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ABSTRACT: Pentacoordinate complex [CoL3Cl2] with a
tridentate antenna-like ligand L3 forms a dimer held by
short π−π stacking with head-to-head contacts at 3.4 Å.
The direct-current (dc) magnetic susceptibility and
magnetization data confirm weak ferromagnetic interaction
and a large-magnetic anisotropy, D/hc = 150 cm−1 and E/
hc = 11.6 cm−1. The system shows superparamagnetic
behavior at low temperature that depends upon the
applied magnetic field. At Bdc = 0.2 T, a low-frequency
peak at the out-of-phase susceptibility is seen (ν ∼ 0.3 Hz),
whereas the onset of the second peak appears at ν > 1500
Hz, indicating the existence of two slow relaxation
processes.

The family of known single-molecule magnets (SMMs)
based on mononuclear 3d complexes is recently growing

rapidly. These systems involve high-spin manganese(III),
iron(III), iron(II), iron(I), and cobalt(II) complexes.1−5 Just
the last class attracts much attention for its versatility of
coordination polyhedra and large magnetic anisotropy measured
mainly by the axial zero-field-splitting parameter. Recently, a
breakthrough has been achieved in the field of SMMs by using
lanthanide centers such as terbium(III) and dysprosium(III),
whose anisotropy can lead to extremely high relaxation barriers
and which were even used as pivotal bricks in spintronic devices.6

Several followup publications evoked the possibility that similar
effects should be achievable with transition metals by controlling
the magnitude of the d-orbital ligand-field-splitting energy.
The cobalt(II) SMM systems involve tri-,5a tetra-,5b−e

penta-,5f,g and hexacoordinate5h−l complexes. The SMM
behavior is usually visible under a small applied external field
that suppresses the fast magnetic tunneling. The barrier to spin
reversal is typically up to U/kB = 40 K, and the extrapolated
relaxation time is τ0 = 10−10−10−2 s [these two parameters enter
the Arrhenius-like equation for the relaxation time τ = τ0 exp(U/
kBT)].
Herein we report about the single-molecule magnetism in new

pentacoordinate complex [CoL3Cl2], hereafter 1, with a
tridentate antenna-like ligand L3. The ligand L3 (4-hept-1-ynyl-
2,6-dipyrazol-1-ylpyridine) has been prepared from 4-iodo-2,6-
dipyrazol-1-ylpyridine and 1-heptyne by the procedure described
in the Supporting Information (SI; Scheme 1). It was complexed
with CoCl2·6H2O in CH3CN, resulting in 1 (yield 74%).
The X-ray structure of 1 has been solved by standard

procedures and refined to R1 = 0.025 (see the SI). The SHAPE

analysis shows a small deviation from the geometry of a
tetragonal pyramid with one chloride ligand in the apical
position. There are no hydrogen bonds, but two units are held
together in a head-to-head fashion via short π−π stacking at 3.37
Å; the Co···Co contacts are 5.66 Å (Figure 1).

The direct-current (dc) magnetic data of 1 are displayed in
Figure 2.7 The room-temperature value of the effective magnetic
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Scheme 1. Preparation of the Ligand

Figure 1. Two molecules of 1 showing short head-to-head contacts at
3.37 Å. Hydrogen atoms and the crystal solvent are hidden.

Figure 2. dc magnetic data for 1: (left) temperature dependence of the
effective magnetic moment (inset: temperature dependence of the
molar magnetic susceptibility); (center and right) field dependence of
the magnetization per mononuclear unit. Solid lines: fitted.
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moment amounts to μeff = 5.18 μB; this high-temperature limit
μeff(HT)/μB = giso[S(S + 1)]

1/2 is recovered by a rather high value
of giso = 2.67. On cooling, the effective magnetic moment
decreases gradually, but below 30 K, it starts to increase. The
magnetization per mononuclear formula unit M1 = Mmol/NAμB
rises gradually with the applied field, and atT = 2.0 K and B = 7 T,
it isM1 = 2.8. There is no remnant magnetization in 1 in the time
scale of the dc measurements: the magnetization curves taken at
T = 4.6 and 2.0 K intercept near the zero field (a small shift of
0.17 mT is caused by the residual magnetic field of the setup that
includes also the Earth magnetic field).
All attempts to fit the susceptibility andmagnetization data to a

conventional spin Hamiltonian for an S = 3/2 system failed. The
only successful fit was based upon an isotropic exchange in the
dinuclear unit combined with large single-ion anisotropy (for
details, see the SI). The correct powder average in the Zeeman
term was secured by considering 120 orientations of the
magnetic-field vector distributed uniformly over one hemi-
sphere.
It was found that complex 1 possesses a small exchange

coupling of the ferromagnetic nature (J/hc = +1.4 cm−1) and very
high single-ion magnetic anisotropy expressed by the axial zero-
field-splitting parameter D/hc = 151 cm−1 and its rhombic
counterpart E/hc = 11.6 cm−1 (gz = 2.00; gx,y = 3.28). High-
positive values of the D parameters are typical for hexa- and
pentacoordinate cobalt(II) complexes.8 A small positive
exchange coupling constant has been confirmed also by density
functional theory (DFT) calculations.9

It is generally accepted that a negative value of theD parameter
is a prerequisite of SMM behavior. However, SMM behavior has
also been reported for monononuclear tetra- and hexacoordinate
cobalt(II) complexes with positive D.5c,h,j For such a reason, we
probed the SMM behavior of our pentacoordinate complex 1
with positive finding.
The alternating-current (ac) susceptibility measurements for

complex 1 are displayed in Figure 3; at T = 2.0 K, the out-of-

phase susceptibility when plotted versus the magnetic induction
displays a maximum that is frequency-dependent. Because the
maximum was localized around Bdc = 0.2 T, subsequent
measurements have been done at this field.
Figure 4 shows a frequency dependence of the in-phase and

out-of-phase components of the ac magnetic susceptibility for 22
frequencies ranging between 0.04 and 1512 Hz for a number of
temperatures. At low frequencies (ν ∼ 3 Hz), a well-developed
maximum is seen, whereas the second maximum will lie above
1500 Hz. A generalized Debye model was used in fitting the ac
susceptibility data. The fitting procedure was based on

minimization of a functional F = w1R(χ′) + w2R(χ″), which
accounts for relative errors of both data sets (R < 0.05).
The actual model contains relaxation times (τi), distribution

parameters (αi), and isothermal susceptibilities (χTi) along with
the adiabatic susceptibility (χS) for individual relaxation
processes. The model with two relaxation processes has been
applied, and the data in the numerical form are deposited in the
SI; they yield the convolution lines depicted in Figure 5.

The plot of χ″ versus χ′ (the Argand diagram) is shown in
Figure 5. This, in fact, is represented by two arcs of different
height and compression (αi). The positions of the maxima of the
deconvolution (primitive) curves at v″max enter the Arrhenius-
like equation of the thermal activation process, i.e., ln τ = ln(1/
2πv″max) versus 1/T. Then the linear fit for three higher-
temperature points yields the parameters of the SMM at Bdc = 0.2
T. The faster relaxation process at the higher temperature is
characterized by the extrapolated relaxation time τ0

(2) = 3.12 ×
10−7 s and barrier to spin reversal U(2)/kB = 9.2 K. The lower-
temperature process is much slower with τ0

(1) = 0.27 s and U(1) ∼
0.9 K.
The fitting procedure was done also by using an extended

model that involves the direct (D), Raman (R), and the Orbach
(O) processes according to eq 1.

τ τ= + + −Δ− −AB T CT E Texp( / )n1 2
0

1
(1)

The resulting parameters A = 5.2 × 106 T−2 K−1 s−1, C = 1.0 ×
10−3 K−4 s−1 for n = 4, ΔE = 13.54 K, and τ0

−1 = 7.4 × 106 s
recover the experimental data almost perfectly (red, solid line in
Figure 5, right). To this end, τ0

(2) = 1.35× 10−7 andU(2)/kB = 13.5
K were obtained.

Figure 3. ac susceptibility data for 1 at T = 2.0 K as a function of the
applied dc magnetic field for four frequencies.

Figure 4. Frequency dependence of the ac susceptibility for 1 at Bdc = 0.2
T: (left) in-phase component; (right) out-of-phase component. Solid
lines: fitted with the model of two relaxation processes.

Figure 5. Fitted ac susceptibility data for 1 at Bdc = 0.2 T: (left) Argand
diagram (fixed temperature; lines: calculated upon fitted parameters);
(right) Arrhenius-like plot. Coefficients of the linear regression (blue,
dashed) ln τ = a + b/T: a = ln τ0 and b = U/kB.

Inorganic Chemistry Communication

dx.doi.org/10.1021/ic501524a | Inorg. Chem. 2014, 53, 8200−82028201



The application of a small field (Bdc = 0.2 T) is essential in
suppressing the magnetic tunneling mechanism, which gives a
much faster relaxation process. The existence of two slow
relaxation processes can be attributed to the relaxation of the
dimeric units [CoL3Cl2]2 that are weakly exchange-coupled (the
slower process, τ0 ∼ 10−2 s) proceeding at low temperature; the
faster process, τ0 ∼ 10−7 s, is attributed to the relaxation of
uncoupled monomers [CoL3Cl2].
The fitting procedure applied to the ac susceptibility data

(both χ″ and χ′) is essential in a proper characterization of the
relaxation processes. The barrier to spin reversal for the case ofD
> 0 is governed by the rhombic anisotropy parameter E that is
essential in modifying the easy plane of magnetization and the
presence of an orientational axis (see Figure S8 in the SI).5h

In conclusion, the pentacoordinate cobalt(II) complex 1,
forming a dimer through π−π stacking, belongs to the family of
3d complexes showing single-molecule magnetism. It exhibits
two slow relaxation processes of which the faster one possesses
characteristics typical for this class of complexes.
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