
ISSN 1070-3284, Russian Journal of Coordination Chemistry, 2021, Vol. 47, No. 1, pp. 10–16. © The Author(s) 2021. This article is an open access publication.
Russian Text © The Author(s), 2021, published in Koordinatsionnaya Khimiya, 2021, Vol. 47, No. 1, pp. 13–20.
High-Spin Cobalt(II) Complex with Record-Breaking Anisotropy 
of the Magnetic Susceptibility According to Paramagnetic NMR 

Spectroscopy Data
Ya. A. Pankratovaa, b, Yu. V. Nelyubinaa, V. V. Novikova, and A. A. Pavlova, *

aNesmeyanov Institute of Organoelement Compounds, Russian Academy of Sciences, Moscow, 119991 Russia
bMoscow State University, Moscow, 119899 Russia

*е-mail: pavlov@ineos.ac.ru
Received April 11, 2020; revised May 14, 2020; accepted May 19, 2020

Abstract—The tetrahedral cobalt(II) complex [CoL2](HNEt3)2 (I), where L is 1,2-bis(methanesulfon-
amido)benzene, exhibiting the properties of a single-molecule magnet is synthesized and characterized. The
electronic structure parameters of complex I are determined by paramagnetic NMR spectroscopy. They
completely reproduce the results of less available methods of studying single-molecule magnets. The value of
axial anisotropy of the magnetic susceptibility estimated for complex I (Δχax = 34.5 × 10–32 m3 at 20°C) is
record-breaking among all transition metal complexes studied by the NMR method, which provides wide
possibilities for the use of complex I as a paramagnetic label for structural biology or as a contrast agent and
even a temperature sensor for medical diagnostics. The data obtained indicate the advantages of paramagnetic
NMR spectroscopy as a method of investigation of the magnetic properties and electronic structures of highly
anisotropic transition metal complexes, which are precursors of many functional materials.
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INTRODUCTION

Paramagnetic metal complexes demonstrating high
magnetic anisotropy have a number of promising
practical applications in the areas of molecular elec-
tronics [1], magnetic resonance tomography (MRT)
[2], and structural biology [3]. Owing to their proper-
ties, some of these complexes experienced the effect of
an external permanent magnetic field can retain the
magnetization gained in the field at the molecular
level, i.e., can behave similarly to classical magnets [4,
5]. These compounds are commonly named single-
molecule magnets (SMM) and in future can form a
basis for devices of information storage at the molecu-
lar level [6]. A similar behavior of SMM is explained
by a significant magnetic anisotropy leading to the
splitting of electron levels (so-called zero-field split-
ting). As a result, the magnetization relaxation is
related to the surmounting of the energy barrier (1)

(1a)

(1b)

where D is the splitting energy in the zero field, and S
is the total electron spin.

If the barrier U is much higher than the thermal
energy kT, the magnetization is retained for a long time
in the case of the absence of side mechanisms (such
as quantum tunneling, direct and Raman mecha-
nisms) (2)

(2)

where τ is the magnetization relaxation time.
A wide variety of methods for SMM studying is

available at the moment, and the main of which is
magnetometry. This method in the dynamic variation
(in an alternating magnetic field) makes it possible to
directly estimate magnetization relaxation times, and
the simulation of magnetometry data in a permanent
field allows one to study reasons for the observed
properties in more detail by determining the electronic
structure parameters (g tensor of zero-field splitting
and others). However, the determination of these
parameters implies the simulation of experimental
data by some model that is not always unique, which
can result in an excess parametrization of the model
and, as a consequence, in violated results. A combina-
tion of various methods of studying electronic struc-
tures of paramagnetic metal complexes, such as opti-
cal spectroscopy [7], magnetic circular dichroism [8],
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or EPR spectroscopy [9], provides more reliable
results [10, 11].

NMR spectroscopy traditionally used for the
determination of structures of diamagnetic com-
pounds is rarely applied for the investigation of para-
magnetic coordination complexes because of difficul-
ties in data detection and interpretation. However, in
the recent years approaches of NMR spectroscopy for
studying the magnetic properties and electronic struc-

tures of these compounds are actively being developed
by us [12] and other research groups [13–16].

In this work, we synthesized the tetrahedral
cobalt(II) complex [CoL2](HNEt3)2 (I), where L is
1,2-bis(methanesulfonamido)benzene (Scheme 1),
exhibiting the properties of SMM [17]. The complex
was isolated in the pure state, and its composition and
structure were unambiguously confirmed by the data
of NMR spectroscopy and X-ray diffraction analysis.

Scheme 1.

The parameters of the electronic structure of com-
plex I were determined by paramagnetic NMR spec-
troscopy, and they are well consistent with the results
obtained earlier by other investigation methods. The
estimated axial anisotropy of magnetic susceptibility
(Δχax = 34.5 × 10–32 m3 at 20°C) for complex I turned
out to be record-breaking for all transition metal com-
plexes studied by the NMR method. This provides
wide possibilities for using this complex as a contrast
agent or even a temperature sensor in MRT and as a
paramagnetic label for the study of the spatial struc-
tures of biological macromolecules.

EXPERIMENTAL
Complex I and ligand L were synthesized in air

using commercially available organic solvents and
reagents. Elemental analyses to carbon, nitrogen, and
hydrogen were carried out on a Carlo Erba microana-
lyzer (model 1106).

Synthesis of ligand L was carried out using the ear-
lier published optimized procedure [18]. A solution of
a mixture of pyridine (0.4 mL, 5.55 mmol) and meth-
anesulfonyl chloride (0.3 mL, 4.07 mmol) was added
dropwise to a boiling solution of o-phenylenediamine
(200 mg, 1.85 mmol) in dichloromethane (4 mL). The
reaction mixture was refluxed for 3.5 h and then slowly
cooled down for 12 h. The formed light pink precipi-
tate was filtered off and washed with dichloromethane,
and solvent residues were removed with an oil pump.
The yield of the light pink finely crystalline product
was 228 mg (35%).

1H NMR (CD3CN, 300.15 MHz, 18°C), δ, ppm:
2.98 (s, 6H, Me), 7.33 (m, 2H, Ar–H), 7.49 (m, 2H,
Ar–H), 7.57 (br.s, 2H, NH).

Synthesis of [CoL2](HNEt3)2 (I) was carried out
using the previously published optimized procedure
[17]. Triethylamine (130 μL, 1.88 mmol) was added to
a suspension of L (124 mg, 0.47 mmol) in acetonitrile
(3 mL). In 2 min, a solution of [Co(BF4)] · 6H2O
(80 mg, 0.23 mmol) in acetonitrile (0.5 mL) was
added to the obtained solution. The resulting violet
solution was left overnight with vigorous stirring. After
the end of the reaction, toluene (4 mL) was added to
the reaction mixture, and the product was crystallized
at reduced temperature (4°С). The yield of the crim-
son-colored crystalline product was 45 mg (26%).

1H NMR (CD3CN, 600.22 MHz, 18°C), δ, ppm:
112.37 (br.s, 4H, 2), 86.41 (br.s, 4H, 1), –7.10 (br.s,
18H, CH3(Et)), –8.24 (br.s, 12H, CH2(Et)), –30.41
(br.s, 12H, 3), –37.02 (br.s, 2H, NH).

NMR spectra were recorded for solutions in aceto-
nitrile-d3 on Bruker Avance 300 and Bruker Avance
600 spectrometers (Larmor frequency for protons
300.15 and 600.22 MHz, respectively). Chemical
shifts (δ, ppm) in NMR spectra were determined with
respect to the residual signal of the solvent (1H NMR
1.94 ppm). The spectra of complex I were recorded
using the following parameters: spectral range 300
ppm, detection time 0.5 s, relaxation delay time 0.5 s,
pulse duration 6.5 s, and acquisition number 32. To
increase the signal-to-noise ratio, the obtained free
induction decays were processed by exponential
weighing with the coefficient to 7 Hz.
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Table 1. Selected crystallographic data and structure refinement parameters for [CoL2](HNEt3)2

Parameter Value

FW 787.92
T, K 120
Crystal system Orthorhombic
Space group P212121

Z 4
a, Å 12.1858(6)
b, Å 16.0022(8)
c, Å 18.3286(9)
V, Å3 3574.1(3)

ρcalc, g cm–3 1.464

μ, cm–1 7.69
F(000) 1668
2θmax, deg 60
Number of measured reflections 38231
Number of independent reflections (Rint) 10870 (0.0740)
Number of ref lections with I > 2σ(I) 8726
Number of refined parameters 434
R1, wR2 (I > 2σ(I)) 0.0439, 0.0826
R1, wR2 (all data) 0.0623, 0.0900
GOOF 0.997
Δρmax/Δρmin, e Å–3 0.411/–0.339
X-ray diffraction analysis (XRD) of complex I was
carried out on a Bruker APEX2 CCD diffractometer
(MoKα radiation, graphite monochromator, ω scan
mode). The structure was solved using the ShelXT
program [19] and refined by full-matrix least squares
using the Olex2 program [20] in the anisotropic
approximation for . The hydrogen atoms of the
NH groups were localized from the difference Fourier
electron density syntheses, and positions of other
hydrogen atoms were calculated geometrically. The
positions of all hydrogen atoms were refined in the iso-
tropic approximation by the riding model. Selected
crystallographic data and structure refinement
parameters are presented in Table 1.

The atomic coordinates and other parameters of
the structure of complex I were deposited with the
Cambridge Crystallographic Data Centre (CIF file
CCDC no. 1995722; http://www.ccdc.cam.ac.uk/).

The quantum-chemical calculations for complex I
were performed using the ORCA, v. 4 program pack-
age [21] in terms of the density functional theory
(DFT) [22]. The geometry of the complex was opti-
mized without symmetry restraints using the PBE
nonhybrid functional [23] in the def2-TZVP basis set
[24]. The structure determined by the XRD method
was used as the initial approximation. Solvation effects
were taken into account in the framework of the
CPCM model implemented in the ORCA, v. 4 pro-

2
hklF
RUSSIAN JOURNAL OF C
gram package. NMR spectra were recorded in an ace-
tonitrile solution. The g tensor and hyperfine coupling
constants for protons were calculated on the basis of
the obtained geometry of the complex using the PBE0
hybrid functional [25] in the def2-TZVP basis set [24].
Then the contact shift values were calculated using the
following equation:

(3)

where giso is the isotropic electronic g tensor, μB is the
Bohr magneton, ħ is Planck’s constant, γI is the gyro-
magnetic ratio for proton, k is the Boltzmann con-
stant, S is the spin quantum number equal to 3/2 for
the high-spin cobalt(II) complexes, and Т is tempera-
ture. The dimensionalities of all magnitudes are given
in the SI system.

RESULTS AND DISCUSSION
The [CoL2](HNEt3)2 complex (I) was synthesized

in a moderate yield using the earlier published opti-
mized procedure [17] (Scheme 1) at room tempera-
ture. Attempts to crystallize the complex from the
reaction mixture with diethyl ether resulted in the for-
mation of a precipitate as a gray oil. However, the mix-
ing of one fraction of the reaction mixture with one
fraction of toluene followed by keeping the resulting
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Fig. 1. General view of complex I in the representation of atoms by thermal vibration ellipsoids (p = 30%). Hydrogen atoms,
except for those belonging to the NH groups, are omitted.
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solution at 4°С for 48 h afforded large crimson-like
single crystals (1–2 mm) of complex I, whose nature
was unambiguously confirmed by the XRD results
(Fig. 1). According to the data obtained, the molecu-
lar and crystal structures of complex I at 120 K (see
Experimental) closely reproduce those determined
previously [17] at 100 K. In this structure, the anionic
[CoL2]2– complex is bound to two HNEt  cations due
to the N–H…O hydrogen bonds (N…O 2.829(4) and
2.725(4) Å, NHO 160.3(2)° and 160.7(2)°) formed by
the oxygen atoms of two SO2 groups. In complex I, the
cobalt(II) ion exists in the high-spin state in the envi-
ronment of four nitrogen atoms of two ligands (Co–N
2.004(3)–2.018(3) Å) forming an ideal tetrahedral
environment around the ion, which can quantitatively
be characterized by the so-called “continuous symme-
try measures” [26] describing the deviation of the
shape of the coordination polyhedron CoN4 from the
ideal tetrahedron S(T-4). The lower this value, the
better the description of the polyhedron shape by this
polyhedron. In the case of the studied complex I, the
corresponding value of S(T-4) estimated from the
XRD data at 120 K is 6.268. For comparison, the devi-

3
+

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY
ation from the ideal planar square S(SP-4) (so-called
planar square “symmetry measures”) reaches 23.219,
indicating the tetrahedral environment of the
cobalt(II) ion in complex I.

NMR spectroscopy was used for the determination
of the composition and structure of complex I in a
solution and for the description of its magnetic prop-
erties and, correspondingly, its potential as a contrast
agent in MRT or a paramagnetic label in structural
biology. The Evans method is one of the traditional
methods for studying paramagnetic compounds by
NMR spectroscopy [27]. The method is based on the
effect of the shift of the resonance position in the
NMR spectrum of any nucleus in the solution of the
paramagnetic substance. As a rule, the nuclei belong-
ing to molecules of the solvent or reference compound
specially added to the solution are chosen. The
observed shift is proportional to the isotropic value of
magnetic susceptibility (χМ) of the paramagnetic com-
plex under study

(4)

(5)

dia
M M

0 f

Δχ χ ,M
S m
δ= −

ν

||iso 2( ) ,3⊥χ = χ + χ
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Fig. 2. 1Н NMR spectra of complex I (600.22 MHz, CD3CN) in the temperature range 235–345 K. The nuclei are enumerated
in Scheme 1. 
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where χ|| and χ⊥ are the parallel and perpendicular
components of the χ tensor, respectively.

At the same time, the nuclei of the paramagnetic
complex demonstrate a higher shift in the NMR spec-
tra. This shift is accepted to be named paramagnetic
(δpar)

(6)
where δtot and δdia are the observed chemical shift and
its diamagnetic component caused by the shielding of
paired electrons, respectively.

In turn, the δpar shift is usually divided into the con-
tact shift (δc) caused by the spin density on the nucleus
and pseudocontact shift (δpc). Since it is fairly difficult
to experimentally determine the spin density distribu-
tion in the molecule, the contact shift is usually calcu-
lated by quantum-chemical methods. Since the
pseudo-contact shift is based on the dipolar interac-
tion of magnetic moments of the nucleus and unpaired
electron, the value of the shift depends on the mutual
arrangement of interacting particles. The paramag-
netic ion is chosen as a localization center of unpaired
electrons, and the nuclear coordinates are determined
from the XRD data and/or quantum-chemical calcu-
lation results with the geometry optimization of the
molecule.

(7)

where r and θ are the polar coordinates of the nucleus.
The axial anisotropy of the magnetic susceptibility

expressed as a difference between the eigenvalues of
the corresponding tensor (Δχax = χ|| – χ⊥) is an

tot dia par dia c pc,δ = δ + δ = δ + δ + δ

( )2
pc ax3

1δ Δχ 3cos θ 1 ,
12 r

 = − π
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important characteristic of the electronic structure of
the molecule. First, the value of anisotropy itself char-
acterizes the prospects of the compound as a paramag-
netic label and contrast agent or as a temperature sen-
sor in MRT, since it seems reasonable to choose sys-
tems with the highest anisotropy for these purposes.
Second, the anisotropy Δχax along with the isotropic
value of χiso, which can be obtained by the Evans
method, completely characterizes the magnetic sus-
ceptibility tensor χ directly related to the electron
energy levels via the van Vleck equation

(8)

where a = || or ⊥ (parallel or perpendicular component
of the tensor); and  is the spin-Hamiltonian (opera-
tor of the energy of magnetic interactions) expressed
by the following equation:

(9)

where D is the splitting energy in the zero field.
The 1Н NMR spectra for the chosen cobalt com-

plex I were detected in a range of 235–345 K (Fig. 2).
The observed chemical shifts for nuclei 1 and 2 (the
corresponding enumeration is presented in Scheme 1)
were simulated by Eqs. (6) and (7). The NMR spectra
for free ligand L were used as δdia, and δc was calcu-
lated by the quantum-chemical methods (see Experi-
mental). An excellent coincidence of the experimental
shifts of nuclei 1 and 2 with the calculated data (Fig. 3)
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Fig. 3. Temperature dependences of the chemical shifts in
the 1Н NMR spectra for nuclei 1–3 of complex I
(600.22 MHz, CD3CN). The experimental values are
shown by points, and the calculated values are shown by
solid lines. 
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Fig. 4. Temperature dependences of (a) Δχax and (b) χiso
for complex I. The latter dependence was obtained by the
Evans method. Solid lines correspond to the simultaneous
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was achieved for all temperatures and characterized by
the high criterion R2 > 0.99, which made it possible to
obtain reliable values for the magnetic susceptibility
anisotropy (Δχax). The convergence of the experimen-
tal shifts with the calculated values for the protons of
the methyl group was expectedly somewhat lower. A
similar divergence discussed previously [28, 29] is
associated with the conformational lability of coordi-
nation compounds in the solution. At room tempera-
ture, the corresponding value of Δχax for complex I is
34.5 × 10–32 m3, which is the absolute record among
the transition metal complexes studied by the NMR
method. In particular, for the majority of the
cobalt(II) complexes (cobalt(II) is the most anisotro-
pic ion among transition metals), this value lies in a
range of 3–7 × 10–32 m3 [30], whereas it reaches 20–
25 × 10–32 m3 for the most anisotropic complexes
known at the moment [31]. Such a high magnetic
anisotropy allows one to consider complex I as a
promising paramagnetic label for structural biology or
a contrast agent and even a temperature sensor for
MRT. This is due to the fact that a higher magnetic
anisotropy of the paramagnetic compound leads to the
appearance of stronger paramagnetic shifts in the
NMR spectrum, which makes it possible to study
larger macromolecules and more easily detect the
MRT signal even at a low concentration of the agent
and, in the case of a sensor, to determine the tempera-
ture in vivo more precisely. It should be mentioned
that many magnetically anisotropic complexes are
chemically unstable in the solution. However, when
using NMR spectroscopy, the chemical stability of the
complex in this phase state is confirmed de facto,
which is an important advantage of the method.
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY
The application of the Evans method made it pos-
sible to determine the isotropic value of the magnetic
susceptibility (χiso) for complex I in a range of 235–
345 K. The data obtained were simulated by the van
Vleck equation (8) together with the temperature
dependence of the magnetic susceptibility anisotropy
Δχax using the spin-Hamiltonian (9), which gave the
following parameters of the electronic structure: g⊥ =
2.49 ± 0.07, g|| = 3.13 ± 0.10, and D = –140 ± 30 cm–1

(Fig. 4). The indicated scatter of the values is due to
both an insufficiently high accuracy of the quantum-
chemical calculation of the contact shifts and a mea-
surement inaccuracy of the Evans method [32, 33].
The obtained values are consistent with the energy of
the second Kramers doublet (230 cm–1) estimated
from the data of far-IR spectroscopy in the magnetic
field [17] corresponding to the splitting energy in the
zero field |D| = 115 cm–1.
  Vol. 47  No. 1  2021
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Thus, we synthesized the tetrahedral cobalt(II)
complex (I) with the properties of SMM. The struc-
ture of complex I was confirmed by the XRD method,
and its magnetic properties in solutions were studied
by paramagnetic NMR spectroscopy. In particular,
Δχax was 34.5 × 10–32 m3 at room temperature, which
is record-breaking among all known transition metal
complexes studied by the NMR method. This makes it
possible to consider complex I as a promising para-
magnetic label for structural biology and a contrast
agent and temperature sensor in MRT. The isotropic
magnetic susceptibility measured in parallel by the
Evans method along with the magnetic susceptibility
anisotropy estimated during an analysis of the
observed chemical shifts in the NMR spectra were
simulated by the van Vleck equation in terms of the
spin-Hamiltonian formalism. The parameters
obtained for the electronic structure (g⊥= 2.49 ± 0.07,
g|| = 3.13 ± 0.10, and D = –140 ± 30 cm–1) are com-
pletely consistent with the data by less available meth-
ods of investigation of SMM, such as far-IR spectros-
copy in the magnetic field and magnetic circular
dichroism. The results obtained also demonstrate that
paramagnetic NMR spectroscopy is promising as a
method for studying the magnetic properties and elec-
tronic structures of highly anisotropic transition metal
complexes, which are precursors of many functional
materials.
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