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ABSTRACT: Accurate determination of the spin Hamiltonian parameters in
transition-metal complexes with large zero-field splitting (ZFS) is an actual
challenge in studying magnetic and spectroscopic properties of high-spin
transition metal complexes. Recent critical papers have convincingly shown that
previous determinations of these parameters, based only on the magnetic data,
have low accuracy and reliability. A combination of X-band electron paramagnetic
resonance (EPR) spectroscopy and SQUID magnetometry seems to be a more
convincing and accurate approach. However, even in this case, the accuracy of the
determination of the spin Hamiltonian parameters is strongly limited. In this
work, we propose a purely spectroscopic approach, in which three complementary
EPR spectroscopic techniques are used to unambiguously with high accuracy
determine the spin Hamiltonian parameters for transition-metal complexes with S
= 3/2. The applicability of this approach is demonstrated by analyzing the new
quasi-octahedral high-spin Co(II) complex [Co(hfac)2(bpy)] (I). Along with the conventional X-band EPR spectroscopy, we
also use such advanced techniques as multi-high-frequency EPR spectroscopy (MHF-EPR) and frequency-domain Fourier-
transform THz-EPR (FD-FT THz-EPR). We demonstrate that the experimental data derived from the X-band and MHF-EPR
EPR spectra allow determination of the g tensor (gx = 2.388, gy = 2.417, gz = 2.221) and the ZFS rhombicity parameter E/D =
0.158. The axial ZFS parameter D = 37.1 cm−1 is measured for I with the aid of FD-FT THZ-EPR spectroscopy, which is able to
detect the high-energy EPR transition between the two Kramers doublets. CASSCF/NEVPT2 quantum-chemical calculations
of magnetic parameters and magnetic direct current (dc) measurements are performed as well as testing options, and the results
obtained in these ways are in good agreement with those derived using the proposed spectroscopic approach.

I. INTRODUCTION

Mononuclear transition-metal complexes, exhibiting slow
magnetic relaxation, are known as single-ion magnets
(SIMs). These complexes represent an important class of
single-molecule magnets (SMMs) which are of current interest
in molecular magnetism due to their intriguing physical
properties (e.g., magnetic bistability at low temperatures,
quantum tunneling of magnetization, etc.) and promising
applications.1−9

SMMs including SIMs are usually characterized by a large
axial zero field splitting (ZFS) that represents the main
anisotropic contribution to the spin Hamiltonian. The latter
also includes the rhombic ZFS contribution as well as the
anisotropic Zeeman term defined by the g tensor. The
knowledge of the parameters of the spin Hamiltonian is of
crucial importance because just these parameters define the

character and strength of the magnetic anisotropy and hence
the SIM properties of the complexes. However, direct
experimental determination of these parameters for transi-
tion-metal complexes with large ZFS is far from trivial.
Earlier10,11 and more recent.8,12,13 reviews discuss this issue.
The most widely used approach for the determination of

ZFS and g tensors is based on SQUID measurements of the
direct current (dc) magnetic properties, such as the temper-
ature dependence of the magnetic susceptibility at low dc field
and field dependences of magnetization at various temper-
atures. SQUID magnetometry is relatively simple and broadly
available; however, it has significant drawbacks. One such
drawback is related to a rather large number of unknown
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parameters in the spin Hamiltonian, which often results in
overparametrization in the course of fitting the magnetic dc
data. Another drawback is that the magnetic dc properties
measured for a polycrystalline sample often have low sensitivity
to the sign of the axial ZFS parameter D and to the magnitude
of the rhombic ZFS parameter E. In addition, these properties
are only weakly dependent on the anisotropy of the g tensor.
Therefore, an approach based solely on the analysis of the dc
magnetic data has low accuracy and sometimes gives an
erroneous conclusion about the character of the magnetic
anisotropy.8,10,11,13

A more accurate and precise method to measure ZFS
parameters and g tensor is provided by EPR spectroscopy. The
capabilities of EPR spectroscopy for such purposes strongly
depend on the ratio between the radiation energy quantum hν
and the magnitude of D. The optimal condition is hν ≳ |D|.
Since many transition-metal complexes have sizable magni-
tudes of D up to 100 cm−1 (e.g., in Co(II)-based SIMs values
of D ranging from 5 to 129 cm−1 have been found14−22), the
usefulness of the conventional X-, Q-, and W-band EPR
spectroscopy (hν ≈ 0.3, 1.2, and 3 cm−1, respectively) is
strongly constrained. For this reason, previously developed
advanced spectroscopic techniques,23−30 operating in the
higher frequency range, such as multi-high-frequency EPR
(MHF-EPR) (2.3 cm−1 < hν < 17.1 cm−1)13,31 and frequency-
domain Fourier-transform THz-EPR (FD-FT THz-EPR) (4
cm−1 < hν < 250 cm−1),13,32,33 have been applied in recent
years. Unfortunately, no single universal method for determin-
ing all parameters for all cases exists. For this reason, recent
efforts have been aimed at the development of a combined
approach which takes the best from various experimental
techniques. For example, a combination of NMR with FD-FT
THz-EPR34 and of NMR with MHF-EPR35 has been applied.
Among numerous 3d metal complexes showing SIM

behavior, those based on high-spin Co(II) complexes with
quasi-octahedral coordination of the Co ion are especially
interesting because unlike conventional SMMs and SIMs they
often exhibit slow magnetic relaxation for both easy-plane and
easy-axis types of magnetic anisotropy.14,36−48 This atypical
behavior was shown to be a result of the Kramers character of
the Co(II) ion.5

Here we report the synthesis of the six-coordinated Co(II)
complex [Co(hfac)2(bpy)] (I) with two hexafluoroacetylacet-
onate (hfac) ligands and one 2,2′-dipyridyl ligand (bpy).
However, this article is focused on presenting a new combined
spectroscopic approach to determine the full set of spin
Hamiltonian parameters, and I is merely an example for our
method. Along with conventional X-band EPR spectroscopy,
we apply advanced techniques such as MHF-EPR and FD-FT
THZ-EPR. Since the axial ZFS parameter D for this complex
has a sizable magnitude, the FD-FT THZ-EPR measurements
play a key role in the unambiguous and accurate determination
of the spin Hamiltonian parameters. It is worth noting that the
applicability of the spin Hamiltonian for the description of the
magnetic and spectroscopic properties of the quasi-octahedral
Co(II) complexes is not a priori clear because of the existence
of the unquenched orbital angular momentum, and so it
requires special justification. In order to prove the validity of
the spin Hamiltonian formalism for complex I, we performed
multiconfigurational ab initio calculations of the energy levels.
In this way, we have demonstrated that the description based
on the spin Hamiltonian is adequate in the present case, and
also we have evaluated the spin Hamiltonian parameters for

complex I. In addition, dc magnetic measurements have been
performed in order to explore to what extent the magnetic data
are consistent with the spectroscopic data.
Finally, we argue that the applicability of the proposed self-

consistent spectroscopic approach is not restricted to the case
of high-spin Co(II) complexes in different coordination
environments but can also be used for the characterization of
other 3d metal complexes with S = 3/2, provided that the spin
Hamiltonian is applicable.

II. EXPERIMENTAL SECTION
II.A. Synthesis and Characterization of [Co(hfac)2 bpy] (I)

and Its Magnetically Diluted Analogue. All chemicals were
purchased from commercial sources and used without further
purification. Elemental analysis was performed on a Vario MICRO
Cube analyzer. The IR spectra of microcrystalline powders were
recorded on a Bruker Alpha FT-IR spectrometer using attenuated
total reflection accessory. The powder XRD patterns were recorded at
room temperature on an ARL X’TRA X-ray diffractometer.

Complex I was prepared by adding 0.5 mmol of bpy dissolved in
2.5 mL of EtOH to 2.5 mL of an EtOH solution of 0.5 mmol
[Co(hfac)2(H2O)2] at room temperature. The obtained bright orange
precipitate was filtered off and washed with cold EtOH and ether.
Single crystals of complex I, suitable for X-ray diffraction, were
obtained by recrystallization from a mixture of dichloromethane and
EtOH (1/1). A magnetically diluted sample for X-band EPR
spectroscopy, [Co0.02Zn0.98(hfac)2 bpy] (II), was prepared by
cocrystallization of complex I and its isostructural Zn analogue with
ratio Co/Zn = 1/50 in warm dichloromethane solution (see the
Supporting Information for details)

The powder XRD measurements showed that samples are
monophase crystalline materials (Figure S1).

II.B. Single-Crystal X-ray Analysis. X-ray data for a single crystal
of I were collected on a Agilent XCalibur CCD diffractometer with
EOS detector (Agilent Technologies UK Ltd., Yarnton, Oxfordshire,
England). The recording of reflections and the determination and
refinement of unit cell parameters were performed at 100.0(1) K with
monochromatic Mo Kα radiation (λ= 0.71073 Å), using the CrysAlis
PRO software.49 The structure was solved by direct methods and
refined against all F2 data. All non-hydrogen atoms were refined with
anisotropic thermal parameters, and positions of hydrogen atoms
were obtained from difference Fourier syntheses and refined with
riding model constraints. All calculations were performed with the
SHELXTL software.50 The X-ray crystal structure data have been
deposited with the Cambridge Crystallographic Data Center, with
reference code CCDC 1911055. Selected crystallographic parameters
and the data collection and refinement statistics are given in Table S1.

II.C. CW X-band EPR Spectroscopy. EPR spectra were measured
with a Bruker Elexys E500 spectrometer working in the X-band (9.5
GHz). Magnetically diluted powder samples II were placed in a 2 mm
diameter quartz tube, which was pumped out and filled with helium to
obtain rapid thermal stabilization of the entire sample at low
temperatures. An RTI ESRCryo202 continuous flow cryostat
refrigerated with liquid helium was used for cooling the samples up
to 4.2 K. The modulation amplitude (10 G at 100 kHz) and
microwave power (6.325 mW) were low enough to avoid line
broadening and saturation effects.

II.D. Multi-High-Frequency EPR Spectroscopy. MHF-EPR
data were collected using a transmission-type spectrometer at the
National High Magnetic Field Laboratory (NHMFL), Tallahassee,
FL, USA.51 Frequencies in the range of 50−650 GHz were generated
by a phase-locked microwave source combined with several
multipliers (all from Virginia Diodes). Sample temperatures from 5
to 50 K were reached using a lHe flow cryostat. Magnetic fields of up
to 14.5 T were obtained by using a superconducting magnet (Oxford
Instruments). Samples of I and II were finely ground and placed in a
PE cup with a Teflon stopper.

II.E. Frequency-Domain Fourier-Transform THz-EPR. FD-FT
THZ-EPR experiments were conducted at the NHMFL.25 Briefly, the
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unpolarized radiation of an Hg arc lamp is passed through an FT-IR
spectrometer (Bruker Vertex 80v), focused on the sample, and
detected by a Si bolometer (Infrared Laboratory). Both the sample
and the bolometer are in thermal equilibrium with a lHe bath of a 17
T superconducting optical magnet. The sample (a few milligrams of I
mixed with eicosane fixed with Scotch tape to fill an aperture
completely) is placed in the field center of that magnet, while the
bolometer is slightly away from it. As in traditional FT-IR
spectroscopy a reference is required. However, the strong non-
magnetic absorption does not allow use of a blank. Hence, spectra
recorded at different magnetic fields are divided. Details on how to
understand such magnetic field division spectra (MDS) can be found
in ref 52. Here MDS for the magnetic field value B0 is obtained by
division of the spectrum measured at B0 by a spectrum measured at B0
+ 1 T. Spectra were measured with a scanner velocity of 5 kHz and an
experimental resolution of 0.8 cm−1. At each field value three
measurements for 4 min each were performed.
II.F. EPR Simulations. All EPR simulations and fitting procedures

were done using the EasySpin program package for Matlab.53 A
recently developed extension of EasySpin was used for simulations of
FD-FT THz-EPR spectra.54,55

II.G. dc Magnetic Measurements. dc magnetic properties were
measured with a SQUID magnetometer (MPMS-5XL, Quantum
Design). Magnetic susceptibility was measured in the temperature
range 2−300 K with an applied field of B = 0.1 T. Diamagnetic
corrections were made using the Pascal constants.56 Isothermal
magnetization curves have been measured at temperatures T = 2, 3, 4,
5, 7, 10 K.
II.H. Quantum Chemical Calculations. Quantum chemical

calculations of ZFS parameters and g tensors were performed based
on state-averaged complete-active-space self-consistent-field (SA-
CASSCF) wave functions complemented by N-electron valence
second-order perturbation theory (NEVPT2)57−61 using the ORCA
program package.62 The active space of the CASSCF calculations was
composed of 7 electrons in 5 d orbitals of a Co atom: CAS(7,5). The
state-averaged approach was used, in which all 10 quartet and 40
doublets states were averaged with equal weights. The polarized
triple-ζ-quality basis set def2-TZVP was used for cobalt, oxygen, and
nitrogen atoms, while the def2-SVP basis set was used for other
atoms.63−65 The calculations were performed with the geometry of
the experimentally determined X-ray structure. The ZFS parameters
were calculated on the effective Hamiltonian theory,66 in which an
approximation to the Breit−Pauli form of the spin−orbit coupling
operator (SOMF approximation)67 was utilized. The g tensor for a

pseudo-spin S′ = 1/2 state has been calculated using the quasi-
degenerate perturbation theory (QDPT) approach within an
individual Kramers doublet.68 Splitting of the d orbitals was analyzed
within the ab initio ligand field theory (AILFT)69,70 as implemented
in ORCA software.

III. RESULTS AND DISCUSSION

III.A. Molecular and Crystal Structure. Compound I
crystallizes in the monoclinic space group C2/c. Figure 1a
shows the molecular structure of complex I. The cobalt(II) ion
is located on the second-order rotational axis. This ion is
coordinated by two hexafluoroacetylacetonate ligands and one
2,2′-dipyridyl ligand. The Co (II) ion has a distorted-pseudo-
octahedral coordination environment with X−Co−X angles of
bidentate ligands less than 90° (for O(1)−Co−O(2)
86.20(7)° and N(1)−Co-N(1)′ 77.9(1)°). The bond angles
O(2)−Co−O(2)′ and O(1)−Co−N(1) are not linear
(169.7(1)° and 174.50(7)°, respectively). The bond lengths
Co−O(1) 2.061(2) Å and Co−O(2) 2.075(2) Å differ
insignificantly, and the length of the Co−N(1) bond is
2.097(2) Å. The dihedral angle between the pyridine rings is
7.6°: i.e., the 2,2′-dipyridyl ligand is not planar.
In general, the molecular structure of complex I is similar to

structures of analogous complexes with acetylacetonate71,72 or
substituent bipyridyl ligands.73 At the same time, the
replacement of methyl and trifluoromethyl groups with a
tert-butyl moiety in the β-diketonate ligands leads to a greater
deviation of Co(II) ion coordination from ideal octahedral,
apparently due to steric effects.74

In the crystal packing, Co(II) ions are well-shielded from
each other with an interatomic separation that is longer than
7.8 Å, thus excluding significant intermolecular magnetic
interactions. In general, the crystal structure of complex I is
stabilized by weak van der Waals contacts O···H−C and
shortened contacts F···F ≈ 2.70 Å (Figure 1b).

III.B. Zeeman Energy Levels and EPR Transitions for
Mononuclear Spin S = 3/2. The question about the
applicability of a spin Hamiltonian to the description of
high-spin Co(II) complexes is not in general trivial and
requires justification in each particular case. In fact, the ground

Figure 1. (a) Molecular structure of complex I. (b) Fragment of the crystal structure of I. Color code: gray, C; light green, F; white, H. Dashed
lines show intermolecular contacts (distances in Å).
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4T1 term of an octahedrally coordinated Co(II) ion possesses
not only spin but also unquenched orbital angular momentum.
For this reason, a Griffith Hamiltonian which explicitly takes
into account the orbital angular momentum is often used for
the adequate description of such cobalt complexes.(see the
Supporting Information for details). However, as was shown
by numerous authors (see for example14,47,75−79) the
Hamiltonian to describe low-energy magnetic properties can
often be reduced to a spin Hamiltonian, which is much more
simple and convenient for the analysis of the magnetic data
and EPR spectra. Below (see section III.G) we will
demonstrate that in the present case the low-lying energy
levels obtained with the aid of CASSCF/NEVPT2 quantum
chemical calculations are consistent with the eigenvalues of the
spin Hamiltonian, thus justifying the applicability of this
Hamiltonian.
Accordingly, the spectroscopic properties of complexes I and

II have been analyzed applying the following spin Hamiltonian
for S = 3/2:

H

g B S g B S g B S D S S S

E S S A S I A S I A S I

BgS SDS SAI

( )
1
3

( 1)

( )

z z z x x x y y y z

x y z z z x x x y y y

2

2 2

Ä

Ç
ÅÅÅÅÅÅÅÅ

É

Ö
ÑÑÑÑÑÑÑÑ

β

β

= + +

= + + + − +

+ − + + + ′ (1)

where g is the electronic g tensor with principal values gx, gy,
and gz, D is the ZFS tensor defined (up to second order) by
the axial ZFS parameter D and rhombic ZFS parameter E, A is
the tensor with the principal values Ax, Ay, and Az describing
the hyperfine interaction between the electronic spin S = 3/2
and the spin I = 7/2 of the cobalt nucleus, B is the dc magnetic
field, β is the Bohr magneton, and finally Sz, Sx, Sy and Iz, Ix, Iy
are the components of the electronic spin 3/2 operator and
nuclear spin 7/2 operator, respectively.
The ZFS parameters D and E in the Hamiltonian of eq 1 are

obtained with the aid of the following conventional definitions:

D D E
D D3

2 2zz
xx yy= =

−
(2)

where Dxx, Dyy, and Dzz are the principal values of the ZFS
tensor.
The ZFS term causes splitting of the quartet ground state

into two Kramers doublets separated by the energy gap (see
Figure 2)

D2 1 3 2ηΔ = + (3)

where η = E/D is the rhombicity parameter. In the axial case (η
= 0) these Kramers doublets are characterized by the effective
spin projections: MS = ±3/2 and MS = ±1/2, where the latter
is the ground state for D > 0.80 Provided that the energy gap
between the ground and first excited Kramers doublets
considerably exceeds the Zeeman splitting of these doublets,
one can describe the ground Kramers doublet by the following
effective pseudospin 1/2 Hamiltonian which includes the
Zeeman term and the hyperfine interaction of pseudospin S′ =
1/2 with the I = 7/2 cobalt nucleus:

H Bg S S A Iβ= ′ ′ + ′ ′ (4)

where S′ is the pseudo spin 1/2 operator and g′ and A′ are the
effective g and hyperfine tensors defined in the principal axis
system which is assumed to be common for both of these
tensors. Since the pseudo spin 1/2 Hamiltonian represents the
projection of the full spin 3/2 Hamiltonian (eq 1) onto the
truncated space of the ground Kramers doublets, the
parameters involved in the effective Hamiltonian, eq 4, prove
to be dependent on the parameters of the spin 3/2
Hamiltonian. This point, which is important for our
consideration, will be discussed below (see section III.F).
At low temperatures, i.e. Δ ≫ kT, only the doublet lowest in

energy is thermally populated. Therefore, the X-band spectrum
contains the EPR transitions within this doublet. Direct
measurements of the large ZFS require very high excitation
frequencies. Thus, we applied FD-FT THz-EPR spectroscopy.

Figure 2. Zeeman energy levels for a spin quartet with ZFS parameters D = 37.1 cm−1 and η = E/D = 0.158 simulated from eq 1 with g = (2.388,
2.417, 2.221). The magenta and blue vertical bars indicate the allowed X-band and MHF EPR transitions within the low-lying Kramers doublet
with the effective spin projections Ms = ±1/2. The red vertical bar indicates the FD-FT THz-EPR transition between the two Kramers doublets
with the energy gap Δ.
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Experiments at zero magnetic field allow direct determination
of the energy gap Δ, as shown in Figure 2.
III.C. X-band EPR Spectra. The X-band EPR spectrum of

magnetically diluted sample II, [Co0.02Zn0.98(hfac)2bpy],
measured at 5 K is shown in Figure 3a. The spectrum consists

of three intense lines at 120, 180, and 330 mT. The low-field
and high-field EPR lines contain the resolved hyperfine
structure appearing due to interaction with the magnetic I =
7/2 cobalt nucleus. The recorded spectrum is a typical
spectrum for high-spin Co(II) complexes with S = 3/2 and a
positive sign of the axial ZFS parameter D.14,47,13,81 We fitted
the X-band EPR spectrum using the effective pseudo spin 1/2
Hamiltonian (eq 4) and obtained g′1 = 2.063(3), g′2 =
3.599(3), g′3 = 5.854(6) and A′1 = 108(5) MHz, A′2 = 10(5)
MHz, A′3 = 260(5) MHz. The simulated spectrum with the
best fitted parameters is shown in Figure 3b. A potential
rationale for the observed additional lines can be found in the
Supporting Information.
III.D. Multi-High-Frequency EPR Spectra. The variable-

frequency MHF-EPR spectra of I, measured at 5 K, are shown
in Figure 4. In addition to small signals due to the unavoidable
presence of solid oxygen,82 three resonances were observed at
frequencies of 68−392 GHz. At the highest measured
frequency of 513 GHz only two resonances were observed.
According to eq 4, the resonance condition is hv = βg′i(v)
Bi
res(v), where g′i is the effective g factor to the ith resonance

observed at a magnetic field of Bi
res measured with the

microwave frequency v, and h is the Planck constant. Thus, it
was found that the three observed resonances are almost
frequency independent (see Figure 5) and are close to the
values obtained at X band. The resonance g′i was not observed
at 513 GHz, as it corresponds to a field value not accessible
with the used superconducting magnet. The observed
resonances were quite broad. As dipolar interactions between
Co(II) atoms in adjacent molecules are expected to have a
significant influence on the line width, we also investigated the
magnetically diluted complex II (see Figure S4). Indeed, an
improved line width was observed. However, the signal to
noise was significantly reduced, essentially outweighing the
improvements. In any event, the obtained g′ values were

virtually identical for I and II, indicating that dilution had a
minor influence on the magnetic properties. Experiments on I
at various temperatures reveal a decreasing signal intensity with
increasing temperature (see Figure S5). This further
corroborates the assignment of the EPR lines to transitions
involving the ground state.

III.E. Frequency-Domain Fourier-Transform THz-EPR
Spectra. The measured FD-FT THz-EPR spectra are shown
as MDS in Figure 6 (a contour plot is shown in Figure S6). In
the B0 = 0 T spectrum a pronounced minimum was observed
at 77 cm−1. At both lower and higher energies it is surrounded
by maxima. The maximum at lower energies shifts to lower
energies and broadens beyond recognition around 4 T. The
field dependence of the minimum and the maximum at higher
energies is hard to follow, as in these regions several features
with fluctuating intensity but unaltered energy were observed.
Due to the fact that their energies are not affected by a

Figure 3. (a) Powder X-band EPR spectrum of magnetically diluted
sample II [Co0.02Zn0.98(hfac)2bpy] measured at 5 K. (b) Fitted
powder spectrum for the effective pseudo spin 1/2 Hamiltonian (eq
4) with the effective magnetic parameters g′1 = 2.063, g′2 = 3.599, g′3
= 5.854 and A′1 = 108 MHz, A′2 = 10 MHz, A′3 = 260 MHz. (c)
Simulated powder spectrum for the spin Hamiltonian eq 1, with the
parameters D = 37.1 cm−1, η = 0.158, gx = 2.388, gy = 2.417, gz =
2.221, Ax = 6.6 MHz, Ay = 107 MHz, and Az = 116 MHz.

Figure 4. Powder MHF-EPR spectra of I measured at T = 5 K and at
the indicated frequencies. The abscissa axis shows the effective g′
value. Experimental data are rescaled for each frequency individually.
Experimental data are shown in black. Signals due to solid oxygen are
marked with an O. Simulations with the spin Hamiltonian eq 4 with
the effective magnetic parameters g′1 = 2.063, g′2 = 3.599, and g′3 =
5.854 are shown in red.

Figure 5. Effective g factors derived from field domain EPR
experiments: i.e., X-band (hollow symbols) and MHF-EPR (filled
symbols).
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magnetic field, we assigned them to be nonmagnetic. However,
especially at higher fields, a broad maximum shifting to higher
energies with an increasing magnetic field can be identified.
Hence, we assign the observed minimum to the ZFS splitting
and therefore experimentally observed Δ = 77(1) cm−1. It is
generally hard to determine the rhombicity η and g values from
FD-FT THz-EPR experiments. Due to the strong distortion
observed here, it is outright impossible for I.
III.F. Magnetic Parameters of the Complex under

Study. The spin Hamiltonian eq 1 contains five magnetic
parameters: namely, gx, gy, gz, D, and η. From the X-band EPR
and MHF-EPR experiments we obtained effective g′ values: g′1
= 2.063, g′2 = 3.599, and g′3 = 5.854. Further, we have obtained
Δ = 77 cm−1 from FD-FT THz-EPR. Here, we will
demonstrate how the magnetic parameters can be determined
from these experimental results. The effective g′ values can be
directly related to the g values in eq 1. For a positive D value
and under the assumption of collinear D, g, and g′ tensors they
are5,83,84
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It should be emphasized that the observed g′ values are not yet
assigned to the principal directions. For this reason, we have
calculated g values as a function of η = E/D for all six possible
assignments. These six assignments are as follows: (g′x, g′y, g′z)
↔ (g′1, g′2, g′3) or (g′1, g′3, g′2) or (g′2, g′1, g′3) or (g′2, g′3, g′1)
or (g′3, g′1, g′2) or (g′3, g′2, g′1). On the basis of the literature,
realistic g values for pseudo-octahedral high-spin Co(II) are in

the range of approximately 2−3.14,16 Inspecting the results (see
Figure S7), we have found completely unrealistic g values for
all assignments with the exception of the assignment (g′x, g′y,
g′z) ↔ (g′2, g′3, g′1) that will be adopted at this step. As a next
step we will correlate the anisotropy of the g and D tensors.
Assuming that spin−orbit coupling is the main reason for ZFS
and Russell−Saunders coupling is strictly valid, the following
relation applies:5

g g

g g g
g( )

( )/2
x y

z x y

η =
−

− + (6)

In theory, both anisotropies should be equal: η(g) = η(D).
Hence, with the use of eqs 5a−5c and eq 6 we get
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A graphical solution for f(η) = 0 is shown in Figure 7A. Indeed,
only for the combination (g′x, g′y, g′z) ↔ (g′2, g′3, g′1) with η =

0.158(1) can a solution be obtained. Subsequently, gx =
2.388(3), gy = 2.417(3), gz = 2.221(3) (see Figure 7B) and D =
37.1(6) cm−1 (see Figure 7C) are determined with the help of
eqs 5a−5c and eq 3, respectively. Finally, the principal values
of the hyperfine interaction tensor A are straightforwardly
determined using the relations Ai/Ai′ = gi/g′i (i = x, y, z) as Ax

Figure 6. Experimental FD-FT THz-EPR spectra of I shown as MDS
(black lines) measured at the indicated magnetic fields. The gray
shaded area indicates an uncertainty estimate based on the standard
deviation of the four measured subspectra. Simulations with eq 1 and
D = 37.13 cm−1, η = 0.158, and g = (2.388, 2.417, 2.221) are shown as
red lines. Transition energies for magnetic fields applied along the
principal axis are shown as dashed orange (x), dotted blue (y) and
solid green (z) lines.

Figure 7. (A) Dependences f(η) plotted for all possible assignments
(g′x, g′y, g′z) ↔ (a) (g′1, g′2, g′3), (b) (g′1, g′3, g′2), (c) (g′2, g′1, g′3),
(d) (g′2, g′3, g′1), (e) (g′3, g′1, g′2), (f) (g′3, g′2, g′1). The intersection
of this function with the ordinate y = 0 at η = 0.158(1) is highlighted
by a star. (B) Principal g values (gx, red; gy, green; gz, blue) as a
function of η for (g′x, g′y, g′z) ↔ (g′2, g′3, g′1). (C) Magnitude of D as
a function of η from eq 3.
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= 7(1) MHz, Ay = 107(1) MHz, and Az = 116(1) MHz.
Simulations with eq 1 and these parameters are shown in
Figures 3 and 6. As a last check, we performed similar
calculations under the assumption of a negative D value (see
the Supporting Information). No reasonable parameter set
could be identified, further strengthening the assignment of D
to a positive value.
III.G. Quantum Chemical Calculations. The CASCCF-

(7,5)/NEVPT2 computed low-lying spin-free (δE) and spin−
orbit states (ΔE) energies are given in Table 1. In addition we

inferred the symmetry labels for an idealized D4h symmetry.
The six spin−orbit states lowest in energy (Kramers doublets)
roughly correspond to the Griffith diagram14 at a large positive
value of the axial crystal field parameter, thus showing that the
spin Hamiltonian description used is an adequate one. Spin−
orbit coupling results in the first exited Kramers doublet being
located 101 cm−1 above the ground state (Table 1). This is just
the energy gap, which is determined from the experiment as Δ
= 77(1) cm−1. As the energy difference to the next higher
levels is more than 1000 cm−1, the spin Hamiltonian can be
used.
The results of our CASSCF/NEVPT2 quantum chemical

calculations of magnetic parameters for the studied complex I
are presented in Table 2. The calculated parameters for all

three tensors, g, geff, and D, somewhat agree with the
experimental data. More importantly, the calculation results
support the following conclusions from the analysis of the
experimental data: (i) the sign of parameter D is positive, (ii)
the principal axes orientations of all three tensors coincide, (iii)
the assignment of g′x, g′y, and g′z with respect to the g′1, g′2,
and g′3 values corresponds to that accepted above in the
section II, namely (g′x, g′y, g′z)↔ (g′2, g′3, g′1) (see Figure S2),
and (iv) spin−orbit coupling is the main source of magnetic
anisotropy in the g and D tensors: in fact, the spin−spin
coupling contribution to the D tensor of complex I is equal to

0.78 cm−1, which is only ∼2% of the total D parameter. The
ground spin-free state is an orbital singlet (4A2g state in the
case of idealized D4h symmetry), while the two excited levels
show the rhombic splitting of the 4Eg term, as can be seen in
the calculated orbital scheme in Figure S10 and Table S2. This
configuration of states straightforwardly rationalizes the
positive D value.14,47

Splitting of the d orbitals has been analyzed within the ab
initio ligand field theory (AILFT).69,70 AILFT analysis shows
that the scheme of the d orbitals is close to the scheme peculiar
to quasi-octahedral coordination (see energy diagram and
shapes of corresponding one-electron LFT states in Figure S10
and also the relative energies and composition of one-electron
states in Table S2).

III.H. dc Magnetic Measurements. The temperature
dependence of the dc magnetic susceptibility was measured on
a powder sample of I in the temperature range 2−300 K with
an applied magnetic field of 0.1 T. The results of these
measurements are presented in Figure 8. The field depend-
ences of the magnetization measured at T = 2, 3, 4, 5, 7 10 K
are shown in the inset in Figure 8.

At room temperature χMT is found to be ∼2.677 cm3 K
mol−1, which is considerably higher than the spin-only value
(1.875 cm3 K mol−1) because of considerable orbital
contribution to the magnetic moment. This value falls within
the range of typical values found in other quasi-octahedral
high-spin Co(II) complexes.36−44,47 Upon cooling, the value of
χMT gradually decreases in the temperature range from 300 K
to around 70 K, and then it decreases sharply to reach a value
of ∼1.694 cm3 K mol−1 at 2 K. This sharp decrease in χMT can
be attributed to a strong ZFS in I.
At T = 2 K the magnetization as a function of the magnetic

field almost saturates at 5 T, reaching a value of around
2.16NAμB (Figure 8), which is significantly lower than the
value of 3NAμB, corresponding to the pure spin S = 3/2 with g
= 2.03, but agrees well with the X-band EPR data obtained
from the effective pseudo spin 1/2 ground Kramers doublet
with giso = 3.84 (note that at T = 2 K only the population of
this ground Kramers doublet is not negligible).
The theoretical curves calculated with the set of spin

Hamiltonian parameters found from the proposed combined

Table 1. CASSCF(7,5)/NEVPT2 Computed Low-Lying
Spin-Free (δE) and Spin−Orbit States (ΔE) Energies (cm

−1)
for I along with the Inferred Symmetry Label for Idealized
D4h Symmetry

term spin-free state (δE) spin spin−orbit state (ΔE)
4A2g 0 3/2 0

101
4Eg 1081 3/2 1118

1316
1562 3/2 1820

1910

Table 2. CASSCF/NEVPT2 Quantum Chemical Calculated
and Experimental Magnetic Parameters of Complex I

calcd/(exptl)

param
full spin Hamiltonian, eq 1,

for S = 3/2
effective pseudo spin 1/2

Hamiltonian, eq 4

gx 2.406/(2.388) 3.408/(3.599)
gy 2.572/(2.417) 6.354/(5.854)
gz 2.059/(2.221) 1.999/(2.063)
giso 2.346/(2.342) 3.92/(3.84)
D, cm−1 48.2/(37.1)
η 0.181/(0.158)

Figure 8. Temperature dependence of χMT for powder sample I
measured at B = 0.1 T (dark blue open circles). Inset: the
magnetization vs magnetic field for I measured at T = 2, 3, 4, 5, 7,
10 K (closed symbols). Theoretical curves (solid lines) are calculated
with the parameters of the spin Hamiltonian eq 1, obtained above
from EPR spectroscopic data: D = 37.13 cm−1, η = 0.158, gx = 2.388,
gy = 2.417, and gz = 2.221.
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spectroscopic approach are also shown in Figure 8. It is seen
that both the calculated temperature dependence of χMT and
the field dependences of magnetization are in satisfying
agreement with the experimental magnetic data. Hence, this
exemplifies the power of the proposed spectroscopic approach
for the reliable determination of the spin Hamiltonian
parameters of the Co(II) complexes.

IV. CONCLUSIONS

The accurate determination of the spin Hamiltonian
parameters for high-spin transition metal complexes with
large ZFS is an actual challenge for molecular spectroscopy.
Unfortunately, there is no one unique approach to solve the
problem. In the present study, we proposed a new combined
experimental methodology based on EPR techniques in
different frequency ranges for determination of the spin 3/2
Hamiltonian parameters and successfully applied this method-
ology to the new high-spin Co(II) complex I.
First, the principal values of the effective g′ tensor for the

effective pseudo spin 1/2 Hamiltonian related to the ground
Kramers doublet were obtained by X-band and MHF EPR
spectroscopy with high accuracy. Then the splitting between
two Kramers doublets Δ was directly measured by the FD-FT
THZ-EPR technique. However, two components are missing
to get the set of the spin 3/2 Hamiltonian parameters: the
correct assignment of canonical resonance lines to the axes (x,
y, z) and the value of η = E/D. In this work, we have
demonstrated how to overcome these difficulties and to
determine the full set of the spin 3/2 Hamiltonian parameters.
The parameters for complex I obtained in this way are as
follows: gx = 2.388(3), gy = 2.417(3), gz = 2.221(3), η =
0.158(1), and D = 37.1(5) cm−1. The justification of the
applicability of the spin Hamiltonian to the description of
complex I was based on the results of multiconfigurational
quantum-chemical calculations of the energy pattern of this
complex.
The reliability of the obtained data is confirmed by perfect

simulations of the experimental spectra for both the X-band
EPR and the FD-FT THz EPR spectra. Furthermore, the SA-
CASSCF/NEVPT2 quantum chemical calculations are in
reasonable agreement with the experimental data and support
all qualitative findings deduced from the experiments. Finally,
the measured dc magnetic data are in satisfying agreement
described by the set of spin Hamiltonian parameters derived
from the EPR data without any fitting procedures.
Note that none of the used experimental technologies are

new. The new aspect of this work is the combination of these
three techniques and their analysis. The proposed method is
not strict and universal. However, in practice, it should be
applicable for a wide range of systems. While we have
demonstrated here that it can be applied to quasi-octahedral
Co(II) complexes, we expect it to be useful for all complexes
with strongly anisotropic transition metal ions with S = 3/2,
provided that the spin Hamiltonian formalism is applicable.85

This explicitly includes Co(II) in different coordination
geometries.
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(15) Świtlicka, A.; Palion-Gazda, J.; Machura, B.; Cano, J.; Lloret, F.;
Julve, M. Field-induced slow magnetic relaxation in pseudooctahedral
cobalt(II) complexes with positive axial and large rhombic anisotropy.
Dalton Trans. 2019, 48, 1404−1417.
(16) Tripathi, S.; Dey, A.; Shanmugam, M.; Narayanan, R. S.;
Chandrsekhar, V. Cobalt(II) Complexes as Single-Ion Magnets. Top.
Organomet. Chem. 2018, 1−41.
(17) Liu, J. J.; Meng, Y. S.; Hlavicǩa, I.; Orlita, M.; Jiang, S. Da;
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