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Introduction

Tuning magnetic anisotropy by the t-bonding
features of the axial ligands and the electronic
effects of gold(i) atoms in 2D {Co(L),[Au(CN),],},
metal—organic frameworks with field-induced
single-ion magnet behaviourt

Maria A. Palacios,? Ismael F. Diaz-Ortega,®® Hiroyuki Nojiri,*°
Elizaveta A. Suturina, {2 *¢ Mykhaylo Ozerov, & ¢ J. Krzystek*“ and
Enrique Colacio (2 *@

The assembly of a Co(n) salt with two [Au(CN),]™ anions and ancillary ligands L afforded 2D complexes of
the general formula {Co(L),[Au(CN),l5}, (where L = DMSO (1), DMF (2), Py (3) and PyPhCO (4); PyPhCO is
benzoylpyridine). The structure of these complexes consists of parallel sheets, which are built from edge-
sharing slightly distorted square-planar {NC—Au—-CN-Co},4 units with the Co(n) ions located at the corners
and the [Au(CN),]™ bridging anions at the edges. Co(i) atoms exhibit a slightly tetragonally distorted
CoNgX, coordination sphere (X = O, N), where the L molecules occupy the axial positions. These mole-
cules are oriented in such a way that they penetrate the holes of neighbouring layers, giving rise in the
case of 1, 2 and 4 to AB bilayers held together by Au---Au aurophilic interactions, whereas in 3, there are
no aurophilic interactions between neighbouring layers, so they are not arranged in pairs but equally sep-
arated. Dc magnetic properties, HFEPR (high-frequency and -field EPR) and FIRMS (far-infrared magnetic
spectroscopy) measurements and ab initio calculations demonstrate that Co(i) ions in compounds 1-4
possess large and positive D values (>+70 cm™). The experimental D values follow the same order as that
established from ab initio calculations including gold() atoms: D (2) > D (4) > D (3) > D (1), which highlights
the important role of Au(l) in determining the anisotropy of the Col(il) ions. All the complexes show field-
induced slow relaxation of magnetization through a predominant Raman mechanism above 3 K. Neither
the anisotropy order nor the Cof(i)---Co(i) distances are clearly correlated with the phenomenological Ugg
parameter (or the Raman parameters). This fact suggests that other factors, such as the flexibility of the
axial ligands, could significantly contribute to the fast relaxation observed for these complexes.

they show both classical properties (slow relaxation of magneti-
zation and magnetic hysteresis, like bulk magnets) and

Discrete mono- or polynuclear coordination compounds exhi-
biting Single-Molecule Magnet (SMM) behaviour have been
profusely investigated during the last two decades, because
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quantum properties (quantum tunnelling of magnetization,
QTM, quantum phase interference and quantum coherence).’
This combination of classical/quantum properties makes
SMMs hopeful candidates not only for understanding the
quantum phenomena at the mesoscopic level but also for
potential upcoming applications, among other areas, in ultra-
high density magnetic information storage®> and molecular
spintronics,® and as qubits for quantum computing at the
molecular level.* The origin of the SMM behaviour is associ-
ated with the existence of an energy barrier (U) for magnetiza-
tion reversal within the bistable magnetic ground state." This
energy barrier, which primarily depends on magnetic
anisotropy,”" allows blocking of magnetization either parallel
or antiparallel to the magnetizing field when this is removed
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below the so-called blocking temperature, Ty, thus promoting
the appearance of slow relaxation of magnetization." Among
SMMs, those mononuclear in nature (also called Single-Ion
Magnets, SIMs) have recently attracted enormous interest,
because they can exhibit much stronger anisotropy than their
polynuclear counterparts.® This approach has revealed to be
very convenient to achieve SMMs with improved properties, as
shown by the fact that Dy™-based SIMs exhibit T} as high as
80 K.” The superiority of SIMs over polynuclear SMMs lies in
the fact that the anisotropy of the former can be finely regu-
lated by controlling the electronic configuration of the metal
centers, which depends on factors such as type and oxidation
state of the metal ion, coordination number and geometry and
ligand field strength.®” Although the highest values of U and
Ty have been reached with lanthanide-based SIMs,®>%*! in the
last decade the search for new SIMs has been expanded to
transition metal ions.®*"* More specifically, that search was
prompted by the discovery of a Fe(i) complex with trigonal pyr-
amidal geometry exhibiting SIM behaviour with a very high
effective energy barrier (U.).® The most appropriate metal
complexes for exhibiting SIM behaviour are those possessing:
(a) low coordination numbers and oxidation states, because
they exhibit weak ligand fields that favour sizable values of the
orbital angular momentum (a large value of the angular
momentum leads to a strong first-order spin-orbit coupling
and consequently to a strong magnetic anisotropy®), and (b)
non-integer spin metal ions (Kramers ions), because, in the
absence of a magnetic field, neither direct phonon-induced
nor QTM transitions between the Mg states of the ground
doublet can be induced by the modulation of the crystal field
(van Vleck cancellation).'® Therefore, in principle, and conver-
sely to that occurring in integer spin systems, the under-the-
barrier tunnelling mechanism should not be operative in
Kramers metal ions at zero field. The absence of fast QTM
favours the observation of Orbach and Raman thermally acti-
vated relaxation processes.! In light of the above concerns, and
because Co(n) ions possess a non-integer spin ground state
and can have strong magnetic anisotropy,®™* the predomi-
nance of Co(u)-based SIMs, with a variety of geometries and
coordination numbers (ranging from two to eight), is not
unexpected.®¢* The strategy of using Co(u) metal ions with
low coordination numbers to improve the SIM properties has
been recently validated by the two-coordinated linear Co(u)
complexes recently reported by Gao et al.'*® and Long et al.''?
The former complex of the formula [(NHC)Co(NDmp)] (NHC =
N-heterocyclic carbene; Dmp = dimesitylphenyl)''* has been
reported to have a relaxation barrier as high as 413 cm™,
whereas the second complex of the formula Co
(C(SsiMe,ONaph);), (where Me is methyl and Naph is a
naphthyl group)''? exhibits an unquenched orbital moment
(L = 3) and an M; = +9/2 ground state and the highest effective
energy barrier (U = 450 cm™ ') ever observed for a 3d-SIM.
Ideal octahedral complexes also have strong magnetic an-
isotropy arising from the 4T1g crystal field ground term with
L = 1 first order angular momentum. Moreover, small distor-
tions of the O}, symmetry along four-fold and three-fold axes,

4612 | /norg. Chem. Front.,, 2020, 7, 4611-4630

View Article Online

Inorganic Chemistry Frontiers

leading to tetragonal (D) or trigonal (Cs,) symmetries, can
fully quench the first-order angular momentum."'*? In this
situation, magnetic anisotropy can arise from the second-
order spin-orbit coupling leading to the development of zero
field splitting (ZFS), which is characterized by the axial and
rhombic anisotropy parameters D and E, respectively. It is
worth noting that SIM behaviour has been observed not only
for six-coordinated Co(i) complexes with D < 0 (easy-axis an-
isotropy)'> but also with D > 0 (easy-plane anisotropy).'?
Nevertheless, the former are limited to a few examples, which,
with one exception,'?? present slow magnetization relaxation
at zero dc field above 2 K,"* while the latter require the appli-
cation of a magnetic field to show SIM behaviour (field-
induced SIMs). Theoretical studies using basic principles have
established that, at zero field, the electronuclear spin states
arising from hyperfine interactions in six-coordinated Co(u)
complexes with D > 0 have a negligible magnetic moment and,
as a result, in no case SIM behaviour can be observed.™
However, in the presence of an applied magnetic field, the
electronuclear spin states gradually attain a non-zero magnetic
moment due to the Zeeman interactions, and then slow relax-
ation of magnetization can appear. It is worth mentioning
that, in some cases, even in the presence of a dc field, six-co-
ordinated Co(u) complexes with D > 0 do not show slow mag-
netization relaxation above 2 K.'*? This fact can be due, among
other reasons, to the existence of intermolecular dipolar inter-
actions, which create an internal transverse magnetic field that
favours under-the-barrier fast quantum tunnelling of magneti-
zation (QTM) relaxation. Nevertheless, owing to the fact that
the fast relaxation through QTM requires the existence of a
thermal energy barrier, which is not possible for D > 0, some
authors have suggested that the fast interconversion within
the ground Kramers state at low temperature takes place
through a zero-order temperature-independent direct process
that is part of the intra-Kramers transition."® In such cases,
the use of magnetically diluted Co(u) complexes (prepared by
cocrystalization with an isostructural Zn" compound) could
eliminate the intermolecular dipolar interactions to an extent
that “hidden SIM” behaviour could emerge.**”

Although numerous examples of structurally and magneti-
cally characterized mononuclear isolated Co(u)-based SIMs
have been reported so far, the number of extended Co(u)
coordination polymers with SIM behaviour is limited to a few
examples, most of them containing distorted octahedral metal
ions.'® This is in a certain sense unexpected, because coordi-
nation polymers (CPs) are of great interest not only because
they can exhibit exciting physical and chemical properties, par-
ticularly porous metal-organic frameworks (MOFs), but also
because of their aesthetically fascinating structures.'” The
combination of CPs and Co(u)-based SIMs in the same
extended structure could present the following advantages: (i)
the construction of Co(u)-based SIMs with different ligands in
the axial positions is often easier to attain in the nodes of CPs
with a 2D rigid scaffolding than in mononuclear systems. This
is an invaluable tool for studying how the modification of the
electronic effects of the axial ligands affects the magnetic an-
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isotropy and SIM behaviour; (ii) the rigidity of the structural
skeleton in CPs can reduce the spin-phonon coupling and
consequently the relaxation rate, thus favouring the appear-
ance of SIM behaviour; (iii) the magnitude of the dipolar/
exchange magnetic interactions and, consequently, their effect
on the SIM behavior can be tuned by playing with the length
of the spacer ligand and (iv) they form an appropriate platform
to analyse how the change of the exchangeable guest mole-
cules in porous CPs affects the SIM properties.

It is well known that 2D square-grid heterometallic M"-Au'"
complexes can be obtained by assembling transition metal
cations and dicyanoaurate anions.® In these compounds, tran-
sition metal ions generally exhibit axially distorted octahedral
geometries, with the same coordination environment in the
equatorial plane and different neutral ligands in the axial posi-
tions and show, in some cases, interesting magnetic, vapochro-
mic and luminescence properties.'®“* Some of the Co()-con-
taining complexes, of the general formula {Co(L),[Au(CN),],}
(L = DMSO, DMF, Py), were prepared either by reacting the
vapochromic complex {Co(p-OH,),[Au(CN),],} with certain
VOCs (volatile organic compounds) containing nitrogen- or
oxygen-donors in the solid state (Py, DMSO)"* or by reacting K
[Au(CN),] and Co(Ac),-4H,0 in DMF.'¥ Only in the case of the
DMF counterpart, its X-ray single-crystal structure and dc mag-
netic properties were previously reported.'®”/ In this paper, we
report the synthesis, X-ray crystal structures, high-frequency
and -field EPR spectroscopy (HFEPR), far-infrared magnetic
spectroscopy (FIRMS), detailed dc and ac magnetic properties
and theoretical calculations of the 2D square-grid heterometal-
lic Co™-Au' cyanide-bridged complexes of the general formula
{Co(L),[(Au(CN),]s},, where L = DMSO, DMF, Py and PyPhCO
(PyPhCO is benzoylpyridine). In these compounds, the Co(u)
ions exhibit axially distorted octahedral geometries with the
same coordination environment in the equatorial plane and
different neutral ligands in the axial positions. The aim of this
work is fourfold: (i) to analyse the role of the o/n-bonding elec-
tronic effects of the axial ligands on the magnetic anisotropy.
This analysis can be appropriately performed in the {Co(L),[Au
(CN),]}, complexes, because the 2D framework is essentially
preserved, so the bonding effects of axial ligands are essen-
tially the only factor affecting the magnetic anisotropy. As far
as we know, only one paper concerning the influence of the
axial ligands on the magnetic anisotropy in 2D Co(u)-CPs has
been reported so far. In that paper, the 2D skeleton of the
reported complexes is made of a neutral spacer, whereas the
axial ligands are anionic in nature."®” The results of these
studies either did not reach any clear correlation between the
magnetic anisotropy and the nature of the axial ligands or
indicate that the magnetic anisotropy decreases with the dis-
tortion of the Co(u) coordination sphere from an ideal octa-
hedron. Therefore, a methodical investigation of the influence
of the o/n electronic effects of the axial ligands on the mag-
netic anisotropy has not been reported yet; (ii) to study if the
electronic effects of the diamagnetic Au(i) atoms connected by
cyanate-bridging ligands to the Co(u) ions would have any
effect on the magnetic anisotropy; and (iii) to learn if the long
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separation between Co(u) ions enforced by the dicyanoaurate
ligand spacers (which prevents any magnetic exchange inter-
action between the Co(u)-based SIM nodes through the
dicyanoaurate spacer) and the rigidity of the 2D framework
would favour the observation of SIM behaviour.

Experimental
Synthetic procedures

General procedures. Unless stated otherwise, all reactions
were conducted in oven-dried glassware under aerobic con-
ditions and the reagents were acquired from commercial
sources and used without further purification.

Preparation of {Co(DMSO),[Au(CN),],}» (1). A solution of
Co(BF,), (0.031 g, 0.09 mmol) in DMSO was added dropwise to
a solution of K[Au(CN),] (0.050 g, 0.18 mmol) in DMSO and
then the pink solution was stirred for 5 min. X-ray quality crys-
tals were obtained by slow evaporation of the mother liquid
after several days. Yield: 30%. Anal. caled for
CgH,,AU,CON,0,S,: C, 13.47; H, 1.70; N, 7.86. Found: C, 13.26;
H, 1.49; N, 7.99. IR (KBr, cm™'): 3014, 2922, y(CH); 2171,
y(C=N); 991, 947, 1(S=O0).

Preparation of {Co(DMF),[Au(CN),]}. (2). To a solution of
Co(Cl0,),-6H,0 (0.062 g, 0.17 mmol) in DMF was added drop-
wise a solution of KAu(CN), (0.100 g, 0.36 mmol) in DMF. The
pink solution was stirred for 5 minutes and then kept at room
temperature. X-ray quality crystals were obtained by slow evap-
oration of the mother liquid after several days. Yield: 25%.
Anal. caled for C,oH;4,Au,CoNgO,: C, 17.08; H, 2.01; N, 11.95.
Found: C, 17.32; H, 2.21; N, 12.10. IR (KBr, cm™"): 2928, 2887,
v(CH); 2177, 1(C=N); 1652, 1(C=0); 1426, 1376, L(CN).

Preparation of {Co(Py),[Au(CN),];}» (3). A mixture of
Co(BF,), (0.061 g, 0.18 mmol), KAu(CN), (0.100 g, 0.36 mmol),
pyridine (50 pl, 0.62 mmol) and 10 ml of distilled water was
sealed in a Teflon-lined autoclave and heated at 140 °C under
autogenous pressure. After 24 h of heating, the reaction vessel
was cooled down to room temperature in about 4 h and high
quality crystals were obtained. Yield: 60%. Anal. calcd for
C,,H,0Au,CoNg: C, 23.51; H, 1.41; N, 11.75. Found: C, 23.24;
H, 1.27; N, 12.09. IR (KBr, cm™*): 2165, (C=N); 1602, 1481,
1440, v(C=C) and v(CN).

Preparation of {Co(PyPhCO),[Au(CN),],}, (4). A mixture of
Co(BF,), (0.031 g, 0.09 mmol), KAu(CN), (0.05 g, 0.18 mmol),
4-benzoylpyridine (0.033 g, 0.18 mmol) and 10 ml of distilled
water was sealed in a Teflon-lined autoclave and heated at 180 °C
under autogenous pressure. After 24 h of heating, the reaction
vessel was cooled down to 90 °C for 3 hours and then to room
temperature in about 2 h to obtain high quality crystals. Yield:
20%. Anal. calcd for C,gH;3Au,CoNgO,: C, 36.42; H, 1.96; N, 9.10.
Found: C, 36.47; H, 1.66; N, 9.38. IR (KBr, cm™*): 2171, 4(C=N);
1662, 1(C=0); 1595, 1548, 1452, 1441, 1(C—=C) and 1(CN).

Physical measurements

Elemental analyses were performed at the “Centro de
Instrumentacion Cientifica” (University of Granada) on a
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Fisons-Carlo Erba analyser model EA 1108. IR spectra were
recorded on a Bruker Tensor 27 spectrophotometer by using
ATR detection.

Variable-temperature (2-300 K) magnetic susceptibility
measurements were carried out on polycrystalline samples of
1-4 under an applied field of 1000 Oe using a Quantum
Design SQUID MPMS XL-5 device. Alternating-current (ac) sus-
ceptibility measurements under different applied static fields
were performed using an oscillating ac field of 3.5 Oe and ac
frequencies in the 10-1500 Hz range. The experimental suscep-
tibilities were corrected for the sample holder and diamagnet-
ism of the constituent atoms using Pascal’s tables. Pellets of
the samples cut into very small pieces were placed in the
sample holder to prevent any torquing of the microcrystals.

FIRMS experiments were performed at the National High
Magnetic Field Laboratory using a Bruker Vertex 80v FT-IR
spectrometer coupled with a 17 T vertical-bore superconduct-
ing magnet in a Voigt configuration (light propagation perpen-
dicular to the external magnetic field). The experimental setup
employs broadband terahertz radiation emitted by an Hg arc
lamp. The radiation transmitted through the sample was
detected using a composite silicon bolometer (Infrared
Laboratories) mounted at the end of the quasioptical trans-
mission line. Both the sample and bolometer were cooled by a
low-pressure helium gas to a temperature of 4.6 K. The inten-
sity spectra of the microcrystalline powder sample (~7 mg)
bonded by n-eicosane were measured in the spectral region
between 14 and 730 em™" (0.42-22 THz) with a resolution of
0.3 ecm™" (9 GHz). To discern the magnetic absorptions, the
spectra were divided by the reference spectrum, which is the
average spectrum for all magnetic fields. Such normalized
transmittance spectra are only sensitive to transmission
changes induced by the magnetic field and therefore obscure
nonmagnetic contribution to the intensity spectrum. All data
analysis routine was implemented using an in-house written
MATLAB code and the EPR simulation software package
EasySpin.'® HFEPR spectra of 1-4 were recorded at 7 K on poly-
crystalline samples (20-25 mg) using a homodyne spectro-
meter at the EMR facility associated with a 15/17 T supercon-
ducting 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 purposes. A Stanford Research Systems
SR830 lock-in amplifier converted the modulated signal to dc
voltage. The single-frequency spectra and their dependencies
on the frequency were simulated using the SPIN software from
A. Ozarowski.

Pulsed magnetization measurements

Low-temperature magnetization measurements were per-
formed at IMR, Tohoku University, by means of a conventional
inductive probe in pulsed magnetic fields. The temperature
reached was as low as 0.4 K using a *He cryostat.”
Polycrystalline specimens were mounted in a capillary tube
made of polyimide. Samples of approximately 20 mg were not
fixed within the sample tube so they aligned along the mag-
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netic field direction. Subsequently, the magnetic field was
applied several times until the orientation effect was saturated
and the magnetization curves obtained in further shots were
found to be identical.

Powder diffraction measurements

The X-ray powder diffraction (XRPD) spectra of complexes 1-4
(Fig. S17) were recorded on a (26) Bruker D2-PHASER system
using CuKa (4 = 1.5418 A) radiation and a LINXEYE detector,
from 5 to 50° (20) at a scanning rate of 0.5° 20 min~". Fig. S1}
also shows the comparison between the XRPD patterns of the
bulk samples used for magnetic measurements and for record-
ing HFEPR and FIRMS spectra and those derived from the
X-ray crystal structures of 1-4.

Single-crystal structure determination

Suitable crystals of 1, 3-4 were mounted on a glass fibre and
used for data collection. X-ray diffraction data were collected
using a Bruker D8 Venture diffractometer (MoKa radiation, A =
0.71073 A) fitted with a CCD area detector and equipped with
an Oxford Cryosystems 700 series Cryostream device. Unit-cell
parameters were determined and refined on all observed
reflections using APEX2 software.”! Corrections for Lorentz
polarization and absorption were applied using SAINT and
SADABS programs, respectively.”>?’

The structures were solved by direct methods and refined
by the full-matrix least-squares method on F* using the OLEX2
program.>* All non-hydrogen atoms were refined anisotropi-
cally. Hydrogen atom positions were calculated and isotropi-
cally refined as riding models to their parent atoms. A
summary of selected data collection and refinement para-
meters can be found in the ESI (Table S1{) and CCDC
(2020915-2020918%).

Computational methodology

The electronic structure and magnetic properties have been
computed using relativistic CASSCF/NEVPT2 methods> with
the def2-TZVP basis set,”® including the auxiliary basis sets for
correlation and Coulomb fitting for all the atoms.?” Splitting
of the d-orbitals was obtained with a new ab initio ligand field
theory that was recently developed.”® The splitting of d-orbitals
due to the ligand field has been computed with the ab initio
ligand field theory using 10 quartet and 40 doublet states. All
calculations were performed using the ORCA 4.0.1 quantum
chemistry program.>® 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)*° and scalar
relativistic effects were taken into account using the DKH
(Douglas-Kroll-Hess) procedure.”® In both cases, the
employed active space includes seven electrons in five 3d orbi-
tals of Co(u) CAS (7,5). We have included all 10 states for the
25 + 1 = 4 (quartet) states arising from the *F and *P terms of
Co(u), and all the 40 states for the respective 2S5 + 1 = 2
(doublet) states arising from the *P, *D (twice), °F, >G and *H
terms of the Co(u) ion.

This journal is © the Partner Organisations 2020
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Results and discussion

2D complexes of the general formula {Co(L),[Au(CN),],},
(where L = DMSO (1), DMF (2), Py (3) and PyPhCO (4); PyPhCO
is benzoylpyridine) were obtained by the assembly a Co(u) salt
and [Au(CN),]™ anions in the presence of the ligand L (coming
from the solvent in conventional solution methods or from the
corresponding reactive, py or PyPhCO, in hydrothermal
methods). Specifically, compound 1 was prepared by the reac-
tion of a solution of Co(BF,),-6H,0 with K[Au(CN),] in DMSO
and using a 1:2 Co/Au molar ratio. The same reaction but
using Co(ClO,), as a cobalt salt and DMF as a solvent afforded
2. Complexes 3 and 4 were obtained by hydrothermal methods
using the same Co/Au molar ratio and reagents as for 1, and
pyridine (in excess) or 4-benzoylpyridine (in a 1:2:2 molar
ratio). In all cases, pink crystals were obtained. The IR spectra
of these compounds present y(CN) stretching bands at
~2170 ecm™", clearly indicating the bridging nature of the
dicyanoaurate building blocks in 1-4 and their bidimensional
nature. The X-ray crystal structures confirm the 2D nature of
these complexes.

X—ray structures

Compound 1 had already been reported but its X-ray crystal
structure had not been solved. We have succeeded in obtaining
a suitable crystal for X-ray crystal structure determination. The
structure of 1 is made of parallel sheets lying in the bc plane,
which are built from edge-sharing slightly distorted square-
planar {NC-Au-CN-Co}, units with the Co(u) ions located at
the corners and the [Au(CN),]” bridging anions at the edges
(Fig. 1). Within each square unit, the Co(u)-Co(u) distances
between diagonally opposite atoms are 14.368 A and 14.900 A,
whereas those involving atoms connected by [Au(CN),|~
groups along the edges are 10.344 A and 10.355 A. The Co(u)
ions exhibit a slightly tetragonally compressed CoN,O, coordi-
nation sphere, which is formed by the coordination of four
nitrogen atoms coming from the [Au(CN),]” anions in the
equatorial plane with Co-N distances in the range of 2.116 A-
2.134 A, and two oxygen atoms belonging to the DMSO mole-

WS "
A . agd! T / f )

s

Fig. 1 Perspective view of a fragment of the 2D structure of 1, together
with the atom labelling scheme. Colour code: Au (yellow), Co (pink), N
(blue), C (grey), O (red) and S (orange).
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cules in the axial positions with shorter Cu-O distances of
2.084 A and 2.076 A. The cis and trans angles are found to be
in the ranges of 88.1°-91.2° and 176.3°-179.5°, respectively.
Analysis of the six-coordination Co(u) coordination polyhedron
by the continuous shape measure (CShM) method showed that
the geometry of the CoN,O, coordination environment is very
close to an ideal Oh, as indicated by the very low value (Sop =
0.038) of the continuous shape measure parameter (the values
for six-coordinated ideal polyhedra other than Oh are larger
than 16, see Table S27).

The Co-NC-Au-CN-Co edges are not linear but slightly
bent and located above and below the plane of the Co(u) ions
(Fig. 1) with CN-Co and NC-Au angles in the ranges of 169.8°-
171.2° and 175.2°-175.7°, respectively. As expected, the two
crystallographically independent [Au(CN),]|” anions are almost
linear with C-Au-C angles of 176.25° and 177.60°. The edges
at the opposite sides of each {NC-Au-CN-Co}, unit have
different concavities (one is upward and the other downward)
and the CoN, planes of diagonally opposite Co(u) atoms are
parallel, whereas the angle between the planes of neighboring
Co(u) atoms connected by [Au(CN),]” anions is 37.14°. As a
result, the edge-sharing [Co-NC-Au-CN-Co],, chains along the
b and ¢ directions have a wave shape and the layers show some
kind of “egg-carton” pattern.

Layers stack in such a way that each of them shifts with
regard to the next-neighbouring ones so the Co(u) atoms of
one layer lie above and below the centers of the square units of
the neighbouring layers, giving rise to an ABAB... sequence
pattern (Fig. 2).

The Au---Au distance inside each AB pair of layers is
3.442 A, whereas the Au---Au distance between pairs of AB
layers is 4.040 A. Therefore, the layers of each AB pair are held
together by aurophilic interactions (see Fig. 3). The DMSO
molecules are oriented in such a way that they penetrate the
holes of neighbouring layers, which allow short interlayer dis-
tances. It is worth mentioning that the shortest interlayer
Co(n)---Co(m) distance of 7.401 A, occurring between the atoms
of the two layers of the AB bilayer, is shorter than the shortest
intralayer Co(n)--Co(u) distance of 10.344 A.

The structure of 2 was previously reported'®” and it is very
similar to that of compound 1. The main differences between
their structures are as follows: (i) the average Co-O and Cu-N
distances in 2 of 2.090 A and 2.096 A are slightly larger and
shorter, respectively, than those for compound 1 of 2.08 A and
2.124 A. Moreover, the distortion of the CoN,O, coordination
environment from Oh is slightly larger for 2 (Son = 0.103). (ii)
The CN-Co and NC-Au angles for 2 (with values in the ranges
of 168.6-173.5 and 173.8-177.8°, respectively) are slightly
larger and the dihedral angle between neighbouring CoN,
equatorial coordination planes (24.29°) is lower than those
observed for 1 (see above). These structural features lead to
more planar layers for 2 than for 1. (iii) The Co-O-S-C tor-
sional angle of 1 is somewhat smaller than the Co-O-C-C tor-
sional angle of 2, so the DMF molecules are able to penetrate
to a larger extent in the holes of the neighbouring layer
forming the AB pair, leading to a shorter Au---Au distance of
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Fig. 2 Perspective view of the asymmetric unit of two AB pair-wise
associated layers of 1 viewed along the a direction. Square units of the
upper and lower layers are marked in green and blue, respectively, to
highlight the shift between layers and penetration of the DMSO mole-
cules in neighbouring layers.
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Fig. 3 Stacking of four consecutive layers of 1 viewed along the ¢
direction.

3.195 A. As a result, the Au---Au distance between two pairs of
AB layers for 2 (5.345 A) is significantly larger than that for 1.
(iv) The Co---Co interlayer distance is slightly larger for 2
(7.557 A).

The structure of the compound {Co(pyridine),[Au(CN),],},
(3) was previously solved from a model based on the X-ray
structures of the compounds {Co(DMF),[Au(CN),],}, and
Cu[Au(CN),],(pyridine),. The resolution was accomplished
using a simulated annealing algorithm to maximize the
agreement between the experimental and calculated X-ray
powder diffractograms. In this way, it was possible to obtain
the coordinates of the building block atoms but not the
orientation of the pyridine molecules. In this case, we suc-
ceeded in obtaining suitable single crystals for X-ray crystallo-
graphy. The structure of 3 is almost coincident with that
determined from the X-ray powder data and similar to those
of compounds 1 and 2 (Fig. 4). The most important differ-
ences with the structures of 1 and 2 are: (i) in 3, the cobalt
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Fig. 4 Perspective view of a fragment of the 2D structure of 3, together
with the atom labelling scheme. Colour code: Au (yellow), Co (pink), N
(blue) and C (grey).

atom is located on a center of symmetry and its tetragonally
compressed octahedral CoNg coordination sphere is less dis-
torted than in 1 and 2, as indicated by the continuous shape
measure parameter (Sop = 0.003); (ii) the Co-X axial and equa-
torial distances are longer for 3 (Co-N1 = 2.153 A, Co-N2 =
2.149 A and Co-N3 = 2.131 A); (iii) the dihedral angle between
neighbouring equatorial planes for 3 is only 4.5°, leading to
almost planar square-grid layers; (iv) in contrast to 1 and 2,
the layers are not arranged in pairs and are equally separated
with an Au---Au distance of 4.213 A. Therefore, there are no
aurophilic interactions between the gold atoms; and (v) the
pyridine molecules penetrate the neighbouring layers so
there exist n---7 interactions between the pyridine rings above
one layer and below the next-neighbouring layer with a cen-
troid-centroid distance of 3.398 A. The shortest Co---Co dis-
tance of 7.135 A corresponds to atoms located in neighbour-
ing layers.

The structure of 4 is very similar to that of 1 in that (i) the
Co-NC-Au-CN-Co fragments are bent and adopt an analo-
gous configuration around the Co(u) ions; (ii) the angle
between the CoN, equatorial plane (formed by the cyanide
nitrogen atoms) is 32.38° and the layers assume an egg-
carton like pattern; and (iii) the layers are held together in
pairs by strong aurophilic interactions (3.226 A) forming
bilayers (Fig. 5). However, there are significant differences,
such as: (i) the CoNg coordination sphere in not tetragonally
compressed but tetragonally elongated. The mean value of
the axial Co-N distances (2.194 A) is larger than that corres-
ponding to the Co-N equatorial ones (2.105 A) and Sop, =
0.126. (ii) As the PyPhCO ligand is long and there exist n---x
interactions involving the pyridine ring and the phenyl ring
of the PyPhCO molecules coordinated to neighbouring
bilayers (with a centroid-centroid distance of 3.77 A), these
are rather well separated (13.153 A). As expected, the shortest
Co(u)-+-Co(u) distance (7.436 A) occurs between the atoms of
the two layers of the bilayer.

Electronic structure calculations

The continuous shape measures (see Table S2) indicate that
these compounds present a very small angular distortion from
an ideal octahedron, as the shape measure Sop, values are in
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Fig. 5 Stacking of four consecutive layers of 4 along the c direction
together with the intrabilayer and interbilayer Au---Au distances.
Aurophilic interactions are shown as solid yellow lines. Colour code: Au
(yellow), Co (pink), N (blue) and C (grey).

the 0.003-0.126 range. If the radial distortion is taken into
account, then these compounds could be considered as pos-
sessing compressed or elongated tetragonal geometries.
Nevertheless, when Sop, values are very small, like in 1-4, the
axial distortion must be very small too. The distortion is a
result of different factors such as the Jahn-Teller distortion
associated with the “Ty, ground state of the ideal O}, symmetry,
binding anisotropy and solid state effects. The tetragonal dis-
tortion splits the *Ty, ground term of the ideal Oy, symmetry
into the Ay, (in D, notation) and “E, terms separated by an
energy gap, 4, which increases with tetragonality. For tetra-
gonal compression, A is positive and the *A,, crystal field term
is at a lower energy (easy-plane anisotropy), whereas for tetra-
gonal elongation, A is negative and the ground term is “E,
(easy-axis anisotropy). For the former case, the second-order
spin-orbit coupling (SOC) splits the ground “A,, term and the
“E, term into two and four Kramers doublets (KDs), respect-
ively, and this situation can be treated in a simple way as zero-
field splitting (ZFS) within the spin Hamiltonian formalism
(Fig. S2+).°" For tetragonal elongation, the ground crystal-field
term 4Eg carries first-order orbital contribution. In this case,
the simple ZFS approach is generally no longer applicable to
analyse the electronic properties and consequently the Figgis—
Griffith approach should be used.*?

For heteroleptic complexes, such as 1-4, the Co-Nj, dis-
tances are generally longer than the Co-O distances. In spite
of this, the former atoms produce larger crystal field effects
than the latter atoms. In these circumstances, the determi-
nation of the effective distortion and the nature of the ground
term is a rather difficult task. In view of this, and in order to
analyse properly the magnetic properties and electronic struc-
ture of compounds 1-4, we have performed ab initio CASSCF/
NEVPT2 calculations using the ORCA program.>® We have
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used the ab initio ligand field theory (AILFT)*® to calculate the
splitting of d-orbitals provoked by the ligand field (see Fig. S3
and S47). These calculations have been carried out excluding
and including the Au(i) atoms. The ligand field parameters
obtained from these calculations are presented in Table 1.

As it can be observed, all complexes have a quartet ground
state emphasizing the weak ligand field Dg/B ~ 1. The ligand
field strength calculated as the energy gap between the bary-
centers of the orbitals arising from the splitting of the e, and
tye sets in O, symmetry increases for both calculations (exclud-
ing and including gold(i) atoms) in the order: 4 > 3 > 2 > 1 (see
Table 1 and Fig. 6). This order is not unexpected because:
(i) the N-coordinated pyridine derivatives are better c-donor
ligands than the O-coordinated DMF and DMSO ligands, and
(if) DMSO and DMF are very weak n-donors when coordinated
through the oxygen atom, whereas pyridine derivatives are
weak m-acceptors. Both points favour the existence of a stron-
ger ligand field for 4 and 3 than for 1 and 2.

When gold(1) atoms were excluded from calculations, the
d-orbital energy diagrams indicate that complexes 1-4 exhibit
a "A,, ground state and therefore the spin Hamiltonian shown
below can be used:*"

H =DI[S,” — S(S+1)/3] + E(S¢* — $,?) + gugHS (1)

Table 1 Ligand field parameters for compounds 1-4

Relative orbital energies,

Compound B,ecm™ C/B Zetayem™' cm™!
Excluding gold(i) atoms
1 1057 3.79 526(4) 419 680 7380 9724
2 1060 3.76 525(4) 125 613 7385 10420
3 1057 3.76  525(5) 469 1140 9320 9742
4 1061 3.72  524(5) 244 1269 8065 11109
Including gold(r) atoms
1 1048 3.85 526(5) 646 1174 8673 8887
2 1048 3.84 526(5) 674 911 8926 9370
3 1056 3.76 525(5) 46 654 8051 10343
4 1047 3.82  525(5) 58 445 9292 9475
10’000_ ........ _ ....... .....
8,000 - ........... ...... E—
6,000 - ........... ........... .....
4000 - - ........... ........... ........... .....
2,000 - .......... .......... ........... .....
0 T - T — T - T T
1 2 3 4

Fig. 6 Splitting of the d-orbitals for compounds 1—-4 using the ab initio
ligand field theory (AILFT) including gold() atoms.
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where S is the ground state spin, D and E are the axial and
transverse (rhombic) magnetic anisotropy parameters, respect-
ively, ug is the Bohr magneton, H is the applied magnetic field
and the third term corresponds to the Zeeman interaction. If
E = 0, then 2D represents the energy gap between +1/2 and
+3/2 Kramers doublets (KD) arising from second order SOC of
the quartet ground state. If D > 0, the doublet with M, = +1/2 is
at a lower energy than the doublet with M = +3/2, whereas
when D < 0, the reverse positioning occurs.

The sign and magnitude of D can be rationalized by evaluat-
ing the D;; components (i = x, y, z), which depend on the exci-
tation energies, as well as on the m; values of the orbitals
implicated in the lowest energy transition.”” Thus, when
the excitation energy involves two orbitals with Am; = +1,
M, = +1/2 KD is found at a lower energy and the contribution to
D is positive (easy-plane anisotropy). However, when the exci-
tation between d orbitals does not involve the change of my,
M, = +3/2 KD is stabilized and a negative contribution to D is
obtained (easy-axis anisotropy). For complexes 1-4, the lowest
energy transition involves the d,, and d,, orbitals with m = +1
and +2, respectively, and therefore D must be positive.
The CASSCF/NEVPT2 calculations using an effective spin
Hamiltonian (eqn (1)) confirm this prediction. Thus, excluding
gold(1) atoms, both calculations afford large positive D values
(see Table 2) for 1-4. The D values corresponding to compounds
1 and 2 are significantly larger than those found for compounds
3 and 4. This result is not unexpected because the energy gap
between d,, (highest double-occupied orbital) and d,, (lowest
single-occupied orbital), which is proportional to the difference
in the strength of n-interactions between the axial and equator-
ial ligands, is larger for 3 and 4 than for 1 and 2 and, therefore,
smaller D values are expected for the former than for the latter.

Although there exist contributions to D other than those
coming from the low-lying spin-orbit free excited quartet
states (those arising from the T,y term in an ideal Oy, sym-
metry), the latter should be by far the most important, because
Q1 and Q2 are those closest in energy to the ground quartet
state. This expectation is confirmed by NEVPT2 calculations,
which show that the largest positive contribution to D comes
from the two first excited quartet states, Q1 and Q2 (see
Table 3). As expected, the largest contributions from these
excited quartet states occur in 1 and 2, which have the excited

Table 2 Spin Hamiltonian parameters computed with SOC-CASSCF
(7,5)/NEVPT2 for 1-4

Compound D, ecm™! E/D g I 2

1 114 0.179 1.810 2.924 2.374
+Au 80 0.203 1.918 2.437 2.795
2 131 0.039 1.650 2.686 2.383
+Au 111 0.253 1.683 2.198 2.989
3 89 0.170 1.853 2.470 2.804
+Au 85 0.095 1.938 2.578 2.713
4 86 0.117 1.866 2.551 2.763
+Au 99 0.053 1.926 2.551 2.701
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quartet states at lower energy than 3 and 4. As we can see from
Table 3, the splitting of the ground T, term essentially deter-
mines the magnetic anisotropy, whereas contributions from
other states to ZFS are no more than 30%.

In view of the above considerations, it is reasonable to
assume that in octahedral Co(n) complexes with weak ¢-donor
N-cyanide ligands®® in the equatorial plane, the substitution in
the axial positions of weak o-donor/weak n-donor ligands,
such as DMF or DMSO, by intermediate o-donor/weak
n-acceptor ligands produces a decrease in the D value.

The rhombicity parameter E depends on the splitting of d,,
and d,, orbitals. There are two sources of non-zero rhombicity;
one is the asymmetry in the equatorial plane, since the Co-NC
bond lengths are slightly different. Another source is the an-
isotropy of the n-donor orbitals in the xz and yz planes. The
energy gap between d,, and d,, orbitals is relatively small and
consequently the complexes exhibit small to intermediate E/D
parameters.

After including gold(r) atoms, the energies of the d-orbitals
undergo significant changes with respect to those calculated
when gold(1) atoms are excluded (see Fig. 6 and Table 1). Thus,
the energy gap between the highest double-occupied and the
lowest single-occupied orbitals decreases for 2 and 4, whereas
it increases dramatically for 1 and slightly for 3. This results in
a significant decrease of D for 1 and a modest increase for 4,
whereas 3 varies into a much lesser extent. Unexpectedly,
2 undergoes a considerable decrease in its D value after includ-
ing gold(i) atoms in the calculations. For 1, D decreases to
such an extent that it becomes lower than those for complexes
3 and 4, leading to the following anisotropy order: D (2) > D (4)
> D (3) > D (1). Large rhombicity values (E/D ~ 1/3) as observed
for 2 lead to the mixing of the |M| = 3/2 and |M;| = 1/2 wave-
functions, which can inverse the sign of D (the effective
g-tensor of the ground KD exhibits easy-axis anisotropy) or
loses its physical meaning. Complexes 1 and 2 have the largest
splitting between double-occupied orbitals and consequently
exhibit the largest E/D parameters.

In view of the above theoretical results including gold(i)
atoms, we can conclude that the presence of very heavy metal
atoms, like gold(1), connected to the cobalt(u) ions through
bridging ligands, can significantly modify the energy of d-OA,

Table 3 Excited state energies (cm™) of the T; ground term and their
corresponding contributions to D (cm™) excluding and including gold(:)
atoms

Compound EQ1  ContributiontoD  EQ2 Contribution to D
Excluding gold(r) atoms

1 312 57 664 35
2 278 58 388 54
3 608 40 1150 24
4 794 38 1163 27
Including gold(r) atoms

1 648 38 1346 22
2 215 56 1029 26
3 694 34 800 38
4 502 44 635 37
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which ultimately affects the D values and rhombicity of
axially distorted Co™ complexes. This effect is likely to be due
to a redistribution of the electron density through the
covalent cyanide bridges. As far as we know, there are no
other reported examples of theoretical calculations on the
influence of diamagnetic electron-rich 5d closed shell ions/
atoms, M, on the magnetic anisotropy of the Co' ion in Co"-
CN-M systems. However, ab initio calculations on Co"-CN-
WV systems showed that the magnetic anisotropy of the
cobalt(i) atom was also affected by the inclusion or exclusion
of w.>*

Static magnetic properties

The dc magnetic properties of 1-4 have been studied in the
2-300 K temperature range under an applied magnetic field of
1000 Oe, and are given in the form of the temperature depen-
dence of y\T (yu is the molar magnetic susceptibility) in Fig. 7
(the plot for complex 1 is given as an example) and Fig. S5-S7+
(for compounds 2-4, respectively).

The ymT values at room temperature for complexes 1-4 of
3.33, 3.035, 3.090 and 3.083 cm® mol™" K, respectively, are
larger than the expected value for an orbitally non-degenerate
ground state with S = 3/2 of 1.875 cm® mol™" K, which is due
to the unquenched orbital contribution of the Co(u) ion in a
slightly distorted octahedral geometry. By lowering the temp-
erature, the yy7T product diminishes first slightly from room
temperature to around 100 K and then in a deeper manner to
reach values of 1.77, 1.81, 1.64 and 1.79 cm® mol™* K at 2 K for
1-4, respectively. The decrease of yT until 10 K is mainly due
to spin-orbit coupling (SOC) effects, whereas below this temp-
erature, the faster diminution of y\T is due to both the single-
ion anisotropy and weak intermolecular antiferromagnetic
interactions. The latter are not unexpected in view of the fact
that the shortest intermolecular cobalt-cobalt distances are
found to be in the range of 7.1-7.6 A. The field dependence of
the magnetization at 2 K is almost saturated at 5 T reaching
values in the 2.31-2.37up range. These values are significantly

2w Tlem*Kmol™!

— Ab initio
— ZFS
104 _ ¢
0.5 o 1
0.0 T T T
0 100 200 300

TIK

Fig. 7 Temperature dependence of yuT for compound 1 (red circles).
Black and green solid lines represent the best fit to eqn (1) and (2),
respectively. Blue solid line generated from the ab initio calculated
energy levels.
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lower than the value expected for an S = 3/2 ground state with
g = 2, thus indicating the presence of significant anisotropy.

The data for the temperature dependence of y\T and the
field dependence of the magnetization at 2 K for 1-4 were sim-
ultaneously fitted with the ZFS Hamiltonian of eqn (1) (it has
been assumed, according to theoretical calculations indicated
above, a *A,, ground term for these complexes), using the PHI
program (Fig. 7 and Fig. $5-S71).>* This approach is appropri-
ate because the two low-lying KDs arising from the ‘A,
ground term by second-order SOC are almost the only popu-
lated below ~50 K. A TIP term has to be included to account
for the thermal depopulation of the higher energy Kramers
doublets. It is worth noting that this strategy is always valid
below 100 K and frequently up to room temperature. Finally, a
mean field term was also introduced to take into account the
intermolecular interactions. It should be mentioned that this
approach leads to large g values (~2.5). As the fittings of the
magnetic data are not sensitive to the E value, this parameter
was fixed to zero and isotropic g tensors were used to avoid
overparametrization. The following magnetic parameters were
obtained from the fits: D = +68(1) em™, g = 2.610(7), zJ =
—0.024(2) em™" and TIP = 620(6) x 10~° em® mol ™" for 1, D =
+90(2) em™, g = 2.687(6), z/ = —0.0291(2) cm™" and TIP =
477 (3) x 107% em® mol™ for 2, D = +75(2) em™, g = 2.531(7),
7/ = —0.0362(3) cm ™" and TIP = 778(1) x 10~® em® mol™" for 3
and D = +80(1) em™', g = 2.605(1), z/ = —0.019(2) cm™" and
TIP = 90(4) x 10~® cm® mol™" for 4. It is worth noting that vir-
tually the same quality fits and parameters were obtained for
negative D values. Nevertheless, based on theoretical calcu-
lations the D values must be positive.

The fact that the M vs. H/T isotherms for compounds 1-4
depend only slightly on the temperature (the changes of the
thermal depopulation of the two Kramers doublets below 7 K
are almost negligible) and practically superimpose in a single
master curve (see Fig. 8 for compound 1 and Fig. S8-S107 for
compounds 2-4) confirm that ZFS is very large for these
compounds.

2.5+
2.0 7K
Q 1.5-
S 1.0 — 4K
1 7 - 3K
0.5-/ —— 2K
1
0.0-————7———————1————7——
0.0 0.5 1.0 1.5 2.0 2.5
H/T(TIK)
Fig. 8 M vs. H/T isotherms for compound 1 at the indicated
temperatures.
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The D values experimentally obtained from the magnetic
data do not follow the same order as those calculated theoreti-
cally excluding gold(1) atoms (Table 2), but they do follow the
order of the D values calculated including gold(r) atoms.
However, as usual, the theoretical values are overestimated
with regard to the experimental ones. The difference between
the experimental and calculated D values is most likely due,
among other reasons, to limitations inherent to the theoretical
methods, certain inaccuracy of the magnetic data, and the use
of isolated mononuclear models for calculations when the real
structure is extended.

In order to confirm the sign and magnitude of A, and
therefore the nature of the ground term for these com-
pounds, the magnetic susceptibility data for 1-4 were also
analysed with a Figgis-Griffith Hamiltonian that takes into
account: (i) the first order SOC effects associated with the
T, ground term of the octahedral Co(u) 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:*?

H= (— ;) KALS + A (Lz2 - %) +p [— (g) KLy +gesu} Hy, (2)

where u = x, y, z, 4, as indicated above, is the axial splitting
parameter, « is the orbital reduction factor, and 4 is the spin-
orbit coupling parameter. The factor —3/2 comes from the fact
that the real angular momentum for the *T,, ground state in
an ideal Oh geometry is equal to the angular momentum of
the *P free ion term multiplied by —3/2. When A is positive,
the orbital singlet is the lowest in energy, whereas for negative
values of A, the doublet is the ground term.*>*° The best fit of
the magnetic data of 1-4 with the above Hamiltonian using
the MagSaki®’ software afforded the following parameters: A =
—104 em™, k=1, A = +340 cm™*, TIP = 141 x 10~° cm® mol™
with an agreement factor R = 5.7 x 107> for 1; A = =127 cm™ ',
=0.87,A=-596 cm™ ', TIP = 74 x 10"° ecm® mol ™' and R = 1 x
107° for 2; A = =129 ecm ™', k = 0.89, A = +358 cm™ ", TIP = 53 x
107° ecm® mol™* and R=2.5x 107" for3and A= —128 cm ™}, k =
0.91, A = —431 cm™", TIP = 20 x 10~° cm® mol™ and R = 5.0 x
107> for 4. These parameters, which are typical of high-spin
octahedral Co(u) complexes, confirm the positive A values (A,
ground state) for complexes 1 and 3 and negative A values for
2 and 4 (“E,). The g values for the ground state of these com-
plexes calculated from the fitting with the Hamiltonian given
in eqn (2) are close to those obtained from theoretical calcu-
lations (Table S37).

In view of this, the use of the phenomenological approach
based on the zero-field splitting Hamiltonian for 2 and 4 is
more than questionable and therefore the experimentally and
calculated D values for these compounds could be taken with
caution.

FIRMS/HFEPR

In order to accurately determine the magnitude of the ZFS
in the current series of compounds, we used FIRMS. This

4620 | /Inorg. Chem. Front., 2020, 7, 4611-4630

View Article Online

Inorganic Chemistry Frontiers

technique allows one to directly assess the zero-field (zf)
energy gap(s) between the lowest-energy Kramers doublets
(KDs) in an S = 3/2 spin system. However, no information
on the rhombicity of the ZFS can be obtained for KDs. For
that purpose, a combination of FIRMS with HFEPR
(vide infra), whenever applicable, is optimal. The combined
maps of FIRMS turning points of compounds 1-4 are
shown in Fig. 9.

As it can be observed in Fig. 9 (top left), a zf magnetic
transition is clearly recognizable at 151.2 cm™" in the spec-
trum of compound 1, which readily yields the value of the
energy gap between the ground and first excited KD arising
from the *A,, terms, § (5 = 2(D* + 3E%)"?). The same
complex produced satisfactory HFEPR spectra characteristics
for an S = 3/2 spin state with positive D (Fig. S11 and
Table S5f). From these spectra, we were able to obtain
through simulations an estimate of the ZFS tensor rhombi-
city (E/D up to 0.17) and the following g-values: g, = 2.47, g,
= 2.48, g, = 2.10. Using the E/D ratio determined by HFEPR,
one can separate § into D = 71.8 em™ ' and E = 12.4 cm ™"
with a caveat that the value for E represents a maximum
rather than a fixed number. These FIRMS/HFEPR results are
quite similar to those obtained for other cobalt(i1) complexes
with a distorted octahedral CoN,O, environment.*® It is
worth mentioning that the obtained D value is very close to
that obtained from dc magnetic measurements of 68 cm™'.
The FIRMS spectra also reveal another magnetic transition
at 793 cm™', which corresponds to the excited Kramers
doublet next to the S = 3/2 level. This energy is in excellent
agreement with the value 785 cm™' calculated using the
spin-orbital coupling correction.

The FIRMS spectrum of compound 2 (Fig. 9, top right)
shows a strong zf magnetic transition at 258 cm™" and another
very intense one at 777 ecm ™. In addition, at least two weaker
transitions appear at 665 and 863 cm™'. In this case, the
observed transitions cannot be related to ZFS parameters as A
is negative leading to a “E, ground term. The observed spec-
trum is therefore more likely due to transitions between KDs
arising from the 4Eg term with a rhombic splitting.
Correspondingly, the HFEPR spectra cannot be simulated
using S = 3/2 spin Hamiltonian parameters and were simu-
lated using instead effective spin S = 1/2 parameters (Fig. S12
and Table S4t). It is worth mentioning that the g values
obtained from this simulation (g, = 2.65, g, = 2.95 and g, =
7.363) are close to those obtained for the ground Kramers
doublet from CASSCF calculations (Table S31) and magnetic
measurements (eqn (2)) and support the easy-axis axial an-
isotropy (4 < 0) of this complex. The CASSCF calculations
using spin-orbital coupling correction provide good agree-
ment for the first excited KD (255 cm™ '), whereas the next
high-energy KDs at 447 cm™" and 834 cm™" disagree with the
experimental observations.

In the FIRMS spectrum of compound 3 (Fig. 9, bottom left),
there appears a zf magnetic transition at 183 cm™', which
readily yields the value of §. A transition within the ground Mg
=+ 1/2 KD shows up at a high magnetic field and low energy
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Fig. 9 2-D (magnetic field vs. energy) contour maps of FIRMS response in complexes 1-4. Regions marked in blue represent resonance absorption
that is sensitive to the changing magnetic field. Regions in yellow are insensitive to the field. The blank areas are those in which the sample was not
transparent for far-infrared radiation. The same colour scale is applied for all figures. The circles mark the zf magnetic transitions which agree (solid)

and disagree (dashed) with CASSCF calculations.

(upper left corner of the map), confirming the positive sign of
D. In addition, there are also two weak zf magnetic transitions
at 510 and 577 ecm™'. The HFEPR spectra can be tentatively
simulated with an § = 3/2 spin Hamiltonian. Using the E/D
value estimated from HFEPR (Fig. S11 and Table S57%), the fol-
lowing parameters were obtained from the lowest energy zf
FIRMS transition: D = 91.3 cm™ " and E = 3.7 cm ™. The D value
is larger than but not too far from that obtained from the dc
magnetic data of 75 cm™".

The FIRMS for compound 4 (Fig. 9, bottom right), unexpect-
edly, does not reveal clearly any zf magnetic transition,
although a remarkable spectral feature is observed at
193 ecm™'. This feature shifts only slightly with full magnetic
field sweep (~1 cm™'/17 T) and preserves the intensity from
spreading in the high-field range. Such behaviour is untypical
of an anisotropic ZFS transition and is attributed to a
magneto-elastic coupling with a phonon mode at 193.3 cm™".
Noticeably, CASSF calculations indicate the first excited KD to
appear at the energy of 199 cm™". However, we assume that the
zf transition is located in the spectral range between 210 and
270 ecm™', which is non-transparent for the far-IR radiation
and, therefore, hinders its direct observation. The evidence of
this hypothesis is evolving of the absorption in the vicinity of
270 em™' at high magnetic fields (Fig. 9). There is another
weak magnetic feature at 367 cm™", which can be associated
with high-energy Kramers doublets.

The HFEPR spectra of 4 cannot be simulated using S = 3/2
spin Hamiltonian parameters and were simulated using

This journal is © the Partner Organisations 2020

instead effective spin S = 1/2 parameters (Fig. S12 and
Table S41). A summary of experimental and calculated spin
Hamiltonian parameters is presented in Table S5.

Dynamic magnetic properties

Temperature and frequency dependence studies of the
dynamic ac magnetic susceptibility measurements were per-
formed under a 3.5 Oe alternating field at low temperature on
complexes 1-4 with the aim of knowing if they show slow mag-
netization relaxation and, if so, to accomplish a comparative
study of their dynamic magnetic properties. Unfortunately,
none of the compounds show out-of-phase signals (y"y) above
2 K at zero applied dc field. This fact is not unexpected
because for a Kramers ion like Co(u) with D > 0, the electronuc-
lear spin states emerging as a consequence of the hyperfine
interactions have, if any, negligible magnetic moments in the
absence of a magnetic field, and therefore does not present
slow magnetization relaxation. In contrast, the application of
an applied dc field makes the electronuclear spin states gain
magnetic moments and consequently slow relaxation could be
observed if the compound behaves as a SMM."* In view of the
above considerations, we have analysed the field dependence
of the ac magnetic susceptibility at 7 = 2 K for complexes 1-4
and for dc magnetic fields varying between 0.025 and 0.3 T.
The goal of this study is threefold: (i) to learn if these com-
pounds exhibit field induced slow magnetization relaxation,
(ii) to investigate how the magnetization relaxation changes
with the applied magnetic field and (iii) to choose the optimal

Inorg. Chem. Front., 2020, 7, 4611-4630 | 4621


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0qi00996b

Open Access Article. Published on 01 October 2020. Downloaded on 12/4/2025 10:09:28 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Research Article

field at which the relaxation is the slowest. The application of
a dc magnetic field induces a clear frequency dependency of
the in-phase (y'y) and out-of-phase signals below 8 K for 1 and
3 and below 6 K for 2 and 4 (Fig. S13, S15, S19 and S237), thus
indicating the existence of slow magnetization relaxation. It is
worth noting that below 0.1 T only one relaxation process
appears, whereas for Hy. > 0.1 T, a second and slower relax-
ation process begins to emerge. This slow field induced relax-
ation process is rather common for Co(u) SIMs that are sub-
jected to a magnetic field and has its origin in either: (i) 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 Mg ground states increases
with the field, the phonon density also increases with an
energy equal to this gap)*® or (ii) intermolecular interactions.*’

The relaxation times (z) for the fast relaxation process at 2 K
and at different fields were obtained from fitting the frequency
dependence of the out-of-phase signal to the Debye model
(Fig. 10 and Fig. S13 and S22%). As it can be observed in
Fig. 10 and Fig. S14,f for complexes 1 and 2, 1/z remains
almost constant for fields below 0.1 T and then exponentially
increases with the field, which is characteristic of a direct
process. For complex 3, the field dependence of the ac data
could not be correctly fitted to the Debye model because the
peaks lie above the studied frequency range (Fig. S18t). For
complex 4, the field dependence of 7" (Fig. S221) shows that
for fields below 0.1 T, 7' decreases as the field increases,
which indicates the progressive quenching of either QTM or
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zero-order direct processes."”” For Hy. > 0.1, 7 ' strongly
increases as the field increases, pointing out the predomi-
nance of a direct relaxation process.

In view of the above facts, it appears that at very low temp-
erature, complexes 1 and 2 show a predominant direct relax-
ation process with a very small contribution of QTM (or zero-
order direct process). We carried out field- and frequency-
dependent ac susceptibility measurements below 10 K at 0.1 T,
because at this field the signals exhibit the strongest intensity
for the slowest relaxation. For 3, we decided to perform the ac
susceptibility measurements at 0.075 T because the intensity
of the signal is large and the field-induced slow relaxation
process is still rather small. Finally, for 4, field- and frequency-
dependent ac susceptibility measurements were performed at
0.1 T, because this field leads to the slowest relaxation. Among
these compounds, only 1 exhibited enough maxima in the y"y
signals, which appeared in the 2.5 K (300 Hz)-4.5 K (1488 Hz)
region (Fig. 11) to obtain the temperature dependence of the
relaxation times using the Debye model.

The high-temperature obtained relaxation times for com-
pound 1 were fitted to the Arrhenius expression:

-1 -1

1 = gy e Uett/keT

(3)
for a thermally activated process (Orbach process) leading to
an effective energy barrier for the magnetization reversal (Uesr)
of 16(2) K and a 7, value of 3.8(2) x 107° s. Interestingly, the
value of the effective energy barrier (Ues) is much lower than

Fig. 10 Field dependence of the out-of-phase signal (y"m) at 2 K for 1 (left). Field dependence of the relaxation times (right).
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Fig. 11 Frequency dependence of the out-of-phase component (y"u) of the ac susceptibility at the indicated temperatures (left) and temperature
dependence of the relaxation time z for complex 1. The red and blue lines represent the best fits of the experimental data to the Arrhenius equation
for a thermally activated process and to a combination of direct-Raman relaxation processes, respectively (right).
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the 6 values determined experimentally from FIRMS
(151 em™) and theoretically from ab initio calculations
(131 em™). Keeping in mind that the Orbach process takes
place between real magnetic energy levels, and that complex 1
does not have energy levels below ~150 cm™", the relaxation
should not proceed via an Orbach process with Ue = 16(2) K.
In view of this, the temperature dependence of 7' for 1 was
fitted to the equation

7' = AT +BT", (4)

which takes into account the simultaneous presence of direct
and Raman relaxation processes (Fig. 11). The best fit led to
the parameters A = 551(38) s K™, B=0.2(1) s ' K *° and n =
6.9(5). The obtained parameters indicate the predominance of
the Raman process above approximately 3 K, whereas below
this temperature the direct process dominates. Although for
Kramers ions n = 9,*" depending on the structure of the levels
and if both acoustic and optical phonons are taken into
account, lower 7 values can be considered as acceptable.”?

For complexes 2-4, the ac data could not be fitted to the
Debye model because all peaks or the majority of them appear
above the studied frequency range (Fig. S16, S18, S20 and
S24%). To overcome this problem, we have applied an alter-
native approach to obtain the relaxation parameters from
the ac data. This approach consists of considering that the
ratio between the out-of-phase and in-phase components
of the ac susceptibility can be expressed in an approximate
manner as"**

}(”M/}{'M = 2nfr (5)

The substitution in this equation of the relaxation time (z)
by its expression for each relaxation mechanism (Orbach or
Raman) permits the determination of the respective relaxation
parameters. If we assume that hypothetically the relaxation
occurs entirely through an Orbach relaxation mechanism, for
which 7 = rpexp(—Ueg/kpT), the equation becomes as follows:

Il’l(){”M/}(/M) = ln(an‘ro) — Ueff/kBT (6)

The effective energy barrier Ugys could be approximately
assessed by fitting the experimental y"/y’ data in the high fre-
quency region to this equation. In order to compare the para-
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meters obtained using both methods, we have used this
method not only for 2-4, but also for compound 1 (Fig. 12
left). The obtained parameters are presented in Table 4. As in
the case of 1, the obtained U.s values for complexes 2-4 are
much lower than the energy gap (§) obtained from static sus-
ceptibility measurements and ab initio theoretical calculations.
This result once again ratifies the hypothesis that the magneti-
zation relaxation for field-induced distorted octahedral Co(u)
SIMs with D > 0 should not occur through an Orbach process
but through direct and Raman processes. The direct process
dominates at very low temperature (below ~3 K), whereas the
Raman process dominates at higher temperatures.

Bearing in mind that at high temperatures the magnetiza-
tion relaxation is likely to occur through a Raman process, we
have fitted the y"/y’ data to the following equation:

In(y"m/x'm) = In(2nfC) — n(ln T) (7)

which has been obtained by replacing 7 in eqn (5) by its
expression for a Raman process (r = CT "). The data in the
4.5-7.5 K range were fitted to the equation using frequencies
between 100 and 1400 Hz (Fig. 12 and Fig. S17, S21, S257). The
fitting procedure led to the C and n parameters indicated in
Table 4. Therefore, it is clear that for complexes 1-4, the
Raman process predominates at high temperature and low
fields for the faster (non-field induced) relaxation process.
From the results presented in Table 4, the following con-
clusions can be drawn: (i) the U value obtained from eqn (5)
for 1 is higher (~6 K) and the 7, values are lower than those

Table 4 Orbach and Raman parameters and shortest Co---Co distances
for complexes 1-4

Uest (eqn (6))/K Raman (eqn (7))

Compound 7o/S B=1/C (sT' K™ Co--Co/A

1 22.1(3) n=3.6(5) 7.401
6.2(3) x 1077 B =83(10)

2 18.5(2) n=3.2(1) 7.557
3.5(4) x 1077 B =333(12)

3 22.0(2) n=3.1(2) 7.135
3.6(5) x 1077 B =250(11)

4 15.9(2) n=3.3(1) 7.436
5.4(3) x 1077 B =250(12)

0
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Fig. 12 Temperature dependence of the ratio of the in-phase and out-of-phase ac components at different frequencies under a magnetic field of
0.1 T for 1. Solid lines correspond to the fit of the experimental data to egn (6) (left) and eqn (7) (right).
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obtained from the Arrhenius plot. (ii) In all cases, the relatively
short intermolecular Co(u)---Co(u) distances (in the range of
7.135 A-7.557 A), which involve Co(i) atoms of neighbouring
sheets, lead to non-negligible dipolar interactions that favour
QTM and reduce the magnitude of the phenomenologically
obtained U, values even in the presence of the applied field.
In fact, mononuclear complexes'® and 2D SIM-MOFs'? with
larger Co(m)--Co(n) distances (typically higher than 10 A) gen-
erally exhibit larger U.s values. Good supporting evidence of
the role played by dipolar interactions in six-coordinated Co(u)
complexes with D > 0 is provided by the fact that, in some
cases, even in the presence of a dc field, this type of complex
does not show slow magnetization relaxation above 2 K and to
observe it magnetic dilution with an isostructural diamagnetic
complex is required (hidden SIM behavior)."*” (iv) The Raman
mechanism is predominant above 3 K for the fast relaxation
process. (v) Neither the shortest Co(u)---Co(u) distances nor the
dihedral angles between neighboring CoN, equatorial planes
(which are related to the angle between neighbouring an-
isotropy axes) are clearly correlated with the phenomenological
Uesr parameter (or the Raman parameters). In view of the above
concerns, it is reasonable to assume that, in addition to the
presumable role played by the dipolar interactions, other
factors, such as the flexibility of the axial ligands, could signifi-
cantly contribute to the fast relaxation observed for complexes
1-4. In this regard, it has been recently shown that the temp-
erature dependence of the spin relaxation not only depends on
the electronic structure but also on the vibrational character-
istics of the specific SMM.** This is because the relaxation
time strongly depends on the frequency and lifetime of
phonons together with spin-phonon coupling coefficients.
Consequently, internal vibrations play a crucial role in associ-
ating the spin states and phonons that contribute to the spin-
relaxation pathways. Nevertheless, at low temperature, only a
scarce number of local vibrational modes (those with the
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lowest frequencies) are active. Recent theoretical calculations
of the lowest energy vibrational modes for two field-induced
distorted octahedral Co(u) SIMs have demonstrated that their
energies are close to the experimental thermal energy barriers
for Orbach relaxation mechanisms.*® This fact led to a sugges-
tion that the thermal energy barrier is tied to the lowest
vibrational modes of the metal complex, so when these
vibrational modes are thermally populated, the magnetization
reversal becomes faster, promoting the elimination of the mag-
netization blocking. Moreover, it has been suggested that the
direct relaxation between two quasi-degenerate ground states
is accelerated in structurally flexible SMMs.**” Although the
2D dicyanoaurate-bridged scaffolding is rather rigid in com-
plexes 1-4, the flexibility of ligands in the axial positions could
increase the relaxation rate. Therefore, the observed magneti-
zation relaxation in these complexes could take place through
a two-phonon mechanism (predominantly through a Raman
mechanism though an Orbach mechanism tied to the energy
of the low vibrational modes cannot be ruled out) with the
involvement of dipolar (and hyperfine) interactions and the
lowest thermally populated vibrational modes, which acceler-
ate magnetic relaxation.

Pulsed magnetization

Magnetization curves in a full cycle pulsed magnetic field at
0.4 K,** measured on a polycrystalline sample under adiabatic
conditions to ease the suppression of population on thermally
activated states, are presented in Fig. 13 for 1 and Fig. S26-
S29t for 2-4, respectively. We worked with different applied
maximum fields that ranged between 1.8 T and ~15 T with a
sweep rate that depends on the maximum pulsed field, being
the highest for the highest maximum applied field (0.6 T ms™"
to ~5.5 T ms™'). Besides, the magnetic field strength is not
symmetric for the magnet between the positive and negative
directions during the pulsing. Magnetization curves show
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A ——1.9T/ms
—52TIms
154
=
=
aa]
z 104
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b = )
54
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Fig. 13 Pulsed-field (left) and differential (right) magnetization curves for 1 at 0.4 K and at different scan field rates.
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small hysteresis loops for these compounds that increase with
increasing magnetic sweep rate, which is typical of SMM com-
pounds, and saturation at a higher field with values in accord-
ance with those observed in static magnetization isotherms
and a small slope due to the low anisotropy of the system. In
the down-sweep from the highest field, a gradual decrease of
magnetization is found with its value being higher than that
of the first quarter up cycle due to the competition between
the thermal relaxation and the fast change of the magnetic
field. Also, the sharp reversal around zero indicates that there
is an adiabatic magnetization reversal most probably caused
by QTM.*°

In order to obtain further information and to analyse the
origin of the loop, the differential magnetization dM/dB vs. B
was plotted for compounds 1-4 (Fig. 13 right for 1 and
Fig. S27-S297 for 2-4, respectively). For all the cobalt com-
plexes, in the initial up-sweep, the magnetization first
increases slowly showing one peak, P1, corresponding to a
magnetization step in the magnetization. The position of this
peak shifts as a function of the sweep rate, probably caused
by a nonadiabatic effect. In the down-sweep from the
maximum magnetic field to the zero field, dM/dB is very
small and the magnetization curve is nearly flat until near
zero field, where we observe fine magnetization jumps in the
range of 0.10 to 0.15 T (Fig. 13 right) with no field depen-
dence. This observed behaviour at low T is related to QTM
caused by the level crossing among excited states, character-
istic of SMM.*®> We can also find nearly symmetric fine mag-
netization jumps in the negative field when we sweep from
the zero field to the negative maximum at around —0.10 to
—0.15 T. Finally, a second step, P2, is found in dM/dB slightly
shifted from its counterpart at the positive field indicating
the presence of a dipolar-coupling bias that affects the field
at which QTM occurs.

The slight sweep rate dependence of the peak field P1-P2
observed for all compounds indicates that the magnetization
behavior is symmetric for the magnetic field reversal, as is
found in the magnetization curve (Fig. S247). This is presum-
ably caused by the balance between the thermal relaxation
time and the short sweeping time.

Conclusions

Four 2D {Co(L),[Au(CN),],}» (L = DMSO, DMF, Py, 4-benzoyl-
pyridine) metal-organic frameworks have been easily obtained
by assembling Co(u) nodes, [Au(CN),]” spacers and L mole-
cules. These compounds are made of parallel sheets built from
edge-sharing slightly distorted square-planar {NC-Au-CN-Co},
units with the Co(u) ions located at the corners and the
[Au(CN),]” bridging anions at the edges. The parallel stacking
of layers is favoured by aurophilic and/or aromatic =#---n inter-
actions. The Co(u) nodes exhibit a slightly tetragonally dis-
torted CoN,X, (X = O, N) octahedral coordination sphere, with
the donor atoms X of the L molecules occupying trans axial
positions. The change of the ligand L in the axial positions not
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only modifies the CoN,X, coordination sphere, the packing
and intermolecular exchange and dipolar interactions, but
also the ligand field strength, the splitting of the d orbitals
and consequently the anisotropy of the Co(u) ion. In this
context, ab initio theoretical calculations show that the ligand
field strength follows the order: 4 > 3 > 2 > 1, which agrees
with the electronic effects of the L ligands. Thus, the larger
o-donor ability of the N-coordinated pyridine derivatives,
together with their weak w-acceptor properties, leads to a
larger field strength for complexes 3 and 4 than for 1 and 2,
which contain O-coordinated DMF and DMSO ligands with
n-donor properties. Magnetic, FIRMS and HFEPR results point
out that the D values for the reported compounds are all posi-
tive and larger than ~+70 cm ™", and follow the order 2 > 4 > 3
> 1. Interestingly, this order of D values can be reproduced
when gold(1) atoms are included in the theoretical model, thus
indicating the essential role played by the electronic effect of
the heavy gold(1) atoms in determining Co(u) magnetic
anisotropy.

In all these complexes, CoN,X, nodes exhibit field-induced
mononuclear SIM behaviour with slow relaxation of the mag-
netization occurring at very low temperatures, mainly through
a Raman relaxation process, which is dominant above 3 K.
Therefore, the D and E values seem not to play a relevant role
in the slow magnetization relaxation process. The origin of the
modest SIM behaviour for these compounds could be due to
the relatively short intermolecular Co(u)---Co(u) distances (in
the range of 7.135 A-7.557 A), which involve Co(i) atoms of
neighbouring sheets, leading to non-negligible dipolar inter-
actions that favour QTM. The fact that there is no correlation
between the shortest Co(u)---Co(u) distances and the phenom-
enological Uy parameters for complexes 1-4 suggests that, in
addition to the presumable role played by the dipolar inter-
actions, other factors, such as the flexibility of the axial
ligands, could significantly contribute to the fast relaxation
observed for complexes.
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