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A Trigonal Prismatic Cobalt(II) Complex as a Single
Molecule Magnet with a Reduced Contribution from
Quantum Tunneling
Alexander A. Pavlov,[a] Dmitry Y. Aleshin,[a, b] Svetlana A. Savkina,[a] Alexander S. Belov,[a]

Nikolay N. Efimov,[c] Joscha Nehrkorn,[d, e] Mykhaylo Ozerov,[d] Yan Z. Voloshin,[a, c]

Yulia V. Nelyubina,[a, c] and Valentin V. Novikov*[a]

Herein, we report a new trigonal prismatic cobalt(II) complex
that behaves as a single molecule magnet. The obtained zero-
field splitting, which is also directly accessed by THz-EPR
spectroscopy (� 102.5 cm� 1), results in a large magnetization
reversal barrier U of 205 cm� 1. Its effective value, however, is
much lower (101 cm� 1), even though there is practically no
contribution from quantum tunneling to magnetization relaxa-
tion.

Since the discovery in 1993,[1] single molecule magnets (SMMs)
attracted attention of both synthetic and material chemists
owing to their individual molecules behaving as permanent
magnets.[2–10] An SMM, after it has been magnetized in an
applied magnetic field, keeps its magnetization over time as a
result of the magnetization reversal energy barrier U between
the states with MS = +S and MS = � S. The higher this barrier,
the longer the magnetization is kept if the Orbach ‘over-the-
barrier’ relaxation mechanism prevails.

Magnetometry in alternating current magnetic fields (ac-
magnetometry) is the most popular method in SMM research,
which directly accesses the magnetization relaxation time; other
techniques of choice are dc-magnetometry,[8,9] far-infrared
spectroscopy,[11] magnetic circular dichroism,[12] NMR
spectroscopy,[13–20] and electron paramagnetic resonance (EPR)

spectroscopy.[21,22] The latter is rarely used for studying SMMs.
At conventional frequencies, they are almost always EPR-silent,
as the transition MS = � S↔+S is forbidden by the selection
rules for large S, and high-lying MS = �1/2 Kramer’s doublet is
unpopulated. At extremely high frequencies, however, THz-EPR
spectroscopy can access the inter-Kramer’s transition MS = �

S↔� (S� 1) and therefore directly measure the ZFS value,[23–28]

which is the key characteristic of an SMM related to the energy
U of the magnetization reversal barrier U=2∣D∣ with D being a
zero-field splitting energy.

Many SMMs have been found since 1993[1] among the
compounds both of lanthanides[29–33] and of transition
metals.[34–37] For transition metal complexes, the largest magnet-
ization reversal barrier was observed for linear two-coordinated
high-spin (HS) complexes of cobalt(II)[38,39] and iron(I),[35] which
are extremely air-sensitive. Recently, a new family of highly
stable SMMs has also been recognized, the trigonal prismatic
complexes[13,14,40,41] with the HS cobalt(II) ion fully incapsulated
by a three dimensional cage ligand. Another member of this
family, a cobalt(II) acetylmethylimidazole-oximate clathroche-
late, is reported here to behave as an SMM according to THz-
EPR spectroscopy, ac- and dc-magnetometry, CASSCF calcula-
tions and NMR spectroscopy.

The cobalt(II) clathrochelate 1 and its diamagnetic analogue
1a, the isostructural complex of zinc(II) (Figure S1), were easily
obtained (Scheme 1) in boiling ethanol by the template
condensation of 1-(1-methyl-1H-imidazol-2-yl)ethanone oxime
with phenylboronic acid on the corresponding metal ion as a
matrix, as previously described for 2-acetylpyridineoximate
clathrochelates.[19]

The obtained cobalt(II) complex 1 shows a rather large ZFS
value determined by THz-EPR spectroscopy. In the magnetic
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Scheme 1. Synthesis of cobalt(II) and zinc(II) acetylmethylimidazole-oximate
clathrochelates 1 and 1a.
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field division spectra (MDS),[42] obtained by dividing a spectrum
measured at B0 by a spectrum measured at B0+1 T, a maximum
at 206 cm� 1 is observed in the zero magnetic field (Figure 1),
and a corresponding minimum at a lower energy is broad and
shallow. Note that the region around 200 cm� 1 in the spectra is
particularly prone to distortions, which are mainly associated
with the effects of magnetic field on the bolometric element.
These distortions appear at different energies and with different
intensities, but their positions are virtually independent of an
applied magnetic field B0. The observed magnetic feature at
206 cm� 1 overlaps with one of such distortions, so its field-
dependence is hard to follow at intermediate magnetic fields.
However, it clearly shifts to higher energies upon increasing the
magnetic field, allowing for its assignment as the ZFS with jD j
=103 cm� 1. Although the sign of the ZFS for a system with spin
S =3/2 cannot be obtained by FD-FT THz-EPR, the complex 1 is
EPR-silent at temperatures down to 5 K and at frequencies up
to 320 GHz (10.7 cm� 1), indicating a negative ZFS value.

Molar magnetic susceptibility measured for a fine crystalline
sample of 1 at 2–300 K by dc-magnetometry confirms the HS
state of the cobalt(II) ion in this complex over the temperature
range (Figure 2). At the room temperature, the measured χT
value (2.85 cm3mol� 1K) is larger than the theoretical value for
the HS cobalt(II) ion in the ground state without the spin-orbit
coupling (SOC) (1.88 cm3mol� 1K), which is a signature of not
fully quenched orbital moment; a decrease in the χT value
upon cooling agrees with the ZFS effects.[34] A slight magnetic
hysteresis loop observed at temperature of 2 K (Figure S3) also
points to the SMM nature of 1. Fitting the temperature-
dependence of χT and the field-dependence of magnetization
with the spin-Hamiltonian [Eq. (1)] using the ZFS value D equal

to � 102.5 cm� 1, as obtained by the THz-EPR spectroscopy, leads
to the following parameters: g?=2.00, g j j=2.96 (Figure 2). No
good fit can be obtained with the positive value of ZFS, and
accounting for the rhombicity also does not lead to a better
convergence.

Ĥ ¼ D Ŝ2
z �

S Sþ 1ð Þ

3

� �

þ gmBBŜ (1)

Simulations of FD-FT THz-EPR MDS spectra by using the
above g-factors reproduce the magnetic feature observed in
these spectra (see Figure 1). Similar magnetic parameters are
obtained from CASSCF/NEVPT2 calculations of the isolated
complex 1 (see SI for details): gx =2.03, gy =2.04, gz =2.97, D =

� 82.7 cm� 1, E/D=0.007.
The dc-magnetometry measures only the isotropic value of

magnetic susceptibility tensor (χ) in the case of a fine-crystalline
sample, while the anisotropy of this tensor Δχ can be estimated
by variable-temperature liquid-state NMR spectroscopy for a
paramagnetic compound. In the 1H NMR spectrum of the cobalt
(II) complex 1, large chemical shifts at 235–345 K agree with its
HS state and its molecular geometry with a C3 pseudo-axis
passing through the cobalt and boron atoms (Figures S8–S9). In
this (axial) case, pseudo-contact contribution to the chemical
shifts that arises from the magnetic anisotropy is described by
Equation (2) (the diamagnetic contributions are taken as
chemical shifts in the 1H NMR spectra for the diamagnetic
complex 1a):

dPC ¼
1

12pr3 Dcax 3cos2q � 1ð Þ½ � (2)

By using the chemical shifts of the protons of the phenyl
group as the dPC values, as those protons are too far from a
paramagnetic metal ion to have a non-negligible contact

Figure 1. FD-FT THz-EPR MDS spectra of 1. Experimental spectra and their
simulations are shown as black and red lines, respectively. Data is rescaled
and offset for the used magnetic field B0. The dashed blue lines mark strong
distortions of the spectra, which do not shift with magnetic field.

Figure 2. Variable temperature magnetic susceptibility data for a micro-
crystalline sample of 1 collected under an applied dc-field of 5 kOe (dots).
Red solid line shows fit to the data using Equation (1), blue dashed line
represents the data from CASSCF calculation (see SI for more details).
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contribution from direct spin delocalization (Figure 3), we
obtained an estimate for temperature dependence of the
magnetic susceptibility tensor anisotropy Δχax. The chemical
shifts of all other nuclei in the 1H NMR spectra at 300 K agree
well with obtained value of Δχax at this temperature
(22.5 · 10� 32 m3 at 300 K, Figure S10), which is rather large in
comparison with the most other six-coordinated cobalt(II)
complexes.[43]

The variation of Δχax values obtained at different temper-
atures allows one to make some insightful conclusions on the
ZFS value. If the magnetic anisotropy is small, the temperature
dependence of Δχax obeys the Curie law and is linear in the
coordinates Δχ� T� 1 and crosses the origin. If the magnetic

anisotropy is large, it deviates from linearity. For the complex 1,
the observed non-Curie behavior of the Δχax values suggests
large ZFS caused by the unquenched orbital moment. Similar
behavior is observed if the corresponding temperature depend-
ence is extracted from the CASSCF calculation of the isolated
complex 1 or from the THz-EPR and dc-magnetometry data for
its fine crystalline sample (Figure 3). The latter methods,
however, seem to overestimate the values of Δχax as a result of
crystal packing effects or, alternatively, the molecular mobility[44]

such as a dynamic Jahn-Teller distortion.
The ZFS value obtained by all these techniques for the

complex 1 should give rise to a large energy barrier U of
magnetization reversal (205 cm� 1 from THz-EPR spectroscopy).
According to ac-magnetometry, however, the effective barriers
Ueff are much lower (101 and 130 cm� 1 in the zero-field and
under an applied magnetic field). An observed nonlinear
temperature-dependence of the magnetization relaxation time
in Arrhenius coordinates ln(τ)� T� 1 indicates that relaxation
mechanisms other than Orbach’s operate in the system (Fig-
ure 4).

One of such ‘non-Orbach’ relaxation mechanisms that can
completely quench slow magnetic relaxation is quantum
tunneling. Reducing its efficiency is an established approach to
increase the effective barrier to magnetization reversal,[45] which
can be done by applying an external magnetic field. As it does
not affect dramatically the relaxation time for the complex 1,
the quantum tunneling has a negligible contribution to the
magnetization relaxation, as does the direct mechanism, in
contrast to a previously published cobalt(II) tris-pyridineoximate
clathrochelate[19] due to different crystal packing[4] or lower
rhombicity[46] of 1. At temperatures below 6 K, the relaxation
times for 1 cannot be reliably obtained from the ac-magneto-
metry data, as the position of the maximum in frequency
dependence of out-of-phase χ’’ component of the magnetic
susceptibility is at frequencies beyound the range of the
magnetometer used (Figures S4, S5). These data, however, are
clearly temperature-dependent, which is also a sign of the
insignificant contribution from quantum tunneling. Therefore,
the magnetization relaxation time for the complex 1 is
dominated by Raman and Orbach mechanisms:

t� 1 ¼ t� 1
0 exp � U=kTð Þ þ CTn (3)

where τ0 is an attempt time, U is a magnetization reversal
barrier, C is a coefficient, n is a variable parameter[47,48] usually
equal to 9 for Kramers ions[49] but lower values may be expected
if optical phonons are taken into account.[50,51]

The best fits to the temperature-dependence of the
measured relaxation times for the complex 1 using Equation (3)
reveal the total dominance of the Raman mechanism without
Orbach impact (Figure 4). On the other hand, the significant
deviations from an exponential Arrhenius dependence of an
Orbach process can be observed for SMMs with large magnetic
anisotropy (U>kT) due to spin–phonons coupling,[52] leading
more complicated behavior of a relaxation time than described
by eq. (3); therefore non-exponential Orbach-type process
cannot be completely ruled out.

Figure 3. Temperature dependence of NMR-derived axial magnetic suscept-
ibility tensor anisotropy for acetonitrile solution of 1 (dots). Red solid line
shows the data from CASSCF calculation, blue dashed line represents the
data from magnetic parameters obtained by fitting of THz-EPR and dc-
magnetometry data.

Figure 4. Temperature-dependence of the magnetization relaxation time τ
under an applied magnetic field (blue) and in its absence (black). The solid
lines represent the fit with the Equation (3), and the dashed lines are the
linear fits by the Arrhenius expression τ=τ0exp(Ueff/kT); simulation parame-
ters are collected in Table S2.
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In conclusion the reported trigonal prismatic tris-imidazole-
oximate cobalt(II) complex is a new SMM with the zero-field
splitting directly measured by a very demanding THz-EPR
spectroscopy (� 102.5 cm� 1) that results in a large magnet-
ization reversal barrier of 205 cm� 1. Its effective value, however,
is much lower (101 cm� 1), as confirmed by ac- and dc-magneto-
metry, CASSCF calculations and widely available NMR spectro-
scopy. An important feature of this SMM is that there is
practically no unwanted contribution from quantum tunneling
to the magnetization relaxation, which is totally dominated by
the Raman mechanism, in contrast to the previously published
cobalt(II) tris-pyridineoximate analogue. The reasons behind it,
such as different crystal packing or lower rhombicity, are now
under investigation in our group.
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