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ABSTRACT: Bis(imino)pyridine pincer ligands in con-
junction with two isothiocyanate ligands have been used to
prepare two mononuclear Co(II) complexes. Both com-
plexes have a distorted square-pyramidal geometry with the
Co(II) centers lying above the basal plane. This leads to
significant spin�orbit coupling for the d7 Co(II) ions and
consequently to slow relaxation of the magnetization that is
characteristic of Single-Molecule Magnet (SMM) behavior.

Single-Molecule Magnets, SMMs, arise when discrete molec-
ular species retain a magnetic moment after removing an

applied magnetic field. The associated barrier to magnetic
relaxation originates from the action of negative molecular
uniaxial magnetic anisotropy (D) on a nonzero spin ground state
(S), producing the barrier given by the expression U = S2|D| for
integer and (S2� 1/4)|D| for half integer spins. First discovered
more than a decade ago, SMMs were initially limited to transition
metal clusters.1 Recently, molecules containing a single para-
magnetic lanthanide or actinide metal center have been shown to
exhibit slow magnetic relaxation at low temperature.2 Current
reports from Chang, Long and co-workers demonstrate that
SMM behavior is possible for mononuclear Fe(II) complexes.3,4

In these monometallic SMMs, the highly anisotropic ground
state is generated by strong spin�orbit coupling. In the case of
the Fe(II) compounds, these air-sensitive species were designed
around a unique, rigid ligand scaffold that enforced a 3-fold
coordination geometry and maintained a ground state with
unquenched orbital angular momentum and a high-spin S = 2
value. Our objective is to exploit the inherent magnetic anisot-
ropy of a high-spin cobalt(II) center (S = 3/2), enhanced by
controlling the metal coordination environment through simple
substituent modification of a well-known ligand array, to induce
formation of air-stable Single-Molecule Magnets possessing a
single cobalt center. We now report the observation of slow
magnetic relaxation for this species.

The neutral, planar bis(imino)pyridine pincer ligands,
2,6-{ArNdC(R)}2NC5H3, pioneered for their ability to stabilize
Co and Fe polymerization catalysts,5 have lately been elegantly
exploited to stabilize low valent cobalt complexes and allow their
engagement in innovative transformations.6 Our attraction to the
bis(imino)pyridine scaffolds was initiated by the goal of employ-
ing these species for preparing unprecedented structure and
bonding arrangements with low valent main group metal
complexes.7 This has expanded into the fine-tuning of metal
binding geometry through variation of the R and Ar groups, using
the modular and direct synthetic routes to these ligands. In
particular, we anticipated the rigid base provided by these ligands

could be exploited to favor a square pyramidal over a trigonal
bipyramidal coordination geometry and, in turn, induce a larger
zero-field splitting D parameter.8 We further targeted the intro-
duction of phenyl substituents in the imine positions (R = Ph, 2)
anticipating that this would impact the geometry of the coordi-
nated metal center to induce a distorted geometry and compel
the Co(II) center to move out of the basal plane. Finally, in an
effort to enhance the structural modulation of the magnetic
features we chose to employ ambidentate isothiocyanate ligands
that occupy a single coordination site and thus will accommodate
flexibility in metal geometry.

The direct reaction of Co(NCS)2 with ligands 1 and 2
(Scheme 1) proceeded in nearly quantitative yield to generate
paramagnetic, green 3 ([{ArNdCMe}2(NPh)]Co(NCS)2, 97%)
and brown-green 4 ([{ArNdCPh}2(NPh)]Co(NCS)2, 95%),
respectively.9 UV�vis spectra of these two compounds revealed
very similar profiles with 4 displaying a slightly blue-shifted
(e8 nm) spectrum (Figure S1). The room temperature magnetic
susceptibilities of 3 and 4 (1000Oe) afforded χT values of 3.01 and
3.05 cm3 K/mol, respectively. These values, while larger than the
anticipated spin-only value for S = 3/2 of 1.87 cm3 K/mol, are well
within the range of 2.1�3.4 cm3K/mol for experimentally observed
highly anisotropic CoII ions.10 These observations suggested sig-
nificant spin�orbital coupling in these d7 complexes and encour-
aged a structural examination by single crystal X-ray analysis.

The results of structural analyses for 3 and 4 are presented in
Figure 1. As anticipated, the pentacoordinate Co(II) centers
reside in distorted square pyramidal geometries in which the
coordinated nitrogen atoms from the chelate ligand and from
one isothiocyanate form the base. The coordination sphere is
completed by a second isothiocyanate ligand in the apical
position.11 The diisopropylaryl substituents on the coordinated
imine nitrogen centers are essentially orthogonal to the basal
plane of the complex. In the case of compound 4, the phenyl
substituents of the iminocarbon atoms are clearly rotated out of
the plane of the Schiff base functional groups, to avoid steric
interaction with the bulky Ar substituents and contact with the
central pyridyl group. The role of the ligand R groups on
distortion of the metal geometry is also revealed by these
structures. In 3, the cobalt sits above the basal N4 mean plane
by 0.39 Å. Changing the substituent to R = Ph (4) leads to amore
pronounced distortion with a metal center lying out of the basal
N4 plane by 0.52 Å.

While there are no short intermolecular contacts in the
structures of either of these species, compound 4 does display
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an interesting packing arrangement. Specifically, the S2 center
of the apical isothiocyanate is oriented toward the open face of
an adjacent Co center along the c-axis (d = 5.06 Å). However,
the Co centers remain separated by 8.67 Å� (see Figure S2). The
methyl analogue, 3, does not display any such long distance
interaction, and the shortest Co�Co distance in the structure
of 3 is 9.90 Å.

The elevation of the Co centers out of the square pyramidal
basal plane, as is observed for compounds 3 and 4, has a
profound effect on spin�orbit coupling for these species.
A simplified model for the orbital configuration that is associated
with this distortion is shown in Scheme 2 and reveals the
significant spin�orbital coupling arising from the 90� rotational
transformation along the z-axis between the partially filled
degenerate dxy, dyz orbitals.12 In contrast, an ideal square
pyramidal coordination geometry with the metal center lying
in the basal plane displays lower lying, degenerate dxy, dyz orbitals
that are fully occupied.

The combined intrinsic magnetic anisotropy for both complexes
with a distorted pentacoordinate environment suggested the like-
lihood of a very pronounced magnetic anisotropy, and we under-
took a comprehensive magnetic study of these compounds.
Initially, field dependent magnetization data were collected at
100 K for both complexes, and perfectly linear behavior, which
extrapolates toM=0 at 0Oe, was observed, as expected for samples
without any significant ferromagnetic impurities (Figure S3).
Subsequently, variable temperature dc susceptibility measurements
were collected on powdered crystalline samples of 3 and 4 at a field
of 1000 Oe over the 2�300 K temperature range as shown in
Figure 2. For both compounds, the χT value remains roughly
constant from room temperature to 100 K, before decreasing
slightly. This temperature profile is consistent with Curie-type
behavior for noninteracting mononuclear Co(II) centers, whereas
the observed decrease seen below 100 K is most likely due to
intrinsic magnetic anisotropy of the Co(II) ions rather than
antiferromagnetic interactions between the spin carriers. For 3,
below 100K theχT product decreases with decreasing temperature
to reach a value of 2.07 cm3 K/mol at 2.5 K. In the case of complex
4, the χT value decreases to 2.48 cm3 K/mol at 12 K and then
increases rapidly to reach a maximum of 3.21 at 3 K followed by a
rapid drop to 3.03 cm3K/mol at 2.5K. The sharp increase observed
in the latter case is most likely due to intermolecular ferro-
magnetic interactions, which is a remarkable feature for a
mononuclear system with metal centers relatively well sepa-
rated (8.67 Å). This long-range pathway is likely provided by
the apical isothiocyanate oriented toward the open face of an
adjacent Co center along the c-axis (Figure S2). Such intermo-
lecular interactions can be removed by separating the magnetic
centers through solution susceptibility measurements. Therefore,
crystals of 4 were fully dissolved in THF in a sealed tube and dc
susceptibilitymeasurements were carried out on the resulting frozen
solution below 50 K (Figure 2, red dots). As expected, these data
parallel the solid-state data showing a clear decrease in χT with
decreasing temperature to reach a value of 2.1 cm3 K/mol at 2.5 K.
The absence of an increase in χT for this solution sample clearly
demonstrates the presence of long-range interactions between the
highly anisotropic spin carriers in the solid state of 4. The
observation of χT values of 3.01 (for 3) and 3.05 cm3 K/mol
(for 4) at room temperature is consistent with the possible value
of 3.38 cm3 K/mol (μeff = [g2S(S + 1) + L(L + 1)]1/2), which
includes the orbital contribution.10

Scheme 1

Figure 1. Structure and selected atom numbering scheme of com-
pounds 3 (left) and 4 (right). Hydrogen atoms and cocrystallized
solvents omitted for clarity.

Scheme 2. SimplifiedModel of d-Orbital EnergyDiagram for
a Square-Based Pyramid with the Metal out of the Basal Plane
(Left) and in the Basal Plane (Right)

Figure 2. Temperature dependence of the χT product at 1000 Oe for
complexes 3 and 4 (with χ being the molar susceptibility per mono-
nuclear complex defined as M/H). Blue and black data points are for
solid samples of 3 and 4, respectively. Red data points (labeled 4-S) are
for a THF solution sample of 4.
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The field dependence of the magnetization of 3, 4, and 4-S
were performed at fields ranging from 0 to 7 T between 2.2 and 8
K (Figures S4�S9). TheM vs H data below 8 K revealed a rapid
increase of the magnetization at low magnetic fields. At higher
fields, M increases linearly without clear saturation to ultimately
reach 3.04 μB (H = 7 T, at 2.5 K) for 3, 3.2 μB (H = 7 T, at 2.2 K)
for 4, and 2.5 μB (H = 7T, at 2.5 K) for 4-S. The lack of saturation
and nonsuperposition on a single master curve ofM vs H/T data
for both complexes also suggests the presence of magnetic
anisotropy (Figures S7�S9). Several attempts to fit the reduced
magnetization data using the Magnet13 program were unsuccess-
ful. The latter program employs matrix diagonalization to a
model that assumes only the ground state is populated, includes
axial zero-field splitting (DS2z) and Zeeman interactions, and
incorporates a full powder average. However no rhombic (E)
term can be introduced, thus more sophisticated software needs
to be employed to achieve reasonable fits. Furthermore, the
susceptibility data can be fitted (Figure S10) assuming a simple
zero-field splitting effect14 which leads toD values of�40.5 K for
3 and �40.6 K for 4, imply a significant uniaxial anisotropy.

In order to probe the SMM behavior in complexes 3 and 4,
temperature and frequency dependence of the ac susceptibility
measurements were measured in the temperature range 2�10 K.
These measurements were carried out on a solid state sample for
3 and both solid state and solution phase samples of 4. Under a
zero dc field and a 3 Oe ac field oscillating at frequencies between
1 and 1500Hz, no ac signal was observed. However, when a static
dc field was applied, both compounds displayed a frequency
dependent signal (Figures 3, S11). Such behavior generally
indicates that slow relaxation of the magnetization is subjected
to quantum tunneling of the magnetization (QTM) through the
spin reversal barrier via degenerate (Ms energy levels.3 For an
Ising-like anisotropic system, assuming only the lowest energy
levels are populated, spins then reverse by QTM via the ground
state doublet (S.15 It is noteworthy that for a half integer spin
system such as 3, or 4, QTM should be suppressed at zero field
due to spin parity effects.16 Therefore, the observed QTM is
most likely due to effects such as environmental degrees of
freedom as well as hyperfine and dipolar coupling via a transverse
field component. Hence, ac measurements under various dc
fields were performed in order to determine the optimum field
for which the QTM effect would be reduced. This search
indicated minima with optimum fields of 700 and 2000 Oe for
3 and 4, respectively (Figure S12). Ac measurements under these
optimal applied dc fields reveal a frequency dependent signal
with a clear out-of-phase (χ00) peak for both complexes. In order
to compare the energy barriers for both complexes ac measure-
ments were carried out under 2000 Oe for solid (3, 4) and
solution (4) samples and are shown in Figure 3 (see Figure S11).
The observed single relaxation process behavior is indicative of
super paramagnet-like slowmagnetization relaxation of an SMM.

The anisotropic energy barrier,Ueff, can be obtained from the
high temperature regime of the relaxation where it is thermally
induced (Arrhenius law, τ = τ0 exp(Ueff/kT)). In fact, at a high
temperature limit (above 4 K) the data exhibit a linear correla-
tion indicating that it follows the Arrhenius Law. Relaxation
times, τ, are extracted from these data allowing the calculation
of a thermally induced anisotropic energy barrier, Ueff, between
the magnetic ground states. The effective energy barriers
obtained from the fitting procedure (Figures S13�S14) are
Ueff = 16 K (τ0 = 3.6� 10�6 s) for 3 and 24 K (τ0 = 5.1� 10�7 s)
for 4. The latterUeff of 4 obtained from solid-state measurement was
also confirmed through acmeasurement on a frozen solutionwith an
effective barrier of 25 K (τ0 = 1.6� 10�6 s) (Figure 3 bottom). This
clearly confirms that the slow relaxation of the magnetization is
molecular in origin. The observed relaxation mechanism follows
thermally activated behavior at high temperature which indicates the
Orbach process is the predominant relaxation pathway.17 Relaxation
associated with the thermally activated regime takes place by
excitation to higherMs =(1/2 level with the absorption of phonons
from the lattice, followed by a de-excitation to the final state in which
the phonons are emitted.14 The Ueff values are comparable in
magnitude for 3 and 4; the difference between them primarily arises
from the zero-field fitting parameter since the spin values are
equivalent for these compounds. In fact, it appears that the structural
distortion around the metal center plays a key role in the overall
magnetic anisotropy. Elevating theCo(II) center above theN4mean
plane from 0.39 Å� in complex 3 to 0.52 Å� in 4 (Figure 3 insets) is a
structural anisotropy that may lead to the difference in the magnetic
anisotropy observed for these two compounds. Although the axial
zero-field splitting parameter (D) was not obtained using reduced
magnetization data, it is reasonable to estimate a negative D value

Figure 3. Variable-frequency out-of-phase ac susceptibility data for 3
(top) and 4 (middle: solid state, bottom: solution), collected over the
temperature range 2�10 K at under an applied dc field of 2000 Oe. Inset
diagrams of the CoN5 core emphasize the displacement of the metal out
of the basal plane at the indicated distances.
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from the acquired barriers (U = (S2 � 1/4)|D|). As such, D values
of�8 K and�12 K can be obtained for 3 and 4, respectively. These
estimated values are lower than the values determined through the dc
susceptibility fit (vide supra), and this may be due to the non-
negligible QTM present in these molecules. In order to precisely
quantify the axial (D) and rhombic (E) ZFS parameters, we are
currently investigating single crystals of both samples using HF EPR
methods.

Our goal, to design and synthesize a geometrically controlled
Co(II) species, led to air-stable mononuclear Co(II) square
pyramidal complexes where slow relaxation of the magnetization
was achieved and enhanced through introduction of spin�orbit
coupling. By employing the rigid, planar tridentate coordination
environment from the bis(imino)pyridine pincer ligand in con-
junction with two accommodating isothiocyanate ligands, it was
possible to specify the orientation of the basal plane of this
geometry. Through changes to the ligand substituents, distor-
tions around the metal center were modulated to induce a
structural distortion and promote elevation of the Co(II) ion
which, in turn, leads to significant spin�orbit coupling. Both
complexes exhibit SMM-like behavior under applied static dc
fields with the more distorted complex 4 exhibiting the larger
anisotropic barrier. Additionally, solution methods were em-
ployed in order to eliminate intermolecular interactions and to
validate that the observed slow relaxation of the magnetization
arises strictly from a molecular origin rather than from collective
behavior. The presented study demonstrates that structural fine-
tuning can be utilized to shed light on the intricate role of
spin�orbit coupling in slow relaxation of the magnetization and
inspires our further investigations in this field.
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