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The influence of the coordination environment
of cobalt(II) ions on the magnetic properties of
heterometallic complexes with a {Co2Li2} metal
core
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Five new heterometallic carboxylate complexes of the composition [Co2Li2(A)6(L)2] (L = 4-phenylpyridine,

A = 2-furoate anion (1); L = 2,2’-bipyridine, A = 2-furoate anion (2), 3,5-di-tert-butylbenzoate anion (3); L

= quinoline, A = 3-cyanobenzoate anion (4), 4-cyanobenzoate anion (5)) were synthesized. The structures

of all compounds were determined by single-crystal X-ray diffraction. When monodentate N-donor

ligands are replaced by chelating 2,2’-bipyridine, the coordination polyhedron of cobalt ions changes

from a distorted tetrahedron to a distorted octahedron. Complexes 1–4 are field induced single-molecule

magnets. Mechanisms of slow magnetic relaxation are discussed taking into account both experimental

data and quantum chemical calculations.

Introduction

The directed design of new substances exhibiting magnetic
ordering at the molecular level is one of the most topical direc-
tions in modern coordination chemistry.1–7 The interest in
single-molecule magnets (SMMs) is due to their potential
application in information recording, storage and processing,
quantum computing, and spintronics.8–11

From the row of transition metals, cobalt is the most
promising element for the directed synthesis of coordination
compounds exhibiting SMM properties.12,13 Co(II) is a
Kramers ion (has a half-integer spin) and possesses high mag-
netic anisotropy tuned by the local coordination environment.
This fundamental property, along with the high spin
value, allows SMMs based on Co(II) ions to show high values
of Ueff.

Amidst SMMs based on cobalt complexes, three com-
pounds have shown record performance.10,14,15 Among them,
only the complex [Co(PzOx)3(BC6H5)]Cl (Ueff = 152 cm−1

(219 K); PzOx is the tris-pyrazoloximate ligand), in which the
cobalt atom is in a trigonal prismatic environment, is resistant

to environmental factors. Compounds [(sIPr)Co(NDmp)] (Ueff =
413 cm−1 (594 K); sIPr is 1,3-bis(2,6-diisopropylphenyl)imida-
zol-2-ylidine, Dmp is 2,6-dimesitylphenyl) and [Co
(C(SiMe2ONaph)3)2] (Ueff = 450 cm−1 (648 K); Naph is naphthyl)
are two-coordinated cobalt complexes and are very sensitive to
air and moisture. The latter drawback is common to all cobalt
complexes with a coordination number of 2.16–19 The chal-
lenge of creating stable complexes with SMM behavior and
high operational performance remains relevant.

Owing to a wide range of coordination modes, carboxylate
ligands allow the synthesis of metal complexes of diverse struc-
tural types. Directed regulation of the structural features of
complexes, particularly by variation of the substituent at the
carboxyl group, allows the physicochemical properties of the
target compounds to be fine-tuned.20–26

Carboxylate complexes of Co(II) are a quite promising group
of compounds in the context of the search for new SMMs. To
our knowledge, Co(II) carboxylates are mainly field-induced
SMMs, and creation of zero-field magnets based on this class
of complexes still remains a challenging task. Nevertheless,
synthetic availability and high stability of Co(II) carboxylates
motivate investigators to obtain new compounds of such type
and to study their magnetic properties. Remarkable results in
Co(II) carboxylate based SMMs are associated with achieve-
ments in the synthesis of multinuclear Co(II) cuban-type com-
plexes based on acetate and citrate ligands. These complexes
have Ueff = 10.4 cm−1 (15 K) and 15 cm−1 (21 K) at HDC of 1000
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Oe for [Co12(bm)12(NO3)(O2CMe)6(EtOH)6](NO3)5 (bm is
deprotonated (1H-benzimidazol-2-yl)methanol) and (C(NH2)3)8
[Co4(cit)4]·4H2O (cit is the citrate trianion), respectively.27,28

More recently, a series of Co(II)–Y(III) carboxylates (acetate, tri-
chloroacetate, pivalate and benzoate) with a large positive D
value was studied. Slow magnetic relaxation was approximated
by the combination of Raman, direct, and QTM
mechanisms.29

Heterometallic carboxylate complexes are promising objects
for the design of magnetic materials.30–36 Directed assembly of
heterometallic complexes using bridging carboxylate ligands
and ancillary N-donor ligands, blocking the formation of
coordination polymers, is one of the most convenient and fre-
quently used methods for synthesizing polynuclear
compounds.37–40

Heterometallic complexes containing both 3d-metal and
lithium cations can be promising systems for the design of
SMMs because diamagnetic lithium cations allow the separ-
ation of paramagnetic 3d-metal cations in space, which can
positively affect the efficiency of the corresponding SMMs
under certain conditions.41 Note that diamagnetic dilution is
one of the effective tools to suppress quantum tunneling of
magnetization (QTM).42–45 Another way to influence the contri-
bution of QTM to relaxation processes is to control the
packing of molecules in the crystal. Significant distancing of
metal centers from each other can be achieved by using bulky
ligands, thereby minimizing intermolecular exchange inter-
actions and QTM.46–48

Previously, we reported compounds [Co2Li2(piv)6(IMes)2],
[Co2Li2(piv)6(Ph3P)2], [Co2Li2(2-fur)6(py)2], [Co2Li2(piv)6(4-
MeOC6H4-MIAN)2] and (HItBu)2[Co2Li2(µ

2-piv)6(κ1-piv)2] (piv is
the pivalate anion, IMes is 1,3-bis-(2,4,6-trimethylphenyl)imi-
dazol-2-ylidene, py is pyridine, 4-MeOC6H4-MIAN is N-(4-meth-
oxyphenyl)-mono-iminoacenaphthenone, HItBu is protonated
1,3-di-tert-butylimidazol-2-ylidene) with a positive D value.
They demonstrated relaxation described by the sum of the
Raman mechanism and the direct process.49–51 In these tetra-
nuclear complexes the {Co2Li2} metal core is very stable, which
implies the possibility of quite easy variation of carboxylate
anions and ancillary terminal ligands. The use of these factors
makes it possible to tune both the parameters of the coordi-
nation environment of Co(II) atoms and to regulate inter-
molecular interactions using carboxylate anions with different
degrees of steric hindrance. At the same time, the electronic
effects of the substituents in both carboxylate anions and
neutral ancillary ligands can influence the magnetic properties
of the discussed compounds.

Herein, we describe the synthesis, structure and magnetic
properties of five new heterometallic complexes of the compo-
sition [Co2Li2(A)6(L)2] (A = anions of 2-furoic acid (2-fur), 3,5-
di-tert-butylbenzoic acid (bzo), 3-cyanobenzoic acid (3-cba),
4-cyanobenzoic acid (4-cba); L = 4-phenylpyridine (4PhPy), 2,2′-
bipyridine (bpy), and quinoline (quin)). We varied both car-
boxylic acid anions and N-donor ligands within this series of
compounds, including their spatial and electronic structure
characteristics.

Results and discussion

Complexes 1–5 were synthesized by reaction of cobalt pivalate,
lithium pivalate, three equivalents of the corresponding car-
boxylic acid and N-donor ancillary ligand in acetonitrile
(Scheme 1). All compounds were isolated as single crystals and
polycrystalline samples. The composition of the compounds is
confirmed from elemental analysis data.

Single crystal X-ray diffraction

All synthesized complexes have a similar structure and contain
a tetranuclear {Co2Li2} metal core, in which cobalt atoms are
linked with lithium atoms via three bridging carboxylate
groups (compounds 1, 4, and 5) or one chelate-bridging and
two bridging carboxylate groups (compounds 2 and 3). In all
complexes, each Li atom coordinates four oxygen atoms of
three carboxylate groups, which connect it with the Co atom
and one adjacent {CoLi(O2CR)3} fragment with the formation
of a tetranuclear {Co2Li2} metal core. All metal atoms lie in the
same plane. In all compounds, Li atoms are in a distorted
tetrahedral environment. The main crystallographic para-
meters and details of structure refinement of 1–5 are given in
Table S1.

Complex 1 crystallizes in the space group P21/c with the
inversion center at the intersection of the diagonals of the
O2Li2 fragment. In structure 1, each Co ion coordinates three
O atoms of bridging furoate groups and one N atom of the
4-phenylpyridine molecule with formation of a distorted tetra-
hedral environment (SQ(CoNO3) = 0.875) (Fig. 1).

Complex 2 crystallizes in the space group P1̄ with the inver-
sion center at the intersection of the diagonals of the O2Li2

Scheme 1 Synthesis of complexes 1–5.

Fig. 1 Structure of complex 1. Hydrogen atoms are not shown for
clarity.
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fragment. The replacement of the 4-phenylpyridine by 2,2′-
bipyridine in the case of compound 2 leads to the transition of
the bridging furoate groups, which bind Co and Li ions, to a
chelate-bridging type of coordination, as well as the decrease
in the Co…Li distance and the extension of the Li…Li distance
(Fig. 2 and Table 1), compared with complex 1. In structure 2
each Co atom coordinates four O atoms of one chelate-
bridging and two bridging furoate anions and two N atoms of
the 2,2′-bipyridine molecule. The coordination
polyhedron of the cobalt atom is a distorted octahedron
(SQ(CoN2O4) = 2.814).

Complex 3 crystallizes in the space group P21/c. The replace-
ment of the furoate groups by 3,5-di-tert-butyl-benzoate groups
does not lead to the significant change of the geometry of the
complex; metal cores in 2 and 3 have a similar structure
(Fig. S1). When comparing the geometric parameters of com-
plexes 2 and 3, it is possible to note only the decrease of the
Li…Li distance by 0.18 Å and the increase in the value of the
Li–Li–Co angle by 4 degrees in the case of complex 3. The
main bond lengths and the Co…Li distance have similar
values in complexes 2 and 3 (Table 1). The coordination
environment of the terminal cobalt atoms in 3 is a distorted
octahedron (SQ(CoN2O4) = 3.082).

Complexes 4 and 5 crystallize in the space groups P1̄ and
P21/c, respectively. Similar to compound 1, the cobalt ions in 4
and 5 have a distorted tetrahedral environment (SQ(CoNO3) =
0.888 for 4 and SQ(CoNO3) = 0.930 for 5), which is formed as a
result of coordination of three O atoms of cyanobenzoate
groups and the N atom of the quinoline molecule (Fig. 3 and
Fig. S2). The replacement of 3-cyanobenzoate by the 4-cyano-
benzoate group does not significantly affect the geometry of
the complexes; their metal cores have an analogous structure.

In the crystal packings of complexes 1–3, the formation of
intermolecular stacking interactions between the pairs of
N-donor ligands is observed, which leads to the formation of
supramolecular chains (Fig. S3–S5 and Table S2). In the case
of compounds 4 and 5, the formation of stacking interactions
between the pairs of 3-cyanobenzoate or 4-cyanobenzoate
groups is observed (Fig. S6 and Table S2). In complex 5,
additional formation of intermolecular interactions between
the 4-cyanobenzoate groups and quinoline molecules is
observed (Fig. S7 and Table S2). Also, crystal packings of all
obtained compounds are stabilized by C–H⋯O interactions

Fig. 2 Structure of complex 2. Hydrogen atoms are not shown for
clarity.

Fig. 3 Structure of complex 4. Hydrogen atoms are not shown for
clarity.

Table 1 Main bond lengths, interatomic distances and angles in the structures of complexes 1–5

Bond

Length, Å

1 2 3 4 5

Co–O 1.944(3)–1.957(3) 2.019(2)–2.288(2) 2.010(3)–2.266(3) 1.949(6)–1.979(6) 1.947(7)–1.960(7)
Co–N 2.066(8), 2.072(8) 2.108(2), 2.142(2) 2.114(4), 2.131(3) 2.048(7) 2.063(8)
Li–O 1.875(7)–1.977(7) 1.916(4)–1.984(5) 1.858(9)–1.950(9) 1.868(15)–1.968(15) 1.803(17)–1.946(17)
Co…Li 3.173(6) 3.137(3) 3.104(7) 3.186(14) 3.158(14)
Li…Li 2.742(12) 2.817(8) 2.644(16) 2.80(3) 2.692(3)
Co…Co 8.110(1) 8.138(1) 8.073(1) 8.075(7) 8.038(6)

Angle, ω/deg

Li–Li–Co 121.1(3) 122.3(2) 126.7(4) 118.1(9) 120.9(8)
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between the hydrogen atoms of organic ligands and the
oxygen atoms of carboxylate groups or furoic cycles in the case
of complexes 1 and 2 (Table S3). For compounds 4 and 5, the
formation of additional C–H⋯N interactions involving the
cyano groups of 3- and 4-cyanobenzoate groups is observed. In
the case of compound 4 with 3-cyanobenzoate groups, inter-
molecular C–N…π interactions are also formed between the
cyano group of the 3-cyanobenzoate group and quinoline
molecule (Table S4), whereas in the case of compound 5 with
the 4-cyanobenzoate group, similar interactions are not
observed.

The phase purity of the obtained complexes 1–4 was con-
firmed by means of powder X-ray diffraction (Fig. S8–S11). In
the case of compound 5, we could not obtain a phase-pure
sample.

DC-magnetic investigations

The dc magnetic susceptibility measurements of complexes
1–4 were carried out in the temperature range of 2–300 K
under a dc-field of 5000 Oe. For all compounds, χT values at
300 K are significantly higher than the spin-only values for two
non-interacting cobalt(II) ions (Table S5) which is probably due
to the orbital contribution.

Moreover, for complexes 1 and 4 with a pseudo-tetrahedral
coordination environment, smaller χT values at 300 K are
characteristic, whereas for 2 and 3 values are higher due to a
larger orbital contribution realized due to the pseudo-octa-
hedral environment.52,53 The course of the χT curves for 1 and
4 is monotonous up to 30 K, when both values reach 4.65 cm3

K mol−1, then a sharp drop is observed upon further cooling
(Fig. 4). In the case of complexes 2 and 3, the χT values
decrease smoothly to 5.4 and 5.3 cm3 K mol−1 at 80 K conse-
quently, and then a sharp decrease in thermal susceptibility is
observed (Fig. 4).

The M(H) and M(H/T) dependencies for compounds 1–4
were also measured at 2, 4, and 6 K (Fig. S12).

The experimental χT (T) and M(H) dependencies were
approximated simultaneously using the PHI program54 accord-
ing to the spin Hamiltonian (eqn (1)).

Ĥ ¼ D Ŝz2 � 1
3
SðSþ 1Þ

� �
þ μB~B � giso � Ŝ ð1Þ

where D – axial zero-field splitting parameter, Ŝ – spin momen-
tum operator, S – total spin, g – g-factor, µB – Bohr magneton,
and~B – applied magnetic field.

The rhombic parameter E was not set to avoid over-parame-
terization. The best-fit values of D and giso are given in Table 2.

Quantum chemical calculations

To interpret the dc magnetic data, ab initio (post-HF) quantum
chemical calculations were performed on the X-ray crystal
structures of complexes. The spin-Hamiltonian parameters of
individual centers were calculated using the complete active
space self-consistent field theory (CASSCF) and the dynamic
correlations were captured by performing N-electron valence
second-order perturbation theory (NEVPT2).

For complexes 1 and 4, the obtained ground state energies
correspond to pseudo-tetrahedral Co(II) complexes with the C3v

point symmetry group.55,56 In this case, the spherical term 4F,
when reduced to Td symmetry, splits into 4A2,

4T2, and
4T1,

where term 4A2 has the lowest energy. With further symmetry
reduction to C3v, the

4T2 level splits into
4E and 4A2′, while the

symmetry of the ground 4A2 term remains unchanged.55

In the structure of the polyhedron in pseudo-octahedral
complexes 2 and 3, there are no clearly expressed axial and
equatorial positions, and the point group corresponds to
C2v.

57,58 In the case of Co(II) complexes with Oh crystal field
symmetry, the spherical term 4F splits into 4T1g,

4T2g, and
4A2g,

with 4T1g being the ground state. Upon lowering the symmetry
to D4h, the

4T1g term splits into an orbital singlet 4A2g and a
doublet 4Eg. According to quantum chemical calculations, the
ground spin-free state is the orbital singlet, which, upon
further symmetry reduction to C2v, transforms into the state
4A2. Due to this, the orbital moment is largely quenched. The
rhombic distortion leads to splitting of the excited orbital
doublet 4Eg into 4B1 ⊗ 4B2 states,58 exceeding 1000 cm−1 in
energy (Table S6).

Fig. 4 Temperature dependencies χT of complexes 1–4 under a 5000
Oe dc magnetic field. The solid lines represent the best fit by the PHI
program.54

Table 2 Experimental and theoretically calculated parameters of spin
Hamiltonian

1 2 3 4

Analysis of experimental data
D, cm−1 14.910 20.589 20.077 10.884
giso 2.274 2.468 2.379 2.255
TIP, cm3 mol−1 1.08 × 10−3 6.53 × 10−4 2.62 × 10−3 9.23 × 10−4

ZFS parameters and g values based on CASSCF/NEVPT2 calculations
D, cm−1 22.585 40.016 40.660 16.427
E/D 0.039 0.244 0.265 0.208
gx 2.093 2.069 2.073 2.139
gy 2.289 2.360 2.362 2.255
gz 2.310 2.576 2.594 2.328
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Thus, high-lying Kramers doublets arising from 4B1 term
splitting do not contribute to the anisotropy, and the classical
spin Hamiltonian can be used for interpretation (eqn (2)).

Ĥ ¼ D Ŝz2 � 1
3
SðSþ 1Þ

� �
þ EðŜx2 � Ŝy2Þ þ μB~B � g � Ŝ ð2Þ

where D and E – axial and rhombic ZFS parameters, Ŝ – spin
momentum operator, S – total spin, g – g-factor, µB – Bohr
magneton, and~B – applied magnetic field.

The calculated parameter values show an easy-plane type of
anisotropy for all complexes (Table 2), but only compounds
2–4 exhibit a strong rhombic distortion of magnetic an-
isotropy, represented by the E/D ratio.

In complexes, the two low-lying Kramers doublets (KD0,
KDI) formed as a result of spin–orbital interactions are well
separated from the higher-lying ones, but are subject to signifi-
cant wavefunctions mixing (Table S7). As a result, the energy of
the first excited doublet (KDI) exceeds the values of 2|D|.

In an effort to have intricate details of slow magnetic relaxation
phenomena, we have plotted the blocking barrier for complexes
1–4 computed using the SINGLE ANISO approach.59 The calcu-
lated elements of the magnetic moment matrix indicate the pres-
ence of a significant contribution of the QTM (1.529, 0.784, 0.752
and 0.822µB for 1–4, respectively), due to which slow relaxation is
not observed in zero field (Fig. S13). When a magnetic field of
1000 Oe is applied, despite the easy-plane type of anisotropy of the
complexes, the multideterminant character of spin–orbital states
enables slow magnetic relaxation to be realized.

AC-magnetic investigations

In order to determine the presence of slow magnetic relaxation in
complexes 1–4, ac magnetic susceptibility measurements were
carried out. The out-of-phase signal χ″ of complexes 1–4 in a zero
dc-field is negligibly small compared to the in-phase signal χ′
(Fig. S14). The application of an external dc-field reduces the
probability of quantum tunneling of magnetization (QTM), which
may lead to the possibility of observing slow magnetic relaxation
in the system. Measurements of the ac magnetic susceptibility in
non-zero dc magnetic fields resulted in the appearance of the sig-
nificant signal on the out-of-phase frequency dependencies of the
studied compounds. The variation of the external dc-field (HDC)
allowed us to determine the optimal value (1000 Oe), at which
the maxima on the corresponding χ″(ν) dependencies are located
at the lowest frequency values, which corresponds to the longest
relaxation times (Fig. S14), which corresponds to the case when
the probability of relaxation by the QTMmechanism is minimal.

To determine the temperature dependence of the relaxation
time in the optimal dc-field, measurements of the isotherms of
the frequency dependencies of the ac magnetic susceptibility
were carried out in the temperature range 2–3.75 K for 1, 2–6 K
for 2, 2–5.25 K for 3, and 2–3 K for 4 (Fig. S15). To produce the τ

vs. 1/T plots, the out-of-phase component dependencies were
approximated by the generalized Debye model (Fig. 5 and 6).

For all complexes, the high-temperature range of the depen-
dence of the relaxation time on the inverse temperature τ(1/T ) was

approximated by the Arrhenius equation (τ = τ0 exp(ΔE/kT ))
(Orbach mechanism). The best-fit parameters are given in Table 3.

When approximating the high-temperature region with the
Arrhenius equation, the barriers obtained are close to the cal-
culated spin–orbital states only in the case of 4. In the case of
1–3, the Orbach mechanism is unrealizable, since the magneti-
zation reorientation requires accessible phonons of the corres-
ponding energy and a real level.60,61 The most probable relax-
ation mechanism for 1–3 is a combination of the Raman and
direct processes (τ−1 = CRamT

nRam + AdirTH
4) (Fig. 5). The best-fit

parameters for 1–3 are given in Table 3. For more approxi-
mation details, see Tables S8–S10.

For complex 4, in a semi-logarithmic coordinate system, the
dependence of the relaxation time on the reciprocal tempera-

Fig. 5 The τ vs. 1/T plots for 1 (red), 2 (blue) and 3 (green) under the
optimal dc-field of 1000 Oe. Solid lines represent fitting by the sum of
the Raman and direct relaxation mechanisms.

Fig. 6 The τ vs. 1/T plot for 4 under the optimal dc-field of 1000 Oe.
The red solid line represents fitting by the sum of the Orbach, Raman
and direct relaxation mechanisms. The blue solid line represents fitting
by the sum of the vibrational process and direct mechanism.
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ture is linear within the temperature range of 2.7–3 K. This
implies the possibility of magnetization relaxation via the
Orbach mechanism. The best-fit parameter τ0 value 4.14 ×
10−10 s is characteristic for the Orbach mechanism, as it is in
the range of 10−10–10−12 s.62 In the whole temperature range
the best agreement of the theoretical curve with the experi-
mental data for 4 was achieved by approximation by the sum
of the Orbach, Raman and direct relaxation mechanisms (τ−1 =
τ0

−1 exp(−ΔE/kT ) + CRamT
nRam + AdirTH

4) with the following
parameters: ΔE/k = 34.43 ± 0.31 K, τ0 = 1.64 × 10−10 ± 1.87 ×
10−11 s, CRam = 25.88 ± 1.01 s−1 K−nRam, nRam = 5 (fix), Adir =
1.63 × 10−10 ± 1.28 × 10−11 K−1 Oe−4 s−1, R2 = 1 (Fig. 6, red
line). For more approximation details, see Table S11.

Strong mixing of spin–orbital states (Table S7), leading to
the energy barrier in an applied field, could theoretically
explain the Orbach process. When refining the relaxation
dependence by sum of the Orbach, Raman and direct mecha-
nisms without fixed values, the power-law value in the Raman
mechanism is close to 4 (Table S11). The latter may be caused
by whether contribution of acoustic phonons or the second-
order Raman process occurring through a local vibrational fre-
quency located below the spin–orbital state.63–73 We assume
that in our case the second pathway is more plausible.

An approximation including the vibrational process and direct
mechanism (eqn (3)) with parameters ω = 31 K (21.5 cm−1), Λloc =
2.05 × 109 ± 3.26 × 107 s−1, Adir = 4.93 × 10−10 ± 5.67 × 10−12 K−1

Oe−4 s−1, R2 = 0.99967 is also possible for describing the relax-
ation process for complex 4 (Fig. 6, blue line). Similar values of
the vibrational quantity were previously found, including for a
wide series of Co2+ complexes.74,75

τ�1 ¼ Λloc
e
�ω
kT

e
�ω
kT � 1

� �2 þ AdirTH4 ð3Þ

Experimental
Materials and methods

All manipulations related to the synthesis of the obtained com-
pounds were carried out in an inert atmosphere using evacu-
ated glass ampoules. Acetonitrile was dried over P2O5, kept on

molecular sieves (4 Å) and vacuum transferred just before the
synthesis. Cobalt and lithium trimethylacetates were syn-
thesized according to previously reported procedures.76,77

Other reagents (2-furoic acid (2-Hfur), 3,5-di-tert-butylbenzoic
acid (Hbzo), 3-cyanobenzoic acid (3-Hcba), 4-cyanobenzoic
acid (4-Hcba), 2,2′-bypyridine (bpy), 4-phenylpyridine (4PhPy)
and quinoline (quin)) are commercially available and were
used as purchased.

IR spectra of the compounds were recorded on a
PerkinElmer Spectrum 65 spectrophotometer equipped with a
Quest ATR Accessory (Specac) by the attenuated total reflec-
tance (ATR) in the range of 400–4000 cm−1. Elemental analysis
was performed on a Euro EA-3000 (Euro Vektor) automated C,
H,N,S-analyzer.

The X-ray diffraction datasets for crystals of compounds 1–5
were collected on a Bruker Apex II diffractometer equipped
with a CCD detector (Mo-Kα, λ = 0.71073 Å) and graphite mono-
chromator.78 Crystal reflection analysis of crystals of compounds
4 and 5 revealed non-merohedral twinning. The orientation
matrices for the two domains were determined using the Cell
Now program,79 both components were combined using Apex3.
A semi-empirical absorption correction for compounds 4 and 5
was applied using the Twinabs software.80 For compounds 1–3 a
semi-empirical absorption correction was applied using the
SADABS81 program. Using Olex2,82 the structure was solved with
a ShelXS structure solution program using direct methods and
refined using a ShelXL83 refinement package. The structures 4
and 5 were solved on the basis of unique domain 1 reflections
and refined using hkl 5. The H-atoms were added in the calcu-
lated positions and refined using the riding model in isotropic
approximation. The SHAPE 2.1 software (University of Barcelona,
Barcelona, Catalonia, Spain)84 was used to determine the metal’s
polyhedron geometry.

The powder X-ray diffraction patterns were obtained using
the Bruker D8 Advance diffractometer with a LynxEye detector
in Bragg–Brentano geometry. The sample was finely dispersed
on a silicon holder with a zero background, λ(CuKα) =
1.5418 Å. The acquired data were refined using TOPAS 4
software.85

The magnetic measurements were done on a Quantum
Design PPMS-9 with the ACMS option. The dc magnetic sus-

Table 3 The best-fit parameters of magnetization relaxation for 1–4 (HDC = 1000 Oe)

Complex

1 2 3 4

T, K (high-temperature
range)

3.25–3.75 5–6 4.5–5.25 2.7–3

Orbach ΔE/k, K 33.79 ± 1.45 26.45 ± 1.10 26.20 ± 0.50 31.36 ± 0.29
τ0, s 3.07 × 10−9 ± 1.38 × 10−9 2.47 × 10−7 ± 5.27 × 10−8 1.02 × 10−7 ± 1.10 × 10−8 4.14 × 10−10 ± 4.47 × 10−11

T, K (whole temperature
range)

2–3.75 2–6 2–5.25 2–3

Raman CRam, s
−1 K−nRam 0.20 ± 0.01 9.71 ± 1.96 13.45 ± 0.87 Another combination of

mechanisms (see the text)nRam 9 (fix) 4.62 ± 0.15 5.04 ± 0.06
Direct Adir, K

−1 Oe−4 s−1 6.15 × 10−10 ± 1.15 × 10−11 6.17 × 10−10 ± 1.46 × 10−11 3.09 × 10−10 ± 6.42 × 10−12

R2 0.99756 0.99961 0.99996
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ceptibility measurements were carried out in the temperature
range of 2–300 K in a 5000 Oe dc field. The ac magnetic fields
with an amplitude of 1, 3, and 5 Oe in frequency ranges of
10 000–1000, 1000–100, 100–10 Hz, respectively, were used for
measuring the ac magnetic susceptibility. These settings make
it possible to both avoid sample heating at low temperatures
(which can take place at high modulation amplitudes and fre-
quencies) and obtain the best signal-to-noise ratio. The results
of ac magnetic susceptibility measurements were processed
using a standard procedure.62 The measurements were per-
formed on polycrystalline samples covered with mineral oil
and sealed in polyethylene bags to prevent the orientation of
crystallites under the external magnetic field. The paramag-
netic component of the magnetic susceptibility (χ) was deter-
mined by taking into account the diamagnetic contribution
evaluated from Pascal’s constants as well as the contributions
of the sample holder and mineral oil.

Ab initio (post Hartree–Fock) calculations of the ZFS para-
meters and the g-tensor were performed based on the state-
averaged complete-active-space self-consistent-field (SA-
CASSCF) wave function86 complemented by N-electron valence
second-order perturbation theory (NEVPT2)87 using the ORCA
program package (version 5.0.4).88 The calculations were per-
formed with the geometry of the experimentally determined
X-ray structures. The active space of the CASSCF calculations
was composed of seven electrons in five d-orbitals of Co2+ ions
(S = 3/2): CAS(7,5). The state-averaged approach was used, in
which all 10 quartet (S = 3/2) and 40 doublet (S = 1/2) states
were averaged with equal weights. Relativistic effects were
taken into account by using the second-order Douglas–Kroll–
Hess Hamiltonian (DKH).89 The polarized triple-ζ-quality
DHK-def2-TZVP basis set was used for nonhydrogen atoms90

and double-ζ-quality def2-SVP for hydrogen. An auxiliary def2/
JK Coulomb fitting basis set was used in the calculation.91

Both the zero-field splitting parameter (D) and transverse an-
isotropy (E), based on dominant spin–orbit coupling contri-
butions from excited states, were calculated through the quasi-
degenerate perturbation theory (QDPT ),92 in which approxi-
mation to the Breit–Pauli form of the spin–orbit coupling oper-
ator (SOMF)93 and an effective Hamiltonian approach94 were
applied. The splitting of the d-orbitals was analysed within the
ab initio ligand field theory (AILFT ).95,96 Proximity of a polyhe-
dron to point groups was found using CHEMCRAFT soft-
ware.97 SINGLE_ANISO mode described magnetic properties
based on the calculated low-lying states.59

Synthesis of the complexes

[Co2Li2(2-fur)6(4PhPy)2] (1). Weighed portions of [Co(piv)2]n
(0.26 g, 1 mmol), [Li(piv)]n (0.108 g, 1 mmol), 4PhPy (0.156 g,
1 mmol), and 2-Hfur (0.336 g, 3 mmol) were placed in a glass
ampoule and degassed in a dynamic vacuum for 30 min; aceto-
nitrile (15 ml) was condensed into the ampoule; the latter was
fire-sealed and heated in an oil bath (110 °C) until all of the reac-
tants dissolved with formation of clear violet solution (1 h).
Further heating (2 h) leads to the formation of pink crystals suit-
able for X-ray diffraction. After cooling to RT the mother liquor

was decantated and the product was washed twice with cold
acetonitrile. Yield 0.46 g (83% based on [Co(piv)2]n).

Anal. calc for C52H36Co2Li2N2O18 (1108.57) C, 56.34; H,
3.27; N, 2.53. Found: C, 56.28; H, 3.22; N, 2.47%. IR, ν/cm−1:
3130 w, 3112 w, 1683 w, 1607 s, 1580 s, 1573 s, 1563 s, 1479 s,
1409 s, 1392 s, 1371 s, 1359 vs, 1333 m, 1312 m, 1289 w, 1239
w, 1226 m, 1199 s, 1144 w, 1140 w, 1127 w, 1079 w, 1072 m,
1046 w, 1028 m, 1011 m, 933 m, 883 m, 835 m, 818 w, 809 w,
799 w, 782 s, 757 s, 748 s, 727 m, 719 m, 685 m, 666 w, 620 w,
595 m, 578 m, 557 m, 504 s, 471 m, 441 m, 437 m.

[Co2Li2(2-fur)6(bpy)2] (2). Weighed portions of [Co(piv)2]n
(0.26 g, 1 mmol), [Li(piv)]n (0.108 g, 1 mmol), bpy (0.156 g,
1 mmol), and 2-Hfur (0.336 g, 3 mmol) were placed in a glass
ampoule and degassed in a dynamic vacuum for 30 min;
acetonitrile (15 ml) was condensed into the ampoule; the
latter was fire-sealed and heated in an oil bath (110 °C) until
all of the reactants dissolved with formation of clear red-
orange solution (1 h). Further heating (2 h) leads to the for-
mation of red crystals suitable for X-ray diffraction. After
cooling to RT the mother liquor was decantated and the
product was washed twice with cold acetonitrile. Yield 0.433 g
(78% based on [Co(piv)2]n).

Anal. calc for C50H34Co2Li2N4O18 (1110.55) C, 54.08; H,
3.09; N, 5.04. Found: C, 54.01; H, 3.04; N, 4.97%. IR, ν/cm−1:
3147 w, 3117 w, 3084 w, 3036 w, 1613 m, 1602 m, 1594 s, 1564
s, 1545 m, 1480 vs, 1441 m, 1413 s, 1392 s, 1361 s, 1315 m,
1290 w, 1250 w, 1235 w, 1221 w, 1195 m, 1185 m, 1160 w, 1139
w, 1118 w, 1076 w, 1055 w, 1040 w, 1022 m, 1009 m, 977 w,
931 m, 910 w, 883 w, 843 w, 824 w, 812 m, 789 s, 780 s, 766 vs,
751 s, 736 s, 651 m, 630 w, 611 m, 595 m, 567 w, 495 w, 483 m,
468 m, 456 m, 437 m, 422 m.

[Co2Li2(bzo)6(bpy)2] (3). Weighed portions of [Co(piv)2]n
(0.13 g, 0.5 mmol), [Li(piv)]n (0.054 g, 0.5 mmol), bpy (0.078 g,
0.5 mmol), and Hbzo (0.351 g, 1.5 mmol) were placed in a
glass ampoule and degassed in a dynamic vacuum for 30 min;
acetonitrile (15 ml) was condensed into the ampoule; the
latter was fire-sealed and heated in an oil bath (110 °C) until
all of the reactants dissolved with formation of clear red-
orange solution (1 h). Further heating (3 h) leads to the for-
mation of red crystals suitable for X-ray diffraction. After
cooling to RT the mother liquor was decantated and the
product was washed twice with cold acetonitrile. Yield 0.348 g
(74% based on [Co(piv)2]n).

Anal. calc for C110H142Co2Li2N4O12 (1844.07) C, 71.64; H,
7.76; N, 3.04. Found: C, 71.35; H, 7.73; N, 3.03%. IR, ν/cm−1:
2961 m, 2903 m, 2868 m, 1618 m, 1581 s, 1564 m, 1544 m,
1475 m, 1459 m, 1442 m, 1388 vs, 1359 s, 1314 m, 1289 m,
1249 m, 1200 w, 1156 w, 1123 w, 1100 w, 1057 w, 1022 w, 922
w, 897 m, 889 m, 825 w, 794 s, 762 s, 733 s, 704 s, 653 w, 628
w, 609 w, 584 w, 551 w, 528 w, 489 m, 479 m.

[Co2Li2(3-cba)6(quin)2] (4). Weighed portions of [Co(piv)2]n
(0.26 g, 1 mmol), [Li(piv)]n (0.11 g, 1 mmol), and 3-Hcba
(0.44 g, 3 mmol) were placed in a glass ampoule and degassed
in a dynamic vacuum for 30 min; acetonitrile (30 ml) was con-
densed into the ampoule. The reaction mixture was heated until
all of the reactants dissolved, with formation of clear violet solu-
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tion. After that quinoline (0.13 g, 1 mmol) was added. The result-
ing solution was concentrated under vacuum. Violet crystals suit-
able for X-ray diffraction were obtained. The crystals were filtered,
washed with cold acetonitrile and dried in air at RT. Yield 0.49 g
(78% based on [Co(piv)2]n).

Anal. calc for C66H38Co2Li2N8O12 (1266.80) C, 62.57; H,
3.02; N, 8.85. Found: C, 62.32; H, 3.01; N, 8.81%. IR, ν/cm−1:
3069 w, 2230 m, 1858 w, 1632 vs, 1559 s, 1508 m, 1430 vs, 1371
vs, 1310 s, 1207 s, 1164 m, 1129 m, 1088 m, 996 w, 948 m,
910 m, 818 s, 764 vs, 675 vs, 599 m, 564 s, 475 vs, 410 vs.

[Co2Li2(4-cba)6(quin)2]·2CH3CN (5). Weighed portions of [Co
(piv)2]n (0.26 g, 1 mmol), [Li(piv)]n (0.11 g, 1 mmol), and
4-Hcba (0.44 g, 3 mmol) were placed in a glass ampoule and
degassed in a dynamic vacuum for 30 min; acetonitrile (30 ml)
was condensed into the ampoule. The reaction mixture was
heated until all of the reactants dissolved, with formation of clear
violet solution. After that quinoline (0.13 g, 1 mmol) was added.
The resulting solution was concentrated under vacuum. Violet
crystals suitable for X-ray diffraction were obtained. The crystals
were filtered, washed with cold acetonitrile and dried in air at RT.
Yield 0.4 g (60% based on [Co(piv)2]n).

Anal. calc for C70H44Co2Li2N10O12 (1348.91) C, 62.33; H,
3.29; N, 10.38. Found: C, 62.08; H, 3.28; N, 10.34%. IR, ν/cm−1:
3397 m, 2362 w, 2231 m, 1635 s, 1583 s, 1529 vs, 1376 vs, 1292
s, 1137 m, 1021 m, 865 m, 779 vs, 693 s, 573 vs, 539 vs, 465 vs,
409 vs.

Conclusions

Thus, we reported a series of tetranuclear heterometallic com-
plexes with a {Co2Li2} metal core. In compounds containing
monodentate N-donor ligands (1, 4, 5), the cobalt atoms are in
a distorted tetrahedral environment, while in complexes with
the chelating bipyridine ligand (2, 3), the cobalt atoms are in a
distorted octahedral environment. According to magnetic
measurements and quantum chemical calculations, com-
pounds 1–4 exhibit an easy-plane type of anisotropy, with a
positive D value. The slow relaxation of magnetization in com-
plexes 1–3 occurs through a combination of Raman and direct
relaxation mechanisms. The obtained results are similar to
those previously described for complexes with a {Co2Li2} metal
core.49–51 However, in compound 4, the Orbach relaxation
mechanism may contribute to the slow relaxation of magneti-
zation. Furthermore, the relaxation process in 4 could be
described by the vibrational process and direct mechanism.
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