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One hundred years ago Alfred Werner won the Nobel Prize in
chemistry for his pioneering work with inorganic coordination
compounds, which was mainly attributed to his work on
mononuclear cobalt complexes.!) Although this chemistry has
been well-developed, in recent years it continues to reveal
new and interesting magnetic properties derived from the
molecular geometry of these complexes.” Indeed since the
discovery of magnet-like behavior in a mononuclear transi-
tion-metal complex,” a sudden re-emergence of interest
occurred in 3d molecules acting as molecular magnets.””! This
is mainly due to the fact that these model mononuclear
complexes can unravel the origin of magnetic anisotropy due
to their unquenched first-order orbital angular momen-
tum.™*! When large uniaxial anisotropy (D) is coupled with
the intrinsic spin (S) of a molecule, an anisotropic barrier
(U=S$*|D|) for the reversal of the magnetization can be
seen.’! Such molecules are termed single-molecule magnets
(SMMs) or, for mononuclear complexes, single-ion magnets
(SIMs).7#1 To compensate for low-spin values in 3d ions,
highly anisotropic metal ions, such as Fe' or Co", are used.!**!
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Moreover, 3d complexes can exhibit spin crossover (SCO)
behavior.”! For 3d*-3d” metal ions, high-spin (HS)-low-spin
(LS) crossover can occur if the ligand field is tuned such that
a balance between strong and weak field ligands is ach-
ieved."” Strong-field terpyridine (terpy) ligands can be ideal
for isolating such systems. With this in mind we have carefully
studied three related compounds based on the Co'-terpy
system where we fine-tune the ligand field by controlling the
number of coordinated terpy ligands as well as the remaining
terminal ligands, leading to unique magnetic properties of
SIM and SCO behavior. Herein we unravel the inherent
physical properties of [Co(terpy)Cl,] (1), [Co(terpy)(NCS),]
(2), and [Co(terpy),](NCS),-1.5H,0 (3) through structural,
spectroscopic, computational, and magnetic studies.

The synthetic procedure and crystallographic data for the
complexes are described in the Supporting Information
(Tables S1-S3). In 1, the Co" ion adopts C, symmetry and is
elevated in respect to the plane formed by the three N atoms
of the terpy ligand (N1-N3), yielding a distorted square-based
pyramid (Figure 1).'Y The packing diagrams along the a-, b-
and c-axes show antiparallel packing of Co" units (Supporting
Information, Figures S1-S3) with the closest intermolecular
distance between terpy centroids of 3.79 A, leading to m—nt
stacking. In complex 2,7 the Co"" coordination shifts towards
trigonal bipyramidal with the Co™ ion coordinating within the
plane of the terpy ligand. The packing diagrams (Supporting
Information, Figures S4-S6) indicate parallel alignment of the
Co" units with a distance of 3.66 A between the centroids of
the terpy ligands. These solid-state interactions are strong
enough to induce a change in the Co" geometry, which adopts
C,, as opposed to C; symmetry. In 3, the six-coordinate
bis(terpy) complex adopts a distorted octahedral geometry
(Figure 1¢) and packs in a similar fashion to 1 (Supporting
Information, Figures S7, S8), with an intermolecular terpy
centroids distance of 3.70 A. Unlike the weak-field chloride
ligands in complex 1, nitrogen-containing ligands of 2 and 3
are known to have stronger fields, which will have significant
implications on the electronic distribution and in turn the
magnetic properties of these complexes.

To probe further the electronic properties of all com-
plexes, density functional theory (DFT) calculations were
performed (see the Supporting Information). Geometry
optimization of 1 resulted in a structure with C, symmetry
and a HS state of $=3/2, in close agreement with the X-ray
data (Figure 1), while for 2, a HS C,; symmetric structure
(Supporting Information, Scheme S1) was obtained. There-
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Figure 1. Molecular structures of a) [Co(terpy)Cl;] (1), b) [Co(terpy)-
(NCS),] (2), and c) [Co(terpy),]*" (3). Hydrogen atoms, counterions,
and solvent molecules have been omitted for clarity. The plane formed
by the three N atoms of the terpy ligand (1 and 2) as well as the
polyhedron around the Co" ion (3) are shown shaded (right).

fore, the change from asymmetric Co" (C, symmetry) in
solution to symmetric (C,, symmetry) in the solid state is
likely due to the intermolecular interactions and/or the crystal
packing forces. The HS state for complexes 1 and 2 can be
attributed to the low coordination number of Co" and the
relatively small difference in energy between the highest d,
orbital and d,. due to the distorted square-based pyramid
geometry. The calculated metal-ligand covalency was greater
in 1, as chlorides are both o- and m-donor ligands. Owing to
interactions between the occupied m-donor orbitals of the CI
ligands and the metal d, orbitals, the splitting of the 3d set will
be slightly smaller in complex 1 compared to complex 2
(Figure 2). TD-DFT calculations indicate that complexes
1 and 2 have low-energy ligand-field excited states with the
same multiplicity as the ground state (spin quartet). The
energies of the lowest-energy excited states are 0.27 eV and
0.31 eV for 1 and 2, respectively. The presence of these low-
energy excited states will affect the magnetic properties of
these complexes (see below). For 3, the orbital splitting
diagram shows the three d, orbitals close in energy and well-
separated from the two d, orbitals, resulting in a low-spin
complex. This LS ground state is due to the change in
coordination number/geometry as well as the influence of the
two strong-field terpy ligands.

In the ¥ T versus T plot of the direct-current (dc) magnetic
susceptibility measurements (Supporting Information, Fig-
ure S9), the high-temperature values are 3.34 cm®Kmol™
(B00K) for 1, 2.66cm’Kmol™” (300K) for 2, and
1.39 cm®*Kmol™" (350 K) for 3. For 1 and 2, the 47 products
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Figure 2. Energy-level diagram depicting selected [3-spin frontier
molecular orbitals of 1 (C, symmetry), 2 (C,, symmetry), and 3 (C,
symmetry). The increase in the number of B-spins for 3 comes at the
cost of an a-spin, resulting in an overall decrease in the molecular
spin state.

as well as curve shapes are in agreement with other
experimentally observed values for a mononuclear high-spin
Co" complex with significant anisotropy.'*!* For 3, the yT
curve indicates SCO behavior where the Co™ ions show a HS—
LS crossover that is completed at approximately 90 K. This
change occurs gradually and begins at a temperature higher
than 350 K. The low-spin value of 0.31 cm*Kmol™' at 1.8 K
agrees well with the theoretical value of 0.375 cm® K mol ™ for
a LS Co"ion where S = 1/2 and g = 2. The magnetization plots
(M versus H and M versus HT™') for 1 and 2 show non-
saturation and non-superposition, respectively, of the curves
at different temperatures indicating the presence of signifi-
cant anisotropy (Supporting Information, Figures S10, S11)
while those for 3 (Supporting Information, Figure S12)
confirm the absence of anisotropy (magnetization saturates
at 1.8 K and high field). The SCO behavior in 3 is a result of
the added terpy ligand. The resultant change in the coordi-
nation geometry and the strong ligand-field render the LS
state accessible.

The frequency dependence of the in-phase (y’) and out-of-
phase magnetic susceptibility (i) for 1 were measured under
applied dc fields of 0-8.6 kOe (Supporting Information,
Figure S13). As the applied field is increased, one relaxation
pathway begins to appear at approximately 15-20 Hz and
increases in intensity until 1.6 kOe, after which it begins to
decrease. A second relaxation pathway appears between 0.1
and 1 Hz under an applied 1.2 kOe field. It appears initially as
a shoulder then reaches a full peak as the applied field
increases. Under applied fields of 600 Oe and 5.6 kOe (where
only one relaxation pathway is clearly dominant while the
other is suppressed), the y” versus v plots reveal clear
temperature-dependent peaks down to 1.9 K (Figure 3a).
This is indicative of field-induced SMM behavior with
multiple relaxation pathways, which is rather common in
lanthanide-based systems but remains rare in transition-metal
SIMs. 15 The absence of a peak at H=0 is characteristic of
quantum tunneling of the magnetization (QTM), which is
suppressed when a longitudinal field is applied. The aniso-
tropic barriers (obtained by fitting this data using the
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Table S8), as the ligand field exhibits
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higher axial character than in other
directions. Fits to the magnetic data
(Supporting Information, Figures S9,
S19) indicate a relatively large intermo-
lecular exchange interaction, zJ' =
—0.15 cm™!, supporting the existence of
7i—m stacking in the crystal packing (Sup-
porting Information, Figure S2). The
large energy of the first excited Kramers
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doublet (ca. 200 cm™'; Supporting Infor-

H=5.6 kOe

7"/ cm3.mol’

mation, Table S6) shows that it cannot be
associated with either barrier extracted
from the ac measurements, indicating
direct-type relaxation!'”! where the relax-
ation time strongly depends on the
applied dc field. For 2, the splitting
energy of the lowest Kramers doublets
is about 100 cm™' (Supporting Informa-
tion, Table S9), which is less than that

vIHz

Figure 3. Frequency (v) dependence of the out-of-phase magnetic susceptibility, x”, at the

indicated applied fields (H) and temperature ranges for a) 1 and b) 2.

Arrhenius law, 7 = 7exp(U./kT)) were calculated to be U ;=
28 K (1y=1.07x107%s) and 4 K (t,="7.44 x 10 5) for the fast
and slow relaxation processes, respectively (Supporting
Information, Figure S14). The Cole-Cole plots for both
processes (Supporting Information, Figures S15, S16) yield
an average a value of 0.20 and 0.11, respectively, indicating
a fairly narrow width of relaxation times. Similar dynamic
behavior is observed in 2 (Figure 3b) under the same applied
dc fields as 1 with energy barriers for spin reversal of U=
17K (1=5.85x10"%s) and 3 K (z,=0.11 s) for the fast and
slow relaxation processes, respectively (Supporting Informa-
tion, Figure S17). Owing to the absence of magnetic aniso-
tropy (Supporting Information, Figures S9 and S12) and small
spin, no slow relaxation dynamics were observed for 3.

A surprising outcome of the DFT calculations for 1 and 2
is the large splitting between the lowest pair of occupied f3-
spin states and the next unoccupied levels, suggesting weak
spin—orbit mixing with excited states and, hence, relatively
weak anisotropy. However, making such inferences about
excited states on the basis of DFT can be misleading.
Therefore, abinitio calculations based on CASSCF/
CASPT2/RASSI/SINGLE_ ANISO!" were performed for
1 (Supporting Information, Tables S4-S8). These indicate
strong mixing of the two lowest spin quartets by spin—orbit
coupling in the first order of perturbation theory, leading to
large zero-field splitting of the lowest Kramers doublets (ca.
200 cm™'; Supporting Information, Tables S5, S6), which
become quite anisotropic (Supporting Information,
Table S6). However, the transversal components of the g
factors are still relatively large, circa 1.2-1.5, providing
a possible explanation for H =0 QTM via internal transverse
dipolar fields. The calculated anisotropy axis lies close to the
Co—CI1 bond (Supporting Information, Figure S18,
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seen in 1 with higher transversal compo-
nents of the g factor (ca. 1.7-3.0), yielding
a less-anisotropic Co" ion. This could
potentially explain the lower energy
barriers observed in 2.

dl/dB

/=168 GHz (b)
o 2 4 6 s 10
Magnetic field (T)

Figure 4. Powder EPR spectra and simulations for complexes 1 (a) and
3 (b); Exp. 1 (blue) was performed at 2.5 K; Exp. 2 (red) was
performed several months later on the same powder pellet, at 20 K.
Inset: Expanded view of the spectra. Simulations (maroon) were
performed using EasySpin.l"®

High-frequency EPR measurements performed on 1and 3
are shown in Figure 4. The 158.4 GHz spectra obtained for
1 span an extremely broad field range, indicating significant
magnetic anisotropy. In contrast, the 168 GHz spectrum for 3
(Figure 4b) spans a narrow range, corresponding to g values
of 2.03-2.19 for S=1/2, that is, relatively weak anisotropy.

The first spectrum obtained for 1 (Exp. 1 in Figure 4a) is
consistent with an anisotropic ground-state Kramers doublet.
The three components, labeled x, y, and z, have similar
intensities and widths, and their respective shapes suggest that
they correspond to the three components of the effective g-
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tensor of a single species, as confirmed by the effective spin
§"=1/2 simulation (Sim. 1) yielding g, =1.35, g, =1.93,
and g, =7.75. The weaker features marked by green arrows
are found to dominate the spectrum obtained several months
later (Exp. 2), suggesting that the sample might have formed
an octahedral complex by coordinating to water molecules;
the original x, y, and z components are barely discernible
(gray arrows). Regardless, the g-values obtained for the
pristine sample (Exp. 1) can only be associated with a HS S =
3/2 Co" species. Moreover, they suggest that the magnetic
anisotropy is of the easy-axis type as predicted from the
ab initio studies. For 3, the main peaks labeled x, y, and z can
only be due to orbitally non-degenerate LS Co", with §=1/2
ground state. This is consistent with stronger-field terpyridine
ligands as well as the distorted O,, geometry (Figure 2).

In conclusion, the chemistry developed long ago by
Werner continues to unveil exciting new phenomena such as
those we have shown using three Co" complexes with varying
ligand fields and geometry. Complexes 1 and 2 exibit a rare
phenonmenon in transition metal SIMs of magnetization
relaxation through multiple pathways. When the CI ligands
in 1 were exchanged for NCS™ ligands in 2, the energy barrier
decreased significantly. In 3, it disappeared as the LS state
became accessible at low temperature due to changes in
coordination number and geometry, resulting in SCO behav-
ior. Overall, the spin states as well as the magnetic properties
studied using a combination of DFT and ab initio calculations
confirm the experimentally observed properties. By tuning
the ligand field strength around the metal ion as well as its
geometry, it becomes possible to control the physical proper-
ties; a feat that has been consistently pursued since before the
days of Werner.
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