-
meters, such as the κ parameter, (2) explore over a variety of
initial guesses, and (3) include ESR data information into the
fitting procedure. As the measurements were performed on the
powder sample, the corresponding magnetization from
Hamiltonian (5) was calculated for powder approximation,
with details in section S2.5 in the SI. As Δax and Δrh are particu-
larly sensitive to over-parametrization, using the joint model-
ing enabled fitting only one of them, Δax, and the other one is
then calculated as the closest value that would correspond to
the ESR-obtained g-values by combining the energy levels of
two Hamiltonians, (1) and (5). This enabled us to obtain as
reliable magnetic parameters as possible for 1·MeOH, 1·EtGly
and 1·EtOH complexes, which are summarized in Table 6,
while the best-fitted curves are shown in Fig. 7. As can be seen,
the fitted curves from both Hamiltonians (3) and (5) are
similar, pointing to the small orbital contribution in these
cobalt(II) compounds.

The obtained spin–orbit coupling parameter λ of −118,
−117 and −128 cm−1 for 1·MeOH, 1·EtOH and 1·EtGly, respect-
ively, are in good agreement with the reported values for the
Co(II) complexes with N4O2 crystal surroundings ranging
between −108 and –180 cm−1.16,41,43–51 We obtained a negative
axial distortion parameter Δax for all complexes, which
suggests axial elongation along the z magnetic axis. The crys-
tallographic axes are not unambiguously related to the mag-

Fig. 6 Magnetic field dependence of the induced magnetic moment in the three complexes, 1·MeOH, 1·EtOH, and 1·EtGly, measured at T = 1.8 K.
The red solid line represents the Brillouin function at T = 1.8 K for S = 1/2 with gav from the ESR simulation given in Table 4.
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netic axis of Hamiltonian (5), but we can assume that the
z-magnetic axis is oriented along the crystallographic twofold
symmetry axis given in Fig. 1. Reported Δax values in the litera-
ture span across a wide range from −1803 cm−1 to
892 cm−1.16,43–52 Using these values, a plot of the maximum
divergence from the planarity of trans angles in Co octahedral
(Δplanar), calculated using eqn (6) and the Δax values, is shown
in Fig. 8.

Δplanar ¼ maxtrans angle θ ð180°� θÞ ð6Þ
For this analysis, we have taken only complexes for which

oxygens in the Co octahedral are in the cis position, as is the
case in the investigated complexes. It is interesting to see that
by examining this simple structural feature, Δax values of N4O2

Co(II) octahedra seem to follow a line. The only value that
differs from this line is the value for C29H42Br2Co3N14O8 from
ref. 47. Besides the magnetic parameters from Hamiltonian
(5), Mocanu et al. modeled exchange interactions between Co
magnetic centers and this could be the reason for this discre-
pancy due to potential fit overestimation. This line depen-
dence would imply the existence of a Δplanar value for which
the magnetic axial distortion diminishes. There is no particu-
lar physical basis for this, and therefore this correlation near
zero should be treated with caution. Nevertheless, for larger
divergences from the planarity of Co octahedral trans angles,
larger positive magnetic axial distortions could be expected,
while the negative magnetic axial distortions can be expected
for smaller divergences from planarity.

Furthermore, the energy levels for 1·MeOH are shown in
Fig. 11 and those for 1·EtOH and 1·EtGly are shown in Fig. S9
and S10 in the SI. From the energy diagrams, it is clear that
only the lowest doublet J = 1/2 is populated at the low tempera-
ture as the energy gap separating J = 1/2 and J = 3/2 is
197 cm−1, 151 cm−1 and 231 cm−1, for 1·MeOH, 1·EtOH and
1·EtGly, respectively.

2.5. AC magnetic susceptibility study

Magnetization relaxation was investigated using AC (alternat-
ing current) susceptibility measurement, both in the absence
of the applied static magnetic field and under an applied static
field of 1000 Oe. Fig. S11 shows the frequency dependence of
the in-phase (χPrime) and out-of-phase (χ″) components of mag-
netic susceptibility measured in zero applied static field with
the compensation of Earth’s magnetic field at the lowest
experimentally attainable temperature (1.3 K). It can be readily
seen that all samples display fast relaxation of magnetization
in the frequency range 1–1000 Hz, i.e., χPrime is frequency inde-
pendent and χ″ is practically zero (at least two orders of magni-
tude smaller than χPrime). The situation drastically changes
upon applying a static magnetic field. Frequency dependence
of χPrime and χ″ measured at several low temperatures in the
applied static magnetic field (1000 Oe) for samples 1·MeOH,
1·EtOH and 1·EtGly is shown in Fig. 9. Non-zero values of χ″,
as well as a clear frequency dependence of both χ′ and χ″ AC
susceptibility components, are hallmarks of slow relaxation
processes in these systems. Such behaviour resembles the

Fig. 7 Temperature dependence of the product of molar susceptibility
and temperature χT for the 1·MeOH, 1·EtOH and 1·EtGly complexes,
measured in an applied magnetic field of μ0H = 0.1 T. Axes on the right
show the corresponding effective magnetic moment obtained from the
expression

ffiffiffiffiffiffiffiffiffi
8χT

p
. The purple and black solid lines represent the best-

fitted model curve to Hamiltonians (3) and (5), respectively, given by
expression (4).

Table 5 Summarized best-fit parameters of magnetic susceptibility
based on spin Hamiltonian model (3)

Complex g |D| [cm−1] E [cm−1] TIP [emu mol−1] R2

1·MeOH 2.55 59.97 6.43 0.0014 0.9980
1·EtOH 2.42 40.12 11.72 0.0028 0.9781
1·EtGly 2.53 63.62 8.41 0.0012 0.9990

R2 is a goodness-of-fit measure.
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field-induced superparamagnetic slow relaxation of magnetiza-
tion observed in single-molecular magnets, which has been
previously reported in similar compounds.12,54,55

Slow relaxation for 1·EtOH and 1·EtGly compounds in a
magnetic field is analysed within the Debye model,56 assum-
ing a single relaxation time, which is justified considering that
the intermolecular interactions in these systems are negligible.
For each temperature, the characteristic relaxation time τ was
determined from the peak in χ″( f ) curves (Fig. 10). The experi-
mental data of the spin–lattice relaxation rate (τ−1) are fitted to
the combination of one-phonon direct and two-phonon
Raman processes:17

τ�1 ¼ AdirT þ RRamanT 9: ð7Þ
The Orbach process is neglected here, as it involves a “real”

transition to the intermediate energy level.17 The obtained
fitting curves are presented in Fig. 10 and the corresponding
values of fitting parameters are Adir = (205 ± 8) and (940 ± 60)
s−1 K−1; BRaman = (0.019 ± 0.002) and (0.08 ± 0.02) s−1 K−9 for
1·EtOH and 1·EtGly, respectively.

Field-induced slow relaxation of magnetization in cobalt
compounds could be related to time-reversal symmetry that pre-
vents some spin–phonon processes in the applied magnetic
field.17 Hyperfine interaction can open relaxation paths at zero
magnetic field, and slow relaxation is observed only under an
external field.17 Also, the absence of slow relaxation in zero
applied static field could be associated with quantum tunnelling
of magnetization between degenerate energy levels, a process
that is much faster than the time scale of the AC susceptibility
experiment. Detailed analysis of the origin of slow magnetic
relaxation in these compounds is left for future work.

2.6. DFT study

To further elucidate the observed magnetic behavior of the
studied complexes, we carried out single-point DFT (density

Fig. 8 Correlation between the maximum divergence from the planar-
ity of trans angles in Co octahedra and the value of magnetic axial dis-
tortion. Besides complexes from this work, on the top of each data point
label corresponds to the name of the complex from the CCDC base.

Table 6 Summarized best-fit parameters of magnetic susceptibility
based on spin Hamiltonian model (5)

Complex κ λ [cm−1]
Δax
[cm−1]

|Δrh|
[cm−1]

TIP
[emu mol−1] R2

1·MeOH 0.94 −118 −435 155 0.0012 0.9990
1·EtOH 0.78 −117 −421 141 0.0027 0.9759
1·EtGly 0.85 −128 −462 83 0.0010 0.9999

R2 is a goodness-of-fit measure.

Fig. 9 In-phase χ’ and out-of-phase χ’’ components of AC magnetic susceptibility measured at various temperatures in the range of 1.8–3.0 K in an
applied external static magnetic field of 1000 Oe for the 1·MeOH, 1·EtOH and 1·EtGly compounds.
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functional theory) calculations at the B3LYP/LANL2DZ level of
theory.57,58 The geometry of the unit cell from the recorded
structures at 100 K was used in our calculations. We have per-
formed DFT calculations on the doublet, i.e., the low-spin (LS,
S = 1/2) state, and the quartet, i.e., the high-spin (HS, S = 3/2)
state. The results confirmed that the HS state is the ground

state in all three studied species. The numerical values showed
that the presence of the solvent molecules has a negligible
effect on the energy gap between the HS and LS states, and in
all three complexes, this value is nearly equal to 0.5 eV. As the
experimental results suggest that the interplay between both the
spin magnetism and the orbital magnetism of the studied com-
plexes is most likely the reason for the observed magnetic be-
havior, as well as for the g-tensor anisotropies confirmed by the
ESR spectra, we analyzed the delocalization of molecular orbi-
tals and the spin density. Fig. S12 shows the comparison
between the extent of the frontier orbitals in the presence of
different solvents for the quartet states with S = 3/2. The frontier
orbitals are mostly ligand in character in all three cases. The
delocalization of the highest singly occupied molecular orbital,
denoted as the HOMO, and the lowest unoccupied molecular
orbital, denoted as the LUMO, is nearly the same in all three
studied complexes. In the case of ethylene glycol as a solvent,
one can notice that the portion of the HOMO that can be found
in the solvent is bigger than in the other two complexes.

To gain a deeper insight into the solvent effects, we
repeated our DFT calculations at the same level of theory for
the unit cells without the solvent molecules, paying particular
attention to the charge and spin density distribution.
Analyzing the spin density distribution, we conclude that there
are no significant differences between the species with and
without the solvent molecule (Fig. S13). The calculated
Mulliken atomic spin densities of the Co atom are 2.690 for

Fig. 10 Temperature dependences of the relaxation rates for the
1·EtOH and 1·EtGly compounds. The solid lines are fits based on eqn (7)
with parameters given in the text.

Fig. 11 Energy diagram showing splitting of the free ion 4F term in the octahedral crystal field by spin–orbit coupling and magnetic anisotropies of
the 1·MeOH complex calculated for fit parameters under a magnetic field of 1000 Oe parallel to the z magnetic axis. Energies in cm−1 are written on
solid lines that represent energy levels. On the left and right sides of the energy levels, the energy gap and the corresponding total spin J = L + S for
each energy level are given, respectively.
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1·MeOH and 2.694 without the methanol molecule; 2.688 for
1·EtOH and 2.693 without the ethanol molecule; 2.692 for
1·EtGly and 2.694 without the ethylene glycol molecule,
respectively. Partial electrical charges on the Co atom are 0.464
for 1·MeOH with and without the methanol molecule; 0.464
for 1·EtOH and 0.463 without the ethanol molecule; 0.466 for
1·EtGly and 0.461 without the ethylene glycol molecule,
respectively. Fig. S14, S15 and S16 show the comparison of the
partial atomic charges on the ligands for the three studied
complexes with and without the solvent molecules for
1·MeOH, 1·EtOH and 1·EtGly, respectively. The most pro-
nounced differences are observed in the chloranilate ligand. If
we compare the relative changes of the partial charges, we can
conclude that in the case of ethylene glycol as a solvent, these
changes are somewhat higher than in the other two cases. DFT
calculations in the absence of the solvent molecules were per-
formed by using the geometry of the crystal structures grown
in the presence of the solvent molecule, which explains the
slight differences in the partial charges of the unit cells
without the solvent molecules.

The obtained results for the spin density distribution
shown in Fig. S13 support the ESR measurements, which are
in favor of weak intermolecular spin–spin interactions. Hence,
the observed effects of the solvent molecules on the spin
density distribution practically exclude the possibility for
solvent-mediated long-range interaction in the studied com-
plexes. The observed differences in the magnetic properties
are rather attributed to solvent effects on the packing, which
lead for example to shorter Co–Co distances in the complex
involving MeOH. On the other hand, the local changes of the
partial atomic charges in the presence of the solvent molecules
influence the magnetic properties of the complexes by altering
the electron distribution and inducing changes in the elec-
tronic environment of the cobalt ion. This would also affect
the molecular orbital delocalization, as well as the spin–orbit
coupling. Relating the results obtained from DFT calculations
with the experimentally studied magnetic properties, one can
conclude that the interplay between the packing of molecules
in the crystal and the subtle local effects of solvents on the
molecular electronic properties dictates the magnetic response
of the studied complexes by influencing the effective magnetic
moments and their ordering.

However, it should be emphasized that in this work, we per-
formed only some preliminary basic DFT calculations along
with extensive experimental investigations and a detailed
model Hamiltonian study. To fully comprehend the underlying
reasons for the observed effects on the magnetic properties,
additional DFT and ab initio calculations, employing the com-
plete active space self-consistent field (CASSCF) method,
should be conducted in future work.17,52–59

3. Conclusions

Here, we aim to highlight the influence of the exchange of
only solvent molecules on the magnetic properties of mono-

nuclear transition-metal complexes. Using the mononuclear
cobalt(II) family as an example, it has been demonstrated that,
at first sight seemingly irrelevant, the exchange of solvent
molecules can notably influence the magnetic properties of
structurally very similar complexes. The comprehensive
magneto-structural analysis presented here suggests an impor-
tant role of small variation beyond the first coordination
spheres. Namely, hydrogen bonding and aromatic stacking
determine the arrangement of molecules in the crystal.
Therefore, only solvent exchange, through its influence on
crystal packing, can produce subtle magnetic differences, such
as variations in g-factor values, ZFS parameters, and magneti-
zation relaxation processes.
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