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Introduction

Single molecule magnets (SMMs) are open-shell metal com-
plexes exhibiting magnetic bistability at molecular level and
blockade of the magnetization below the so-called blocking
temperature (Tg)."° As a consequence of this, these nanomag-
nets show slow relaxation of the magnetization and magnetic
hysteresis. These systems have attracted a great deal of attention
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This work reports on a mononuclear trigonal prismatic complex [Co"LI(ClO4), (1) and a trinuclear linear
phenoxido-bridged complex [(Co"L1),Co"] (2), where L and HsL1 are Ng and NzOs tripodal pro-ligands
derived from the respective condensation of the cis,cis-1,3,5-tiaminocyclohexane with either 1-methyl-
imidazol-2-carbaldehyde or salicylaldehyde. These compounds have been studied by X-ray single-crystal
diffraction, dc and ac magnetism, High-Frequency and -Field Electron Paramagnetic Resonance spec-
troscopy (HFEPR), Far Infrared Magnetic Spectroscopy (FIRMS) and quantum chemical calculations. The
results obtained for 1 show that Ng-tripodal Schiff-base ligands incorporating 1-methylimidazole donors
yield trigonal-prismatic mononuclear complexes that typically display Cs symmetry and exhibit very large,
purely easy-axis magnetic anisotropy. In fact, complex 1 exhibits an energy gap between the ground and
the first excited state (2D) of 228 cm™ (directly measured by FIRMS), that can be considered the
maximum limit for the easy-axis magnetic anisotropy in this type of complexes. The symmetry-driven
large 2D value, together with the parallel alignment of the anisotropy axes, reduces QTM (Quantum
Tunnelling of Magnetization) and yields mononuclear single-molecule magnet (MSMM) behaviour, with
the observation of magnetic relaxation through a Raman process and open hysteresis at zero field. In
compound 2, the combination of the strong easy-axis anisotropy of the local Co' ions, collinearity of the
local anisotropy axes and sizable intramolecular magnetic exchange interactions between the Co' ions in
triple phenoxido-bridged linear trinuclear complexes causes the full quenching of the QTM and the
observation of SMM behaviour with open hysteresis at zero field. Theoretical calculations point out that
the magnetic interaction between the ground Kramers doublets (KDs) of the local Co" ions generates four
KDs and the magnetic relaxation occurs through the first excited KD via an Orbach process. Supporting
this suggestion, the experimental value for the effective thermal energy barrier extracted from FIRMS of

76.8 cm™tis not too far from the theoretical calculated value of 59.54 cm™.

during the last decades, because they can show a fascinating
combination of the above indicated classical properties and
quantum properties, such as quantum tunnelling of the magne-
tization (QTM), quantum coherence and quantum
oscillations.’®'* These properties make them promising candi-
dates for future applications in high-density information
storage, quantum computing devices and molecular
spintronics.'®"” The SMM behaviour is usually tied to the exist-
ence of a thermal energy barrier (Ue.s), which essentially
depends on the magnetic anisotropy. This, in turn, is influenced
by the combined action of spin-orbit coupling (SOC) and ligand
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field effects." The first studies in this field were centred on
polynuclear transition metal complexes. Later, the research
interest moved toward lanthanide-based metal complexes
because these metal ions possess large magnetic moment in the
ground state and a strong SOC. These factors, together with the
crystal field effects, can lead to sizeable magnetic anisotropy and
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high-energy barrier for magnetization reversal (Ue), specifically
in the case of the Dy™ ion."™'® In recent years, research efforts
in the field of SMMs have been focused on mononuclear lantha-
nide and transition metal complexes. This arises from the fact
that in these simple magnets, called MSMMs (Mononuclear
single-molecule magnets) or SIMs (Single-ion magnets), the
magnetic anisotropy can be deliberately optimized by playing
with the geometry and electronic nature of the metal ion and
the crystal field spitting created by the ligands. The aim is to
maximize the easy-axis magnetic anisotropy with a negligible
rhombic term, which favours the SMM behaviour." **°*! The
most effective systems for this end are those with near-perfect
axial symmetry, where the QTM that shortens spin lifetimes is
almost fully suppressed. Following this crystal-field directed
strategy, using large anisotropic Dy and Co" ions and the tools
provided by coordination chemistry, some important break-
throughs have been achieved. In particular, pseudo-two-co-
ordinated Dy"-metallocenes®*** and the Dy amide-alkene
complex [Dy{N(Si'Pr3)[Si(*Pr),C(CH;)—CHCH,]{N(Si Pr;)
(Si'Pr,Et)}] [A{OC(CF;)s}4],>* have shown U and Ty values as
high as 1843 cm™ and 100 K, respectively, whereas two-co-
ordinated Co™ based MSMMs have shown U values of up to
450 cm™.*® However, these systems are unstable to air and
humidity, which is a serious restriction for technological appli-
cations. In view of this, highly stable Dy™ and Co" based
MSMMs with larger coordination numbers and easy-axis mag-
netic anisotropy in the ground state have been recently
explored.”®?**" Among the latter systems, Co" trigonal pris-
matic complexes with Ng-tripodal ligands and axial geometry
occupy a prominent place because some of them show slow
relaxation of the magnetization at zero field and pinched at the
waist hysteresis loop.”’*?%%* Moreover, experimental and
theoretical structure/anisotropy relationship studies on these
compounds have demonstrated that the easy-axis anisotropy
increases as the distortion from trigonal prismatic geometry
(TPR-6) to octahedral (OC-6) decreases. This trend is
accompanied by a parallel increase in the relaxation times.*>*®
In simpler terms, the MSMM properties improve when the geo-
metry becomes closer to the ideal TPR-6. It is worth noting that
the highest values of easy-axis magnetic anisotropy (determined
directly by Far Infrared Magnetic Spectroscopy; FIRMS), of about

= —115 cm™" with almost negligible E values (using the zero-
field splitting formalism), were reported for three TPR-6 com-
plexes. These systems were constructed using Ng-tripodal Schiff
base ligands, where one of the triangular faces is made of three
N donor atoms belonging to 1-methylimidazole moieties.
Interestingly, two of these complexes** exhibit C; symmetry and
thethird one quasi- C; symmetry,** which assures a strong easy-
axis anisotropy with negligible transverse components and
quenched QTM. It is noteworthy that in trigonal prismatic Co"
complexes, the magnetic relaxation generally does not take place
over the large magnetic anisotropy barrier (U = 2D if E = 0).
Instead, the relaxation occurs through under-barrier processes,
such as QTM and Raman, leading to relaxation times faster and
Ty smaller than expected from the extracted U values.>'73338748
To achieve slow magnetic relaxation and, ideally, zero-field
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MSMM behaviour, the ground-state QTM must be minimized.
This is typically accomplished by (i) enforcing near-perfect axial
symmetry to suppress transverse anisotropy, (ii) reducing inter-
molecular dipolar coupling (e.g:, by magnetic dilution),***>484°
and (iii) eliminating hyperfine interactions via isotopes with zero
nuclear spin.’>>' In parallel, vibrational engineering is needed
to weaken spin-phonon coupling and curb fast low-temperature
Raman relaxation.’* >°

For polynuclear complexes, QTM can also be suppressed by
engineering strong exchange coupling between neighbouring
metal centres, thereby enabling SMM behaviour.” This behav-
iour has been primarily observed for 3d-4f polynuclear SMMs
with relatively strong ferro- or antiferromagnetic interactions
between neighbouring 3d and 4f metal ions,***® and for 4f-
radical systems with very strong antiferromagnetic interactions
between the spin carriers.®®’® The interactions between 4f
ions are usually very weak to suppress QTM, however, in some
cases with carbon-based bridged ligands or metal-metal
bonds in mixed-valence dilanthanide complexes, magnetic
interactions are significantly enhanced, leading to hard or
even ultra-hard SMM behaviour.”*””? In this respect, it has
been recently shown that the collinearity of the anisotropy axes
and the strong 4f-radical Ising exchange interaction in the
mixed-valence Ln™-Ln" dinuclear metallocene complex
[Dy,I5(CpiPrs),], lead to a large separation of the ground and
first excited states. This separation leads to the suppression of
QTM and, as a result, to the up-to-date record of U =
1631 cm ™' and T = 80 K.”® The QTM suppression in transition
metal clusters promoted by magnetic exchange interactions
are limited to a few examples. Among them, two recently
reported polynuclear Co™ complexes deserve to be highlighted.
The first one is an air-stable linear Co™-Radical-Co™ based
SMM,”* which was assembled from mononuclear tetrahedral
Co"-based MSMMs with strong easy-axis magnetic anisotropy.
The strong magnetic exchange interaction between the spin
carriers drastically slows down the magnetization relaxation,
leading to hysteresis with a very small coercive field due to
efficient quantum tunnelling. The second one is a trinuclear
Co; which was recently reported by our group, where the large
easy-axis anisotropy of both the external trigonal prismatic
Co" ions and the trigonal antiprismatic central Co™ ion,
together with the collinearity of the anisotropy axes and mag-
netic exchange, leads to SMM behaviour at zero field with
pinched at the waist hysteresis at 2 K.”® It is worth noting that,
to the best of our knowledge, this compound is the unique
example of a Coz complex exhibiting open magnetic hysteresis
at zero-field. It seems to be clear that the combination of
strong local easy-axis anisotropies, collinearity of the an-
isotropy axes and magnetic exchange interactions are required
to observe SMM in polynuclear linear complexes.

In this paper we report the synthesis, X-ray structures, mag-
netic properties, including HFEPR and FIRMS spectroscopies
and theoretical calculations of the mononuclear trigonal pris-
matic complex [Co™L](ClO,), and the trinuclear linear phenox-
ido-bridged complex [(Co™L.1),Co"], where L and HL1 are Ng
and N;O; tripodal pro-ligands derived from the condensation
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of the cis,cis-1,3,5-tiaminocyclohexane with either 1-methyl-
imidazol-2-carbaldehyde or salicylaldehyde, respectively
(Scheme 1). The main aim of this work is fivefold: (i) to
confirm that the use of 1-methylimidazole-2-carbaldehyde to
construct Ng-tripodal Schiff bases favours the formation of
mononuclear trigonal prismatic Co™ complexes with C; sym-
metry, approaching/reaching the limit of easy-axis magnetic
anisotropy of this kind of complexes, (ii) to analyse if this
strong anisotropy leads to MSMM behaviour at zero field, (iii)
to demonstrate that N3O tripodal Schiff bases, obtained from
tripodal triamines and salicylaldehyde, consistently yield
linear trinuclear Co" complexes with three p-phenoxido
bridges between the metal centres; in these complexes, the
Co" ions show strong easy-axis anisotropy, their local an-
isotropy axes are collinear, and there is substantial intra-
molecular exchange coupling, (iv) to support the hypothesis
that the combination of these factors suppresses QTM allow-
ing the observation of SMM behaviour at zero-field, and (v) to
compare these complexes with previously reported analogues
and, if possible, derive guidelines for improving their mag-
netic properties.

Experimental
General procedures

All reagents were obtained from commercial sources and used
without further purification. The precursor cis,cis-cyclohexane-
1,3,5-triamine trihydrobromide was prepared according to pre-
viously described procedures.”®””

Synthesis of the pro-ligand L

cis,cis-Cyclohexane-1,3,5-triamine  trihydrobromide (0.3 g,
0.8 mmol) was added to a basic solution of NaOH (0.1 g,
2.4 mmol) in 1.5 mL of water. The mixture was stirred for
0.5 hours at room temperature, whereupon 1-methyl-2-imida-
zolecarboxaldehyde (0.3 g, 2.4 mmol) was added with continu-
ous stirring. The resulting solution was refluxed for 1 hour,
resulting in the formation of two phases. The organic layer
was separated by using a decanting funnel, dried with anhy-

N /hll
z "N
N7 SN

Scheme 1 Structural formula of the pro-ligands L and HsL1.
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drous MgSO, and evaporated to dryness. Finally, a yellow oil
was obtained. Yield: 42%. Anal. calc. for C,;H,,Co: C, 62.20; H,
6.71; N, 31.09. Found: C, 62.23; H, 6.40; N, 31.36. 'H NMR
(400 MHz, DMSO-dg, 298 K): 8.36 ppm (s, 3H, -CH=N-),
7.31 ppm (s, 3H, aromatic), 7.04 (s, 3H, aromatic), 3.93 ppm
(m, 3H, -CH3), 3.56 (m, 3H, ring -CH-N- ring), 1.81 ppm (m,
6H, ring ~CH,). TOF-MS-ES + (Da) (m/z): 406 [M + H]".

Synthesis of the pro-ligand H;L1

This ligand was prepared using the same method as for ligand
L, but using salicyl aldehyde instead of 1-methyl-2-imidazol-
carboxaldehyde. Anal. calc. for C,,H,,N305: C, 73.45; H, 6.16;
N, 9.52. Found: C, 72.81; H, 5.93; N, 9.45. 'H-NMR (400 MHz,
DMSO-dg, 298 K):13.44 ppm (s, 3H, -OH), 8.67 ppm (s, 3H,
—-CH=N-), 7.45 (m, 3H, aromatic), 7.35 ppm (m, 3H, aromatic),
6.90 ppm (m, 6H, aromatic), 3.70 ppm (m, 3H, -CH-N- ring),
2.06 ppm (m, 3H, equatorial -CH, ring), 1.81(m, 3H, axial
-CH, ring) TOF-MS-ES+ (Da) (m/z): 442 [M + H]".

In view of the '"H RMN and TOF-MS-ES+ spectra and analyti-
cal results of these ligands, we decided to use them without
further purification in the synthesis of the complexes.

Preparation of [CoL](ClO,), (1)

A solution of the pro-ligand L (0.4 g, 1 mmol) in 20 mL of
methanol was added dropwise to a solution of Co(ClO,),-6H,0
(0.4 g, 1 mmol) in 20 mL of methanol, whereupon an orange
solid precipitated, which was filtered off, washed with metha-
nol and air dried. Suitable crystals for X-ray diffraction were
formed by slow diffusion of diethyl ether in a DMF solution
containing the compound. The crystals were repeatedly
washed with a 80/20 mixture of MeOH/CH;CN and air-dried.
Yield: 18%. Anal. calc. for C,;H,,Cl,CoNyOg: C, 38.02; H, 4.10;
N, 19.00. Found: C, 38.07; H, 4.25; N, 19.51. IR (cm™):
3100-2900, 1(C-H); 650-1630, (C—C and C=N); 1300, 1(C-N);
1080, £(C1-0) and 780, (CH).

Preparation of [(CoL1),Co]-2DMF (2) and [(CoL1),Co] (2')

The preparation of 2 was carried out under inert atmosphere
using deoxygenated DMF as follows. A solution of Co(OAc),
(0.4 g, 1.6 mmol) in DMF (20 mL) was added dropwise to a

HO OH

H,L1
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solution of the pro-ligand H;L1(0.3 g, 0.8 mmol) in 20 mL of
DMF. The resulting brown solution was kept under inert atmo-
sphere for several days until the formation of red crystals suit-
able for X-ray diffraction. These crystals were filtered and
repeatedly washed with an 80/20 mixture of MeOH/CH;CN.
When the crystals of 2 are removed from the solution, they
lose the DMF solvent molecules leading to 2'. Yield: 23%.
Anal. calc. for C54H,5C03NgOq: C, 61.55; H, 4.59; N, 7.98.
Found: C, 61.18; H, 5.08; N, 7.76. IR (cm™): 2900, v(C-H);
650-1630, 1(C—C and C=N); 1675-1615, 1(C-N); 1135, 1(C-O)
and 740, (CH).

Physical measurements

Elemental analyses were performed on a Fisons-Carlo Erba
analyser model EA 1108. IR spectra were recorded on a Bruker
Tensor 27 spectrophotometer by using ATR detection. The
X-ray powder diffraction (XRPD) spectra were recorded on a
(26) Bruker D2-PHASER using CuKa (4 = 1.5418 A) radiation
and a LINXEYE detector, from 5 to 50° (26) at a scanning rate
of 0.5°20 min~" (Fig. S1-S3). "H-RMN spectra were recorded at
room temperature on a VARIAN DIRECT DRIVE (400 MHz)
instrument using DMSO-d¢ as solvent (Fig. S4). TOF MS-ES+
mass spectra were recorded on Bruker Autoflex Speed in the
linear ion mode (Fig. S5).

Variable-temperature (2-300 K) magnetic susceptibility
measurements were carried out on polycrystalline samples
under an applied field of 1000 Oe using a DynaCool PPMS-9
physical measurement equipment. Alternating-current (ac)
susceptibility measurements under different applied static
fields in the temperature range 2-20 K were performed in a
PPMS-9 physical measurement equipment in the 50-10 000 Hz
frequency range, using an oscillating field H,. = 5 Oe. The
magnetic susceptibility values were corrected for the diamag-
netism of the molecular constituents and sample holder.

Far-infrared magnetic spectroscopy (FIRMS, also known as
frequency-domain THz EPR spectroscopy)’® experiments of the
compounds were performed at the National High Magnetic
Field Laboratory using a Bruker Vertex 80v FT-IR spectrometer
coupled with a 17 T vertical-bore superconducting magnet in a
Voigt configuration (light propagation perpendicular to the
external magnetic field). The experimental setup employs
broadband terahertz radiation emitted by a mercury arc lamp.
The radiation transmitted through the sample was detected by
a composite silicon bolometer (Infrared Laboratories)
mounted at the end of the quasioptical transmission line.
Both the sample and the bolometer were cooled by a low-
pressure helium gas to the temperature of 5 K. The intensity
spectra of the microcrystalline powder sample (~2 mg) bonded
by n-eicosane were measured in the spectral region between 14
and 730 ecm™* (0.42-22 THz) with an instrumental resolution
of 0.3 cm™" (9 GHz). To discern the magnetic absorptions, the
transmission spectrum at each magnetic field was divided by
the reference spectrum, which is calculated as the average
spectrum for all magnetic fields after removing outlier points
at each frequency. Such normalised spectra are plotted as a
heatmap and are sensitive only to subtle transmission changes
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induced by the magnetic field, while excluding strong non-
magnetic contributions arising from vibrational absorption
and instrumental response. All data analysis routines were
implemented by in-house written MATLAB code based on the
EPR simulation software package EasySpin.”®

High-frequency and -field EPR (HFEPR) spectra were
recorded at the National High Magnetic Field Laboratory in a
4.5-10 K temperature range on polycrystalline samples
(20-25 mg), using a homodyne spectrometer at the EMR facil-
ity associated with a 15/17-T superconducting magnet and a
frequency range from 52 to 426 GHz.*® Detection was provided
with an InSb hot electron bolometer (QMC Ltd, Cardiff, UK).
The magnetic field was modulated at 50 kHz for detection pur-
poses. A Stanford Research Systems SR830 lock-in amplifier
converted the modulated signal to dc voltage.

Single-crystal structure determinations

Suitable crystals of 1 were mounted on a glass fibre and used
for data collection. X-ray diffraction data were collected at
100 K using a Bruker D8 Venture diffractometer (MoK radi-
ation, 4 = 0.71073 A) outfitted with a PHOTON 100 detector.
Unit-cell parameters were determined and refined on all
observed reflections using APEX2 software.®! Corrections for
Lorentz polarisation and absorption were applied by SAINT®?
and SADABS®® programs, respectively.

Intensity data for compounds 2 and 2’ were collected on an
Agilent Technologies Supernova diffractometer equipped with
monochromated (Mo-Ka radiation, 4 = 0.71073 A) and a HyPix
(Hybrid Pixel Array) detector. Data frames (unit cell determi-
nation, intensity data integration and correction for Lorentz
and polarisation effects) were carried out using CrysAlis Pro®*
software package.

The structures were solved using SHELXT®® and refined by
the full-matrix least-squares method on F> using
SHELXL-2014/2018% and OLEX2 programs.®”

A summary of selected data collection and refinement para-
meters for 1, 2’ and 2 can be found in the SI (Tables S1-S3)
and CCDC 2497812-2497814.

Computational methodology

Quantum-chemical calculations were carried out based on the
crystallographic structures using the CIF files. The electronic
structure and magnetic properties have been computed using
state-averaged complete active space self-consistent field calcu-
lations (SA-CASSCF (7,5)),%® followed by the N-electron valence
second-order perturbation theory (NEVPT2) method® " with
the def2-TZVPP basis set,”>°* including the auxiliary basis sets
for correlation and Coulomb fitting for all the atoms. All calcu-
lations were performed with the ORCA 5.0.4 quantum chem-
istry program package.”® Spin Hamiltonian parameters (D, E
and g-tensor) were computed using the effective Hamiltonian
S = 3/2. In this case, spin-orbit effects were included using the
quasi-degenerate perturbation theory (QDPT).**'° The
employed active space includes seven electrons in five 3d-orbi-
tals of Co™ CAS (7,5). We have included all 10 states for the 25
+1 = 4 (quartet) states arising from the 4F and 4P terms of Co"

This journal is © the Partner Organisations 2026


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5qi02196k

Open Access Article. Published on 03 February 2026. Downloaded on 2/25/2026 4:48:23 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Inorganic Chemistry Frontiers

and all the 40 states for the respective 25 + 1 = 2 (duplet) states
arising from the 2P, 2D (twice), 2F, 2G and 2H terms of the
Co™ ion. ORCA produces two sets of results: CASSCF and
NEVPT2. The splitting of d-orbitals due to ligand field has
been computed with the ab initio ligand field theory (AILFT)"**
module implemented in ORCA program package.

Results and discussion

The tripodal compound cis,cis-1,3,5-cyclohexanetriamine
(tach) has been previously used for designing Ne-tripodal
Schiff base pro-ligands by reacting tach with different carbonyl
compounds containing diazine moieties.’*>'** Some of these
Schiff base tripodal pro-ligands were employed in preparing
mononuclear trigonal prismatic Co™ complexes with strong
easy axis magnetic anisotropy.'®>'®* However, as far as we
know, no examples of Co" complexes prepared using L and
H;L1 pro-ligands have been reported. The reaction of L with
Co(Cl0,),-6H,0 in 1:1 molar ratio and using a methanol as
solvent affords compound 1, whereas H3L1 reacts with Co
(OAc),+4H,0 in a 2:3 molar ratio in the same mixture of sol-
vents, leading to complex 2 in moderate yield. In this latter
case, the acetate anion acts as a base to deprotonate the H;L1
ligand. It is worth noting that using other Co"/L molar ratios
such as 1:2 or 2:1 and Co"/H;L1 ratios, suchas 1:1and 1:2,
resulted only in the formation of compounds 1 and 2, thus
demonstrating their stability.

Crystals of compound 1 are stable in air at room tempera-
ture, but 2 easily loses solvent molecules leading to a single
crystal-to-single crystal transformation (SCSC). Thus, when
crystals of 2 are picked from the mother liquor and immedi-
ately measured, they belong to the Ia3d cubic space group.
However, when crystals of 2 are allowed to stand at room temp-
erature for two or three days, this compound loses the crystalli-
sation solvent molecules and, even though the crystallinity is
preserved, the crystals belong to the P1 triclinic space group
after this solid-solid transformation. The X-ray powder spectra
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for 2 and 2’ generated from the corresponding X-ray structures
and those obtained from the experimental bulk compounds
(Fig. S2 and S3) match well, thus demonstrating the purity of 2
and 2'. As a consequence of this, we decided to use the desol-
vated compound (named 2') for magnetic and spectroscopic
measurements.

X-ray crystal structures

Complex 1 crystallises in the trigonal space group P3;c¢ and its
structure consists of well-isolated cationic mononuclear
[Co"L]** units whose charge is counterbalanced by the two
perchlorate anions. Selected bond lengths and angles are
given in Tables S4 and S5. Within the mononuclear cationic
unit (Fig. 1), the cobalt atom is bonded to six nitrogen atoms
belonging to the three arms of the ligand, giving rise to a CoNj
coordination sphere.

The geometry of the CoNg coordination sphere was evalu-
ated using the SHAPE program, which is based on the continu-
ous shape measurements method (CShMs).'*® The extracted
S(OC-6) and S(TPR-6) values of 10.184 and 1.198, respectively,
indicate that the CoNg coordination polyhedron adopts a mini-
mally distorted trigonal prismatic TPR-6 geometry (Table S6).
In good agreement with this, the Bailar twist angle of 2.23° is
very close to zero, the expected value for an ideal
TPR-6 geometry. Moreover, the deviation with respect to the
ideal Bailar pathway for the interchange between OC-6 (octa-
hedral) and TPR-6 (trigonal prismatic) ideal geometries is very
small (5.5%). In this description, the three nitrogen atoms
from the imine groups occupy the vertices of one triangular
face with bond distances of 2.162(2) A, while the three nitrogen
atoms belonging to the methyl-imidazole groups are in the ver-
tices of the other triangular and parallel face with bond dis-
tances of 2.165(3) A. The ratio between the mean donor-donor
distance across a triangular face (s) of 2.963 A and the mean
donor-donor distances between the triangular faces (#) of
2.669 A is s/h = 1.11, indicating a slightly compressed
TPR-6 geometry (an ideal trigonal prism has nine edges of
equal length and therefore s/k = 1). Moreover, the two trigonal

Fig. 1 ORTEP views of the molecular structure of 1 (left). View along the Cs axis (right). Perchlorate anions are omitted for the sake of clarity.

Atom's colour: N (light blue), Co (dark blue) and C (grey).
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faces are strictly parallel and the distances between the co-
ordinated imine nitrogen atoms across the triangular face
(2.836 A) are slightly shorter than the same distances across
the face defined by the imidazole donor nitrogen atoms
(3.089 A), thus pointing to a small degree of truncation in the
geometry (Fig. S6).

As a whole, the [Co™(L)]*" units exhibit a strict C; symmetry,
with the C; passing along the barycentre of the cyclohexane
ring, the Co™ ion and the chloride atom of the perchlorate coun-
teranion, and are involved in three weak C4H---Operchiorate inter-
actions with the hydrogen bonded to the carbon atoms in the
fourth position of the imidazole rings (Fig. S7). There is another
C; axis passing through the chloride atom of the other perchlor-
ate counteranion, which is involved in two Cs;H---O interactions
with two neighbouring [Co™(L)** units. It is worth noting that
all the C; axes in the structure of 1 are parallel. Finally, the short-
est Co---Co intermolecular distance is 9.564 A, showing that
molecules are very well isolated in the structure (Fig. S8). There
are small differences between the structure of 1 and those pre-
viously reported for other TPR-6 complexes constructed from Ne-
tripodal Schiff base ligands, where one of the triangular faces, as
in 1, is formed by three N donor atoms belonging to the
1-methylimidazol moiety.*>™** Such differences are: (i) the twist
angle between triangular parallel faces is smaller for 1 (2.2° vs.
~9°), (ii) the six Co-N distances are almost equal in 1, whereas
in the related compounds the difference between the Co-
Nimidazole and the Co-Njmine bond distances is about 0.1 A, (iii)
the truncation of the TPR-6 geometry is somewhat larger in 1,
which could be the main reason for the slightly larger S(TPR-6)
shape measures value for 1 (1.18 vs. 0.5). We believe that these
tiny structural differences are not the decisive factors in deter-
mining the magnetic anisotropy and SMM behaviour of
these compounds, but rather the existence of a C; axis and the
parallel distribution of anisotropy axes in the structure (see
below).

Complex 2' crystallises in the triclinic P1 space group
(selected bond distances and angles are shown in Tables S7,

Co2

X
%\/‘
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S8 and S10, respectively, whereas Tables S11, S12 and
S13 gather those corresponding to the parent compound 2).
The Co---Co intermolecular distances for both compounds are
given in Table S9. The structure of 2’ consists of two very
similar well-isolated linear trinuclear centrosymmetric Co";
molecules (see Fig. 2), which have a pseudo-C; axis along the
Co-Co-Co direction and the centre of symmetry located at the
central Co" ion (namely Co(2)). Within these centrosymmetric
molecules, two fully deprotonated tripodal ligands (L1°7) are
bonded to the Co™ peripheral ions (namely Co(1)) through the
imine nitrogen and the phenoxide oxygen atoms, affording a
CoN;0; coordination sphere. The phenoxide oxygen atoms of
the two L1°~ coordinated ligands are additionally linked at
opposite sides of the central Co(2) ion, giving rise to perfect
linear Co; molecules where Co(2) and Co(1) ions are connected
by triple phenoxide bridging groups, resulting in a CoOsg
coordination sphere for the Co(2) ion. Mean Co(1)-N and Co
(1)-O0 distances are found in the 2.136-2.151 A and
2.106-2.122 A ranges, respectively, whereas the Co(2)-O dis-
tances are between 2.083 A and 2.126 A. Both bond distances
are typical of Co” complexes with this kind of donor atoms.
Continuous shape measures using the SHAPE software'%’ (see
Table S10) indicate that the coordination sphere of the Co(1)
ions is very close to the ideal TPR-6 polyhedron (STPR6 = 1.235
and 1.669 for molecules A and B, respectively) with a small
deviation from the Bailar TPR6 < OC-6 deformation pathway
(% path deviation of 4.7 and 4.9 for molecules A and B,
respectively). In good agreement with the small distortion of
the TPR-6 geometry of the Co(1) coordination polyhedron, the
mean Bailar angles are 12.4°. The triangular faces determined
by the imine nitrogen atoms and the phenoxide oxygen atoms
are virtually parallel (mean angle value between the planes of
0.5°) with mean N---N and O---O distances across the faces of
2.965 A and 2.573 A, respectively, which indicates a significant
truncation of the trigonal prismatic geometry (Fig. S9).
Conversely, the Co(2)Os coordination sphere is closer to a
perfect octahedral geometry (SOC-6 = 2.643 and 2.768 for

Fig. 2 ORTEP views of the molecular structure of 2'. View along the pseudo Cs axis showing the paddle-wheel arrangement of the ligands (right).

Atom's colour: N (light blue), Co (dark blue), O (red) and C (grey).
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molecules A and B, respectively) with a significant elongation
along the Cj; axis: the mean s/i ratio defined as the mean
donor-donor distance across the triangular faces divided by
the donor-donor distances between the triangular parallel
faces is 0.78, and the a angle between the pseudo-C; and Co-O
directions is 45.3° (Fig. S9), which are less than 1.0 and 54.74°,
the values of s/h and a for the non-elongated octahedron,
respectively. The steric hindrance between the arms of the two
coordinated ligands causes them to rotate by 60° relative to
each other, giving rise to a paddle-wheel arrangement of the
ligands when the molecule is viewed along the pseudo-C;
intermetallic axis (Fig. 2, right), which is characteristic of
linear trinuclear complexes.”>'°®'%” Consequently, the CoOg
coordination sphere can be viewed as a trigonal antiprism
elongated along the pseudo-Cj; axis.

The mean shortest intramolecular Co(1)---Co(2) and Co(1)
--Co(1) distances are 2.977 A and 5.954 A, respectively,
whereas the shortest intermolecular distances of 6.916 A and
7.114 A correspond to Co(1)---Co(1) distances between two
neighbouring molecules of A and B, respectively (Fig. S10).
The pseudo-C; axis of molecules A and B are not parallel but
form an angle of 60.13°.

The main differences between 2’ and the related complex
[{Co(u-L)}2Co] (where L' = 1,1,1-tris[(salicylideneamino)
methylJethane)®® are: (i) the CoN3O, coordination environment
of the external Co(u) ions is closer to an ideal TPR-geometry in
the former than in the latter, (ii) the Co(2) central ion,
however, is slightly more distorted from the ideal
OC-6 geometry in compound 2/, (iii) the Co(1)---Co(1) and Co
(1)---Co(2) distances are both slightly larger in 2’ and, conse-
quently, the Co(1)-O-Co(1) bridging angles (mean value of
90.1° for the former and 88.3° for the latter), (iv) the 6 angle
between the N; and Oj triangular parallel faces is larger for
the former (12.42°) than for the latter (9.7°), whereas the mean
¢ angles between the Co(1)-O-Co(2) plane and the plane of
the phenyl ring is larger for the latter than for the former.

It should be noted at this point that the structure of 2 is
very similar to that of 2', with very close bond distances and
angles. A brief description of this structure is given in the SI.
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Magnetic properties

The temperature dependence of the magnetic properties of
polycrystalline samples of complexes 1 and 2’ in the 2-300 K
temperature range was measured under an applied magnetic
field of 0.1 T and is given in the form y\T vs. T (ym being the
molar magnetic susceptibility) in Fig. 3. At room temperature,
the yT value for 1 of 3.25 cm® mol™ K is much higher than
the spin-only value (1.875 cm® mol™" K) for one isolated isotro-
pic Co" ion with g = 2 and S = 3/2, which indicates the exist-
ence of unquenched orbital angular momentum of the Co"
ion. On lowering the temperature, the yu7T product first
remains almost constant from room temperature to about
150 K and then steadily decreases to reach a minimum value
of 2.58 ecm® mol ™" K at 2 K. This behaviour is mostly due to the
depopulation of the Kramers doublets arising from the spin-
orbit coupling (SOC) effects, which are responsible for mag-
netic anisotropy.

The field dependence of the magnetisation of 1 in the
3-6 K temperature range and magnetic fields ranging from 0
to 7 T is represented in the inset of Fig. 3. The magnetisation
value at 3 K under the maximum applied field of 7 T of
2.37Nug is much smaller than the theoretical saturation value
of 3Nug expected for an isolated Co™ ion with g = 2 and S = 3/2.
This fact corroborates the existence of significant magnetic an-
isotropy in this complex.'”® The M vs. H/T isotherms for 1
(Fig. S11) virtually superimpose on a single master curve, thus
suggesting that the energy separation between the ground and
first excited Kramers doublets could be very large for this
compound.*®

The results of the theoretical ab initio calculations for 1 (see
SI) suggest that the zero-field splitting (ZFS) Spin Hamiltonian
(eqn (1)) would be appropriate for analysing the magnetic pro-
perties of 1. Therefore, the magnetic susceptibility and magne-
tisation data for 1 were simultaneous fitted with the following
Hamiltonian, using the PHI program."%®

H=D[S,” —S(5+1)/3] + E(8:* — §,%)
+ g Z gzﬁis'z' (1)

i=x),2

amT/em3mol 'K

o 1 2 3 4 5 6 7

0 100 200 300

TIK

Fig. 3 Temperature dependence of ymT and field dependence of the magnetization (inset) for 1 (left) and 2’ (right). The solid lines represent the
best fit with the Hamiltonians given in egn (1) and (2) for 1 and eqn (3) and (4) for 2'.

This journal is © the Partner Organisations 2026

Inorg. Chem. Front.


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5qi02196k

Open Access Article. Published on 03 February 2026. Downloaded on 2/25/2026 4:48:23 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Research Article

where the first and second terms are ZFS terms that account
for the axial magnetic anisotropy and the rhombic magnetic
anisotropy, respectively, and the third term represents the
Zeeman interaction (up is the Bohr magneton, H the applied
magnetic field, and g is the anisotropic g-tensor). The best-
fitting procedure with g, = g, afforded the following ZFS para-
meters: D = —108.1 (2) em™', E = —0.08 (1) em™, gy = g, =
2.2883 (4) and g, = 3.0367 (2), R = 1.6 x 107°. The energy gap
between the two low-lying Kramers doublets AE; = E(KD1) —
E(KD2) is 216.2 em™". It should be mentioned that the intrin-
sic limitations of this phenomenological approach, together
with the inaccuracy of the dc magnetic measurements for
determining the ZFS parameters, specifically E and |E/D|,
prevent reliable extraction of the sign of D and the magnitude
of E from dc magnetic data. In any case, the D value obtained
from dc magnetic measurements should be considered with
caution and supported by theoretical and other experimental
techniques. Despite this, the ZFS Hamiltonian has been widely
applied for evaluating the magnetic anisotropy in trigonal pris-
matic Co" complexes (see Table $14).3173%:3878

Compound 1 exhibits a trigonal prismatic geometry and
first-order SOC, so that a Hamiltonian that considers the SOC,
like the Griffith-Figgis Hamiltonian (GF),'***'* could probably
be more appropriate than the ZFS approach. The GF model
takes advantage of the T-P isomorphism that considers that
the real orbital angular momentum for the “T;, ground state
in an ideal O}, geometry is equal to the orbital angular momen-
tum of the *P free ion term (L.y = 1) multiplied by —3/2.
However, for trigonal prismatic complexes, the lowest crystal-
field terms arise from the “E ground term and, therefore, the
use of the GF Hamiltonian is doubtful. With this limitation in
mind, the magnetic susceptibility and magnetisation data for
1 were also simultaneously fitted with the GF phenomenologi-
cal Hamiltonian:

N A . . B2 .
H= —oLS+ ¢*B) <3L22 - L2> + 72(;2 (L —

+ g [—0Ly + geSu|Hy  (u=1x.y,2).

The first term accounts for the interaction between the spin
(S = 3/2) and orbital (L = 1) angular moments through the
spin-orbit coupling, where 1 represents the spin-orbit coup-
ling constant. The parameter o represents a combined
reduction factor, which comprises the isomorphism coefficient
(=3/2) and the orbital-reduction parameter (k) (¢ varies from
—3/2 for weak ligand field to —1 for a strong ligand field). The
second and third terms describe the effect of the axial and
rhombic crystal fields (B) and B} are the crystal field para-
meters). The best fit parameters for compound 1 using the GF
Hamiltonian and by including a term accounting for the temp-
erature-independent paramagnetism (TIP) were B =
—-316 cm™", B2 = —0.05 cm ™, 6 = —1.64, 4 = =127, TIP = 0.42 X
107 and R = 3.6 x 10~°. The energy gap between the two low-
lying Kramers doublets AE; = E(KD1) — E(KD2) is 203.1 cm™,
very close to that extracted using the ZFS model. The A, and

Arhombic derived from the crystal field parameters are
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2550 cm™ " and 0.001 cm ™, respectively (Axa and Arpombic T€P-
resent the splitting of the crystal ground term due to the axial
and rhombic components of the crystal field)."'® The large
value of the former parameter and the negligible value for the
latter support the very large easy-axis magnetic anisotropy of
compound 1. It should be mentioned that even though the fit
is rather good (see Fig. 3), it is worse than that obtained with
the ZFS model, and moreover, the ¢ value is abnormally high,
thus suggesting that for trigonal complexes with a C; axis and
very large easy-axis magnetic anisotropy, the GF model does
not seem to be the most appropriate choice. In view of the
above considerations, the magnetic anisotropy parameters
extracted from ZFS and GF Hamiltonians should be taken with
caution, as none of them could be fully suitable for analysing
the magnetic properties of 1. Regardless of the model, com-
pound 1 exhibits a huge easy-axis anisotropy, as can be
expected for quasi-ideal trigonal prismatic complexes with a
C; symmetry axis (see Table S14)

The low-lying spin-orbit energy levels extracted from the
fitting of the magnetic data and those calculated by CASSCF/
NEVPT2 (see below the theoretical calculations section) are
given in Fig. 4.

For comparative purposes, we have collected in Table S14
some magneto-structural information concerning hexacoordi-
nate Co"-MSMM s with geometry closer to TPR-6 than to OC-6.
The data in this table confirm that when the geometry
becomes nearer to the ideal TPR6 (that is to say, when the con-
tinuous shape measure Stpge is closer to zero), the easy-axis
magnetic anisotropy increases (larger negative values of D or
Aqxial and lower values of E and A pompic) and the MSMM pro-
perties improve. In this regard, it is not surprising that
MSMMs at the upper part of the table (close to ideal
TPR-6 geometry) show not only slow relaxation at zero field
but, in most cases, pinched at the waist magnetic hysteresis at
2 K. Nevertheless, only in three instances, including 1, the hys-

teresis is open at Hy. = 0. In the lower part of the table, when E
Or Apombic increases and E/D (OF Appombic/Aaxial) 1S greater than
approximately 0.15, the QTM arising from the transversal an-

1000 972
750+ : 619 643
- :l '— —
5 s00; if 1L
- [ 293 203 216
250+ e ?
i 2D
S — =X
0d —m— —
‘E CASSFC/ oF 7Fs

ground term NEVPT2

Fig. 4 Low-lying spin—orbit energy levels for 1 extracted from theore-
tical calculations and magnetic data.
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isotropy prevents the compounds from exhibiting SMR at zero-
field and they become field-induced MSMMs with no hyster-
esis at 2 K.

Regarding compound 2’, the room temperature T value
of 8.19 cm® mol™ K is much higher than the expected spin-
only value (5.625 cm® mol ™" K) for three non-interacting isotro-
pic Co" ions with g = 2 and S = 3/2, which, like in 1, points to
an unquenched orbital contribution of the Co™ ions (Fig. 3
right). As the temperature is lowered from room temperature,
the ymT product decreases first slightly from room temperature
to 150 K and then in a sharper manner to reach a quasi-
plateau of 2.65 cm® mol™ K around 15 K. This decrease is
largely due to sizeable antiferromagnetic interactions between
the Co™ ions through the triple phenoxido bridges and to the
depopulation of the Kramers doublets arising from the SOC
effects.”® The field dependence of the magnetization up to 7 T
in the temperature range 2-7 K is shown in Fig. 3 (inset). The
value of the magnetization at 7 T and 2 K (2.55Nug) is much
lower than the saturation value expected for a system with
three isolated octahedral Co" ions with § = 3/2 and g = 2
(~6.3Nug), but it is not far from the value expected for an iso-
lated Co" ion (=2.1Nug), arising from the intratrinuclear anti-
ferromagnetic coupling between the three Co™ ions.

The magnetic data were analysed using the following aniso-
tropic spin-Hamiltonian:

A A

§2§3) —J(8:83)

+

H=—](8:8,
3
+ 3" [D(8.2 — S(S+1)/3) + E(8:* — 8,) + pHgS]
i—1

where the first and second terms account for the intra-
molecular magnetic couplings, the third and fourth ones
correspond to the single ion axial magnetic anisotropy and the
rhombic magnetic anisotropy, respectively, and finally the fifth
term represents the Zeeman interaction. The susceptibility and
magnetisation data were simultaneously fitted using the PHI
software'®® with the above Hamiltonian. To avoid overparame-
terisation and due to the low accuracy of dc data in determin-
ing the magnitude of E, this parameter was fixed to zero. J' is
expected to be very weak and then was also fixed to zero.
Moreover, an axial g matrix with g, = g, was considered, and
the same D, g, and g, values were assumed for the three Co"
ions. A good quality fit was obtained with the following para-
meters: J = —10.14(3) em™', g, = 3.110(3), gy, = 2.005(9), D =
—-68.5(9) cm™" and R = 6.5 x 10™". It is worth mentioning that
by imposing positive D values, the resulting fit was of much
worse quality with large residual errors. It should also be indi-
cated that similar residual errors were obtained for negative D
values between —50 and —100 cm™'. When both J and J' were
allowed to vary freely, the fit showed that these parameters
were correlated, and this provided an additional reason to fix J'
to zero in the fitting procedure.

The Co(1) and Co(2) ions in 2' exhibit distorted trigonal
prismatic and trigonal antiprismatic coordination spheres,
respectively, and therefore must possess significant
unquenched orbital angular momentum.®® In view of this, the

This journal is © the Partner Organisations 2026
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magnetic data were also analysed with the following aniso-
tropic Hamiltonian that considers the existence of first-order
SOC. The Hamiltonian used for analysing the magnetic data is
given in eqn (2).

H = *](Slgz + 3253) *]/(51573)

PN ” 2 N ~
+ Z —o/LS + Aax (Lz2 - 5) + Arh( x2 - Lyz)

=1

+ B0y + geSu) ] (4)

where u = x, y, z, Axx and Ay, represent the splitting of the
crystal ground term due to the axial and rhombic distortion of
the crystal field. The rest of parameters have their usual
meaning (see above eqn (2) and (3)). To avoid overparameteri-
sation of the data, J' and A, were fixed to zero, as both para-
meters should be very small, almost negligible. Moreover, an
average o value was assumed for the three Co™ ions. The axial
parameters for the external and central Co™ ions were named
Ay; and A,, respectively. A very good quality fit was obtained
with J = —9.60 (2) em™, 1 = 132(1) cm™, 6 = —1.38(2), Aq3
-1776(4) em™" (B = 310.9 ecm™") and A, = —679 (2) cm™" (B2
118.8 cm™') (see Fig. 3). The negative values extracted for the
parameters A,3 and 4, point out the strong easy-axis magnetic
anisotropy of the Co(u) ions in 2/, in line with the results
extracted with the spin Hamiltonian (eqn (3)).

It is worth noting that, as far as we know, the correlation
between the sign and magnitude of the magnetic exchange
interaction and structural parameters is still not well estab-
lished for phenoxido-bridged polynuclear Co™ complexes. This
is because, among other reasons, high-spin Co" complexes are
generally subjected to SOC (orbital angular momentum is not
quenched), and moreover, they have four interacting magnetic
orbitals involving several ferromagnetic (F) and antiferro-
magnetic (AF) magnetic exchange pathways. These factors in
turn depend on the structural and geometrical parameters of
the specific complex. Owing to this, it is not possible, in most
of the cases, to predict with guarantee the sign and magnitude
of the magnetic interaction in these types of complexes. A
recent experimental study carried out on bis(phenoxido)-
bridged dinuclear Co™ complexes''* has shown that the inter-
action is generally AF and, in a few cases F, this latter occur-
ring when the Co-O-Co angle in the bridging region is smaller
than 99.7° and the dihedral angle between the Co—(0),-Co
plane and the phenyl plane (6) is larger than 35°. However,
diphenoxido- or triphenoxido-bridged trinuclear Co" com-
plexes with Co—O-Co as small as 90°, like those observed for
2/, present AF interactions.”>'"® In some cases, a slight change
in the Co-O-Co angle of about 1° switches the magnetic inter-
action from AF to F.'*® In spite of these inconsistent results, it
is generally accepted that larger Co-O-Co angles and smaller
dihedral angles (§) favour AF interactions. Taking into account
these considerations, compound 2’ with a larger Co-O-Co
angle and a smaller § angle than the related [{Co(p-L')},Co]
complex (where L2 = 1,1,1-tris[(salicylideneamino)methyl]
ethane)’”® should exhibit a somewhat larger intramolecular
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magnetic exchange coupling, which is in agreement with the
results derived from dc magnetic measurements.

Theoretical calculations

Complexes 1 and 2' have been studied by multiconfigurational
ab initio calculations (CASSCF/NEVPT2) using the experimental
X-ray structural data and the ORCA 5.0.4 program package®
(see Tables S15-S21, SI). It should be noted that in the case of
1, calculations with and without perchlorate anions yielded
almost identical results, and therefore only the results for the
[Co(L)]** cationic unit are hereafter discussed. The calculated
spin-free states energies (Table S15) for 1 indicate that the two
lowest spin quartet states are virtually degenerate (the gap of
0.2 cm™" between them can be considered an intrinsic error of
the computational method), as expected for compounds with
C; symmetry, leading to a “E term. For this kind of pseudotri-
gonal prismatic Co" complexes, (Lz) is larger than 1.5, and
then the first-order SOC is operative,®®®® leading to the split-
ting of the “E term into four almost equidistant KDs,**>*® with
an energy gap between them of about 300 cm™" (Table S16).
The energy gap between the ground and the second excited

View Article Online
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KDs is 618.8 cm ™", so that the latter will remain scarcely popu-
lated (~5%). In these circumstances the effective ZFS spin
Hamiltonian (eqn (1)) could be suitable to phenomenologically
analyse the theoretical results. The results extracted using this
approach with the SINGLE_ANISO module'**'**> point out, as
expected for trigonal prismatic Co™ complexes with C; sym-
metry, that: (i) compound 1 presents strong axial easy-axis
magnetic anisotropy with a large negative D value of
-146.4 cm™" and a very small E/D parameter of 0.013 (actually,
C; symmetry requires the absence of rhombic anisotropy, so E
should be zero) and (ii) the computed g-tensor components for
the S = 3/2 manifold, or alternatively the effective g’ values for
the lowest KD, are consistent with almost negligible rhombic
anisotropy (Table 1), with the anisotropy axis aligned along the
C; axis of the cationic [Co™(L1)]** unit.*>**™**

The splitting of the d orbitals for 1, calculated using the
ab initio ligand field theory method (AILFT) implemented in
ORCA, together with the electronic configuration corres-
ponding to the ‘E ground term are represented in Fig. 5,
respectively, whereas their energies and one electron wavefunc-
tions are given in Table S17.

Table 1 Computed ZFS parameters D, E, |E/D| and g values for the ground state of compound 1. §E; and AE; are the calculated first excitation ener-

gies before and after considering spin—orbit effects, respectively

80 8 82,

Compound Method D(em™) E/D E (em™) 8E; (em™) AE; (em™) g0y 8
1 CASSCF —142.638° 0.016375° —2.336° 0.2 285.39 1.31, 1.34, 3.48°
0.11, 0.11, 9.70°
CASSCF/NEVPT2 —146.446° 0.012899°¢ —1.889¢ 0.2 292.96 1.29,1.31, 3.48%

0.08, 0.08, 9.70°

“ g-Tensor for the true spin S = 3/2. ? Effective g-tensors assuming a pseudospin S = 1/2. ¢ Obtained using the single_aniso module.
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Fig. 5

(Left) NEVPT2-AILFT computed d-orbital energy diagram of 1. (Right) Orientation of the g-tensor components obtained from CASSCF/

NEVPT2 calculations. The reference axis x, y and z of the g-tensor are displayed in red, green and blue, respectively. Counterions and solvent mole-
cules are omitted for clarity. The length of the arrows does not represent the magnitude of the g-tensor components but only the orientation.
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The sign and magnitude of D can be qualitatively predicted
from the spin-allowed part of the second-order perturbative
treatment,''® which depends on the inverse of the excitation
energies. Since the first excitation energy involves the transfer
of a single electron from the last doubly occupied orbital
(dye—y2) to the first semi-occupied orbital (d,), which are
almost degenerate and have the same my value (+2), a large
negative D value can be expected. This result agrees well in
sign and magnitude with the theoretical value extracted from
the ZFS Hamiltonian (see above). It is worth noting at this
point that the electronic structure and the values of the D, E
and g; parameters for this compound are very similar to those
previously extracted by our group for structurally related com-
plexes with Ng-tripodal ligands with C; symmetry. >4

In the case of 2/, to calculate the electronic structure of
each mononuclear Co" fragment in the trinuclear Co; unit,
two of the Co" ions were replaced by Zn" ions. The energies
extracted for the spin-free states (ligand field terms) of Co(1)
and Co(2) ions (Table S18) indicate that the energy gap
between the ground and first excited states is of 133.5 cm™
and 222.6 cm ™, respectively, and therefore, in both cases, the
lowest two spin quartet states are close to degeneracy. This fact
suggests a small Jahn-Teller effect and the existence of first-
order SOC for both types of Co™ ions. However, the second
excited state for both types of Co™ ions is above 6000 cm™" and
2000 cm ™" for Co(1) for Co(2), respectively. As a result of the
first order SOC, as in the case of compound 1, four almost
equidistant KDs are obtained, with an energy gap between the
ground and first excited KDs at the NEVPT2 level of 282.53 and
233.11 cm ™" for Co(1) and Co(2), respectively (Table S19). Since
the second excited KD for Co(1) and Co(2), is located at ~ 635
and ~596 cm™" above the ground state, respectively, it will be
barely populated (~ 6%) and, consequently, an effective zero-
field splitting (ZFS) spin Hamiltonian (eqn (1)) could be appro-
priate to analyse the theoretical results for each Co™ fragment.

The calculated D and E values using this Hamiltonian are
given in Table 2 together with the effective g values (ges) for
each doublet projected on a S = 1/2 pseudospin. The large and
negative D values for Co(1) and Co(2) indicate their strong
easy-axis anisotropy, as expected for Co" ions with trigonal
prismatic and trigonal antiprismatic geometries, respectively.
It is worth noting that the easy-axis anisotropy is stronger for
Co(1), whereas the rhombicity (E/D) is larger for Co(2). The
effective g values for both Co™ ions support the easy-axis an-
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isotropy of the ground state and the larger rhombicity for Co
(2). The anisotropy axes for Co(1) and Co(2) are located along
the pseudo-C; axis passing through the Co(1)-Co(2)-Co(1)
direction (Fig. S12).

It should be noted that the largest negative contribution to
D for Co(1) and Co(2) arises from the first excited quartet state,
‘@, (see Table S20), which is the closest in energy to the
ground quartet state. The splitting of the d orbitals for Co(1)
and Co(2) (Fig. S13 and Table S21), calculated as indicated
above for compound 1, points out that the first excitation
energy involves the transfer of a single electron from the last
doubly-occupied orbital (d,,) to the first semi-occupied orbital
(dye—y2) for Co(1) and vice versa for Co(2). Both orbitals have the
same m value (+2) and are separated by a small energy of
153 cm™" and 108 cm™" for Co(1) and Co(2), respectively, so
that large negative D values are expected (see above for 1). This
result matches well in sign and magnitude with the theoretical
values calculated using the ZFS Hamiltonian.

To support the easy-axis magnetic anisotropy of this com-
pound and to directly determine the magnitude of the energy
gap between the ground and first excited state (~2D), we have
performed FIRMS (Far-InfraRed Magnetic Spectroscopy) and
HFEPR (High-Frequency and -Field Electron Paramagnetic
Spectroscopy).

HFEPR and FIRMS spectroscopies

The HFEPR spectrum of 1 (Fig. S14) shows a weak resonance
at 4.5 K in the frequency range 237-408 GHz located at ges
~9.1. This resonance can only be assigned to the parallel
turning point (B||z) of the intra-Kramers transition from Mg |-
3/2) to |+3/2) within the +3/2 ground manifold and it has been
previously observed in the HFEPR spectra of other Co" com-
plexes with a trigonal prismatic coordination sphere and large
easy-axis anisotropy, like 1, with g, values in the 7-9
range.*>*®'7 118 The perpendicular turning points of the
same transition (B|| x, y) could appear well outside the upper
limit of the accessible magnetic field (17 T) and therefore were
not observed. The transition from Ms = |-3/2) to |+3/2) is for-
bidden, because it corresponds to AM; = +3 (only transitions
with AMg = +1 are allowed), but it appears because the selec-
tion rule is relaxed in the presence of the E-term in the spin
Hamiltonian, which mixes the |+3/2) and |+1/2) Kramers
doublets. The larger the E value, the more allowed the |-3/2)

Table 2 Computed ZFS parameters D, E, |E/D| and g values for the ground state of the Co" ions in 2". Co(1) and Co(2) refer to the respective edge
and middle Co' ions. 5E; and AE; are the calculated first excitation energies before and after considering spin—orbit effects, respectively

8xr 8y gza »
Co(u) ion Method D(ecm™ E/D E(cm™) 8E; (cm™ AE; (em™) J
Co(1) CASSCF/NEVPT2 —129.639 0.052933 —6.862 87.8 260.37 1.51, 1.58, 3.34¢
0.35, 0.35, 9.35”
Co(2) CASSCF/NEVPT2 —-116.222 0.180246 —20.949 115.4 243.51 1.57, 1.80, 3.25¢

1.16,1.24, 8.86"

“ g-Tensor for the true spin S = 3/2. ? Effective g"-tensors assuming a pseudospin S = 1/2.
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to |+3/2) transition becomes. In the case of 1, the weakness of
the observed resonance indicates that E is very small with an
estimated E/D =~ 0.03."*° This result is in good agreement with
the ab initio E/D value of 0.013 (see Table 1). Since only a
single and weak EPR resonance could be observed, corres-
ponding to the BJ||z turning point of the intra-Kramers tran-
sition within the My = +3/2 multiplet, no information on the
ZFS parameters D or E could be extracted. To determine these
parameters, it is necessary to observe inter-Kramers tran-
sitions. The only result reported in this manuscript is g,(eff) =
~9.1 For an axial-anisotropy S = 3/2 spin state, g(eff) is
approximately equal to 3 x g,(intrinsic),""” so g(intrinsic) is
about 3.0. This is corroborated by both magnetometry and
calculations.

The FIRMS heat map of 1 is shown in Fig. 6 along with the
transmission spectra for 0 and 17.5 Tesla. This heat map dis-
plays the effect of the magnetic field on transmission. Two
broad dips at 234 and 252 cm ™" correspond to phonon absorp-
tion, which exhibits an extremely weak shift with the applied
magnetic field due to spin-phonon coupling. This subtle shift
gives rise to the nearly vertical features in the heatmap, with
interruptions where the strongly field-dependent magnetic
resonance modes intersect the phonons. Although these dis-
tortions are present, the most intense change at zero field
occurs at 227.4 cm ', corresponding to a narrow dip clearly
observed in the transmission spectra. This feature becomes
smeared with increasing magnetic field, while the broad dips
remain essentially unaffected.

Based on the pattern observed in the FIRMS map, we infer
that the feature at 227 cm™" is the ZFS peak, which in turn
corresponds to the 2D* value (the energy gap between the
ground and first excited KD in an S = 3/2 system). This 2D*
value is of the same order of magnitude as those extracted
from fitting the magnetic data and from theoretical calcu-

15

10

Magnetic field (T)

210 220 230 240 250 260
Energy (cm'1)

Fig. 6

View Article Online

Inorganic Chemistry Frontiers

lations for 1 using the ZFS model, as well as those reported for
other Co"™-SIMs with C; symmetry and very large easy-axis
anisotropy.**™** All these compounds present 2D* values close
to 225 ecm™' and can therefore be considered as the upper
limit of easy-axis magnetic anisotropy for trigonal prismatic
Co" complexes.

Interestingly, the FIRMS spectrum of compound 2’ shows a
weak but detectable magnetic transition at 76.8 cm™!
(Fig. S15). The energy of this magnetic transition is not too far
from the energy gap between the ground and first excited
states calculated for the exchange-coupled system (see below,
Fig. 9). The HFEPR of 2’ is silent in the frequency range ca.
100-600 GHz at cryogenic temperatures (5-10 K), as observed
for the related trinuclear complex previously reported by our
group.”® The lack of resonances could be tentatively explained
using the theoretically calculated exchange energy spectrum of
this compound (Fig. 9), extracted using the POLY_ANISO
module™® in ORCA software package. From the ground state
Kramers doublet for each Co™ atom in 2’ (calculated with the
SINGLE_ANISO module), four Kramers doublets are obtained.
Each of these KDs is built from AM; = +3/2 KDs of the local
Co" ions, and therefore the intra-Kramers doublet transition
for the ground AM = +3/2 KD and the inter-Kramers tran-
sitions of the coupled system are forbidden. Moreover, the first
excited state is also a AM; = +3/2 KD that lies outside the
energy range accessible at the applied frequencies.

Dynamic properties

To know if compounds 1 and 2’ exhibit slow magnetic relax-
ation and SMM/SIM behaviour at zero field, their dynamic of
the magnetisation was examined by performing temperature
and frequency dependence studies of the ac magnetic suscepti-
bility under a 5 Oe alternating field on polycrystalline samples
of the compounds. Both compounds exhibit temperature- and

s oT
1 \\ 175T
\
0.8
0.6
[
N\ |
[\ |
0.4 [
| s’ "
| | 1 N
IJ:\,_J Q /f"

210 220 230 240 250 260
Energy (cm'1 )

(Left) Experimental 2-D (magnetic field vs. energy) heat maps of FIRMS response of complex 1. Regions marked in blue represent resonance

absorption that is sensitive to changing magnetic field. Regions in yellow are insensitive to the field. The most intense change is observed at
227.4 cm~tin zero field. The lines are simulations of turning points for the spin Hamiltonian, using a S = 3/2 and the extracted spin Hamiltonian para-
meters. (Right) Transmission spectra recorded on a powder pellet of the complex at T = 4.2 K and at the indicated magnetic fields.
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frequency-dependent ac susceptibility peaks at zero field. In
the case of 1, the temperature dependence of the out-of-phase
ac susceptibility (y"\) at different frequencies (Fig. S16) shows
signals below 28 K with no clear maxima in the 10-16 K range
due to the existence of fast quantum tunnelling of magnetisa-
tion (QTM),***® which is responsible for the rise in "y
observed below 10 K. QTM can arise from the existence of
weak dipolar interactions,***>**° hyperfine interactions with
the Co™ nuclear spin (I = 7/2) and transverse anisotropy. In
addition, a distortion of the structure at low temperature could
also provoke the appearance of transverse anisotropy.
Calculations with the SINGLE_ANISO code implemented in
the ORCA 5.0.4 program package, which neither considers the
two former interactions nor the distortion of the structure,
indicate that QTM in the ground state could be at least partly
discarded in 1. This is because the computed transverse mag-
netic moment for the QTM transition is 0.028up (Fig. S17),
which is close to, but smaller than the generally assumed
value of 0.1 needed for an efficient relaxation mechanism."*®
Moreover, in good agreement with this, calculations also show
that compound 1 has a very small transverse magnetic an-
isotropy (E/D = 0.013).

From the frequency dependence of y"y; below 16 K and using
the generalised Debye model, the temperature dependence of
the relaxation times was extracted. The 7 vs. 1/T data appeared to
follow an Arrhenius-like relaxation regime in the high-tempera-
ture region that becomes temperature independent below about
8 K because of QTM (Fig. 7). The thermally activated energy
barrier (U.g) extracted from the linear region of the curve at high
temperatures is 38(5) K. This value is by far lower than |2D*|
(energy gap between the ground and first excited states) values
extracted from ab initio calculations, dc static magnetic measure-
ments and FIRMS results (|2D|~220 ecm™"). Therefore, the ther-
mally activated Orbach relaxation process, which takes place
through real states, can be discarded from eqn (5), which rep-
resents some of the possible mechanisms that can contribute to
the magnetic relaxation

,m)
771 = AT + ‘L'QTMi1 =+ CT” + To exp( kT (5)

0.34
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In this equation, the first two terms represent the field-
dependent direct and QTM relaxation processes, respectively,
whereas the third and fourth terms describe the field-indepen-
dent Raman and Orbach relaxation processes. Because the
direct process (first term in the equation) is not active at zero
field, the ="' vs. T data for 1 were fitted to a combination of
Raman and QTM (third and second terms in eqn (5), respect-
ively). The best fit parameters were A = 0.01(1) s K™, n =
5.5(4) and 7oy = 0.00004(1) s~'. The a values extracted from
the Cole-Cole plot for 1 at zero field (Fig. S18) in the 8-17 K
region are found in the 0.11-0.37 range and the curves do not
show the semicircular shape typical of a single relaxation
process. These results are in good agreement with the contri-
bution of Raman and QTM processes to the magnetisation
relaxation. The former operates in the whole temperature
range, while QTM dominates at very low temperatures
(below 8 K).

As indicated elsewhere, the observation of magnetisation
relaxation in slightly distorted trigonal prismatic Co" com-
plexes like 1 at zero applied magnetic field is rather unusual.
On the basis of the results for 1 and other similar
complexes*>™** we can hypothesise that zero-field magnetic
relaxation is mainly due to the following structural factors that
do not favour the appearance of QTM: (i) the small distortion
of the TPR-6 geometry due to the C; symmetry, leading to a
perfect axial anisotropy (E = 0) representing the upper limit of
easy-axis magnetic anisotropy for trigonal prismatic Co™ com-
plexes, (ii) the relatively long Co---Co distances (>9.5 A) leading
to very small, if any, intermolecular magnetic interactions, and
(iii) the magnetic anisotropy axes of the ground Kramers doub-
lets corresponding to neighbouring molecules with the short-
est Co---Co distances are all parallel.'*' %3

Finally, it should be noted that, despite the above indicated
factors favouring the elimination of QTM, this process is still
observed for 1, which could be mainly due to hyperfine inter-
actions, opening up new avenues for magnetic relaxation, and/
or to a distortion of the molecule at low temperature that
lowers the symmetry from C; and induces significant transver-
sal anisotropy. Moreover, strong spin-phonon coupling for
some thermally populated vibrational modes could also con-
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Fig. 7

(Left) Frequency dependence of the y"'v at the indicated temperatures under Hy. = 0 (left), and Hy. = 2000 Oe (middle). (Right) Temperature

dependence of the relaxation time 7 in the form In z vs. 1/T. The solid lines represent the best fits of the experimental data: a combination of Raman
and QTM processes (purple line), a Raman process (red line) and the blue lines correspond to the fit of the linear high temperature data to the

Orbach process.
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tribute to the fast Raman relaxation operating at low
temperature.>>>*124

To try to eliminate the QTM in complex 1, ac measurements
were performed in the presence of small dc fields (500-2500
Oe). From the field and frequency dependence data of y"\ at
10 K, the optimal magnetic field for the ac measurements
(promoting the slowest relaxation) was determined to be 2000
Oe (Fig. S19). A complete set of temperature- and frequency-
dependent ac susceptibility measurements were then carried
out at the optimal field below 26 K (Fig. 7, middle). Now, the
temperature dependence of the out-of-phase ac susceptibility
(r"m) at different frequencies (Fig. S20) shows clear maxima in
the 18 K (10 000 Hz)-7 K(100 Hz) range. From the y"\; vs. fre-
quency data and using the generalised Debye model, the temp-
erature dependence of the relaxation time at 2000 Oe was
extracted for 1, which is given in the form Inz vs. 1/T in Fig. 7
(right panel). The high-temperature region of this plot obeys
the Arrhenius law with U.g and 7, values of 74(3) K and 3.02(4)
x 1077 s, respectively. This Uk value at 0.2 T is higher than
that extracted from the data at zero field, but it is still much
lower than the experimental and calculated |2D*| values of
~220 cm™'. In view of this, the Orbach process can be ruled
out, and then the 1/z vs. T data were fitted only to a Raman
process, leading to the following best parameters: C = 0.014(2)
s7' K" and n = 5.3 (3). The field dependence of the relaxation
time (Fig. S15) shows an almost constant value for H > 1500
Oe, thus indicating an almost negligible contribution of the
direct process (since it depends on H*, the relaxation time is
expected to decrease as the magnetic field increases). If, in
addition to the Raman, the contribution of the direct process
(first term of eqn (5)) is taken into account, the resulting fit is
of similar quality and the following best-fit parameters can be
extracted: A = 54 (2) s K ', C=0.008 (1) s K" and n = 5.4
(3). These parameters indicate that the contribution of the
direct relaxation mechanism is very small compared to the
Raman process. It should be noted that the values of the C
and n parameters connected with the Raman relaxation
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process are close to those obtained from the data at zero-field.
Although a n value of 9 would be expected for Kramers ions,'*®
smaller n values can be considered as acceptable depending
on the structure of the levels, and if both acoustic and optical
phonons are considered.**'?” It should be noted at this point
that, under the optimal field, the QTM is not fully quenched,
as evidenced by a very small rising tail observed below 5 K
(Fig. S20). In view of this, and to try to fully eliminate QTM, we
decided to measure several magnetically diluted versions of 1
with Co/Zn = 1/10 and 1/5 molar ratios, but all attempts were
unsuccessful.

The Cole-Cole plot for 1 (Fig. S21) in the 9-17 K region pre-
sents small o values ranging from 0.02 to 0.07 and the curves
show a semicircular shape, thus indicating that a single relax-
ation process (Raman process) is operative. However, below
8 K, the a values increase until reaching values of 0.13 at 7 K,
due to the small QTM contribution at very low temperature.

Regarding compound 2’, ac measurements show frequency-
dependent peaks in the 4.5-9.5 K temperature range under
zero magnetic field (Fig. 8). From these data and using the
generalised Deby model, the temperature dependence of the
relaxation time was extracted and represented in the form Inz
vs. 1/T in Fig. 8 (right). Interestingly, the experimental points
do not deviate from linearity, thus indicating that they obey
the Arrhenius law, typical of an over-barrier thermally activated
Orbach process. In agreement with the existence of only this
relaxation process, the temperature dependence of the out-of-
phase ac magnetic susceptibility at different frequencies
(Fig. S22) does not exhibit any sign of QTM and the Cole-Cole
plots are semicircular (Fig. S23) with small « values in the 0.08
(4 K)-0.18 (10 K) range. In view of the above considerations,
the temperature dependence of the relaxation time was fitted
to the equation for an Orbach process, leading to the following
parameters: 7, = 4.63 (2) x 10~% s and U.g = 53(0) K. It is worth
noting that the extracted Ueg value is much smaller than the
computed energy barriers for the local Co" ions (above
230 em ™), thus suggesting that either the magnetic relaxation

0.15 0.20 0.25

1T

(Left) Frequency dependence of the y"y at the indicated temperatures under Hyc = 0. The solid lines represent the best fits of the experi-

mental data to the generalized Debye model (Right) Temperature dependence of the relaxation time 7 in the form Inz vs. 1/T. The solid black line

represents the best fit of the experimental data to a Orbach process.
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takes place through a Raman process arising from the individ-
ual metal ions, like in 1, or comes from a thermally activated
Orbach process tied to the energy level structure of the mag-
netic exchange coupled system.

To disclose the origin of the experimental magnetic relax-
ation, we have calculated the electronic structure of the Co(1)
and Co(2) ions and their blocking barriers using the
SINGLE_ANISO code''*'"* implemented in the ORCA program
package (see Fig. S24). As observed in this figure, the matrix
element of the transverse magnetic moment in the ground
state of Co(2) is of 0.32ug, larger than the generally assumed
value of 0.1 necessary for an efficient relaxation mechanism
via QTM within this state and, therefore, slow magnetic relax-
ation arising from Co(2) is unlikely to be operative.'*®
However, the corresponding matrix element of Co(1) is smaller
than this threshold value and therefore QTM could be
quenched. Nevertheless, it could be promoted by hyperfine
and intermolecular interactions. If QTM was quenched and
the magnetic relaxation was single-ion in origin, it could occur
through Raman process involving virtual excited states, prob-
ably due to coupling between vibrational modes of the mole-
cule and phonons. The fact that the experimental points of the
Inz vs. 1/T plot do not deviate from a straight line (see above),
points out that the single-ion Raman process could also be dis-
carded and so the relaxation process must occur through an
Orbach process arising from the magnetic exchange coupled
Co;z complex. To support this hypothesis, we carried out calcu-
lations for the magnetic exchange-coupled system using the
POLY_ANISO code'® also implemented in ORCA. This
program applies the Lines model'*® to fit the experimental
susceptibility data, using the theoretically calculated energies
and wave functions of the ground doublets of the individual
Co(1) and Co(2) ions extracted with the SINGLE_ANISO code.
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In this case, the Lines model is entirely appropriate because
both Co" ions have strong axiality of the ground KD. The
effective isotropic exchange Hamiltonian employed to analyse
the data is as follows:

Hexeh = —J (8185 + 8,83) — J(8183) (6)

The best fit of the magnetic susceptibility data, obtained by
fixing J/ = 0 led to the magnetic exchange parameters J =
—14.00 cm™" and z/ = —0.375 cm™ " (Fig. $21). The z/ parameter
had to be included in the Hamiltonian (eqn (6)) to consider
the diminution of y\T at very low temperature, which must be
mainly due to intermolecular interactions. It is worth mention-
ing that the fit of the susceptibility data considering J' =
—0.5 cm™" and the same values of J = —14.00 cm™" and zJ =
—0.375 cm™" does not noticeably change the quality of the
fitting and the value of J (see Fig. S25). However, when z/ is not
considered, the J value does not change but the quality of the
fit becomes poorer (Fig. S26). From the extracted magnetic
parameters, the energy levels spectrum of the magnetic
exchange-coupled Co; system was calculated, as shown in
Fig. 9 (right). The spectrum involves four KD doublets (eight
states) arising from the Kramers ground state of each Co(u)
site (2 x 2 x 2 = 8). These KDs are grouped according to the
values of their magnetic moments, which reach a maximum
along the pseudo-trigonal C; axis. As can be observed in Fig. 9,
the magnetic moment matrix element for the ground state
exchange KD doublet is very small (0.11 x 10™>x) and hence
QTM within the ground state is expected to be quenched,
which matches well with the fact that 2’ exhibits slow magnetic
relaxation at Hg. = 0. However, a thermal-assisted QTM relax-
ation via the first or second excited states at 59.54 cm™*, which
are degenerate (the gap between them in Fig. 9 is shown for
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Fig. 9

(Left) The ab initio POLY-ANISO computed magnetisation blocking barrier for 2'. The thick black lines represent the four lowest exchange

KDs as a function of their magnetic moment along the main anisotropy axis. Green lines indicate the magnetisation reversal mechanism. Red lines
correspond to QTM and thermally assisted QTM (TA-QTM). Blue dashed lines represent the possible Orbach mechanism. The values close to the
arrows indicate the matrix elements of the transition magnetic moments. (Right) Internal magnetic structure of the four exchange KDs.
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illustrative purposes), could be possible as the matrix element
for this relaxation pathway is 0.32u5. The calculated Ueg value
for the relaxation through the first excited state of 59.54 cm™"
is not too far from the U.g values of 36.8 cm™" and 76.8 cm™
extracted from the temperature dependence of the relaxation
times and FIRMs (see above), respectively. The difference
between the experimental and theoretically estimated thermal
energy barriers can be due to limitations inherent to the
theoretical method and possible relaxation involving a vibra-
tionally excited state of the electronic ground state.’*>**>* The
fact that the U.y value for 2' is stronger than that for the
related complex [{Co(p-L")},Co]”> must be a result of the larger
J value extracted for the former, pushing the excited state to a
higher energy.

To verify the SMM behaviour of 1 and 2’ we carried out mag-
netisation hysteresis loop measurements on a powdered
sample with a sweep-rate of 100 Oe s~ in the 2-3 K tempera-
ture range (Fig. 10). Butterfly-shaped hysteresis loops are
observed for these complexes at 2 K with small openings at
zero-field, which indicate the occurrence of SMM behaviour
with effective QTM. The coercive field and remnant magnetisa-
tion values are 0.07up and 210 Oe for 1 and 0.22xp and 1400
Oe for 2'. Compound 1 exhibits worse hysteresis parameters at
zero field than 2’, which is in good agreement with the exist-
ence of a smaller QTM contribution for the latter due the
largely eliminated QTM by magnetic exchange coupling. It
should be noted that at 3 K no appreciable hysteresis loop was
observed at 100 Oe s~ for these compounds. Although the hys-
teresis loop measurements for the previously reported complex
[{Co(u-L')},Co]”® were performed at a sweep-rate of 50 Oe s,
the hysteresis parameters for this compound seem to be worse
than those extracted for 2’, which is in accordance with the
stronger U.g energy barrier extracted for this latter compound.
It is worth mentioning that the presence of open hysteresis
above 2 K at zero field in homometallic polynuclear Co™-based
SMMs is quite infrequent.>>”*7”>

Although several examples of trinuclear Co" complexes
have been reported so far, only three of them exhibit
slow magnetic relaxation at zero field above 2 K:
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[{Co(u-L)}2Co],"”  [{CoN(SiMe;),(p-n-0-C6H,(kNSiiPr;),)},Co]**
and [Co,(pymp)s(MeOH),|(BPh,),-2MeOH (Hpymp = 2-[(pyri-
dine-2-ylimine)-methyl]phenol).'** When the magneto-struc-
tural data for 2’ are compared with those for these complexes
one realises that all of them exhibit linear geometry, weak to
medium magnetic exchange interactions between the Co™ ions
(ferro-or antiferromagnetic) and easy-axis anisotropy of the
local Co" ions. Moreover, the SMM properties improve when
the magnitude of the two latter features (magnetic coupling
and easy-axis anisotropy) increases. Thus, complex 2', with
stronger calculated easy-axis anisotropy of the local Co" ions
and a larger magnetic exchange coupling (/ = —10.1 cm™)
than the structurally related complex [{Co(p-L))},Co] (J =
—6.4 cm™ "), exhibits a higher effective energy barrier for mag-
netisation reversal, U, than the latter (see above). In the case
of [Cos(pymp)s(MeOH),](BPh,),-2MeOH, with only two phe-
noxido-bridges between the Co" ions, the magnetic coupling
(J = +4.8 cm™ vs. J = —10.1 cm™') as well as the average easy-
axis anisotropy of the local Co" ions (D = —27 ecm™") are rather
smaller than in 2’ and [{Co(u-L')},Co), and this is the reason
why, despite observing out-of-phase ac signals around 2 K,
they do not reach any maximum. It is worth noting that
when MeOH is replaced with pyridine-2-amine in
[Cos(pymp)s(MeOH),](BPh,),-2MeOH, the average D value
remains almost constant but the magnetic coupling signifi-
cantly decreases (J = 1.3 cm™ ') and no out-of-phase signals are
observed above 2 K. Interestingly, the complex [{CoN
(SiMes),(p-n-0-CeH4(kNSiiPr3),)},Co], which contains three-
coordinate terminal Co™ ions and a central Co" ion “sand-
wiched” between the o-phenylenes of the two o-phenylene-N-
alkyl-N'-(trialkylsilyl)Jamides  ligands, presents a larger
magnetic coupling value (Jj = +16.8 cm™) than 2’ and
[{Co(pu-L)},Co]. However, in [{CoN(SiMe3),(p-n-0-
C6H,(kNSiiPr3),)},Co], the easy-axis anisotropy of the local
Co(u) ions is expected to be lower than in 1 and [{Co(p-L")},Co].
Moreover, the anisotropy axes are presumably not collinear,
which could lead to a smaller anisotropy of the whole mole-
cule. We believe that the effect of the large magnetic coupling
is cancelled by the other two factors (magnetic anisotropy and

Fig. 10 Magnetic hysteresis loops for 1 (left) and 2 (right) at 2k with a 100 Oe s™* sweep rate.
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non-collinear anisotropic axes), so that the experimental Ues
for [{CoN(SiMej;),(pn-0-C6H,4(kNSiiPr3),)},Co] is similar to
those found in 1 and [{Co(p-L")},Co].

Conclusions

We have prepared two new Schiff base tripodal pro-ligands, L
and H;L1, by reaction of the cis,cis-1,3,5-tiaminocyclohexane
with either 1-methylimidazole-2-carbaldehyde or salicylalde-
hyde, respectively. The pro-ligands allowed the preparation of
the mononuclear complex [Co"L](Cl0,), (1) and the trinuclear
linear phenoxido-bridged complex [(Co™L1),Co™] (2).
Compound 1 exhibits a CoNg coordination environment with a
slightly compressed trigonal prismatic geometry and strict C;
symmetry, where the C; passes along the barycentre of the
cyclohexane ring. These facts support the hypothesis that the
use of the 1-methylimidazole moiety in these kinds of tripodal
ligands generally leads to complexes with C; symmetry.
Because the C; symmetry requires the absence of rhombic an-
isotropy, E should be zero, and the ground state would present
pure easy-axis magnetic anisotropy. Moreover, the parallel dis-
tribution of anisotropy axis in the structure improves the easy-
axis magnetic anisotropy of the compound. The few examples
of trigonal prismatic Co” mononuclear complexes reported so
far with C; symmetry possess 2D* values (energy gap between
the ground and first excited Kramers doublets) close to
—225 ecm™!, which can be considered as the upper limit of
easy-axis magnetic anisotropy for trigonal prismatic Co"” com-
plexes. Owing to the strong and pure axial anisotropy of 1, the
absence of Co™---Co™ intermolecular interactions and the par-
allel distribution of the anisotropy axes in the structure, QTM
is quenched and this compound shows slow magnetic relax-
ation at zero applied magnetic field and open magnetic hyster-
esis at 2 K, which is rather unusual in Co™ mononuclear com-
plexes. At zero field the magnetic relaxation essentially occurs
through a combination of QTM and Raman processes,
whereas in the presence of a small magnetic field the relax-
ation takes place only via a Raman relaxation process, which is
rather usual for hexacoordinated Co™ complexes. On the other
hand, the results reported for 2’ validate those previously
reported for the trinuclear linear Co; complex [{Co(p-L')}2Co]
(HsL' = Schiff base derived from the condensation of tris
(methylhidrazido)phosphorylsulfide and salicylaldehyde).
These findings confirm that, to present SMM behaviour and
open hysteresis at zero dc magnetic field, a linear Coz trimer
needs not only to have strong magnetic exchange interactions
between the Co" ions but also easy-axis magnetic anisotropy of
each local Co" ion. Collinearity of the anisotropy axes also con-
tributes to increasing the anisotropy of the whole molecule,
thus helping to improve the SMM properties. The magnetic
relaxation takes place through an Orbach process via the first
excited magnetic exchange KD.

Work is in progress in our lab directed towards: (i) the
preparation of new Co; complexes similar to 2', incorporating
either electron-donating or electron-withdrawing groups on

This journal is © the Partner Organisations 2026
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the phenolic ring, and the study of the resulting electronic
effects on the their SMM properties and (ii) the processing of
mononuclear and trinuclear Co" complexes with efficient
SMM properties, like 1 and 2, on different types of SiO, nano-
particles and the analysis of how their SMM properties are
modified.
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