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A new tetranuclear cobalt(II) molecular square in which adjacent CoII centers are linked by a µ2-bridging oxygen
atom and a N-N bridge along the edges of the square has been designed for single-molecule magnets (SMMs)
with high anisotropy barriers. The overall intramolecular ferromagnetic coupling at low temperature combined with
the slow relaxation at static zero fields suggests a SMM behavior for this molecular square. The zero-field cooled
magnetization (ZFCM) and field cooling magnetization (FCM) at 10 Oe illustrate the nonreversibility and bifurcation
below 4.5 K. The deviations of magnetization from the saturated value in strong applied fields demonstrate the
participation of low-lying excited states. The peaks of the out-of-phase signals are observed corresponding to
coincidence of the applied ac field oscillation frequency with the relaxation rate.

Introduction

Single-molecule magnets (SMMs) that possess slowly
relaxing magnetic moments offer an intercross between
molecule-based ferromagnets and nanoscale magnetic ma-
terials because each individual monodisperse molecular entity
of SMMs exhibits a unique concomitance of both macro-
scopic and quantum regime properties.1,2 SMMs, combining
the advantages of the molecular scale with the properties of
bulk magnetic materials, become very attractive for high-
density information storage and also, because of their long
coherence times,3 for quantum computing.4 Moreover, their
molecular nature leads to appealing quantum effects of the
static and dynamic magnetic properties.5,6 The rich physics

behind the magnetic behavior produces interesting effects
such as negative differential conductance and complete
current suppression,7,8 which could be used in molecular
spintronics.9

To understand the correlation between the structure and
magnetic properties of these molecules, the synthetic strate-
gies have been extensively investigated with the rapidly
growing family of SMMs, and the SMM behaviors have been
observed in a variety of metal complexes.10-14 The ongoing
research for SMMs with high anisotropy barriers (preferen-
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tially above room temperature to overcome the thermal
fluctuation) is driving the increasing interest in the magnetic
properties of spin-bearing metal ion arrays. As a result of
its large anisotropy, Co(II) might be a good candidate ion
for SMMs because the strong Ising-type anisotropic contri-
bution of Co(II) has been demonstrated in several single-
chain magnets (SCMs).15-17 Recently, Hendrickson and
coworkers reported a tetranuclear cage as the first example
of Co-based SMMs.18 Murrie et al. reported the second Co-
based SMM of a hexanuclear cagelike complex.19 Unfortu-
nately, both examples revealed the difficulties in the indi-
cation that these cobalt architectures are SMMs because of
the ambiguous features for characteristic SMMs. To obtain
the Co-based SMMs, several groups have exploited a number
of synthetic strategies that show some interesting results.20-24

Lehn’s group showed that the CoII
4 entity could represent

an isolated magnetic domain, a model system for studying
magnetic interactions in discrete entities.25 Herein we report
a new CoII-based molecular square, Co4L4, in which the
ligand L2- is the deprotonated N,N′-di[1-(2-hydroxyphe-
nyl)ethlidene]hydrazone (Scheme 1). The overall intramo-
lecular ferromagnetic coupling at low temperature combined
with the slow relaxation at static zero fields suggests its SMM
behavior.

Experimental Section

All chemicals used were of reagent grade or better and were
obtained from commercial sources and used without further
purification. The ligand H2L, N,N′-di[1-(2-hydroxyphenyl)eth-

lidene]-hydrazone, was prepared according to the literature
method.26 Elemental analyses (C, H, and N) were carried out on a
Perkin-Elmer 240 analyzer. IR spectra were recorded using KBr
pellets on a Vector 22 Bruker spectrophotometer in the 4000-400
cm-1 region. Solid UV-vis spectra were obtained on a Shimadzu
3100 spectrophotometer at room temperature.

Preparation of the Compound Co4L4 ·0.5H2O (1). A CH3OH
solution containing H2L (0.1 mmol, 0.027 g) and NaOH (0.2 mmol,
0.008 g) was refluxed for 30 min prior to the addition of 10 mL of
CH3OH solution of Co(ClO4)2 ·6H2O (0.1 mmol, 0.037 g) under a
N2 atmosphere. The resulting solution was stirred for another 30
min at the boiling point, followed by cooling at room temperature
to form a precipitate. The orange powder was filtered and dried
over P2O5 under vacuum. We obtained the crystals suitable for X-ray
diffraction by evaporating the filtrate after 1 week, which was
characterized to be the same with the powder using spectroscopic
characterization, powder X-ray diffraction, and element analysis.
Anal. Calcd for C64H56N8O8Co4 ·0.5H2O: C, 58.66; H, 4.39; N 8.56.
Found: C, 58.74; H, 4.89; N, 8.34. IR (solid KBr pellet, cm-1):
3447.5 (m), 1600.9 (s), 1567.3 (m), 1525.6 (m), 1439.4 (s), 1338.2
(s), 1236.8 (s), 1111.5 (m), 859.6 (w), 748.8 (m), 679.1 (w), 627.8
(w), 579.9 (w). UV-vis spectra λ, nm: 442.

Crystallography. Intensity data of compound 1 were collected
on a Siemens SMART-CCD diffractometer with graphite-mono-
chromated Mo KR (λ ) 0.71073 Å) using the SMART and SAINT
programs.27 Data (45 frames) were collected at 298 K with an
oscillation range of 1 deg/frame and an exposure time of 15 s/frame.
Indexing and unit cell refinement were based on all observed
reflections from those 45 frames. The structure was solved by direct
methods and refined on F2 by full-matrix least-squares methods
with SHELXTL version 5.1.28 Non-hydrogen atoms were aniso-
tropically refined, except for the disordered solvent molecules.
Hydrogen atoms were geometrically fixed and refined by the use
of a riding model. Crystal data for 1 (C64H56N8O8Co4 ·0.5H2O): Mr

) 1309.09; monoclinic; space group: P21/c; a ) 15.595(2) Å, b )
16.304(2) Å, c ) 25.064(3) Å; � ) 103.38(1)°; V ) 6199.8(11)
Å3; Z ) 4; Dc ) 1.403 g/cm3; T ) 293(2) K. A total of 30 450
reflections were processed to give 10 907 unique reflections (Rint

) 0.070). Refinement converged to R ) 0.052, wR(F2) ) 0.069,
and S ) 1.025 for 5942 reflections with I > 2σ(I), and R ) 0.111,
wR(F2) ) 0.075, and S ) 1.031 for 10 907 unique reflections and
761 parameters (CCDC-616883).

Magnetic Measurements. Magnetic susceptibility measurements
were obtained with the use of a Quantum Design MPMS-XL7
SQUID magnetometer at temperatures ranging from 1.8 to 300 K.
The dc measurements were performed using applied fields in the
range of 0.05-7 T. The settle mode was employed for ZFC-FC
measurements. Hysteresis loops were determined according to the
following method by Gatteschi and coworkers,29 which fixed the
characteristic time windows of the measurements: When a measure-
ment at a given field has ended, the field is changed during 10 s to
reach the next value. After a pause of 30 s, to allow stabilization,
the measurements at the new value of applied field are taken. The
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magnetization variations from 1500 to -1500 Oe were observed
with a field increment fixed at 0.02 T.

Results and Discussion

Structure Description of Complex 1. Compound 1
(Co4L4 ·0.5H2O) crystallized in a P21/c space group with an
asymmetric unit containing a neutral tetranuclear molecular
square Co4L4 (Figure 1) and a half-water molecule. Each
CoII center in the Co4L4 fragment adopted a penta-coordina-
tion geometry. The topological parameters,30 τ, defined as τ
) [(θ - �)/60]100 were calculated as 0.74(9) for Co(1) to
0.81(8) for Co(4). The parameter τ was 100% if the
coordination geometry was purely trigonal bipyramidal,
whereas τ was 0% if the geometry was purely square
pyramidal. Thus, the coordination geometry for exchange
cobalt was considered to be slightly distorted trigonal
bipyramidal geometry, where the equatorial plane was
formed by one terminal oxygen atom and two µ2-bridged
oxygen atoms, whereas the axial positions were sited by two
hydrazine nitrogen atoms. The intracluster Co · · ·Co separa-
tions were about 3.38 Å along the edges of the square,
whereas the diagonal Co · · ·Co separations were about 4.75
Å. Adjacent CoII centers were linked by a µ2-bridging oxygen
atom and a N-N bridge along the edges of the square with
the Co-O-Co angle and the Co-N-N-Co torsion angle
being 115 and 50°, respectively. Such a specific bridging
mode not only induces four CoII centers to exhibit the same
chirality but also could provide an opportunity to obtain
interesting magnetic properties.31,32 The Co-O bond dis-

tances of terminal oxygen atoms ranged from 1.898(3) to
1.913(3) Å, whereas, the Co-O bond distances of the µ2-
bridged oxygen atoms ranged from 1.971(3) to 1.995(3)Å,
respectively (Table 1). No significant intermolecular interac-
tion could be found in its solid packing because the shortest
intermolecular atom · · · atom separation was ca. 3.48 Å, and
the neutral complex was hydrophobic to exclude the forma-
tion of efficient hydrogen bonds. The shortest intermolecular
Co · · ·Co separation of ca. 8.80 Å suggests that the inter-
molecular spin-exchange coupling should be very weak or
negligible.

Direct Current Magnetic Susceptibility Studies. Being
identified by XRD as a pure phase (Figure S1 in the
Supporting Information), polycrystalline powder of com-
pound 1 was used for variable-temperature magnetic sus-
ceptibility studies at the relatively weak dc applied field (100
Oe). Upon cooling from room temperature, the value of �MT
showed a continuous decrease from a value of 8.3
emu ·K ·mol-1 (Figure 2a), corresponding to four noninter-
acting Si ) 3/2 centers with a g factor of 2.1, to a rounded
minimum of 5.2 emu ·K ·mol-1 at 26 K. Below this tem-
perature, �MT increased dramatically and reached an abrupt
maximum at ca. 4 K. The decrease in �MT down to 26 K
basically corresponded to a single-ion behavior.33 The
magnetic behavior in the high-temperature region can be
explained if we bear in mind that the high-spin Co(II) in
trigonal bipyramidal symmetry (D3h) has an orbitally non-

(30) In pentacoordinated systems, the actual geometry of the complex can
be described by a structural index parameter τ such that τ ) (�-R)/
60°, where � and R are the two largest angles (� > R). See the details:
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Miller, J. S. Inorg. Chem. 2002, 41, 3599–3601.

Figure 1. Structure of the tetranuclear molecular square Co4L4. The cobalt,
oxygen, nitrogen, and carbon atoms are emphasized in green, red, magenta,
and cyan, respectively.

Table 1. Selected Bond Distances (Å) and Angles (deg) around Co(II)
Ions

Co(1)-O(3) 1.902(3) Co(1)-O(3) 1.971(3)
Co(1)-O(7) 1.988(3) Co(1)-N(3) 2.109(4)
Co(1)-N(7) 2.147(4) Co(3)-O(5) 1.913(3)
Co(3)-O(1) 1.979(3) Co(3)-O(4) 1.995(3)
Co(3)-N(5) 2.094(4) Co(3)-N(1) 2.133(4)
Co(2)-O(2) 1.906(3) Co(2)-O(7) 1.989(3)
Co(2)-O(4) 1.994(3) Co(2)-N(2) 2.083(3)
Co(2)-N(4) 2.104(3) Co(4)-O(8) 1.898(3)
Co(4)-O(1) 1.981(3) Co(4)-O(6) 1.987(3)
Co(4)-N(8) 2.079(3) Co(4)-N(6) 2.097(3)
O(1)-C(1) 1.358(5) O(2)-C(16) 1.305(5)
O(3)-C(17) 1.300(5) O(4)-C(32) 1.335(4)
O(5)-C(33) 1.325(5) O(6)-C(48) 1.333(4)
O(7)-C(49) 1.347(4) O(8)-C(64) 1.316(6)
O(3)-Co(1)-O(6) 119.7(1) O(2)-Co(2)-O(7) 122.4(1)
O(3)-Co(1)-O(7) 125.0(1) O(2)-Co(2)-O(4) 120.1(1)
O(6)-Co(1)-O(7) 115.3(1) O(7)-Co(2)-O(4) 117.5(1)
O(3)-Co(1)-N(3) 86.9(1) O(2)-Co(2)-N(2) 89.1(1)
O(6)-Co(1)-N(3) 99.7(1) O(7)-Co(2)-N(2) 98.3(1)
O(7)-Co(1)-N(3) 82.4(1) O(4)-Co(2)-N(2) 83.8(1)
O(3)-Co(1)-N(7) 102.2(1) O(2)-Co(2)-N(4) 98.1(1)
O(6)-Co(1)-N(7) 86.7(1) O(7)-Co(2)-N(4) 86.3(1)
O(7)-Co(1)-N(7) 82.2(1) O(4)-Co(2)-N(4) 84.0(1)
N(3)-Co(1)-N(7) 164.6(1) N(2)-Co(2)-N(4) 167.8(1)
O(5)-Co(3)-O(1) 119.8(1) O(8)-Co(4)-O(1) 120.4(1)
O(5)-Co(3)-O(4) 122.9(1) O(8)-Co(4)-O(6) 119.0(1)
O(1)-Co(3)-O(4) 117.4(1) O(1)-Co(4)-O(6) 120.4(1)
O(5)-Co(3)-N(5) 89.0(1) O(8)-Co(4)-N(8) 91.0(2)
O(1)-Co(3)-N(5) 83.4(1) O(1)-Co(4)-N(8) 97.1(1)
O(4)-Co(3)-N(5) 96.5(1) O(6)-Co(4)-N(8) 85.2(1)
O(5)-Co(3)-N(1) 100.9(1) O(8)-Co(4)-N(6) 96.2(1)
O(1)-Co(3)-N(1) 83.0(1) O(1)-Co(4)-N(6) 86.2(1)
O(4)-Co(3)-N(1) 86.6(1) O(6)-Co(4)-N(6) 84.2(1)
N(5)-Co(3)-N(1) 166.0(1) N(8)-Co(4)-N(6) 169.2(2)
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degenerate ground state (4A2′), which could be split into two
Kramers doublets because of geometrical distortion.34-39

However, the observed increase in �MT below this temper-
ature is no longer coming from the single-ion behavior but
rather from a ferromagnetic CoII-CoII exchange interaction.
A similar magnetic behavior has been observed in a
mononuclear cobalt(II) complex with trigonal bipyramidal
symmetry, where the abrupt increase in the low-temperature
region was seen as the evidence of a magnetic ordering.33a

In our case, either magnetic ordering or ferromagnetic
exchange coupling is possible. Treated as a ferromagnetic
exchange coupling case, the maximum �MT value (14.44 emu
K mol-1) at ca. 4.0 K corresponds well to the four effective

S′ ) 1/2 states, each with a g′ value of 4.3 interacting in a
ferromagnetic manner. The large g′ value might reflect an
admixture of the upper excited state 4E′′ with the ground
state 4A2′, which may bring the orbital angular momentum
into the ground term34,38,39 because when the structure is
distorted and the symmetry deviates from ideal D3h, the
orbital momentum quenching of the ground 4A2′ term may
not be sufficient.

The field-dependent magnetizations in strong applied fields
(1-7 T) at 1.8-10 K reveal that the isofield lines are far
from superposition (Figure 2b); the deviations of magnetiza-
tion from the saturated value demonstrate the participation
of low-lying excited states in strong applied fields. The fact
that the mean susceptibility below 15 K strongly depends
on the magnetic field (insert of Figure 2a) also suggests the
very close levels and crossing of the levels when a magnetic
field is applied.40,41 To exclude the participation of low-lying
excited states and ensure a well-isolated magnetic ground
state,42 the field-dependent magnetizations in weak fields
(0.05-0.5 T) were also measured, suggesting the presence
of magnetic anisotropy in the current system. However, the
attempts to fit the magnetic susceptibility below 26 K using
an anisotropic exchange Hamiltonian were unsuccessful
because of the large number of adjustable parameters and
the invalidation of the van Vleck equation here, assuming
linear magnetic behavior.30,41

The accurate measurements43 at 1.8 K show the presence
of a hysteretic loop with a coercive field of 105 Oe and a
remnant magnetization of 0.096 N� ·mol-1. The coercivities
of the hysteresis loops rapidly increase with the decrease in
temperature in the range of 4.2-1.8 K (Figure 3a). These
results suggest a magnet-type behavior. The temperature
dependence and area within the hysteresis loops indicate that
the molecule has considerable negative magnetic anisotropy,
as expected for an SMM. The zero-field cooled magnetization
(ZFCM) and field cooling magnetization (FCM) at 10 Oe
illustrate the nonreversibility and bifurcation below 4.5 K
(Figure 3b),44 which is defined as the blocking temperature.

Alternating Current Magnetic Susceptibility Studies.
Solid evidence of the likely SMM behavior of compound
1 comes from the observation of the frequency-dependent
out-of-phase ac signals in the temperature range of
1.8-5.5 K in the zero applied dc field. The �M′T values
(Figure 4) reached a plateau between 5 and 5.5 K (ca.
14.10 cm3 ·K ·mol-1), and are almost frequency indepen-
dent, indicating that only the ground state of the molecule
is populated in the zero applied static field. Such a �M′T
value can be used to calculate the spin value of ground

(34) van Eldik, R.; Bertini, I. AdVances in Inorganic Chemistry: Relax-
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static-state measuring process, was employed to avoid the potential
temperature error. Such a mode means that all data were obtained
when the temperatures was stable enough. Therefore, the phase
transition or blocking temperature could be determined like that
in many reports.

Figure 2. (a) Temperature dependence of �MT in an applied field of 100
Oe. The insert exhibits the temperature dependence of �MT in different
applied field. The data at 0.1, 0.5, 1, and 2 KOe are drawn in blue, green,
red, and black, respectively. (b) Plot of reduced magnetization measurement
of randomly oriented powder in the temperature range from 2 to 10 K. The
lines are guided for view.
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state, avoiding the complicated effect of the applied dc
field45,46 and the possible Zeeman effect. The value of
14.10 cm3 ·K ·mol-1 corresponds to an S ) 2 state with a
g′ value of ca. 4.3, which is in agreement with the dc
measurements in the relatively low field (100 Oe). Below
5 K, the �M′T values for 1 decreased rapidly, which is
indicative of the onset of slow magnetic relaxation. At
higher frequencies, the decrease in �M′T occurs at higher
temperatures.

Each �M′′ for compound 1 at a selected frequency goes
through a maximum, and the maxima shift to high temper-
ature with increasing frequency, which is the nature of
superparamagnet and slow relaxing molecular clusters. The
observed peaks of the out-of-phase signals correspond to the
coincidence of the applied ac field oscillation frequency with
the relaxation rate. Data obtained with varying frequencies
of oscillation of the ac field were fitted with Arrhenius law
(eq 1)

τ) τ0 exp(Ueff/kBT) (1)

where Ueff is an energy barrier for the reversal of the
direction of the magnetic moment.47,48 The best set of the
obtained parameters is Ueff/kB ) 38.8(5) K (27.0 cm-1)

and τ0 ) 5.4(3) × 10-9 s (Figure 5), which is consistent
with those in the typical SMMs, suggesting a thermally
activated mechanism.

More detailed ac magnetic susceptibility experiments
were carried out on compound 1. Magnetization relaxation
data were collected while the temperature of the micro-
crystalline sample of compound 1 was held constant and
the frequencies of the ac magnetic field in dc field were
varied. At a fixed temperature, the in-phase (�M′) and the
out-of-phase (�M′′) components of the ac magnetic sus-
ceptibility were measured as the frequencies (ω) of the
ac field (5 Oe amplitude) were varied from 0.01 to 1500
Hz (Figure 6). The measured plots of �′M versus frequency
and �′′M versus frequency for a polycrystalline powder
sample of compound 1 at 3 K were fitted to a distribution
of single relaxation processes and a single relaxation
process, respectively.49,50 The dashed lines result from
least-squares fitting of the data to a single relaxation

(45) Chakov, N. E.; Lee, S.-C.; Harter, A. G.; Kuhns, P. L.; Reyes, A. P.;
Hill, S. O.; Dalal, N. S.; Wernsdorfer, W.; Abboud, K. A.; Christou,
G. J. Am. Chem. Soc. 2006, 128, 6975–6989.

(46) Chakov, N. E.; Soler, M.; Wernsdorfer, W.; Abboud, K. A.; Christou,
G. Inorg. Chem. 2005, 44, 5304–5321.

(47) Sessoli, R.; Gatteschi, D.; Caneschi, A.; Novak, M. A. Nature. 1993,
365, 141–143.

(48) Sangregorio, C.; Ohm, T.; Paulsen, C.; Sessoli, R.; Gatteschi, D. Phys.
ReV. Lett. 1997, 78, 4645–4648.

Figure 3. (a) Hysteresis loops at different temperature with the characteristic
time windows of the measurements being fixed. The field increment is fixed
at 0.02 T between 1.5 and -1.5 kOe. (b) ZFCM and FCM measurements
in an applied field of 10 Oe with a temperature step of 0.1 K below 5 and
0.5 K in the region of 5-10 K.

Figure 4. Temperature dependence of the in-phase (top picture) and out-
of-phase (bottom picture) components of the ac susceptibilities in zero
applied static field with an oscillating field of 5 Oe at frequencies of
0.1-1000 Hz. The lines are guided for view.
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process, as described by eqs 2 and 3, giving �S ) 1.34
cm3 ·mol-1, �T ) 4.87 cm3 ·mol-1, and τ ) 4.12 ×
10-3 s.

�′(ω)) �S +
(�T - �S)

1+ω2τ2
(2)

�′′(ω))
(�T - �S)ωτ

1+ω2τ2
(3)

Here �S is the adiabatic susceptibility, �T is the isothermal
susceptibility, ω ) 2πν is the angular frequency, and τ is

the magnetization relaxation time. Considerably improved
fits are obtained when the data are fitted to a distribution of
single relaxation processes, as described in eqs 4 and 5

�′(ω)) �S +
(�T - �S)[1+ (ωτ)1-R sin

1
2

πR]
1+ 2(ωτ)1-R sin

1
2

πR+ (ωτ)2(1-R)
(4)

�′′(ω))
(�T - �S)(ωτ)1-R cos

1
2

πR

1+ 2(ωτ)1-R sin
1
2

πR+ (ωτ)2(1-R)
(5)

This gives the parameters of �S ) 0.48 cm3 ·mol-1, �T )
5.38 cm3 ·mol-1, R ) 0.38, and τ ) 4.03 × 10-3 s. The
resulting relaxation times (τ) obtained at a given temperature
from these two fitting schemes are very similar. The main
difference in fitting parameters occurs in the values of �S

and �T. The data for compound 1 are also presented in Figure
7 as a Cole-Cole or Argand plot of �M′′ versus �M′, which
gives information on the number of distinct relaxation
processes that are occurring. The fitting of the data to a
distribution of single relaxation processes is substantially
better than that to a single relaxation process. From these
data, it can be confidently concluded that only a distribution
of single relaxation processes dominates the behavior of
compound 1. This magnetic behavior is reminiscent of that
observed in previously reported SMMs, where the energy
barrier is originated from the magnetic anisotropy.51

Conclusions

In summary, a new tetranuclear cobalt(II) molecular square
was designed and achieved via self-assembly. The overall
intramolecular ferromagnetic coupling within the low-
temperature range results in a large ground state and a slow
relaxation process at static zero field. It is notable that the
special bridging mode of the ligand as well as the nature of
CoII centers plays important roles in the SMM behavior of

(49) Aubin, S. M.; Sun, Z.; Pardi, L.; Krzysteck, J.; Folting, K.; Brunel,
L.-J.; Rheingold, A. L.; Christou, G.; Hendrickson, D. N. Inorg. Chem.
1999, 38, 5329–5340.

(50) Boskovic, C.; Brechin, E. K.; Streib, W. E.; Folting, K.; Bollinger,
J. C.; Hendrickson, D. N.; Christou, G. J. Am. Chem. Soc. 2002, 124,
3725–3736.

(51) Sessoli, R.; Gatteschi, D. Angew. Chem., Int. Ed. 2003, 42, 268–297.

Figure 5. Plot of relaxation rate versus reciprocal temperature in zero
applied static field in the range from 1 to 1500 Hz oscillating frequency.
The data solid line represents the least-squares fitting of the experimental
data to eq 1.

Figure 6. Plots of (top) �M′ versus frequency and (bottom) �M′′ versus
frequency at 3.0 K in zero applied dc field for compound 1. The blue dashed
lines are least-squares fittings of the data to a single relaxation process; the
red solid lines are least-squares fittings of the data to a distribution of single
relaxation processes.

Figure 7. Cole-Cole plot of �M′′ versus �M′ at 3.0 K in zero applied dc
field for compound 1. The red solid line represents a least-squares fitting
of the data to a distribution of single relaxation processes.
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this molecule, which opens a door for exploiting new families
of cobalt-based SMMs.52
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