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Introduction

Open-shell metal complexes showing magnetic bistability at
molecular level, called Single-Molecule Magnets (SMMs),?
have attracted much attention during the last decades,
because they show rich classical and quantum properties that
make them potential candidates as components of high-
density information storage,? molecular spintronics3 and
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The complexes [Co(L)]X:S (X = CoCls?, S = CH3CN (1); X = ZnCls?*, S = CH3OH (2)), [Co(L)]X2:S (X = ClO47, S = 2CH30H (3) and X
= BF4 (4)) and [Co(L)(NCS)] (5), where L = the Ne-tripodal ligand tris(pyridylhydrazonyl)phosphorylsulfide, were prepared
and studied by X-ray crystallography, ac and dc magnetic data, FIRMS and HFEPR spectra, and theoretical calculations. On
passing from 1 to 4, the change of the counteranion decreases slightly the distortion of the CoNs coordination polyhedron
from trigonal prismatic to octahedral, with a parallel increase of the easy-axis magnetic anisotropy. Compound 1 does not
show slow magnetic relaxation, even in the presence of a dc magnetic field, due to fast QTM triggered by dipolar
interactions. Although the complexes 2-4 show a weak frequency and temperature dependence of the ac susceptibility
below 10 K at zero field, they exhibit slow relaxation and single-molecule magnet (SMM) behaviour under the
corresponding optimal field. The relaxation of the magnetization takes place mainly through a Raman relaxation process
above 4 K, whereas below this temperature QTM and/or direct processes dominate. The relaxation time increases with the
parallel increase of the uniaxial anisotropy on passing from 1 to 4. The width of the hysteresis for the trigonal prismatic
complexes at 0.4 K decreases in the order 3 > 2 > 4 > 1, which is due to combined effects of QTM relaxation and axial
anisotropy. Magnetic dilution of complexes 3 and 4 with Zn" triggers the slow relaxation of the magnetization at zero-field,
so that these complexes can be considered as “hidden mononuclear SMMs”. Compound 5, with a compressed octahedral
geometry, exhibits easy-plane magnetic anisotropy (D = +34.7 cm), and it is a field-induced mononuclear SMM with

magnetization relaxation faster than compounds 2-4 and a smaller hysteresis loop.

efforts in the field of SMMs has moved from large-spin ground
state metal clusters to mononuclear complexes with only one
spin carrier, also called mononuclear Single-Molecule Magnets
(MSMMs).56 In these relatively simple systems, large axial
(easy-axis) anisotropies with marginal rhombicity terms,
leading to high effective energy barriers for magnetization
reversal (Uerr), can be deliberately achieved by regulating the
electronic structure of the metal centres, which depends on
the features of the metal and coordination environment.>®

quantum computing devices.%. In recent years, the synthetic

The aim of this research is not only to build molecules with a
very high magnetic anisotropy barrier, but also to develop
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strategies for the improvement of the spin lifetime in these
molecules. The latter is of crucial importance because it has
been demonstrated that phonons occurring in the THz energy
range partly supress the benefit of having a large magnetic
anisotropy.’ It is worth mentioning that even though the best
MSMM behaviour was observed for lanthanide mononuclear
complexes,® since the discovery of the first 3d-metal based
MSMM, a trigonal pyramidal high spin Fe!' complex with a very
high effective energy barrier,® the research activity in this area
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has been boosted. Among 3d-based MSMMs, those containing
high-spin Co'" metal ions are by far the most numerous,
exhibiting a large variety of geometries and coordination
numbers (ranging from two- to eight) and significant magnetic
anisotropy, which arises from either first- or second-order
spin-orbit coupling (SOC).%10 Moreover, as Co" is a non-integer
spin metal ion (Kramers ion), in absence of magnetic field,
direct and under-the-barrier quantum tunnelling (QTM)
mechanisms should not be operative.l? The absence of fast
QTM occurring between degenerate +Ms levels at zero field
facilitates Orbach and Raman thermally dependent relaxation
processes. In spite of this, only a limited number of Co-based
MSMMs with slow relaxation at zero-field have been reported
so far. Good examples of zero field Co" MSMMs are the linear
two-coordinated carbene complexes reported by Gao et al.122
and Long et al.12b, which exhibit effective energy barriers of
413 cm™! and 450 cml, respectively, and the latter represents
the record of U for a 3d-MSMM. Despite these
breakthroughs, the fabrication of molecule devices based on
coordinatively unsaturated air-sensitive Co'' complexes, such as
those indicated above, is a very hard task. In view of this, the
research in this field has set its sights on simple air-stable Co"
complexes with large axial anisotropy (i.e. where the axial
zero-field splitting parameter D is negative). This is because
this kind of complexes have diminished transverse anisotropy
and, as a result, the QTM relaxation pathway is more
efficiently suppressed, which is mandatory to observe MSMM
behaviour at zero dc field.® In fact, typical MSMM behaviour
either at zero field or in the presence of a small dc field, the
latter for suppressing fast QTM, is generally observed for
complexes with large axial anisotropy. It is worth noting that,
in a few cases, magnetic dilution is able to activate the MSMM
behaviour at zero field (“hidden MSMM”) in this kind of easy-
anisotropic Co'" complexes.’3 Conversely, for Co"
with large positive D (easy-plane
anisotropy), the application of a magnetic field is imperative to
observe MSMM behaviour.14

Ruiz and co-workers recently predicted the sign and
magnitude of D for 3d metal complexes based on their
coordination numbers, geometries and electronic structures
using theoretical methods.501% Among the most common and
thermodynamically stable geometries observed for Co"
complexes, the proposed method predicted large D < 0 values
for trigonal prismatic complexes. Such predictions have been
validated for the limited number of trigonal prismatic Co'-
based MSMM complexes reported so far, because most of
them exhibit behaviour at zero field.10.15

Although two dealing with the
structure/anisotropy relationship in trigonal prismatic Co'
complexes have been recently reported,15de which point out
that the anisotropy decreases with the increase of the
distortion of the coordination environment from trigonal
prismatic (TPR-6) to octahedral geometry (OC-6), however, as
far as we know, no experimental correlations have been
reported to date. Moreover, even though there are studies
analysing the influence of the anions present in the crystal
lattice on the anisotropy parameters in distorted tetrahedrall®
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theoretical studies
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and trigonal antiprismatic Co" complexes,!’ to the best of our
knowledge there exists no such type of study for trigonal
prismatic complexes. In view of this, we decided to prepare a
series of trigonal prismatic Co" mononuclear complexes with
the Ne-tripodal ligand tris(pyridylhydrazonyl)phosphorylsulfide,
(S)P[N(Me)N=C(H)Py]s (L), and different counter-anions, which
present the molecular formulas [Co(L)]X:S (where X = [CoCl4]%,
S = CH3CN (1); [ZnCl4]Z, S = CH3OH (2)), [Co(L)]X2-S (X = ClO4, S
= 2CH;0H (3); X = BF4 (4)) and [Co(L)(SCN)2] (5). Although
complexes 1-4 have the expected distorted trigonal prismatic
geometry, complex 5 is an axially compressed octahedral
complex. It is worth noting that dc measurements and ab initio
theoretical calculations recently reported for the compressed
octahedral mononuclear complex [Co(tu)sCl3] (tu = thiourea),®
bearing sulfur donor atoms in the equatorial positions and
chloride ligands in axial positions, have shown that it exhibits
easy-axis anisotropy, whereas the elongated octahedral
[Co(py)4Cl2] complex, with nitrogen donor atoms in equatorial
positions, possesses easy-plane anisotropy.’®1° The type of
magnetic anisotropy was unambiguously supported by
polarized neutron diffraction method (PND) in the former
complex and by high-frequency and -field (HFEPR)
measurements in the latter. Moreover, from theoretical ab
initio calculations on model compounds (constructed from the
above indicated complexes by changing axial or equatorial
distances and keeping other structural parameters the same),
it was deduced that both easy-axis and easy-plane anisotropies
can be attained by fine-tuning the ligand field. Thus, Co"
complexes combining strong axial and weak equatorial bonds
(axially compressed octahedral geometry), as it occurs in
[Co(tu)4Cly], stabilize a large axial anisotropy, whereas the
combination of large axial bonds and short equatorial bonds,
like in [Co(py)sCly], favors large positive D values.’®1 This
qualitative magneto-structural correlation seems not to be of
general applicability, because compressed octahedral CoNg
complexes, such as [Co(py)s(NCS).]*° and [Co(pto)a(NCS),] (pto
= 2-(pyridine-2-yl)-5-thiophen-2-yl)-1,3,4-oxadiazole),?° have a
similar ratio between the axial and equatorial bond distances,
however, they exhibit D values of opposite sign. Therefore, in
order to clarify this apparent contradiction more examples of
this type of complexes, like 5, where the sign of D is
unambiguously supported by a combination of theoretical and
experimental methods, such as HFEPR, PND and single-crystal
torque anisotropy, are needed.18 21

In light of the above considerations, the aim of this work is
fourfold: (i) to confirm that complexes 1-4 show large axial
magnetic anisotropy. The previous results of Ruiz and co-
workers'® and Costes?? and co-workers for Co' and Co'Y"Co"
complexes (the latter can be considered as formed by two
almost isolated mononuclear complexes) with CoNg and
CoN3Os3 trigonal prismatic coordination environments,
respectively, bearing similar tripodal ligands to L, showed
negative D values of -72 cm and -38.8 cm’l, respectively; (ii)
to analyse how the change of the anion alters the Co'"
coordination sphere and, consequently, the axial magnetic
anisotropy. Likewise, we want to support the above indicated
theoretical variation of the anisotropy with the distortion of
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the TPR-6 coordination sphere; (iii) to study how the change of
the anion affects the crystal packing and the relaxation
dynamic, focusing specially on the role played by the dipolar
interactions, and (iv) to unequivocally determine the sign and
magnitude of D for the tetragonally compressed octahedral
compound 5 by a combination of experimental and theoretical
methods, including HFEPR and FIRMS spectroscopies.

Results and Discussion

Synthetic procedures and details of the experimental and
theoretical methods used for studying the reported complexes
are described in the ESI.

In order to obtain mononuclear complexes with trigonal
prismatic geometry (TPR-6), we chose a tripodal Ne-ligand, L =
(S)P[N(Me)N=C(H)Py]s, which was originally used for preparing
Cu", Y and Fe' spin-crossover complexes.2324 The reaction of L
with different cobalt(ll) salts in either MeOH or CHsCN
afforded complexes of formulas [Co(L)]X:S (X = CoCls% , S =
CH3CN (1); X =2ZnCls?, S = CH30H (2)), [Co(L)]X>'S (X = ClO4, S
= 2CH30H (3) and X = BF4" (4)) and [Co(L)(NCS)2] (5).

The reaction of the ligand L with CoCl,-6H,0 in acetonitrile
and 1:1 molar ratio did not lead to the expected [Co(L).]Cl,
complex, but to compound 1 with the in situ formation of the
CoCls? counteranion. A similar reaction was previously
reported for the complex [CoL1][CoCl4] (L1 = Ng-tripodal ligand
obtained by reaction of 1, 3, 5- triaminocyclohexane and 2-
formyl-5-(N-tert-butyl)-nicotinamide).>d Interestingly, complex
2, which could be considered as a magnetic diluted version of
complex 1, was obtained using the same reaction conditions as
for 1, but adding an equimolar amount of ZnCl, and using
methanol as solvent. The reaction of L with cobalt(ll) salts
containing non-coordinated anions, such as Co(ClO4),:6H,0 or
Co(BF4):6H,0, and using  methanol as solvent, led to
compounds 3 and 4, respectively. It is worth noting that
complexes 2-4 are orange in colour, whereas complex 1 is
green in colour. This fact supports the absence of CoCls%
counteranions in complex 2. In this regard, the reflectance
spectra for complex 1 shows d-d bands arising from both the
cation (shoulder at around 450 nm and a very broad band
centred at 1000 nm) and the anion (625-700 nm and 1650-
2000 nm),2> whereas the complex 2 spectrum only shows d-d
bands belonging to the [Co(L)]?* cations (see Figure S1). The
HF-EPR spectrum of 2 (see below) also supports the absence of
CoClsZ in this compound. It is worth mentioning that the
reflectance diffuse spectra due to the [Co(L)]?* cations for
complexes 2-4 are superimposable, with allowed bands
centred at 470 nm and 1050 nm. The hypsochromic shift of the
bands of compound 1, regarding those of compounds 2-4, can
be due to the slightly larger distortion of the CoNg
coordination sphere from TPR-6 to OC-6 for the former with
respect to the latter (see below). The bands for 1 are slightly
blue shifted, because the octahedral field is stronger than the
prismatic trigonal field.2>

The complex 5 was prepared by the reaction of the ligand L
with Co(SCN); in methanol solution and in 1:1 molar ratio, and
further redissolution of the precipitate formed in acetonitrile.

This journal is © The Royal Society of Chemistry 20xx

The IR spectrum indicates that the SCN- anions are kN-
coordinated to the Co'" ions (ven = 2100 cm1), thus showing
that the formation of two Co-NCS bonds is thermodynamically
more stable than the formation of two N-Co bonds with the
nitrogen atoms of one of the arms of the tripodal ligand (see
below). The fact that in 1 the CI- anions do not replace one of
the arms of the ligand in the Co" coordination sphere is in
agreement with the fact that the ligand field stabilization
energy promoted by the Cl- ligand is weaker than that created
by the kKN-coordinated thiocyanate ligand.

Crystal structures

The structures of the complexes 1-4 consist in cationic
mononuclear [Co(L)]?* units neutralized with monovalent or
divalent anions, in particular, [CoCl4]%, [ZnCl4]%, CIO4 and BFy,
respectively, while compound 5 is formed by neutral
mononuclear [Co(L)(SCN)z] molecules. In addition, compounds
1 and 2 crystallize with one acetonitrile and one methanol
solvent molecule, respectively, whereas complex 3 crystallizes
with two methanol molecules.

The [Co(L)]?* cationic units of complexes 1-4 are very
similar and, therefore, we will only describe the structure of 3
as a representative example to illustrate the common
characteristics of these compounds. Within the cationic unit
[Co(L)]?*, the Co" ion is coordinated by the imine and pyridine
nitrogen atoms belonging to the three arms of the ligand,
leading to a CoNg trigonal prismatic coordination sphere
(Figure 1).

Figure 1: Perspective view of the molecular structure of 3. Hydrogen
atoms, perchlorate anions and solvent molecules are omitted for
clarity. Only the A enantiomer is given in this Figure.

The nitrogen atoms from the pyridine rings occupy one
triangular face and the nitrogen atoms belonging to the imine
groups are placed in the other triangular face. The Co-N bond
distances are very similar with values in the range of
2.1216(18)-2.1600(17) A. The main bond distances and angles
for complexes 1-4 are given in Table S1. The shortest Co-:-:Co
distances between the [Co(L)]?* units are 8.2812 (6) A, 8.1675
(8) A, 8.9742 (8) A and 8.2237 (12) A for 1-4, respectively. The
fact that the Co---Co distance is shorter for 4 than for 3, could
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be due to the smaller size of the BFs, anion compared to the
ClO4~ anion. Moreover, for compound 1, the shortest Co---Co
distance between the [Co(L)]?* and the [CoCl4]? ions is 5.962(2)
A. In the case of 2, the shortest Co---Zn distance between the
[Co(L)]?* units and the [ZnCl4]> counteranions is 6.559 A.

The screw-type coordination of the ligand around the Co?*
ions induces chirality [A (clockwise) and A (anticlockwise)] in
the complexes 1-4. The compounds 2, 3 and 4 crystallise as
racemic compounds where both A and A configurations are
present in the crystal structure, whereas for compound 1 only
the A form is found in the crystal analysed. In view of this,
compound 1 should be a conglomerate of A and A crystals.

The cationic mononuclear units in 1-4 are well isolated in
the structure as there are no w1t staking interactions
between the aromatic pyridine rings. However, intermolecular
C-H--mt interactions can be observed between the pyridine
rings in compounds 1, 2 and 4, with shortest C-H----1t distances
of 3.232 A, 3.317 A and 2.705 A, respectively. Additionally, in
compound 2 the methanol molecule interacts through a
hydrogen bond with the [ZnCl4]? ion (O--Cl distance of 3.162
A), whereas in compound 3 one of the methanol molecules is
involved in intermolecular hydrogen bond interactions with
one perchlorate anion (donor-acceptor O---O distance of 2.810
A), as well as with the sulphur atom of the ligand (donor-
acceptor O---S distance of 3.280 A).

In compound 1, the CoCls2 ion is slightly distorted from Td
symmetry, with Co—Cl distances and Cl-Co—Cl angles falling in
the 2.2566(6) - 2.2951(6) A and 107.15(2)-112.10(2)° ranges,
respectively. Continuous shape measures theory with SHAPE
software?6 indicates that the CoCl; coordination sphere is very
close to an ideal tetrahedral geometry (S = 0.04).

Compound 5 consists of neutral mononuclear [Co(L)(SCN)]
molecules with the Co" exhibiting a distorted octahedral CoNg
coordination sphere, which is formed by the coordination of
two nitrogen atoms from two SCN- anions in trans axial
positions and two pyridine and two imine nitrogen atoms
belonging to two of the three arms of the tripodal ligand in the
equatorial positions. As a result, the third arm of the ligand
remains uncoordinated (Figure 2).

"v‘d/

Figure 2: Perspective view of the molecular structure of compound 5.
Hydrogen atoms are omitted for clarity.

The main bond distances and angles are listed in Table S2.
The Co-N distances belonging to SCN- groups are slightly
shorter (~ 2.07 A) than the Co-N distances involving the
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nitrogen atoms from the ligand, which are almost coincident
(in the 2.15-2.19 A range), and so the CoNs coordination
sphere can be described as tetragonally compressed
octahedral.

It has to be highlighted that one of the SCN- ligands is
practically linear with an N-C-S angle of 178.79 (18)°, whereas
the other one is bent with an N-C-S angle of 167.3 (2)°. In
connection with this, the Co-N distance in the bent SCN- anion
is larger than that found for the almost linear SCN- one, which
is due to a weak overlapping in the former between the d
orbitals of the Co" and the o and 1t orbitals of the SCN-anion.

Molecules are connected by weak intermolecular 11
interactions between the pyridine rings belonging to different
complexes with a centroid-centroid distance of 3.877 A, which
gives rise to a shortest intermolecular Co-:-Co distance of 9.121
(3) A.

The CoNg coordination sphere has been calculated for 1-5
by using the continuous shape measures theory and SHAPE
software (Table S3),26 which indicates that in all these
complexes the coordination geometry is intermediate
between the ideal six-vertex polyhedral octahedron (OC-6) and
trigonal prism (TPR-6). A representation of the calculated
values in a shape map is given in Figure 3.

S(0C-6)

Figure 3.- Octahedron-trigonal prism shape map showing the Bailar
pathway (blue line) and the experimental data (circles). Bailar twist
angle (0) is also displayed (insert up right).

As it can be observed, the S values for the coordination
complexes 1-4 confirm that their coordination spheres are
much closer to the ideal TPR-6 polyhedron than to the
octahedron, and that they do not significantly deviate from the
Bailar path for the interconversion of the TPR-6 and OC-6
geometries. In good agreement with this, the mean Bailar twist
angles, 0, for compounds 1-4 are 29.84°, 26.91°, 25.62° and
24.9° respectively, whereas the dihedral angles between the
triangular faces are found in the 0.35-0.88° range, thus
indicating that the triangular faces are almost parallel. This
distortion can be due, among other reasons, to the
constrained symmetry of the ligand, the molecular packing
forces, and the preference of the high spin Co'" ion for the OC-6
ligand field over the TPR-6 counterpart. The mean s/h ratios
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(defined as the mean donor-donor distance across a triangular
face divided by the mean donor-donor distances between the
triangular faces) are found in the 1.16-1.18 A range and point
out to a small compression of the ideal TPR-6 geometry. The
fact that the distances between the coordinated
nitrogen atoms across the triangular face (~ 2.85 A) are slightly
shorter than the same distances across the face defined by the
pyridyl donor nitrogen atoms (~ 3.09 A) also indicates a small
degree of truncation in the geometry. However, the
coordination sphere for complex 5 is very close to an ideal
octahedron and, moreover, deviates significantly from the
Bailar pathway. In this case, the octahedral preference of the
Co''ion and the ability of the SCN- ligand to form stronger Co-N
bonds that the imine and pyridine nitrogen donors lead to the
observed compressed octahedral geometry. All these results
show that, in some cases, the change of the anion in this type
of compounds can significantly affect the geometry of the Co"
ions and the dipolar interactions between them.

imine

Static Magnetic Properties

The dc magnetic properties of 1-5 were studied in the 2-300 K
temperature range with an applied magnetic field of 1000 Oe,
and they are given in the form of the temperature dependence
of xmT (Xxm is the molar magnetic susceptibility) in Figures 4-6
for complexes 1, 2 and 5, respectively, which are given as
examples, and in Figures S2 and S3 for compounds 3 and 4,
respectively.

The xmT values at room temperature for complexes 1-5 of
5.78, 2.77, 2.88, 2.89 and 2.75 cm3mollK, respectively, are
significantly larger than the expected values for non-
interacting Co" ions with S =3/2 and g =2 (3.75 cm3mol-*K for 1
and 1.875 cm3mol-K for the rest of compounds). The above
indicate a considerable orbital
contribution of the Co" ion as expected for compressed

values unquenched
octahedral and trigonal prismatic geometries. Upon cooling,
the xmT product diminishes first slightly from room
temperature to around 100 K and then in a deeper manner to
reach values of 3.73, 2.11, 2.08, 2.10 and 1.58 cm3mol-lK at 2 K
for 1-5, respectively. The decrease of xmT until 10 K is mainly
due to spin-orbit coupling (SOC) effects, leading to low-lying
excited states, whereas the faster diminution of xmT at very
low temperature is due to ZFS single-ion anisotropy and
eventually weak intermolecular antiferromagnetic
interactions.

The field dependence of the magnetization at 2 K is almost
saturated at 7 T for all the compounds, reaching values of 5ug
for 1 and in the 2.15-2.20 pg range for 2-5. These values are
significantly lower than the values expected for isolated Co"
ions with S = 3/2 in the ground state and g = 2. These results
indicate the presence of significant magnetic anisotropy.

For trigonal prismatic Co" complexes with C3 symmetry the
ground spin quartet term is 4E, L = 2 and first order spin-orbit
coupling (SOC) occurs, resulting in a large separation between
the low-lying Kramers doublets.” Moreover, the first order
SOC leads to axial anisotropy with an effective g, factor (g’,) of
around 9 and the anisotropy axis parallel to the C; axis.27:28 A

This journal is © The Royal Society of Chemistry 20xx

small departure from C3 symmetry, due, among other factors,
to Jahn-Teller (JT) distortion, intermolecular contacts, ligands
constrains and so forth, causes the splitting of the “E ground
state into two spin quartet states, and small transverse
components of the g tensor appear. Nevertheless, the first
SOC is still strong (Lz > 3/2), the energy gap between the two
larger than 200 cm and,
moreover, they are very well separated from the other excited
KDs.28 In this situation, the lowest Kramers doublets are
usually the only ones populated at low temperature, so that a

lowest Kramers doublets is

phenomenological approach using ZFS in the S =3/2 state that
considers only these two KDs could be tentatively used. In fact,
pseudo-trigonal
generally analyzed with the ZFS spin Hamiltonian given in
equation 1. It is worth noting that this strategy is always valid
below 100 K and frequently up to room temperature.

prismatic complexes, like 1-4, have been

H=D[S?—-S(S+1)/3] + E(S% — S3) + gugHs
(Equation 1)

where S is the ground state spin, D and E are the axial and
transverse (rhombic) magnetic anisotropy parameters,
respectively, ug is the Bohr magneton, H the applied magnetic
field and the third term corresponds to the Zeeman
interaction. If E is zero, then 2D represents the energy gap
between +1/2 and +3/2 Kramers doublets (KDs). If D > 0, the
doublet with Ms = +1/2 is located at lower energy than the
doublet with Ms = +3/2, whereas when D < 0 the reverse order
occurs.

In tetragonally distorted octahedral complexes like 5, the
axial crystal field splits the 4Tz ground term of the ideal Oy
symmetry into the 4A,; (in Dasn notation) and “Eg; terms
separated by an energy gap, A, which increases with
tetragonality. For tetragonal compression, the axial crystal
field parameter, A, is positive and the *Ay; crystal field term is
located at lower energy (easy plane anisotropy).2° The second-
order spin-orbit coupling (SOC) splits the ground #A,; term into
two Kramers doublets (KDs). When these two Kramers
doublets are well separated from those arising from the “Eg
term, the splitting of the former term can be described in a
simple manner as a zero-field splitting (ZFS) within the spin
Hamiltonian formalism (Figure 6, insert). If the radial distortion
is considered, then the CoNg coordination sphere of 5 is
compressed octahedral and therefore a positive axial crystal
field parameter (A) would be expected. In order to confirm the
sign and magnitude of A and then the nature of the ground
term for complex 5, its magnetic susceptibility data were
analysed with a Figgis-Griffith Hamiltonian, which takes into
account: (i) first order SOC effects associated with the 4Ty
ground term of the octahedral Co(ll) ion, using the T-P
isomorphism with an effective orbital moment L = 1; (ii) an
axial distortion of the octahedral geometry and (iii) Zeeman
interactions. The corresponding Hamiltonian can be written
as:30

3 2 3
H = (—E)K/ILS-F A(Lzz—§)+,6'[—(§) KLu+geSu]Hu

(Equation 2)
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where u = x, y, z, A is the axial splitting parameter, « is the
orbital reduction factor, A is the spin—orbit coupling
parameter, and L and S are the orbital and spin angular
momentum operators, respectively. The factor -3/2 appears to
consider that the real angular momentum for the 4T;; ground
state in an ideal Oh geometry is equal to the angular
momentum of the 4P free ion term multiplied by -3/2. The best
fit of the magnetic data of 5 with the above Hamiltonian using
the MagSaki3! software led to the following parameters: A= -
112 cm™, k =0.97, A =+ 650 cm™, TIP = 34x10°¢ cm3mol?! with
an agreement factor R = 1.6 x 10-°. These results confirm that
A is large and positive (easy-plane anisotropy) and, therefore,
4A,g is the ground state. In this case, the second order SOC
splitting into two Kramer doublets can be described by the ZFS
spin Hamiltonian. The energy gap between the two lowest KDs
was calculated to be 108.7 cm-L.

Table 1.- SH Parameters for 1-5 extracted from dc magnetic
measurements.
Compound D(cm™) E(cm™) Gperp Gparallel zJ (cm™?)
1 D1=-60.6(1) | E1=-0.03 g1= g1= 0.0045(4)
Dy=5.25 (9) 2.548(2) | 2.548(2)
EPR (fixed) E2=1.75 g=2.25 g2=2.25
EPR EPR EPR
(fixed) (fixed) (fixed)
2 -87.2(4) -0.02(9) | 2.186(1) | 2.754(1)
3 -116.6(6) -3.1(9) 2.151(1) | 2.847(1) | -0.026(3)
4 -127.6(8) -0.22(6) 2.263(1) 2.782(1) | -0.007(5)
5 +34.7(1) +11.5(2) 2.478(4) 2.072(2) a

a.- To fit the data it was necessary to include a TIP term (0.0015(2))
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Figure 4.-Temperature dependence of xwT for compound 1 (red
circles). Field dependence of magnetization at the indicated

temperatures (insert left) and M vs H/T isotherms (insert right). Solid
lines represent the best fit to equation 1 with the parameters
indicated in Table 1. The blue solid line in the xmT vs. T plot represents
the ab initio calculated curve (sum of the calculated xmT values for
[CoCls]? and [Co(L)]%).

In view of the above considerations, the magnetic data for

complexes 1-5 were also analyzed with the ZFS spin
Hamiltonian. Thus, the temperature dependence of xumT and
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the field dependence of the magnetization in the 2-7 K range
were simultaneously fitted with the PHI program (Figures 4-6
and Figures S2-S3).32 In some cases, a mean field term was also
introduced to take into account the intermolecular
interactions.

It is worth noting that for complexes 1-4 either worse
quality fits or physically- meaningless parameters are obtained
when D is forced to be positive, whereas for compound 5
similar positive and negative values are possible. Nevertheless,
the fit is an order of magnitude better when D is positive.
These results support easy-axis magnetic anisotropy for the
ground state of [Co(L)]?* units in complexes 1-4, and easy-
plane magnetic anisotropy for the ground state of 5.
Furthermore, these results are in line with the sign and
magnitude of the D values experimentally found for trigonal
prismatic Co'" complexes!> and compressed octahedral Co'"Ng
complexes with two kN-thiocyanate ligands in trans positions,
respectively.133 In the case of 1, where tetrahedral and
trigonal prismatic Co" ions coexist in the structure, the
magnetic parameters for the tetrahedral centre were fixed to
those extracted from HF-EPR measurements to avoid
overparametrization (see below). It should be noted that the
energy gap between the two lowest KDs in 5 calculated using
the expression 2D* = [2(D?+3E2)¥/2] = 121.2 cm! is similar to
that extracted from the Hamiltonian in equation 2.

3.2+
2.8
2.4

i S
- 7K

- BK

5K

- 4K

2m Tlem*Kmol™!

- 2K

1 2 3 4
HIT (T/K)

0 100 200 300

TIK

Figure 5.-Temperature dependence of xwT for compound 2 (red

circles). Field dependence of magnetization at the indicated
temperatures (insert left) and M vs H/T isotherms (insert right). Solid
lines represent the best fit to equation 1 with the parameters
indicated in Table 1. The blue solid line in the xmT vs. T plot represents

the ab initio calculated curve scaled by a factor of 0.9.

It is worth mentioning that the M vs H/T isotherms for
compounds 2-4 depend only slightly on the temperature (the
changes of the thermal depopulation of the two Kramers
doublets below 7 K are almost negligible) and moreover
practically superimpose in a single master curve (see Figure 5
for compound 2 and Figures S2-S3 for compounds 3 and 4),
thus corroborating that the ZFS is very large for these
compounds. Nevertheless, for compound 1 the superposition
degree of the curves is smaller than in the rest of the
compounds, which is in accordance with the presence in this

This journal is © The Royal Society of Chemistry 20xx



compound of a distorted tetrahedral CoCls?" anion with a
relatively small D value (the small energy gap between the two
lowest KDs allows changing the thermal population below 7 K).
As expected, complex 5, with a D value larger than 1, but
rather slower than 2-4, shows a small, but non negligible,

dependence with H/T (Figure 6).
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Figure 6.- Temperature dependence of xwT for compound 5 (red
circles). Solid lines represent the best fit to equations 1 (black line) and
2 (blue line). The solid green line corresponds to the ab initio
calculated xwmT vs. T plot. M vs. H/T isotherms (insert left) and
qualitative energy splitting of the *Tig term in Oh symmetry by axial
compression and rhombic distortion, SO and Zeeman effect (right).
Solid lines in the reduced magnetization plot represent the best fit to
equation 1.

At this point, it should be mentioned that the low
sensitivity of the magnetic measurements for determining E
|E/D|

phenomenological approach based on ZFS Hamiltonian, avoid

and parameters, as well as the limitations of the
extracting very reliable ZFS parameters for complexes 1-5,
particularly the magnitude of E and the sign of D. Therefore,
the D values extracted from the dc magnetic measurements
for these complexes, even if they match very well with the
calculated ones (see below), should be taken with caution and,
in any case, supported by other techniques.
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Figure 7.- Plot of the axial anisotropy parameter versus the continuous

symmetry measures parameter for the TPR-6 complexes 1-4. The black
solid line represents the best linear fitting leading to the equation D =
63*S(TPR-6)-300.
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It should be remarked that there exists a linear correlation
between the continuous shape measures (or the Bailar 6
angle) and the experimentally extracted D values for
complexes 1-4 (Figure 7 and Figure S4), so that the negative D
values decrease in absolute value with increasing of the
distortion from TPR-6 to OC-6. This result is in line with the
theoretical calculations performed for homo- and heteroleptic
TPR-6 Co(ll)NxOsx  (x = 6-0) model complexes with a
distortion from the trigonal prismatic
The calculated S(TPR-6) value for the
crossing point between positive and negative D values is 4.74
(or at 8 = 34.02°). This value is close to the isosymmetric point
with respect to the OC-6 and the TPR-6 geometries, which has
S(TPR-6) = S(OC-6) = 4.42 (or 6 = 30°). The fact that octahedral
Co'' complexes generally exhibit D positive values, whereas the
trigonal prismatic counterparts show D negative values, seems
to support this correlation. In connection with this, a similar
correlation was recently obtained for a series of octahedral
Co"Y'" complexes with easy-plane anisotropy, which points out
that the calculated D positive values decrease with increasing
the distortion from octahedral to trigonal prismatic
geometries.14b34

progressive
coordination.15de

HFEPR studies

In order to support the sign and magnitude of the anisotropic
parameters extracted from dc magnetic data, we have
recorded HFEPR spectra for complexes 1-5 at low temperature
(5-10 K) in the frequency range 9.5-402 GHz (Figures 8-9 and
S5-S6). First we focus on the analysis of the spectra of 2-4.
Using spin Hamiltonian parameters extracted from dc
magnetic data for these compounds, the calculated energy gap
between the two lowest Kramers doublets, 2D* =
[2(D?2+3E2)Y/2], is indeed much larger than the quantum energy
of the microwave frequency. Moreover, at the low
temperature employed, only the ground KD will be populated.
In view of this, it is reasonable to assume that the resonances
observed in the HFEPR spectra of 2-4 are due to intra-Kramers
transitions within the lowest KD and then the EPR spectra of
these compounds could be analysed assuming an effective Sest
=1/2 ground state and effective g’ values.

The HFEPR spectrum of 2 at 261 GHz shows very weak
resonances in the 6.1-8.9 ge¢ region (Figure S5), whereas that
of compound 4 at 269 GHz presents a high-amplitude
resonance at g’= 7.2 and two weak resonances close to g’= 10
(Figure S6). Compound 3 is EPR-silent at 10 K and 250-270
GHz, the highest region of the
spectrometer. The g’ region where the resonances for 2 and 4

sensitivity frequency

appear, suggests that the sample torques in field and orients
with the z-axis of the g-tensor near the direction of the Bg
magnetic field. The resonances are thus g’; transitions,
whereas the g’ and g’y orientations are not observed. In this
regard, it is worth noting that for large negative D values and
very small E/D values, the g’ and g’y transitions would appear
at unaffordable high fields even at the lowest accessible
frequency. The fact that values of g’; > 7 can only be reached
by considering D < 0 and very small rhombicity values (A = E/D)
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Figure 8. EPR spectrum of 1 as a pellet at 10 K and 402 GHz (black trace) and its simulation (red trace) using |D|
=5.25cm™, |E| =1.75 cm™, giso = 2.4 (left). Field vs. frequency dependence of EPR turning points in 1 (squares)
=1.75 cm™, giso = 2.25 (right).

along with simulations using |D| =5.25 cm™, |E|
magnetic field parallel to the Z-axis of the ZFS tensor; red curves: Bo parallel

turning points. The color plot of FIRMS data is described in the next section.

in the equations relating the effective g’ values for Sef = 1/2
with the g values for the true spin S = 3/213d35 js 3 good
supporting evidence of large easy-axis anisotropy in these
compounds. In addition to this, the g’, values extracted from
theoretical calculations for these compounds (see below) are
all close to 9, which also underpins their large D < 0. In view of
the above considerations, the observed resonances for 2 and 4
must be due to intra-Kramers transitions within the +3/2
manifold, which is fully in accordance with the dc magnetic
results. It is worth noting that similar HFEPR results have been
obtained for other Co(ll) complexes with very large easy-axis
anisotropy.13¢d:36 The presence of multiple resonances in the
low-field region of the spectra of complexes 2 and 4 and their
shape seem to indicate that the torquing of the sample in the
magnetic field (field-induced

Energy (cm” )

the spectrum is silent because
the rhombicity is almost zero,
leading to unmeasurable
transition probabilities of the
AMs + 3 intra-doublet
transitions. In fact, theoretical
calculations demonstrate that
this compound displays the
lowest E/D value (0.03) of this family of compounds, just in the
above indicated upper limit.

The HFEPR spectra of 1 (Figure 8) are different from those
obtained for 2-4, and they display multiple resonances within
the available sub-THz frequency range. It is informative to note
that a near-zero field resonance is observed at 384 GHz. The
extrapolation of this spectrum to zero field yields the 2D*
(energy gap between the two lowest Kramers doublets) of ~
360 GHz (12 cm). The spectrum at 402 GHz could be
simulated (Figure 8) using spin Hamiltonian parameters |D|=
5.25 cm?, |E| = 1.75 cm™, giso = 2.4. To refine the above spin
Hamiltonian parameters, a multifrequency dataset was
collected, and the results were plotted with simulations, as

Blue curves: turning points with

to Y-axis; green curves: off-axis

. . Frequency (THz)
alignment of the polycrystalline 0 05 1 15 2 25 3 35
powder with the magnetic field) is g ' ! k ; 3 ' T [ '
not ideal. To probe the torquing £
effects, HFEPR measurements were 14
also performed on a pellet of 4 to =12
prevent them. The spectrum (Figure § 10k
S6) shows a complete __J% L,
disappearance of the resonances v7 %
originating from the loose sample 20 .
and an apparition of a new weak —LJV,__\/— 4 0.95
resonance at g’ = 9.1, which can be 2 gig
assigned to the true z turning point T T T T - T g . i

) . 0 2 4 6 8 10 12 14 0 20 40
of the intra-Kramers transition Magnetic Field (T)

within the +3/2 manifold.

It is worth noting at this point
that in the absence of rhombicity (E
0), transitions within +3/2
manifold are forbidden by the
selection rules (AMs = t 1) because

Figure 9.- (Left) EPR spectrum

AMs = + 3. However, they appear in

8| J. Name., 2012, 00, 1-3

Energy (cm'1)

of 5 as a pellet at 4.5 K and 237 GHz (black trace) and its simulation (red

trace) using D = +36.36 cm™%, E = +8.97 cm™, g« = gy = 2.44 and gz = 2.16. A group of narrow resonances
near 7.95 T (g = 2.12) is due to unidentified impurities. (Right) Experimental 2-D (magnetic field vs.
energy) contour maps of FIRMS response of the same complex. HFEPR-observed turning points of the
intra-Kramers transition are included as circles. The colour scales the field-induced changes in the
transmission spectrum. The most intense change is observed at 80 cm in zero field. Lines are simulation
of the EPR turning points. Other FIRMS data are shown in the Fig S7.
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Figure 10. (Top) Experimental 2-D (magnetic field vs. energy) contour maps of FIRMS response for complexes 1-4. Regions marked in
blue represent resonance absorption that is sensitive to changing magnetic field. Regions in yellow are insensitive to the field. The lines
are simulations of turning points for spin Hamiltonian, using a S=3/2, the extracted 2D* values, giso = 2.4 and E = 0O (they are only
guidelines to illustrate how the energies of magnetic absorption are spreading in the applied magnetic field). (Bottom) Transmission
spectra recorded on powder pellet of the complexes at T = 4.2 K and at the indicated magnetic fields. Arrows indicate the 2D* positions

suggested for these compounds.

shown in Figure 8. The multifrequency experiment did not
modify the zfs values, but slightly adjusted the gis,-value. It is
worth noting that one of the perpendicular branches of
turning points (blue) coincides with the parallel branch and
this is the reason why one cannot differentiate between g.
and g|| and, therefore, g was considered to be isotropic. In the
case of near-maximum zfs rhombicity, like it occurs for the
CoCl4? spectrum in 1 (E/D = 0.33), the sign of D is undefined.
Recent calculations have shown that this is due to the fact that
at £/D = 1/3 an abrupt change from positive to negative values
occurs, which is associated with a change of axes.38 This
situation describes a perfect triaxial magnetic anisotropy,
where gx < gy < g; instead of either gy = g, < g, (easy-axis
anisotropy) or g« = g, > g; (easy plane anisotropy). Therefore,
when E/D is ~ 1/3 the determination of D is not a simple choice
between easy-plane or easy-axis magnetic anisotropies, and
the sign of D is meaningless.

In case of compound 1 no HFEPR resonances are observed
from the Co" ion inside the TPR [Co(L)]?* unit, because these
signals are much less intense than those arising from the
pseudo-tetrahedral CoClsZanion.

HFEPR spectra of compound 5 are very different from
those observed in 1-4. At 4.5 K and 237 GHz (Figure 9) it
presents multiple resonances corresponding to intra-Kramers
turning points, as the D value extracted from dc magnetic data
is too large to observe inter-Kramers transitions at sub-THz
frequencies. From this spectrum, we were able to obtain
through simulations an estimate of the ZFS tensor rhombicity

This journal is © The Royal Society of Chemistry 20xx

(E/D) under the usual assumption that gy = gy (as these values
and E are intercorrelated). The extracted parameters were gx =
gy = 2.44 and g; = 2.16 with E/D = 0.25. By using the D* value
obtained from FIRMS spectroscopy (see below), the HFEPR
spectra were successfully simulated using D = +36.36 cm™, £ =
+8.97 cmL. It is worth noting that all attempts to simulate the
spectra with negative D values failed as they always led to
unphysical g values. This is a good example of the advantages
of using different and complementary methods such as HFEPR
and FIRMS for extracting ZFS parameters in large-anisotropy
transition-metal complexes. A full multi-frequency map of
HFEPR turning points in compound 5 is presented together
with FIRMS spectra of this compound in Figure 9.

FIRMS

Far-InfraRed Magnetic Spectroscopy (FIRMS) allows directly
evaluating the zero-field (zf) energy gap(s) between the
lowest-energy Kramers doublets (KDs) in an S = 3/2 spin
system. However, information on the rhombicity of the ZFS
tensor cannot be obtained for the Kramers ions. For that
purpose, as above, a combination of two
spectroscopic techniques FIRMS and HFEPR,
applicable, is an appropriate choice. The FIRMS map of
compounds 1-4 are shown in Figure 10 along with transmission
spectra for 0 and 17.5 Tesla. Although large field-induced
changes in the transmission are observed for these
compounds, D* values cannot be accurately extracted,

indicated
whenever
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because all the spectra are affected by strong spin-phonon
coupling effects.3® Even when several spectral features appear
at zero field, none of them can be unambiguously assigned to
the energy gap between the KDs. Some of them can be
assigned to the phonon absorption peaks. The ground state in
these complexes is vibronic (crystal field + phonon), therefore
resulting in the hybridization of the crystal field levels leading
to a complex pattern for FIRMS map compared to the powder
spectrum simulated for S=3/2 spin-Hamiltonian model (Figure
S8). For instance, the vibronic state is remarkable for
compound 4, where zf energy appears to be in a close vicinity
to the phonon peak at 205 cm, also observed in other
compounds. Due to the spin-phonon coupling, this mode splits
into the three peaks at zero field and restores back to the
single peak shape at 17.5 T, while the magnetic resonance
energy is shifted away. From analysis of peaks parameters in
the normalized transmission spectrum (Figure S8) as well as
the anticipated crossing of simulated turning points with the
pronounced phonon peaks, we suggest 2D* (energy gap
between the ground and first excited KD in an S = 3/2 system)
to be 153.9, 187.7, 195.5 and 201 cm™ for 1-4 compounds,
respectively. It is clear that these magnetic complexes with
soft crystal structures sensitive to the magnetic field cannot be
treated as "pure" S = 3/2 spin systems.

In the FIRMS spectrum of compound 1 (Figure 10, left)
there appears a zf magnetic transition at 154(4) cm~1, which
readily yields the value of 2D*. This value is larger than that
extracted from dc magnetic data (121.2 cm1). This difference
is not surprising in view of the crude model used to analyse the
magnetic data, with isotropic g values for the cationic and
anionic units to avoid overparametrization. It should be noted
that the 2D* value extracted from the FIRMS spectrum is
significantly lower than that extracted from ab initio
calculations (184.3 cm™ from NEVPT2 calculations, see below).
This result is also not unexpected as the theoretical values are
usually overestimated, mainly due to inherent limitations of
the method and the approach based on the ZFS Hamiltonian.
The 2D* values for compounds 2-4 are 187.8 cm'1, 195.5 cm™!
and 201.0
panels). It is worth noting that 2 and, particularly, 4 have the
largest impact of the spin-phonon coupling (hybridization of
the phonon at 205 cm?® with zf energy).*® These FIRMS-
obtained 2D* values for compounds 2-4 values are indeed very
close to those extracted from dc magnetic data and ab initio
calculations (see below), which support the D* values for these
compounds.

It is worth mentioning that FIRMS spectrum reveals the
substantial magnetic resonance absorption from tetrahedral
Co'' centre in compound 1 corresponding to the CoCls2- anion
(Figure 8, right panel). The spin-Hamiltonian parameters
extracted from HFEPR data were used to simulate the low-
frequency part of the FIRMS spectrum (Figure S9). As it can be
observed, the simulated FIRMS spectrum is in good agreement
with the experimental one, supporting the D, E and g values
for this counterion. The FIRMS spectrum of compound 5
presents a zf magnetic transition at 79.07 cm (Figure 9),

cml, respectively (arrows in Figure 10 bottom
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which is very close to the 2D* value extracted from magnetic
data and NEVPT2 ab initio calculations.

Theoretical studies

In order to support the extracted D and E values and to get a
deep understanding of the magnetic properties and electronic
structure of compounds 1-5, we have performed ab initio
multiconfigurational calculations on the experimental X-ray
crystal structures using the ORCA program package.*! This
program allows extracting the energy of the spin-free states
(ligand field terms) and the energy of the KDs arising from the
spin-orbit coupling (SOC), which is introduced by the quasi-
degenerated perturbation theory (QDPT). The energy of the
mentioned states is given in Tables S4 and S5, whereas the
computed D and E values and first excitation energies before
and after including spin-orbit effects are gathered in Table 2.
The ORCA software package provides CASSCF and CASSCF +
NEVPT2 results, both incorporating SO coupling effects. In
order to calculate the electronic structure of [Co(L)]?>* in
compound 1, the Co'" ion of CoCls? was replaced by Zn" in its
crystal structure. Likewise, to calculate the electronic structure
of the pseudo-tetrahedral CoClszanion, the Co" ion of the
[Co(L)]?* unit was substituted by Zn'. Both approaches, CASSCF
and CASSCF + NEVPT2, produce very similar sets of results for
the electronic structure of the [Co(L)]?* units in complexes 1-4,
which are in rather good agreement with those extracted from
dc magnetic measurements and support their large easy-axis
anisotropy. Moreover, the large effective g’, values (g’; > 9)
confirm the axiality of the ground state, the anisotropy axis
being located close to the pseudo-Cs axis passing through the
P-S-Co direction, as expected (Figure 11, left).
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Figure 11.- Orientation of the axial anisotropy axis of compound 2,
which almost coincides with the pseudo Cs axis of the molecule (left).
NEVPT2-AILFT computed d-orbital energy diagram for complexes 1-5
(right). Colours code: dz*(red), dx?-y? (orange), dxy (black), dxz (blue),
dyz (green).

For the CoClsZ in compound 1, both approaches give

similar results for D and E (+11.39 cm™ and +3.76 cm™ from
CASSCF

This journal is © The Royal Society of Chemistry 20xx
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Table 2.- Computed ZFS parameters D, E, | E/D| and g values for the ground states of 1-5. AE; and 2D* are the calculated first excitation energies

before and after considering spin-orbit effects, respectively.

SF states SO states g% 9y 97°
D -1 E/D E 1
Compound | Method (cm™) / (cm™Y) AE: (cm?)  2D* (cm) ' 0 G
1.93,2.01, 3.16
. CASSCF -105.585 0.063898 -6.7466 385.7 212.46 0.41,0.44,9.12
1.97,2.04,3.04
NEVPT2 -91.713 0.055518 -5.0917 560.6 184.27 0.35,0.37, 8.89
CoCla CASSCF +11.39 0.330441 +3.7637 2350.0 26.25 2.36,2.45,2.54
4 NEVPT2 +9.05 0.287554 +2.6024 3381.7 20.23 2.27 2.34,2.40
1.97,2.03, 3.16
) CASSCF -104.067 0.048481 -5.0453 426.1 208.87 0.32,0.33,9.18
1.99, 2.05, 3.05
NEVPT2 -91.311 0.040349 -3.6843 599.2 183.07 0.26,0.27, 8.94
1.89,1.94,3.26
5 CASSCF -116.747 0.038658 -4.5132 320.6 234.02 0.26,0.27, 9,36
1.94,1.97,3.17
NEVPT2 -107.718 0.030206 -3.2537 450.6 215.73 0.20, 0.20, 9.20
1.87,1.93, 3.27
. CASSCF -118.260 0.038988 -4.6107 303.7 237.06 0.26,0.27,9.37
1.92,1.97,3.18
NEVPT2 -109.502 0.031230 -3.4197 426.8 219.32 0.20,0.21,9.23
5 CASSCF +54.210 0.305857 +16.5805 1021.5 122.69 2.05,2.38,2.74
NEVPT2 -44.435 0.269859 -11.9912 1346.9 98.10 2.05, 2.30, 2.61

ag-tensor for the true spin S = 3/2

b effective g’-tensors assuming a pseudospin S = % are included for compounds 1-4.

and +9.05 cm? and +2.60 cm from NEVPT2, respectively),
which are not far from the HF-EPR results. The small distortion
of this anion provokes the splitting of the e and t, orbitals in Ty
symmetry, so that the energy gap between the first excited
doubly occupied orbital arising from the e set and the lowest
single-occupied excited state arising from the splitting of the t;
orbitals set, remains rather large. As a result, a small to
medium D value is found.

For the [Co(L)]?* unit of complexes 1-4, the energy gap
between the ground and first excited spin quartet states is in
the 300-600 cml range depending on the calculations
approach (CASSCF or CASSCF + NEVPT2), whereas the second
excited quartet state is around 4500 cm above the ground
state (Tables S4 and S5). These results show that the distortion
from C3 symmetry is not too high and then the first order SO
coupling and the anisotropy should be important. The SOC
mixes the ground and excited states to afford a set of KDs,
with an energy gap between the ground and first excited state
of about 200 cm™. The third KD, which is located at the 750-
850 cm™ range above the ground state, should have a very
small population and, therefore, as above mentioned, the use

of the effective ZFS Hamiltonian is appropriate to get a
reasonable estimation of D from experimental magnetic data
and theoretical calculations.

The splitting of the d-orbitals for complexes 1-5 has been
obtained by using the ab initio ligand field (AILFT) method3”
implemented in ORCA.*! The extracted energy diagram for
these compounds is given in Figure 11 (right panel), whereas
complete energy diagrams for each of them, including
drawings of the computed d orbitals, are given in Figure S10.
Additionally, the composition of the one-electron states is
given in Table S6. The splitting spans the range 8430-9493 cm'!
for compounds 1-4 and 10492 cm-! for 5 (energy span of 1 > 2
> 3 = 4). The d-orbital splitting for the former complexes
increases with the distortion from TPR-6 to OC-6, which agrees
well with the fact that the energy spans of the d orbitals in OC-
6 complexes is larger than in the TPR-6 counterparts (10Dq vs
20/3 Dq).2> As expected, the energy span for the d orbitals in 5
is larger than in 2-4.

As it can be seen in table S6 and Figure 11, the lowest
energy orbital is almost a pure doubly occupied dz2 atomic
orbital, whereas the next second double and single occupied
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from NEVPT2 calculations but it is
opposite to that extracted from
CASSCF  calculations and dc
magnetic This
discrepancy could be due to a
calculation artefact because the
E/D parameter calculated for this
compound is near to 1/3 (the
compound
anisotropy rather than easy-axis
or easy plane anisotropies, so
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Figure 12.- Temperature dependence of x”’w at different frequencies (left) and frequency dependence at
different temperatures (right) for 2 under a field of 0.12 T. Contribution of each relaxation process to the

slow relaxation of the magnetization (insert).

excited orbitals are mainly linear combinations of dxy and dx2-
y2 atomic orbitals. At higher energy, the half-occupied states
are essentially linear combinations of dxz and dyz orbitals, thus
indirectly revealing the multiconfigurational character of the
ground and first excited states. For 1, 3 and 4 the dominant
electronic configuration of the ground state is (dz2)?, (dxy)?,
(dx2-y2)Y(dxz)*(dyz)!, whereas for 2 is (dz?)?, (dx2-y2)?,
(dxy)Y(dxz)i(dyz)l. For the first excited state, the dominant
electronic distribution is (dz2)2, (dxy)?!, (dx2-y2)2(dxz)*(dyz)?! for
the former and (dz2)?, (dx2-y2)?, (dxy)?(dxz)(dyz)? for the latter
(see Table S7). In any case, the distortion of the TPR-6
complexes from the C3 symmetry breaks the degeneration of
the e orbitals (dxy and dx2-y2), so that the first excitation
energy involves these two orbitals with the same m/ value (m/
= %2). The sign and magnitude of D can be estimated by
evaluating the D; components (i = x,y,z), which depend on the
excitation energies, as well as on the m/ values of the orbitals
implicated in the lowest energy transition.l® Thus, when the
first excitation energy involves two orbitals with Am/ = +1, the
Ms = +£1/2 KD is found at lower energy and the contribution to
D is positive (easy-plane anisotropy). However, when the
excitation between d orbitals does not involve a change of m/
(Am/ = 0) the Ms = +3/2 KD is stabilized and a negative
contribution to D is anticipated (easy axis anisotropy).
Therefore, for complexes 2-4 with a Am/ = 0 change in the
orbitals involved in the lowest energy transition, a negative D
value can be predicted. Moreover, the energy gap between
these two orbitals is small (in the 300-600 cm-! range) and
consequently a large D value can be anticipated (D and the
energy gap are inversely proportional). These predictions
(large and negative D values) are in good agreement with the
D values derived from theoretical calculations and magnetic
measurements.

The theoretical analysis of the principal contributions to D
points out that the largest negative contribution to D comes
from the first excited quartet state, @ (see Table S8), which is
not unexpected as this state is the closest in energy to the
ground quartet state.

In the case of 5, both methods lead to d orbitals splittings,
(Figure S10d and Figure S10e) that point out to a negative D
value. This result agrees with the sign of the D value extracted
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Frequency / Hz

that the sign of D is meaningless).
Therefore, it appears that for £/D
values close to 1/3, in some
cases, the sign of D cannot be
reliably determined from ab initio
theoretical calculations based on
the ZFS Hamiltonian, and then the use of experimental
methods (such as PND, HFEPR and single-crystal torque
magnetometry), or specific theoretical calculations3&42 for
assessing magnetic anisotropy are needed. In this regard, the
HFEPR spectrum of 5 (Figure 9) univocally demonstrates that
this compound presents D > 0. In good agreement with this, to
the best of our knowledge and with one exception, all the
compressed octahedral CoNg complexes containing two trans-
thiocyanate groups exhibit, like 5, D > 0.192033 All the
complexes with analogous structures to 5 exhibit a similar
dax/deq ratio (dax and deq are the average axial and equatorial
bond distances, respectively) within the 0.94-0.96 range, and it
appears that to observe negative D values for this type of
complexes, a comparative rather smaller dax/deq ratio is
required.18

Dynamic magnetic properties

The dynamic of the magnetization for complexes 1-5 was
studied by means of temperature- and frequency-dependent
alternating current (ac) magnetic susceptibility measurements
on polycrystalline samples of the compounds, with the aim of
unveiling if they show slow magnetization relaxation and, if so,
to accomplish a comparative study of their dynamic magnetic
properties.

In compound 1, slow magnetization relaxation could, in
principle, arise from the Co' atoms belonging to both the
anionic and cationic units. However, under a zero static
magnetic field, compound 1 does not show out-phase
magnetic susceptibility signals (xm”). The absence of slow
relaxation in this compound could be essentially due to the
relatively strong dipolar interactions involving the tetrahedral
and trigonal prismatic Co(ll) ions, with a short Co-:-Co distance
(< 6 A), which favour fast QTM relaxation (dipolar interactions
create an internal transverse magnetic field that opens
channels for QTM relaxation). The same behaviour has been
recently shown for an analogous trigonal prismatic complex
with a tripodal ligand derived from 1,3,5- triaminocyclohexane
and Co--Co distances between the cobalt(ll) ions belonging to
the cationic and anionic units of 5.862 A.15d
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In order to try to eliminate the QTM, ac measurements in

the presence of small dc fields were performed. However, no
xm” signals were observed at the tested magnetic fields (0-
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Table 3.- Magnetic relaxation parameters for complexes 1-5.

Compound | Ues(K)? o (s) C (s1K™) n QTM/s A(SIT4KY)
2 34.6(5) 1.6(1)-10% 0.10(1), H=0.2T 5.48(4) 0.22 490
3 386(7) | L7(1)x10% 0.17(3),H=0.1T 4.91(8) 032 2993
4 39.2(4) 1.85(5)x106 0.19(2),H=0.2T 4.75(4) 0.13 959
51(2) 4.2(6)x107 2.1(2),H=0T 3.870(5) -
3 0.0045(3)
54.9(9) | 3.7(2)x107 0.52(8), H=0.12T 4.37(6) b
) 44(2) 7(1) x107 41(5),H=0T 3.64(5) 0.00041(3)
4 52.1(9) 4.5(3)x107 0.66(3),H=0.12T 4.29(2) b
5 1030(7) | 1.2(2)x10° 184(10) 2.50(4) 0.014 11866

2 Virtual values extracted from the Arrhenius plot using high temperature relaxation times. *The field dependence of the relaxation time could

not be extracted at 2 K in the studied frequency range.

2000 Oe). This fact seems to indicate the strength of the unsuccessful.

However,

we were able to prepare the

dipolar interactions, which cannot be overridden by the
magnetic field. Afterwards, with the aim of decreasing
intermolecular dipolar interactions, we tried to obtain
magnetic diluted compounds with different Co/Zn molar ratios
and Zn" ions in both Co'" sites of 1, but all attempts were

compound [Co(L)]ZnCl4 (2), which is analogous to 1, but having
ZnCls% instead of CoClsZ anions. Obviously, this can be
considered as a magnetic diluted version of 1, where the
strongest Co---Co intermolecular should vanish. Compound 2,
under zero applied magnetic field, shows temperature and
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frequency dependent xu” signals below 10
K, thus indicating the presence of slow
magnetic relaxation (Figure S11).
Nevertheless, these signals are wide and do
not show clear maxima above 2 K in the
studied frequency range. This behaviour is
most likely due to the existence of QTM
promoted by  weak intermolecular
interactions, hyperfine interactions with
the Co" nuclear spin (I = 7/2) and transverse
anisotropy. In this regard, it is worth noting
at this point that even though compound 2
has a very large axial anisotropy, the
calculated g'y,/g’; ratio, which could be
used as a measurement of the strength of
the QTM, is small but not negligible (0.03,
see Table 2). In view of the above
considerations, it is understood why QTM is
difficult to be attenuated enough as to
observe slow relaxation under zero-field. In
order to eliminate fully or partly the QTM, a
good strategy is that of applying a small dc
magnetic field. For this reason, we have
studied the field dependence of the ac




magnetic susceptibility at low temperature (2 K) in the 1-1400
Hz frequency range for complex 2, using dc magnetic fields
varying between 0.025 T and 0.4 T. The aim of this study is not
only to know if this compound with a large negative D value
shows field induced slow magnetization relaxation, but also to
investigate how the relaxation time changes with the applied
magnetic field and to determine the optimal field at which the
magnetic relaxation is the slowest. The field and frequency
dependence of the out-of-phase signals xv” at 2 K is given in
Figure S12 (left panel). The relaxation times at each magnetic
field were extracted from the fitting of the frequency
dependence of the xm” signals to the generalized Debye
model. The field dependence of the relaxation time in form of
Tl vs H (in tesla units) is given in Figure S12 (right panel). As
expected, the magnetic relaxation slows down up to 0.2 T
(optimal field) due to the progressive quenching of the QTM.
For Hgc > 0.2, T strongly increases as the field increases,
pointing out the predominance of a direct relaxation process
that is strongly field dependent. The temperature dependence
of the magnetization relaxation time in molecules exhibiting
slow relaxation of the magnetization is commonly described by
the equation:

_ B
771 = AH*T + 1/1 + B,H? + CT™ + 1exp(=U/kgT)
(Equation 3)

where the two first terms correspond to the field dependent
direct and QTM relaxation processes, respectively, whereas
the third and fourth terms represent the field independent
relaxation processes (Raman and Orbach). The field
dependence of the magnetization at 2K was fitted to the
above equation considering the sum of Raman and Orbach
contributions as a constant. The best fit allows extracting the
parameters indicated in Figure S12, right. Full set of
temperature- and frequency-dependent ac susceptibility
measurements were then carried out at the optimal field of
0.2 T below 15 K (Figure 12). The temperature dependence of
the x"’m signals at different frequencies shows slow relaxation
of the magnetization, typical of SMM behaviour, with maxima
in the 7.5 K (1488 Hz)-4.5 K (50 Hz) temperature range (Figure
12). As it can be seen in this figure, the x’’m at 50 Hz displays a
small increase in intensity at very low temperature, whereas
the signals at higher frequencies do not decrease down to zero
after the maximum. This behavior can be due to QTM and/or a
direct process promoted by the applied magnetic field.

The high-temperature extracted relaxation times for
compound 2 were fitted to an Arrhenius law for a thermally
activated process (Orbach process) leading to an effective
energy barrier for the magnetization reversal (Ues) of 34.6(2) K
and a o= 1.6(2)-10% s. It is interesting to note that the value of
the effective energy barrier (Uer) is much lower than the
activation energy of ~ |2D| extracted from ab initio
calculations, dc magnetic measurements and FIRMS (150-205
cml). Taking into consideration that the Orbach process
involves real magnetic energy levels, and that complex 2 does
not have energy levels below ~ 150 cm-, the relaxation should

This journal is © The Royal Society of Chemistry 20xx

not take place through an Orbach process. In fact, all attempts
to fit the temperature dependence of t for 2 with the total
sum of the processes
unsuccessful. However, the relaxation data could be fitted to

indicated in equation 3 were
equation 3 considering the simultaneous presence of direct,
Raman and QTM relaxation processes (Figure 12 insert). To
avoid overparametrization, the parameters corresponding to
the direct (A) and QTM (B; and B,) were fixed to the values
extracted from field dependence of the relaxation time (see
Figure S12 right). The best fit led to the parameters indicated
in Table 3. The Raman process is largely dominant, although
the direct and QTM relaxation processes have to be
considered to fit the data below 3 K. Although for Kramers ions
a n value of 9 is expected, 11 however, lower n values can be
considered as acceptable depending on the structure of the
levels, and if both, acoustic and optical phonons are taken into
account.®3

The results of the ac measurements for 3 and 4 are very
similar to those of 2 under zero field (Figures S13 and S17), as
well as at the corresponding optimal fields of 0.1 T and 0.2 T,
respectively (Figures S14-S16 and Figures S18-S20). After
applying the corresponding dc optimal field, 3 and 4 show
frequency and temperature dependence of the X'm
component of the ac susceptibility in the 5 K (50 Hz) - 9 K
(1400 Hz) and 2.5 K (1 Hz) - 9 K (1400 Hz) temperature ranges
(Figures S15-S16 and S19-S20, respectively). This behaviour
indicates slow relaxation of the magnetization and SMM
behaviour, as expected for TPR-6 Co" complexes with large
axial anisotropy and small E/D rhombicity of ~ 0.03. As in the
case of 2, the virtual Uess values are much smaller than the
energy gap extracted from dc magnetic measurements, FIRMS
and theoretical calculations (~ 200 cm™) and, therefore, the
thermal activated Orbach process would not contribute to the
magnetization relaxation. In view of this, the temperature
dependence of the relaxation times were analysed as for 2.
The best fit to equation 3 afforded the Raman parameters
indicated in Table 3. It should be noted that the small
remaining contribution of QTM to the magnetization
relaxation is larger for 4 than for 3. This might be because the
shortest Co---Co intermolecular distance for 4 is significantly
smaller than that for 3, which could be promoted by the
smaller size of the tetrafluoroborate anion with respect to the
perchlorate one (8.224 A vs 8.974 A). This fact would favour
dipolar interactions and QTM for the former. In recent
works,174445 it has postulated that the packing
arrangement also plays a significant role in the magnetization
relaxation process. In this
anisotropy axes involving neighbouring molecules with the

been
regard, when the magnetic

shortest Co--Co distances are mutually parallel (or nearly
parallel) the QTM is not favoured. This is the case of
compound 3 with parallel S21).
However, when they form an angle the QTM is favoured (the

magnetic axes (Figure

largest QTM contribution being expected for the perpendicular
orientation of the magnetic anisotropy axes). This is the case
of compounds 2 and 4 with an angle between the magnetic
anisotropy axes of 23.99° and 35.59°, respectively (Figures
$22-S23). The fact that the angle in 2 is lower than in 4 could
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justify why 2, with a shortest Co-:-Co distance similar to that of
4 (8.167 A vs 8.224 A), has a less contribution of the QTM to
the relaxation mechanism (see table 3).

It is worth mentioning that some few mononuclear Co"
complexes present “hidden SMM behaviour” under zero field,
that is to say, the SMM behaviour can be activated by
quenching intermolecular magnetic interactions by magnetic
dilution of the pristine complexes.13 Although these systems
have easy-axis magnetic  anisotropy, intermolecular
interactions provoke fast QTM, so that the SMM behaviour
cannot be observed at zero applied magnetic field. Considering
this, we decided to analyse if the SMM behaviour could
emerge after magnetic dilution of complexes 3 and 4. For it,
we studied the magnetic diluted compounds 3’ and 4’
containing a Co/Zn = 1/6 ratio. The dc magnetic measurements
on 3’ and 4’ confirm this molar ratio, whereas X-ray powder
diffraction diagrams (Figure S24) support their isostructurality
with the corresponding undiluted complexes. Temperature
and frequency dependence ac magnetic measurements under
zero field indicate that both 3’ and 4’ (Figure 17 and Figure
S27) show x’m signals with maxima in the 6.5 K (354 Hz)-12.50
K (10000 Hz) and 6.75 K (570 Hz)-13.25 K (10000 Hz) ranges,
respectively, which are typical of slow magnetization
relaxation and SMM behaviour. Therefore, compounds 3 and 4
are “hidden MSMMs”, their SMM behaviour being triggered by
magnetic dilution. As it can be observed in Figure 13 for 3’ and
Figure S27 for 4’, both complexes show in the low temperature
region below the maxima, the typical tail due to QTM, which is
not fully eliminated by magnetic dilution. It is worth noting
that, as it has been shown to occur for the pristine compounds
3 and 4, the QTM contribution to the magnetic relaxation is
smaller for 3’ than for 4’. The temperature dependence of
relaxation times was analysed with the equation 3, but taking
into account only Raman and QTM processes (under zero
magnetic field the direct product should be negligible). The
parameters extracted from this fitting procedure are given in
Table 3.

In order to estimate the optimal field in compounds 3’ and
4’, field dependent ac measurements were performed at 7 K
(at 2 K the maxima in the frequency dependence of the x’'m
are beyond the accurate low frequency limit of the PPMS
instrument) in the 0.0375-0.3 T range. In both cases, the
estimated field was determined to be 0.12 T (see Figures S26-
S28). The ac measurements at the optimal fields clearly
indicate, as expected, that the QTM has been practically
eliminated in both compounds. It is worth mentioning that the
temperature dependence of the relaxation times could only be
fitted to a Raman process, leading to the parameters gathered
in Table 3.

Complex 5 does not show out-of-phase signals (x”’m) above
2 K at zero applied dc field, which is due to the fact that for
Kramers ions like Co(ll) with D > 0, the electronuclear spin
states arising from the hyperfine interactions have negligible
magnetic moments at zero field.1*2 Conversely, when a
magnetic dc field is applied the electronuclear spin states
acquire magnetic moment and, as a result, slow relaxation of
the magnetization could be observed provided that the
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compound behaves as a SMM.1# |n light of the above
considerations, we have analysed the field dependence of the
ac magnetic susceptibility at T = 2 K for complex 5 and for dc
magnetic fields varying between 0.025 and 0.4 T (Figure S28).
The application of a dc magnetic field triggers a clear
frequency dependency of the in-phase (x'm) and out-of-phase
signals (Figure S29), thus indicating the existence of slow
magnetization relaxation. It is worth mentioning that below
0.2 T only one relaxation process can be observed, whereas for
Hg4c > 0.2 T, a second and slower relaxation process begins to
appear. This latter relaxation process is rather common for
Co(ll) MSMMs that are exposed to a magnetic field and it has
its origin in either a spin-phonon direct relaxation process
stimulated by the split of the Kramers degeneration under the
applied magnetic field (as the energy gap between the two Ms
ground states increases with the field, the phonon density also
increases with an energy equal to this gap)*® or intermolecular
interactions.*”

Figure S26 also represents the field dependence of the
inverse of the relaxation times (t) at 2 K. As it can be observed
in this figure, for fields below 0.2 T, t! decreases as the field
increases, which indicates the progressive quenching of the
QTM. For Hgc > 0.2, T increases as the field increases,
indicating the predominance of a direct relaxation process.
Field- and frequency-dependent ac susceptibility
measurements were performed at the optimal field of 0.2 T.
These ac measurements indicate that 5 exhibits maxima in the
X''m signals in the 2 K (150 Hz) — 4.5 K (1100 Hz) region (Figure
S29). The value of the effective energy barrier (Uess) given in
Table 3 is much lower than the 2D* values determined from dc
magnetic data, FIRMS and theoretically from ab initio
calculations (in the 122-240 cm™ range). In view of this, the
relaxation should not proceed via an Orbach process and then
the temperature dependence of t! for 5 was fitted to the
equation 3 following the same procedure as for 2-4 (Figure
$26). The best fit led to the parameters indicated in Table 3,
which are similar to those found for distorted octahedral Co"
complexes with large easy-plane anisotropy.19.20,33,34,48
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Figure 14.- Temperature dependence of the inverse of the relaxation
times for the indicated compounds and magnetic fields. Solid lines
represent the best fits to the relaxation processes specified in the text.

It should be noted that for complexes 1-5 under the
optimal field, the Raman process predominates above

This journal is © The Royal Society of Chemistry 20xx



approximately 4 K, whereas below this temperature QTM
and/or direct processes dominate. In connection with this, the
a values extracted from the Cole-Cole plot for compounds 2-4
(Figure S30) in the 5-8 K region are very small (~ 0.04 ) and the
curves have semicircular shape, thus indicating the existence
of an unique relaxation process. Nevertheless, below 5 K, the a
values increase until values of 0.29 and 0.12 for 2 and 3,
respectively, which points out the existence of a wide
distribution of relaxation times, in agreement with the
existence of various overlapping relaxation processes (QTM,
direct and Raman) at very low temperature. It is worth
mentioning that for 4, with a larger contribution of QTM than
2 and 3, a values as high as 0.27 are yet reached at 5 K.
Magnetic diluted compounds 3’ and 4’ at 0 Oe exhibits similar
behavior to 2-4, with a values in the 0.34 (5 K)-0.08 (11 K)
range for the former and 0.42 (5 K)-0.11 (11 K) for the latter,
which agree with the existence of a larger QTM below 5 K in
these compounds and specifically in the latter. When the
optimal field is applied the a values decrease below 5 K as
expected for the at least partial quenching of the QTM and
they are found in the ranges 0.25 (5 K)-0.04 (12 K) and 0.25 (5
K)-0.04 (12 K), respectively.

As it can be observed in Table 3, on passing from 2 to 4
under the optimal field, the Raman coefficient C increases with
the concomitant diminution of n, leading to an increase of the
relaxation time above 4 K (see Figure 14). This would agree
with the parallel increase of the uniaxial anisotropy in these
compounds. The magnetic diluted compounds under zero-field
show an increase of one order of magnitude in C, whereas n
slightly decreases, which leads to a significant acceleration of
the magnetization relaxation (Figure 14). This fact is not
unexpected because of the QTM observed for both
compounds. The application of an optimal field to these
magnetic diluted complexes leads to relaxation times very
close to those of the pristine compounds under the
corresponding optimal field. This result points out that the
effect of the applied dc field for quenching QTM is larger than
that of magnetic dilution, which has been also previously
observed for other MSMMs. 132,49

It is worth noting that a recent first principles investigation
of spin-phonon relaxation in a Co2* MSMM with a large energy
gap between the ground and the first excited state of 230 cm-
1, which is similar to those found in complexes 1-4, indicates
that low energy phonons are always able to bring about spin
relaxation even at very low temperature through anharmonic
Orbach and/or Raman mechanism, thus restricting the spin
lifetime.®2 Moreover, this study points out that to preserve
spins from these relaxation processes, in addition to control
the crystal field to increase single-ion anisotropy, as well as the
coupling between magnetic centres and magnetic dilution to
eliminate QTM, molecular vibrations play an important role in
coupling the spin states and phonons that contribute to the
spin-relaxation pathways. In this regard, theoretical
calculations have shown that the energy of the lowest energy
vibrational modes of some Co(ll) MSMMs are close to the
experimental extracted thermal energy barriers for the Orbach
relaxation mechanisms.850 This result suggested that the
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thermal energy barrier is connected to the lowest vibrational
modes of the MSMM. Thus, when these vibrational modes are
thermally populated, a strong spin-phonon coupling for some
of them could be able to induce short times spin relaxation.
This must be the reason why compounds 2-4, despite having
the first excited state around 200 cm-! above the ground state,
show relatively short relaxation times. Compounds 2-4 have
the same ligand and very close molecular structures, so that
the effect of the molecular vibrations should be similar in all of
them. Therefore, the difference in relaxation times should be
almost only due to the effect of the anisotropy and QTM, the
latter mainly due to packing effects. In fact, as indicated above,
the relaxation slows down with the increase of the uniaxial
anisotropy on going from 2 to 4 (see Figure 14).

Pulse Magnetization

To deepen in the SIM behavior of the cobalt complexes 1-5,
magnetization curves in a full cycle pulsed magnetic field at
3He temperature, 0.4 K, were performed on a polycrystalline
sample using different applied maximum fields under adiabatic
conditions to minimize the population on thermally activated
states. Figure 15 shows pulse magnetization curves for
complexes 1-5 at different sweep rates up to 4.10 T/ms for the
maximum pulse field studied of 11 T. As we can see, the
magnetic field strength is not symmetric for the magnet
between the positive and the negative directions during the
pulsing and, for the five compounds, magnetization curves
show small hysteresis loops that enlarge with the increasing
magnetic sweep rate, as expected for Co" SMMs,15f47d51 gnd
saturation at higher field with values of = 2.5NuB for 2-4, and =
6NuB for 1. In the down sweep from the highest field, we can
notice a progressively decrease of the magnetization value for
these complexes related to the competition between the
thermal relaxation and the fast change of the magnetic field.
Finally, the sharp reversal around zero indicates that there is
an adiabatic reversal associated to QTM. It is worth noting that
the hysteresis loop for 1 is the smallest in agreement with the
presence of significant dipolar interactions between the Co"
ions of the cationic unit [CoL]?* and the [CoCl4]? anion, which
favors the presence of QTM. Hysteresis for 4 is smaller than for
3, which could be due to the larger QTM for the former
promoted by stronger dipolar interactions. Hysteresis in 2 is
larger than in 4 mainly due to the larger angle between the
anisotropy axes in the latter with regard to the former. Thus,
the combined action of the axial anisotropy and fast QTM
relaxation leads to the following decreasing order of magnetic
hysteresis 3 > 2 > 4 >1 (Figure S31). The complex 5, exhibits
smaller hysteresis than complexes 2-4 according to its faster
relaxation.

The diluted complexes 3’ and 4’ show hysteresis loops very
similar to that of the pristine complexes (Figure S32), but with
much lower magnetization saturation, as expected. The
hysteresis for 3’ is larger than for 4’, so that they follow the
same trend as in the pristine compounds. The observation of
sharp reversal around zero indicates that QTM remains in the
diluted complexes. Therefore, the QTM preventing the
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blocking of the magnetization at zero-field is mainly due to
hyperfine interactions and transverse anisotropy rather than
to dipolar interactions.

8 -6 4 -2 0 2 4 6 8 10 12
B (T)

Figure 15.- Pulse-field magnetization curves per cobalt atom for 1-5 at

0.4 K and a sweep rate of 4.10 T/ms.

Additional information about the origin of the loop can be
obtained through the differential magnetization versus field
plot (dM/dB vs B, Figure S33). For the five cobalt complexes, a
first peak, P1, corresponding to a magnetization step, is
observed in the initial up-sweep shifting as a function of the
sweep rate. The position of this peak shifts as a function of the
sweep rate, probably caused by a nonadiabatic effect. When
the maximum magnetic field is reached, in the down-sweep to
the zero field, dM/dB is very small and the magnetization
curve is nearly flat. After the sharp drop of the magnetization
at around zero field, the magnetization curve in the negative-
field side shows a second peak, P2, in the initial sweep from
the zero field to the negative maximum. The shift of this peak
from zero is similar to that in the positive-field side. Besides, in
Figure S34, the slight sweep rate dependence of the peak field
P1-P2 observed in all compounds that the
magnetization behavior is symmetric for the magnetic field
reversal. This is normally caused by the balance between the
thermal relaxation time and the short sweeping time.

confirms

Conclusions

A family of Co'Ng trigonal prismatic cationic complexes
[Co(L)]?* bearing different counter-anions (CoCls? (1), ZnCls%
(2), ClO4(3) and BF4 (4)) have been successfully prepared from
the tripodal ligand (S)P[N(Me)N=C(H)Py]s and diverse cobalt(ll)
metal salts. The strong binding ability of the thiocyanate anion
does not lead to the formation of the cationic complex, but to
a neutral compressed octahedral complex, [Co(L)(NCS),] 5,
where one of the arms of the tripodal ligand has been replaced
by two kN-NCS in trans axial positions. The change of the
counter-anion induces slight but non-negligible variations of
the distortion of the CoNg coordination sphere from TPR-6 to
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0OC-6 following the Bailar pathway, so that this distortion
decreases on passing from 1 to 4.

The combination of dc magnetic, FIRMS and HFEPR
measurements and theoretical calculations unambiguously
support large easy axis magnetic anisotropy for the ground
state of complexes 1-4 (with D values extracted from the ZFS
Hamiltonian approach between -60.0 cm-! for 1 and -127.6 cm~
1 for 4, and easy-plane magnetic anisotropy in the case of
complex 5, with D = +34.7). Supporting previous theoretical
calculations, there is a correlation between the experimental
anisotropy and the shape
measurements parameter S(TPR-6) (or the 6 Bailar angle) for
complexes 1-4, so that the easy-axis anisotropy increases
linearly as the distortion from TPR-6 to OC-6 decreases on
going from 1 to 4.

Although compound 1 contains two different types of
anisotropic Co' ions (belonging to the cationic [Co(L)]?* and the
anionic [CoCl4]? units), it does not show slow magnetic
relaxation even in the presence of a dc magnetic field. The
absence of slow relaxation in this compound is essentially due
to the relatively strong dipolar interactions involving both
units, with a short Co---Co distance (< 6 A), which favour fast
QTM relaxation. Complex 2, which can be considered as a
magnetic diluted counterpart of 1, and complexes 3 and 4,
exhibit below 10 K slow magnetic relaxation, but the ac
susceptibility signals are wide and do not show clear maxima
above 2 K in the studied frequency range. However, these
complexes exhibit slow relaxation and MSMM behaviour
under the corresponding optimal field (that inducing the
slowest relaxation), with x"’m peaks up to 9 K at 1400 Hz. It is
worth mentioning that for these complexes, the Raman
relaxation process dominates above approximately 4 K,
whereas below this temperature QTM and/or direct processes
preponderate. Under the corresponding optimal fields, on
passing from 2 to 4, the Raman coefficient C increases and n
simultaneously diminishes, leading to an increase of the

axial values continuous

relaxation time above 4 K, which agrees with the parallel
increase of the uniaxial anisotropy in these compounds. The
small remaining contribution of QTM to the magnetization
relaxation follows the order 4 > 2 > 3. This sequence can be
justified by making use of the shortest Co--:Co distance for
each complex (mainly determining the dipolar interactions)
and the orientation of the magnetic axes of the Co' ions
involved in this distance in the crystal packing. This is because
shortest Co--:Co distances and largest angles between the
magnetic axes favour QTM. The Co/Zn = 1/6 magnetic diluted
versions of 3 and 4, namely 3’ and 4’ (for 2 the isostructural
magnetic diluted compound could not be obtained) show slow
relaxation at zero-field with peaks up to 13.5 K (at 10000 Hz).
Therefore, the MSMM behaviour of compounds 3 and 4 is
triggered by magnetic dilution and then these complexes are
“hidden MSMMs”.

The hysteresis for the trigonal prismatic complexes
decreases in the order 3 >2 >4 > 1, which is due to combined
effects of the axial anisotropy and QTM relaxation.

In summary, the ongoing results show that, the change of
the counter-anion in this type of complexes not only can

This journal is © The Royal Society of Chemistry 20xx



significantly affect the geometry of the Co' ions and, therefore,
their axial and transverse anisotropies, but also the Co---Co
intermolecular distances and crystal packing. Considering that
hyperfine interactions within the trigonal prismatic cationic
unit should be almost of identical magnitude for complexes 1-
4, the the
contribution of the QTM to the magnetization relaxation.

The combination of HFEPR and FIRMS experimental
techniques unambiguously support the axial anisotropy of the
ground state of 5 with a D value of +36.36 cm™ using the ZFS
Hamiltonian. Owing to the fast relaxation observed for this

above-indicated factors would determine

compound, its hysteresis loop is smaller than those of
compounds 2-4.

Work is in progress in our lab to prepare similar Co"
trigonal prismatic complexes with other related tripodal
ligands for the purpose of decreasing the distortion from the
ideal prismatic geometry, thus increasing axial magnetic
anisotropy with the simultaneous diminution of the transverse
anisotropy and so improving the SMM behaviour. Likewise,
using rigid tripodal ligands we will intend to limit the low
energy spin-phonons and to increase relaxation times.
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