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b

Monomeric [Co(SDZ),phen] (1) and [Co(SDZ)(bg)Cl] (2) complexes (SDZ = sulfadiazine, phen = 1,10-phe-
nanthroline, and bqg = 2,2'-biquinoline) have been synthesized and characterized. X-ray diffraction studies
indicate that SDZ acts as a bidentate ligand coordinating through the sulfonamide and the pyrimidine N
atoms in both compounds. In complex 1, the coordination sphere consists of two SDZ ligands and a bis-
chelating phen ligand, giving rise to a CoNg coordination sphere. On the other hand, 2 has a CoN4Cl core,
with two N-atoms from SDZ and two from the bq ligand. Both compounds have been studied by dc and ac
magnetometry and shown to display slow magnetic relaxation under an optimum external dc field (1 kOe) at
low temperatures. Moreover, compound 2 displays long range magnetic ordering provided by spin-canted
antiferromagnetism, which has been characterized by further field-dependent magnetic susceptibility
measurements, FC/ZFC curves, hysteresis loops and frequency-independent ac curves. The signs of the calcu-
lated D parameters, positive in 1 and negative in 2, have been rationalized according to the two lowest-lying
transitions in the orbital energy diagrams derived from ab initio ligand field theory (AILFT). In a subsequent
attempt to reveal the possible hidden zero-field SMM behaviour, Ni(i)-based 3 and Cof(i)-doped Ni(i)-based
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Introduction

Single-molecule magnets (SMMs) are compounds that show
slow relaxation of magnetization and magnetic hysteresis
below a certain temperature (T, blocking temperature). The
slow magnetic relaxation behaviour is associated with an
energy barrier (U) originating from large anisotropy (D or axial
zero-field splitting, zfs, a parameter for 3d ions) in ions with a
high-spin ground-state (S)." The earliest efforts in the search of
compounds with larger energy barriers were dedicated to the
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(with a Ni: Co ratio of 0.9 : 0.1) heterometallic compound 2y; were synthesized.

development of polynuclear complexes with a large total spin
by increasing the number of coupled paramagnetic centres.
However, the control of the magnetic anisotropy axes in poly-
nuclear systems is complicated, and in many cases, the
increase of S led to a significant diminution of the magnetic
anisotropy with subsequent poor SMM properties.” In light of
this, molecules with a single anisotropic paramagnetic centre
that meet the essential criteria for observing slow magnetic
relaxation were discovered and called single-ion magnets
(SIMs) or mononuclear SMMs.? After the discovery of Ln(m)
based SIMs, a remarkable number of studies involving mono-
nuclear 4f based materials have been reported.* However, 3d
row transition metals are still of great interest in the field of
molecular magnetism and, thus, several studies on different
ions (Cr(w)/(ur), Mn(m), Fe(1)/(r), Co(r) and Ni(1)/(1)) have been
conducted over the last few years.>' Although large energy
barrier values have been observed in transition-metal based
SIMs (as high as U = 450 cm™ for a Co(u) linear complex'®),
further studies are necessary in order to reach the final goal of
operating temperatures closer to room temperature, in other
words, open hysteresis loops at high temperatures.

Co(u)-based complexes are good candidates for the develop-
ment of SMMs due to their large magnetic anisotropy, which
originates from a strong contribution of first-order spin-orbit

This journal is © The Royal Society of Chemistry 2024
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coupling to the total magnetic moment. The magnetic pro-
perties of these complexes are strongly influenced by the
coordination environment provided by the ligands, and there
is a great interest in developing complexes with coordination
numbers as low as possible, due to their expected large mag-
netic anisotropy.'” High coordination numbers are known to
suppress the orbital contribution (L, orbital angular momen-
tum) and subsequent magnetic anisotropy. Indeed, the
ground-state could be appropriately described by the spin (S)
term. When low coordination numbers are obtained, the d
orbitals fall within narrower energy ranges, simulating 4f orbi-
tals of lanthanide compounds. For instance, the current and
previous records of the largest barriers to the reversal of mag-
netization in transition metal complexes are two linear Co(i)
complexes.'”'® Nevertheless, it has also been proved that com-
pounds with higher coordination numbers could have signifi-
cant magnetic anisotropy. Several Co(u) single-ion magnets
with coordination numbers ranging from 2 to 8 and with
diverse geometries have been reported so far."’2%*>” Hence,
selecting appropriate ligands for the development of suitable
ligand fields is fundamental, as they will modulate the mag-
netic anisotropy of the metal ion and, therefore, the potential
SMM/SIM behaviour.

In this work, we report novel complexes that are derivatives
of the sulfadiazine ligand, which is a widely used antibiotic in
both human and veterinary medicine. In addition, it has
several coordination modes that could lead to a wide variety of
materials.?® Note that we planned this research project as a
continuation of a previously published work reported by some
of us, in which two sulfadiazine six-coordinated Co(u) com-
plexes with the ancillary ligands 2,2"-bipyridine and 6-methoxy-
quinoline were described.”” Both compounds had been shown
to be field-induced SMMs with U values of 50.6 K (2,2"-bipyri-
dine derivative) and 13.7 K (6-methoxyquinoline derivative). In
the present case, the heterocyclic compounds 1,10"-phenan-
throline and 2,2-biquinoline have been used as ancillary
ligands. The former one could provide a similar structure to
the one studied with 2,2-bipyridine, while the latter one was
selected as a bulkier ligand with the aim of sterically hindering
some coordinating positions and, thus, for obtaining lower
coordination numbers.

The present work covers the synthesis and characterization
of three novel compounds, followed by experimental and
theoretical magnetic studies.

Experimental
Synthetic procedures

Chemicals. All chemicals were of reagent grade and were
used as commercially obtained without any further
purification.

Synthesis of [Co(SDZ),phen] (1). 25 mL of a methanolic solu-
tion containing NaSDZ (1 mmol) and 1,10-phenanthroline
(0.5 mmol) was added dropwise to 25 mL of a CoCl,-6H,0
solution (0.5 mmol, MeOH) under continuous stirring at room
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temperature. After 1 h, the complex was filtered to obtain an
orange powder, and the filtrate was left for slow evaporation.
After a few days, orange single crystals were recovered and
used for the structural determination by XRD measurements.
The elemental analysis (EA) gave the following results for
CoC3,H6N1004S, (PM: 737.68): experimental (calculated): C,
51.71 (52.10); H, 3.49 (3.55); N, 18.70 (18.99); S, 8.94 (8.68)%.
The reaction yield was 87.6%.

Synthesis of [TM(SDZ)(bq)CI] (TM = Co for 2; TM = Ni for 3).
0.5 mmol of NaSDZ, 0.5 mmol of 2,2"-biquinoline, and 30 mL
of an ethanol/methanol mixture (5:1) were placed in a two-
necked round bottom flask provided with a condenser and a
dropping funnel. The system was heated to reflux and after the
complete dissolution of the ligands, an ethanolic solution of
the corresponding metal chloride (0.5 mmol, 10 mL) was drop-
wise added from the funnel. The reflux was maintained under
continuous stirring for 1 h. During the reaction, the com-
pound was obtained as a green powder, which was hot filtered
and washed with ethanol. The filtrate was preserved for slow
evaporation, and after a few days, green crystals were obtained
and used for structural determination in the case of 2. Single
crystals of 3 were obtained by recrystallization in ethanol. The
EA gave the following results for CoC,sH,;NgO,SCl (PM:
599.96): experimental (calculated): C, 56.09 (56.05); H, 3.34
(3.53); N, 13.65 (14.01); S, 5.31 (5.34)%; NiC,5H,;Ns0,SCI (PM:
599.72): experimental (calculated): C, 56.17 (56.08); H, 3.31
(3.53); N, 13.84 (14.01); S, 5.41 (5.35)%. The reaction yields
were 82.2 and 79.6% for 2 and 3, respectively.

Synthesis of [Coy ;Nig o(SDZ)(bq)Cl] (2xi). The synthesis of
the doped compound 2y; was carried out following the same
procedure described for 2 and 3, but using a 1:10 Co:Ni
ratio. Note that this is a routinely employed method usually
used to dilute transition metal and lanthanide based SMMs in
diamagnetic Zn(n) and Y(m) matrices, respectively.>>*° The
phase purity of the material was confirmed by PXRD (Fig. S27).
The stoichiometry of the material was determined by ICP-MS,
which confirmed the Co : Ni ratio of 1: 9 in the material.

Physical measurements

Elemental analyses (C, H, N, and S) were performed using a
Leco CHNS-932 microanalyzer. Magnetic susceptibility
measurements were carried out on polycrystalline samples of
the complexes using a Quantum Design SQUID MPMS-7T sus-
ceptometer at applied magnetic fields indicated in the static
magnetic properties section. The susceptibility data were cor-
rected for the diamagnetism estimated from Pascal’s tables,
the temperature-independent paramagnetism, and the magne-
tization of the sample holder. Alternating current measure-
ments were performed using a physical property measurement
System-Quantum Design model 6000 magnetometer under a
3.5 G ac field and at frequencies ranging from 60 to 10 000 Hz.

ICP-MS analysis

Around 20 mg of the sample was treated with concentrated
HNO; in a closed vessel of PFA (Savillex®) and was heated at
100 °C for 24 hours. The solution was diluted (1:55 000) for
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the determination of the analytes. All masses were measured
using a balance weighing with an accuracy of +0.0001 g to
avoid errors related to volumetric dilution. The analyses were
carried out following a previously reported protocol®' with
slight modification using a Thermo Fisher XSeriesIlI quadru-
pole ICPMS. The calibration was made using a 10 ppm multie-
lemental solution (PerkinElmer with traceability to NIST stan-
dards). A rhodium based solution was used as an internal
standard. Quality control solutions (QCS) were repeatedly
measured to ensure the quality of the results.

X-ray diffraction data collection and structure determination

Data for the complexes were recorded using a Rigaku-Oxford
Gemini diffractometer equipped with an EOS CCD detector
(for compounds 1 and 2) or a Bruker VENTURE area detector
(for compound 3), both of which are equipped with graphite-
monochromated Mo-Ka (4 = 0.71073 A) radiation. X-ray diffrac-
tion intensities were collected (w-scans with 6- and «-offsets),
integrated, and scaled with the CrysAlisPro®* suite of pro-
grams. The unit-cell parameters were obtained through least-
squares refinement (based on the angular settings for all col-
lected reflections with intensities larger than seven times the
standard deviation of measurement errors). The data were
empirically corrected for absorption employing the multi-scan
method implemented in CrysAlisPro. The structures were
solved by direct methods using SHELXS-97,%* and the mole-
cular models were refined using the full-matrix least-squares
procedure on F* with SHELXL-97.>* All atoms except for the
amino H-atoms were positioned stereochemically and refined
using the riding model, with their displacement parameter set
equal to 1.2 times the equivalent isotropic displacement para-
meter of the bonded carbon atoms. On the other hand, the
amino H-atoms were located in a difference Fourier map
phased on the heavier atoms and refined with the N-H and
H---H distances restrained to the target values of 0.86(1) and
1.49(1) A, respectively, with their displacement parameters set
equal to 1.5 times the equivalent isotropic displacement para-
meter of the corresponding nitrogen atom.

The crystal data and refinement results are summarized in
Table S1.f CCDC 2040162, 2040161 and 2309444 for 1-3,}
respectively, contain the supplementary crystallographic data
for this paper.

The X-ray powder diffraction (XRPD) patterns were recorded
over powdered samples (Fig. S1 and S2t). For data acquisition,
a Philips X’PERT powder diffractometer was used with Cu-Ka
radiation (4 = 1.5418 A) covering the range of 5 < 26 < 50° with
a step size of 0.026° and an acquisition time of 2.5 s per step
at 25 °C.

Computational details

A Gaussian 16 package®® was employed for partially (hydrogen
positions) optimizing the excerpts of all compounds taken
from the X-ray structures. These calculations were performed
using DFT with the UB3LYP functional®® employing the TZV
basis set for the metal atoms®” and the 6-31G** basis set for
the remaining non-metal atoms.*® Ab initio calculations were

3256 | Dalton Trans., 2024, 53, 3254-3266
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implemented in ORCA (version 5.0.3)*>*" to estimate zfs para-
meters on aforementioned models. These single point calcu-
lations were conducted with the B3LYP functional*"** using
the def2-TZVP basis sets for all atoms and def2-QZVPP for the
metal atoms, recontracted for the zeroth-order regular approxi-
mation (ZORA) relativistic correction.”*™*® RIJCOSX approxi-
mation with appropriate auxiliary basis sets (def2/])**> was
employed for all calculations. Calculations using the state-
average complete active space self-consistent field (SA-CASSCF)
method were performed incorporating the five d-orbitals and
seven (for 1 and 2) and eight electrons (for 3). Ten quartets
and forty doublets for the Co(m)-based compounds and ten tri-
plets and ten singlets for the Ni(u)-based compounds were
included.”” NEVPT2 calculations performed on
SA-CASSCF converged wave functions to take in account the
dynamic correlation,*® a strategy successfully used earlier to
obtain accurate estimations of the zfs parameters.*”*°

were

Results and discussion

The reaction between NaSDZ, an additional chelating ligand
and CoCl,-6H,0 in alcoholic solutions gives rise to two mono-
nuclear compounds with variable coordination geometry.
Hence, they both display distinct static and dynamic magnetic
properties arising from either bulk or single ion sources.

Structural description of compounds [Co(SDZ),phen] (1) and
[Co(SDZ)(bg)C1] (2)

Complexes 1 and 2 crystallize in the orthorhombic Pac2; and
monoclinic P2,/n space groups, respectively, both with 4 mole-
cules per unit cell. Note that the description of 3 has been
omitted due to the fact that it is isostructural to 2. Fig. 1 shows
the coordination sphere of the Co(u) cations bonded to the
ligands together with the used labels. In 1, the Co(u) ion dis-
plays a CoNg coordination sphere, whereas 2 has a CoN,Cl
environment. The SHAPE software was used for the calculation
of the degree of distortion of the coordination polyhedra with
respect to ideal geometries.”® The results revealed that the geo-
metry around the metal in 1 is close in shape to an octahedron
(TPR-6), while 2 is closer to a square pyramid (SPY-5) when
compared with ideal six and five vertex polyhedra, respectively
(see Tables S2 and S3 in the ESIt). Notably, both coordination
environments are far from ideal polyhedra according to the
large SHAPE values.

The coordination geometry distortion can be evidenced by
the bond distances and angles in the coordination spheres
(see Table S4t). For 1, the coordination sphere around the Co
(1) ion consists of the phen nitrogen atoms at 2.102(7) and
2.113(5) A and four N-atoms from two SDZ molecules at 2.106
(4), 2.193(5), 2.276(5) and 2.094(5) A, completing a distorted
octahedral geometry. All bonding angles deviate from the ideal
values. For instance, both SDZ ligands bond to the metal ion
through the sulfonamido and one pyrimidine nitrogen atoms,
establishing four-membered CoNCN' rings with N-Co-N’ che-

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Crystal structures of complexes 1 (top) and 2 (bottom). Colu) ion,
and carbon, oxygen, nitrogen, sulphur, chloride and hydrogen atoms are
shown by green, grey, red, blue, yellow, turquoise and white ORTEP
ellipsoids (50% probability), respectively.

lating angles of 60.88° and 62.48°. On the other hand, the
phen ligand chelates the metal ion forming an angle of 78.41°.

In 2, the cation is surrounded by a distorted square pyrami-
dal environment. The equatorial positions are occupied by a
chlorine atom at 2.2746(2) A, two nitrogen atoms from an SDZ
ligand at 2.1166(2) and 2.1735(2) A, and another one from bq
at 2.061(4) A. The apical position of the pyramid is occupied
by the second N-atom of the bq at 2.039(5) A. Co(u) is located
0.405 A above the base of the distorted square pyramid. The
angles in the pyramidal base are deviated from the ideal 90°,
with values ranging from 61.87° (N16-Co-N17) to 99.43° (Cl1-
Co-N16). Similarly, the angles between the base atoms and the
apical N220 deviate from the ideal value, with values as low as
79.67° (N21-Co-N220) and as high as 119.01° (N16-Co-N220).

Furthermore, the crystal lattices are stabilized because of
the presence of several intermolecular hydrogen bonds
(Table S57). In both complexes, the main intermolecular inter-
actions, which stabilize the crystal structure, are the N-H:--O
hydrogen bonds connecting the anilinic SDZ nitrogen atom to
the sulfonamide oxygen atoms, generating an extended struc-

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

tural pattern. In addition, n---m intermolecular interactions
also play an important role in the molecular packing of com-
pound 2 as detailed below (Fig. S37).

In 1, the amino nitrogen and oxygen atoms of neighboring
SDZ ligands, symmetry-related by the ¢ and a-glide planes, are
involved in four N-H:--O hydrogen bonds, forming a 3D N-
H---O hydrogen bonding network that is spread along the
three crystallographic directions (Fig. 2). In addition, the
supramolecular crystal building is further stabilized by weaker
C-H---N and C-H::-O hydrogen bonds involving carbon atoms
of the phenylamine group and pyrimidine nitrogen or sulfona-
mide oxygen atoms. Among all intermolecular pathways, the
shortest Co-+-Co distances are of 8.773(1) A in 1.

In 2, the crystal building involves various types of inter-
actions of variable nature and strength that set the neighbour-
ing complexes at different distances between Co(u) centres.
The main interaction between the complexes is due to the for-
mation of dimeric units through relatively strong =---n inter-
actions (given the large overlap between the central aromatic
rings of bq ligands with C---C distances in the 3.5-3.7 A range;
see Table S6f for further details) and weaker C211-
H211.--Cl1 hydrogen bonds. This can be denoted as a centro-
symmetric interaction pathway due to the presence of an inver-
sion center that places the stacked bq ligands at ca. 3.57 A
between the centroids of interacting aromatic rings (see
Fig. S31). Interestingly, within these layers, bq ligands are
packed in a fashion that resembles the herringbone packing of
polycyclic aromatic hydrocarbons.”’** As a consequence, the
Co(u) ions of neighbouring complexes are situated at a dis-
tance of 7.2 A, which is the shortest intermolecular pathway
connecting the metal atoms. Moreover, each of the complexes
of the centrosymmetric dimers establishes C-H:--m inter-
actions among SDZ ligands in addition to C221-H221---Cl1
(involving the aromatic bq carbon atom) weaker bonds to gene-

e v//')n WAD PN “
AY et \\';
N < N =2

Fig. 2 Extended unit cell content of compound 1 showing the 3D N-
H---O hydrogen bonding network. Co(i) ion, and carbon, oxygen, nitro-
gen and sulphur atoms are shown in green, grey, red, blue and yellow,
respectively. For clarity, the Col(i) coordination sphere and N-H---O
hydrogen bonds are shown as polyhedra and orange dashed lines,
respectively.
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rate infinite arrays of complexes along the crystallographic @ Additionally, note that arrays of =---m stacked dimers are
axis, resulting in complexes being separated by a Co---Co dis- further linked with each other through additional z---7 inter-
tance of 9.3 A. As a result of both interaction pathways, 2D actions between the peripheral aromatic rings of bq ligands
layers arranged along the (101) plane are formed (Fig. 3). (Fig. S3t). Finally, the 2D layers are further piled up along the

INTRALAYER CENTROSYMMETRIC PATHWAY INTRALAYER PARALLEL PATHWAY

)

Co---Co dislance: 7.2 A f Co--Co distance: 9.3 A

Code: - inversion centre
helicoidal 2, axis
—— n glide plane

[

INTERLAYER NON- SYMMETRKi PATHWAY-1
Co--Co distance: 11.2 A

Fig. 3 View of the crystal packing (central image) of compound 2 showing the symmetry elements along the [1 0 0] axis showing the arrangement
of complexes into 2D layers (in the ac plane) and their sequential arrangement (layers successively in green and red colours). The most relevant
intermolecular interactions connecting the complexes with their respective Co---Co distances (to account for the plausible superexchange pathways)
are also shown. Note that both x---n stackings between bq ligands and N-H:.-O/C—H-:-Cl/N-H---Cl hydrogen bonds between SDZ ligands are
displayed.
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crystallographic b axis in such a way that dimeric entities are
displayed alternately with two alternative orientations with
respect to the piling direction, given that neighbouring layers
are related by the glide n plane. As a result, two inequivalent
additional intermolecular pathways are observed between com-
plexes pertaining to alternate layers: (i) a non-symmetric
pathway involving the N117-H117A.--0110 hydrogen bond
established between the amino nitrogen and sulfonamido
oxygen atoms of two neighboring SDZ (imposing a Co---Co dis-
tance of 11.2 A) and (ii) a non-symmetric pathway along the
N117-H117B---Cl1 hydrogen bond established by the amino
nitrogen atom of the SDZ ligand (imposing a Co---Co distance
of 11.9 A). Most importantly, these two superexchange path-
ways share the absence of a symmetry element between the
complexes, and their relative orientation obeys to restrictions
of the overall packing, in such a way that pyramidal environ-
ments are relatively twisted showing non-fully parallel nor
anti-parallel orientations (to give an orientative measure,
angles between Cu-Njp;ca vectors are of 59.3° and 82.3° for the
non-symmetric pathways 1 and 2, respectively).

Static magnetic properties

Variable-temperature (2-300 K) dependence of the magnetic
susceptibility data was analysed over polycrystalline samples of
1-3 under a dc applied field of 1 kOe.

For 1, the room temperature yyT product of 2.84 cm® mol ™"
K is significantly higher than the expected spin-only value for
an octahedral Co(n) ion (1.87 cm® mol™" K with g = 2.01),
which suggests the presence of certain spin-orbit coupling
(Fig. 4). On cooling down, the y\T value remains almost con-
stant before a final and more abrupt drop below 75 K, reaching
a minimum value of 1.68 cm® mol™" K at 2 K. This progressive
decrease may be attributed to the first-order SOC effect as size-
able antiferromagnetic interactions have been ruled out in
view of the long distances between spin carriers in the struc-
ture (the shortest interactions impose Co---Co distances of ca.

X
)
©
£
™
=
(3)
|: os{ /7 50K
21.5- .
R B T S S I S S
HIT
1.0 L T T L) 1 = 1 = 1
0 50 100 150 200 250 300

T/K

Fig. 4 Variable-temperature dc magnetic susceptibility data for 1 col-
lected under a 1 kOe applied dc field. Inset: The variable-field magneti-
zation curves recorded in the 2—-5 K temperature range. The continuous
lines in both plots represent fits to eqn (1) using the PHI program.
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8.7 A) and, most importantly, the absence of remarkable -
or hydrogen bonding interactions to mediate magnetic
exchange. On account of the CoN, distorted octahedron
present in compound 1, the potential magnetic anisotropy
usually observed in these metal centres® was further corrobo-
rated by isothermal magnetization curves collected in the
2-5 K range (Fig. 4, inset), as they do not reach the theoretical
saturation for an S = 3/2 system (Mg, = 3.3ug, with g = 2.2).

In order to evaluate the sign and magnitude of the zfs para-
meter, we simultaneously fitted both the susceptibility and
magnetization data with the spin Hamiltonian shown in eqn
(1) using the PHI program:**

H= D(Sz2 - S—(S;r 1)) +E(S —8)%) +pgHgS (1)
where S corresponds to the spin (S = 3/2), D and E account for
the axial and rhombic magnetic anisotropies, respectively, and
H is the applied magnetic field. The best fit provided the fol-
lowing set of parameters: D = +45.4 cm™", E/D = 0.33, g = 2.43,
TIP = 2 x 107" and R = 3.8 x 10", It must be noted that a
similar result (with a slightly worse goodness of fit) could be
obtained by changing the sign of D, which is not surprising
given the large rhombicity estimated from the fitting (E/D =
0.33), which makes the sign of the main D parameter comple-
tely meaningless as largely discussed in several works.>>™” Ab
initio multireference calculations on a suitable model of 1
based on the X-ray coordinates overestimate the experimental
result, but give a positive and almost axial zfs parameter (D =
+70.1 em™' and E/D = 0.08; see Fig. S6 and Table S77).
According to the CASSCF calculation, the ground electronic
state corresponds to the (dy,)*(dy.)*(dyy)"(dz2)'(dse—y2)" configur-
ation (see Fig. S4 and Tables S9, S107). These values, in line
with those commonly observed for octahedral Co(u)
ions,*”*®? although clearly overestimated compared to experi-
mental ones, confirm the suitability of the aforementioned
fitting.

The temperature dependence of the y\T product for com-
pound 2 notably differs from 1, especially at the lowest temp-
eratures (Fig. 5). At room temperature, the y\7T value of
3.41 cm® mol™" K is much higher than the expected spin-only
value for a Co(u) ion. On cooling down, this value smoothly
decreases, reaching a minimum value of 3.17 cm® mol™" K at
46 K, and then abruptly increases up to 6.34 cm® mol™" K,
describing a maximum at 11 K, eventually dropping to
2.26 cm® mol™" K at 2 K. This behaviour is indicative of a weak
net ferromagnetic ordering in the compound, which is quite
surprising in view of the molecular nature of the compound
composed of isolated complexes. Nonetheless, the relatively
short intermolecular Co---Co distances imposed by =-:- & inter-
actions between 2,2-biquinoline ligands combined with other
weak couplings along non-symmetric pathways in the structure
seem to be responsible for the observed long-range ferro-
magnetic coupling (see Fig. S57).

The occurrence of canted antiferromagnetism was further
confirmed by several additional measurements. On the one
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Fig. 5 Variable-temperature dc magnetic susceptibility data for 2 col-
lected under a 1 kOe applied dc field. Inset: yuT plots recorded under
different external magnetic fields.

hand, the susceptibility curves measured at variable fields
reveal a strong field-dependent response (Fig. 5, inset), which
agrees with the usual behaviour observed for ferromagnetic
compounds. Moreover, field-cooled (FC) and zero-field-cooled
(ZFC) ym curves show a clear bifurcation at 11 K (Fig. 6, top),
which fits with the temperature at which frequency-indepen-
dent maxima are observed in the ac dynamic magnetic
measurements (vide infra). Lastly, isothermal magnetic hyster-
esis loops were recorded in the 2-5 K temperature range, dis-
playing a noticeable opening at all studied temperatures
(Fig. 6, bottom). The S-shaped curves observed at the highest
measured temperatures (4-5 K) are specially worth mention-
ing, where a large positive slope at almost zero applied fields
(Hge < 0.1 T) is followed by a lower slope at higher fields. This
shape, quite smoothed in the present case due to the weak
magnetic interactions (vide infra), is indicative of a change in
the regime of the magnetic ordering, in line with canted ferro-
magnetic behaviour. Furthermore, at 2 K remnant magnetiza-
tion and coercive field values of 0.06uz and 315 Oe were
measured, respectively. According to eqn (2), a small canting
angle of 1.44° was estimated (Mz and Mg stand for the
remnant and saturation magnetization values, respectively):

¥ =tan! (AMLE) (2)

Considering that complex 2 does not crystallize in a non-
centrosymmetric space group, we assume that the spin-canting
behaviour arises from the single-ion magnetic anisotropy of Co
(u) ions and the relative dispositions between adjacent com-
plexes in the structure, forced by intermolecular Co---Co inter-
actions, although there could be some superexchange pathway
allowing for substantial antisymmetric exchange. In particular,
the present structure is characterized by multiple inter-
molecular pathways along the spin carriers (take into account
that intermolecular pathways in Fig. 3 represent all potential
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loops recorded in the 2—-5 K temperature range (bottom).

magnetic couplings), all of which are expected to result in very
weak exchange interactions. Note, in this sense, that no
reliable calculations could be performed to provide the magni-
tude of the exchange coupling through the exchange pathways
owing to the limitations of DFT to estimate the value of J con-
stant in these kinds of superexchange pathways.®® In principle,
the strongest magnetic interaction should come from the so-
called intralayer centrosymmetric pathway occurring through
the n---n stacking between bq ligands because (i) it brings the
shortest Co---Co intermolecular distance (7.2 A) in the struc-
ture and (ii) the spin density is relatively large over the bq
ligand (Fig. S51). As reported in previous works, n-n inter-
actions are known to yield weak ferromagnetic couplings,®"°>
which seems to be the case of the present compound in view
of the structural characteristics of the interacting bq ligands
(see Table S671). Assuming that this interaction is the strongest
one along the 2D planes (drawn in red and green in Fig. 3),
there would be a net ferromagnetic ordering in the layers given
the weaker superexchange couplings occurring through the
remaining bridges within the layers. Hereafter, assuming that
weak antiferromagnetic interactions may occur along the inter-

This journal is © The Royal Society of Chemistry 2024
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layer non-symmetric pathways (involving Co---Co of ca. 11 A,
see bottom of Fig. 3), the magnetic moment of the 2D layers
should not be fully cancelled with each other when packed
along the crystallographic b axis. In fact, a representation of
the D-tensor frame in two Co centres interacting through this
large pathway shows how magnetic axes are not fully parallel,
but canted to each other, and thus, given the absence of sym-
metry elements different from n glide planes, uncompensated
magnetic moments along the packing direction (b axis) lead to
the observed spin-canting behavior (Fig. S91). Taking into
account that this explanation cannot be fully supported by cal-
culations (in view of the impossibility to reliably calculate J
constants), another possible explanation would suppose that
interactions along the interlayer non-symmetric pathways are
the main superexchange bridges governing the magnetic pro-
perties (canting the spins between individual complexes at low
temperature), which is a priori more difficult to understand in
view of the long Co---Co distances and low spin density
present over the interacting atoms. In any case, the presence of
the observed canting (involving S-shaped hysteresis curves) is
well explained according to these two exchange pathways con-
taining Co ions related by n glide planes, in which antisym-
metric exchange could be non-zero. As an illustrative example,
we would like to cite the research work reported by Zhang
et al., in which they compared several one-dimensional Co(u)
based compounds.®® As they state, the coordination spheres in
all compounds are comparable, as well as the intrachain mag-
netic interactions. However, different hydrogen-bond mediated
Co---Co distances are responsible for activating/deactivating
magnetic ordering in addition to the occurrence of SCM
(single-chain magnet) behaviour.

Taking into account that the long-range magnetic ordering
prevents us from fitting the dc magnetic data of complex 2 and
estimating the zfs parameters, theoretical calculations are
essential in their evaluation. In this case, the calculation gives
a large negative D = —59.4 cm ™" along with a large rhombicity
parameter (E/D = 0.21), which makes the sign of the main D
parameter meaningless (see Table S77), as discussed before for
compound 1.>*7 In order to understand the origin of the zfs
parameters in this compound, we examined the electronic con-
figurations for the active space of the ground and lowest-lying
states (see Table S107). As expected for a severely distorted
square pyramid, all d-orbitals are separated in energy and the
(dy2)*(dxz)*(dsy)'(dz2) " (dx2—ye)'  configuration better represents
the ground state according to the ab initio ligand field theory
(AILFT) method (Fig. 7). It is worth noting that d,, and d,,
orbitals cannot be distinguished and appear to be admixed
between the HOMO and LUMO orbitals as a consequence of
the large distortion present (Table S97), which could explain
the sign of the lowest-lying transitions involved in the zfs para-
meters of the compound. As observed in Table S7, compu-
tational calculations predict negative and positive signs for the
first and second excitations, which mainly represent the sign
and magnitude of the D parameter. Therefore, according to
the different || values of the d,, (+2) and d,./d,, (+1) orbitals
and the transition energies (Table S10f), the main d,, — dy,
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tribute to the zfs parameters of the compound.

transition should govern the first transition, whereas the
second one should mainly consist of the d,, — d,, (taking into
account the minor, but still significant, contribution of d,, to
the third orbital) transition, which can only be explained
according to the previous admixture. Moreover, such an
admixture involving the d,, and d,, orbitals, with a predomi-
nant equatorial and axial component, respectively, could also
be the origin of the large rhombicity present in the compound
and the ambiguous overall sign of the zfs parameters.

In spite of the significant magnetic anisotropy present, the
occurrence of zero-field SMM behaviour is not expected in the
present case in view of the large value for the matrix element
(0.5ug) connecting both ground Kramers doublets (Fig. S11+),
which suggests that a considerable tunnelling effect could
completely quench the slow magnetic relaxation. In addition,
the possible SIM behaviour in this compound would compete
with the long range magnetic ordering provided by spin-
canting, which is the reason for subsequent dilution attempts.

As described in the upcoming sections, the Ni(u) based
counterpart 3 was synthesized in order to simulate a diamag-
netic dilution of 2 because it was not possible to synthesize
the isostructural Zn(u) counterpart. This unconventional strat-
egy is based on a recently published work reported by
Zadrozny and coworkers,®* where they took advantage of the
positive D value of the Ni(u) counterpart in (Ph,P),[M(SPh),]
(where M is Mn(u), Fe(u), Co(u) or Ni(u) in their study) that
simulates a diamagnetic ground state (Mg = 0). Due to the
lower expected magnetic anisotropy, the y\T curve of 3 does
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not show any canted antiferromagnetism (Fig. S12}). In fact,
this curve can be properly fitted with the PHI software by
using the following Hamiltonian:

a =D(éf —@) FupHES — 2SS (3)

As observed in Fig. S12,1 the susceptibility curve fits well
for both positive and negative D values. In the first attempt,
the curve was properly fitted, affording D = +12.5(2) cm™, g =
2.2(0) and R = 2.2 x 1072, but without including the inter-
molecular —z/ interactions. In the second attempt, we obtained
a similar result with the following set of parameters: D = —12.4
(9) em™, g = 2.3(0) and R = 7.1 x 107% including z =
—0.5 cm™". The origin of such ambiguity is also explained by
the large rhombicity present in the compound, as suggested
by CAS-SCF/NEVPT2 calculations (vide infra, see Table S8%).
Considering the short M:--M distances found in the crystal
structure and that intermolecular interactions govern the static
and dynamic (vide infra) properties of the Co(u) based counter-
part, both fitting procedures seem reasonable and, therefore,
the ground state of 3 could be either Mg = +1 or Mg = 0.
Accordingly, the Ni/Co heterometallic mixture was studied to
explore the possible improvement of SMM behaviour by
means of the dilution of Co in a Ni based matrix.

Dynamic magnetic properties

In view of the results obtained by the theoretical calculations,
which show large magnetic anisotropy in both compounds,
dynamic ac magnetic measurements were carried out on both
complexes at zero and optimal applied external magnetic dc
fields in order to explore their SMM behaviour.

At a zero applied dc field, no signal was observed in the
x"m(T) plot for 1, which may be due to the existence of a fast
QTM process hiding the desired SMM behaviour (Fig. S13t). In
view of that, the field-dependent ac response was studied at
2 K. As observed in Fig. S14 and S15f, the SMM behaviour
arises even at the lowest applied dc field of 250 Oe. Notably,
the slowest relaxation time was found at 1 kOe, becoming
faster at 2.5 kOe due to the enhancement of a field-induced
direct process. Thus, temperature- and frequency-dependent
measurements were carried out with an external field of 1 kOe
(Fig. 8). Under these conditions, QTM is at least partially
quenched and 1 displays temperature- and frequency-depen-
dent maxima below 4 K. Both y"\(y'm) or Cole-Cole plots and
x'm(v) curves were fitted to the generalized Debye model
within in the 2-4 K temperature range (Fig. S17 and S18%). As
expected for an octahedral Co(u) complex, the relaxation of
magnetization is best described by a Raman process (Fig. 8,
top, inset) instead of an Orbach mechanism involving excited
states. In fact, a linear fit of the Arrhenius plot involves Ueg =
9.2(2) K (6.4 cm™"), a value that is much lower than the calcu-
lated 2D or the theoretically calculated energy gap between the
ground and excited Kramers doublets by means of
SINGLE_ANISO (244 K, 169.5 cm™"; see Fig. $101). In fact, a
single Raman mechanism well describes the temperature
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Fig. 8 Temperature dependence of the out-of-phase components of
the ac susceptibility in a dc applied field of 1 kOe for 1 (top) and 2
(bottom) and in a zero applied dc field for 2 (middle). Insets: Arrhenius
plots for the relaxation times considering a Raman mechanism (top and
bottom).

dependence of the relaxation times, in agreement with the low
a values calculated from the Cole-Cole plots (Fig. S177). Thus,
the temperature-dependence of the relaxation times was fitted
to the following eqn (4):

tt=BT" (4)

The best fit provided B and 7 values of 2055(67) s~* K" and
2.36(2), respectively. Additionally, the lack of zero-field SMM
behaviour is also well explained by the matrix element within
the ground state, which predicts a large tunnelling phenom-
enon with a value of 1.7up (see Fig. S107).

In good agreement with the long-range weak ferromagnetic
ordering present in 2, the data collected at zero-field showed
temperature- and frequency-independent maxima in both of
the y'm(T) and y"m(T) signals (Fig. S19F and Fig. 8, middle).
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The fact of having these maxima at 11 K is in good agreement
with the bifurcation temperature found in the FC/ZFC
measurement. In order to confirm that the maxima do not
correspond to the SMM behaviour, the Mydosh parameter,®
¢, was calculated using the formula ¢ = ((ATp/Tp)/Alogf),
giving a value of ¢ = 0.04, which is consistent with a glassy
state probably derived from the opposed weak ferro/antiferro-
magnetic interactions and not SMM behaviour.

Without discarding the possibility of a hidden SMM behav-
iour, field-dependent measurements were performed at 2.8 K
for 2. As depicted in Fig. S20 and S21,1 an optimum field of 1
kOe was determined for complex 2. Under these optimal con-
ditions, frequency-dependent maxima were measured below
6 K within y"\(T) plots in agreement with a field-induced
SMM behaviour. Cole-Cole and y"\(v) plots were fitted within
the 3.0-5.8 K temperature range and, once again, relaxation
times were fitted to a Raman mechanism. The fitting to eqn
(4) provided B and n values of 0.58(2) s™* K" and 6.58(2),
respectively. However, taking into account that the a values
extracted from the Cole-Cole plots are slightly larger than
those calculated for 1 (Fig. S231) and considering the calcu-
lated D value, we also considered the simultaneous occurrence
of Orbach and Raman mechanisms using eqn (5):

77t =170 ! exp(—Uess/KpT) + BT" (5)

Unfortunately, reasonable fitting parameters were not
obtained. Before totally discarding the Orbach mechanism, we
tried other attempts involving both QTM and direct processes
along the Orbach relaxation pathway, but all our attempts were
unsuccessful.

In view of the non-negligible Co---Co interactions appearing
in 2, we made several attempts in order to obtain the isostruc-
tural and diamagnetic Zn(u) counterpart to study the relax-
ation behaviour of a single [Co(SDZ)(bq)Cl] molecule in a
diluted Zn-based matrix. However, no attempts involving
ZnCl, afforded the desired compound. As an alternative route,
we synthesized the Ni(u) counterpart 3. Very recently, Zadrozny
and coauthors have reported the relaxation dynamics of the
(Ph4P),[Co(SPh),] zero-field SMM diluted in different paramag-
netic matrices. As they show, when the SMM is diluted in a Ni
() matrix with D > 0, the Mg = 0 sublevel is the only populated
one at low temperatures with no spin angular momentum,
which simulates, somehow, a dilution in a diamagnetic matrix
alternative to the use of Zn(u). In this case, the dilution favours
slower relaxation times due to an effective quenching of QTM.

In our work, we have tried to mimic their strategy for our
compound 2. Hence, compound 2y; was successfully syn-
thesized by using a 1:10 Co:Ni ratio, showing purity and
homogeneity by PXRD analysis (Fig. S2f). Once again, dynamic
ac magnetic measurements were initially performed under a
zero applied dc field. Considering that 3 does not show any
measurable spin-canted effect in the y,T curve, we did not
expect it within 2y;. However, as clearly observed in Fig. S25
and S$26,f this diluted analogue displays frequency-indepen-
dent maxima at 6.5 K in agreement with the long-range mag-
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netic ordering shown by the cobalt analogue. In view of this,
and with the aim of comparing the relaxation times measured
in the same experimental conditions, ac magnetic properties
of 2y; were studied under an external magnetic dc field of 1
kOe. The y"\(T) plots reveal field-induced SMM behaviour
with maxima below 5.2 K, a slightly lower temperature than
that for 2 (Fig. S28%). Relaxation times and « values were
obtained by fitting the Cole-Cole and y"\(v) plots in the
2.0-5.2 K temperature range. As observed in Fig. 9, relaxation
times for 2y; display a larger curvature than that expected for a
single Raman mechanism (dashed blue line). This is sup-
ported by the slightly larger a values obtained for this com-
pound, which suggest the occurrence of an additional mag-
netic relaxation pathway. Thus, we considered the simul-
taneous presence of a Raman and a direct process by the fol-
lowing equation:

T71 =BT" +AdirectT (6)

The fit afforded the following set of parameters: B = 27(6)
s K™ n = 4.4(1) and Agjrece = 1881(120) s K™, Note that a
similar fit could be obtained by replacing the direct mecha-
nism with QTM (Fig. S311). In any case, the most important
conclusion is that relaxation times are faster for 2y; than for 2
in the whole temperature regime.

It is clear that this system is not appropriate to perform the
mentioned approach. Indeed, in view of the evolution of the
relaxation times, we assume that the Ni(u) based counterpart
must have a non-desired negative D value with Mg = +1 as the
ground state. Ab initio calculations based on an optimized
nickel-based model give D = —21.5 cm™" although the negative
sign is, again, not meaningful in view of the large rhombicity
(E/D = 0.22, see Table S8t). Consequently, these results could
explain why the relaxation times are not slowed down in this
case because, although those few [Co(SDZ)(bq)Cl] complexes
were aimed to be surrounded by either completely diamagnetic
(with Zn(u)) or somewhat diamagnetic ions at low tempera-
tures (Ni(u) with D > 0), they possess neighbouring paramag-

-6.5- o
1 — 2, Raman
7.5
9 85-
P —
£ 95-
. 2y, Raman
-10.5 .
| — 2y, Raman + direct
"11.5 ] T I T T T 1
0.2 0.3 0.4 0.5
TK™

Fig. 9 Comparison of the Arrhenius plots for the relaxation times
obtained for compounds 2 (red) and 2y; (blue) measured under the
same experimental conditions.
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netic molecules. In this sense, it is worth mentioning that the
system that we have studied in this work and (Ph,P),[Co(SPh),]
display notable differences. On the one hand, in the previously
reported case, the paramagnetic centres within the crystal
structure are much farther from each other and no sizeable
interaction is observed. In our case, instead, the short Co---Co
distances appeared to be fundamental when explaining the
magnetic properties. On the other hand, (Ph,P),[Co(SPh),]
behaves as a zero-field SMM, while in our case an external
magnetic field needs to be applied to observe slow relaxation
of magnetization.

Conclusions

We have successfully synthesized and characterized two novel
Co(u) based mononuclear compounds based on SDZ and
additional chelating phen and bq ligands named 1 (phen) and
2 (bq). Moreover, the isostructural Ni(u) analogue of 2 has
been prepared for further magnetic studies. As predicted, the
coordination spheres differ from one to another due to the
bulky character of bq, having CoNg and CoN,Cl spheres for 1
and 2, respectively. Consequently, both compounds share size-
able magnetic anisotropy characterized by significant rhombi-
city as suggested by experimental magnetic studies and theore-
tical calculations. The negative (although meaningless) sign of
the calculated D parameter in 2 is probably due to an admix-
ture involving d,, and d,, orbitals, which could also be the
origin of the large rhombicity present in the compound. As
reported for other octahedral Co(i1) based magnets, 1 behaves
as a field-induced SMM with the magnetization relaxation
mechanism based on a Raman process. In contrast, complex 2
displays spin-canted antiferromagnetism that, perhaps, hides
slow magnetic relaxation at zero applied dc field. Under an
optimal external magnetic field, field-induced SMM behaviour
arises with a relaxation process governed by a Raman mecha-
nism. In view of the unsuccessful preparation of the Zn(u)
counterpart of 2, [Co(SDZ)(bq)Cl] was diluted in a Ni(u) matrix,
yielding compound 2y;. This new compound still displays
spin-canted antiferromagnetism and, therefore, the potential
zero-field SMM behaviour did not emerge in this material. In
addition, the relaxation rates appear to be even faster than
those of the pure compound 2, evidencing a paramagnetic
ground-state for the Ni(u) counterpart, also demonstrated by
theoretical calculations. Further work is in progress to study
other paramagnetic dilutions with the aim of understanding
the differences that might appear by carrying out dilutions
with other metal ions. Moreover, solution studies of 2 would
also be interesting in order to confirm or deny the potential
zero-field SMM behaviour of [Co(SDZ)(bq)Cl].
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