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Introduction

Single-ion magnetism in novel Btp-based cobalt
complexes of different chargef
1® Marcelo Osorio-Celis, (= 1°

1® Diego Sanchez-Brunete,® Antonio L. Llamas-Saiz,
® Miguel Vazquez Lopez (22 and

Gustavo Rama-Martinez,
Yolanda Sabater-Algarra,
Eugenia P. Quirds-Diez,® M. Eugenio Vazquez,
Maria del Carmen Giménez Lopez (2 *2

The magnetic behavior of single-ion metal complexes may be influenced by the nature and composition
of the secondary coordination sphere that can be composed of solvent molecules and counterions
bound through non-covalent interactions. However, achieving precise control over the outer-coordi-
nation sphere of these magnetic complexes to demonstrate its influence on their magnetic properties
presents a challenge. A strategy for varying the number of counterions, while simultaneously preserving
the arrangement of the ligand atoms around the metal center without altering its oxidation state, is to
adjust the overall formal charge of the complex. This adjustment could lead to changes in the magnetic
properties of single-ion metal complexes. In this study, we present two novel ligands featuring the coordi-
nating unit Btp (2,6-bis(1,2,3-triazol-4-yl)pyridine). These ligands are equipped with functional groups
that can potentially undergo deprotonation. By carefully selecting the solvents used during the crystalliza-
tion process of the complexes, we can tune at will the charge of the complexes, thus modifying the com-
position of the Co" complexes' outer-coordination sphere. We show that, by modifying these conditions,
we can tailor the secondary coordination sphere of both charged (mono- and dicationic) and neutral an-
isotropic Co'' metal complexes to show field-induced single-ion magnetism, influencing in turn the size
of the barrier to reversal of the magnetization and their slow relaxation process.

research in this area,” 3d transition metal complexes are
another major paramagnetic source for the construction of
SIMs.®

3d single-ion magnets (SIMs) are a sub-class of monometallic
single-molecule magnets in which the magnetic properties of
these compounds originate from a single ion within a ligand
field." These systems have attracted increasing attention over
the last twenty years for their potential applications in high-
density data storage,” quantum computing® and spintronics.*
Although lanthanide ions have been the focus of most of the
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Magnetic properties of these SIMs depend mainly on the
d-orbital splitting, which in turn depends on various factors
related to the metal ion (i.e., its oxidation state and the princi-
pal quantum number of its d-valence orbitals), the nature of
the coordinated ligand(s), or the geometry around the metal
ion, among others. So far most of the 3d metal complexes
reported displaying SIM behavior exhibit several shared charac-
teristics for their first coordination sphere, including low
coordination numbers and reduced geometries that may be
induced through bulky groups, as well as an efficient quantum
tunneling of the magnetization (QTM) in the absence of an
applied direct current (dc) field.”

The outer-sphere, or secondary coordination sphere, of a
metal ion refers to any molecule—mainly from the solvent(s)
—or counterions that interact with the metal complex through
supramolecular forces.® It is known that these outer-sphere
interactions can affect the metal-binding properties of the
ligand(s) and can even cause structural distortions in the
metal complex, thus affecting its reactivity” and some of its
properties such as, for example, those related to magnetism."’
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In this context, although the properties of SIMs are essen-
tially based on discrete molecules, the metal complexes in
single crystals are not isolated, but are part of a highly orga-
nized superstructure together with solvent molecules and
counterions, where every interaction counts for the final mag-
netic behavior of the system as a whole. The importance of the
secondary coordination sphere in SIMs has been described
previously.'™'?> However, the development of methods to
control these external interactions in a magnetic context is still
a relatively unexplored matter.'?

In this work we report the synthesis of two new 2,6-bis
(1,2,3-triazol-4-yl)pyridine (Btp) ligands. This ligand is broadly
studied in other chemical disciplines, in fact this scaffold has
been studied in spin crossover magnetic systems.'*°
However, no reported literature was found for systems based in
other metals suitable for SIM behavior. As well as the synthesis
of P"9%CBtp and M°°°Btp (Scheme 1), here we report the X-ray
crystal structures and the magnetic properties of a serie of an-
isotropic Co" complexes derived from these ligands exhibiting
field-induced single-ion magnetism: [Co(*®*"°°°Btp),](ClO,),
(1), [Co("°Btp)(°“Btp)],(ClO,),-6H,0 (2), [Co
(°°“Btp),]-CH;CN-3H,0 (3).

We discuss here how the precise selection of terminal func-
tionalizations of the tridentate metal-binding motif, combined
with the appropriate choice of solvents during the crystalliza-
tion process, allows for the tuning of the formal charge of the
anisotropic complex, while preserving the arrangement of
ligand atoms around the metal center without altering the
metal oxidation state. Consequently, this approach adjusts the
composition of the outer coordination sphere of Co" com-
plexes in single crystals, which could influence the size of the
barrier to reversal of magnetization and their slow relaxation
process.

The study and understanding of these structural differences
would aid in comprehending the variances observed in the
magnetic behavior of the compounds. Thus, we will endeavor
to establish correlations and/or trends between structural para-
meters, such as single ion anisotropy and orbital splitting,
among other factors. Understanding these relationships may
shed light on the modulation of energy barriers and the
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Scheme 1 Synthetic scheme of the ligands ®“°°Btp and H°°“Btp.
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Results and discussion
Synthesis of the Btp ligands

Btp derivatives are a class of terdentate ligands with high ver-
satility in terms of functionalization and metal-binding pro-
perties,'® and that have been widely used in coordination®®
and supramolecular chemistry,”" including applications in mag-
netochemistry.'® Since they contain triazole units in their struc-
ture, which are generated by click chemistry (CuAAC), they are
considered members of the “click ligands” or “clickates”.”®

Two novel Btp ligands, named “®"°°“Btp and "°°“Btp, were
synthesized here by CuAAC methods (Scheme 1). The former is
equipped with two tert-butyl acetate terminal arms, whereas
the latter is the corresponding acetic acid analog. Both ligands
were obtained pure and characterized by reversed phase ultra-
high performance liquid chromatography (RP-UHPLC), electro-
spray ionization mass spectrometry (ESI-MS), and 'H- and
3C-NMR spectroscopy (see ESI, Fig. $1-5137).

Preparation of Co" complexes derived from the Btp ligands

By using UV-vis and fluorescence spectroscopy, the formation
constants of the Co™ complexes with ®"°°“Btp and "°°“Btp
were studied in solution. As shown in the ESI (Fig. S14-S187),
all data sets were processed to extract the corresponding titra-
tion profiles and fitted using the DynaFit software,** which
has been extensively used to calculate the formation constants
of classic coordination compounds and other complex
systems, such as metallopeptides.>*** The titration profiles,
obtained through both spectroscopic techniques, were success-
fully fitted to a 1:2 (M: L) binding model using DynaFit."® The
values obtained for the global association constants calculated
from both spectroscopic techniques for the homoleptic com-
pounds with ®"9°“Btp and "°°“Btp are very similar, and only
slightly smaller in comparison with other cobalt complexes
with terdentate ligands reported in the literature demonstrat-
ing a strong metal-ligand interaction (Table 1).>*>¢
Considering the data obtained from UV-vis and fluo-
rescence, the formation of the cobalt complexes with varying
charges (ranging from dicationic to neutral) were prepared in

Table 1 Values of the stepwise association constants (K, and K3) calcu-
lated for UV-vis and fluorescence titrations in CH3zOH for a binding
model 1:2 (M:L). The global formation constants f,) were calculated by
the equation f, = Ki-K>; where K; and K> are the stepwise formation
constants

UV-vis Fluorescence

logK, logk, logp, logK, logk, logp,
Co" vs. 3.96 3.91 7.87+ 4.00 3.99 7.99+
tBuooCpy, 0.04 0.04
Co" vs. 3.96 3.69 7.65+ 3.99 3.79 7.78+
HOOCR 0.07 0.07

This journal is © The Royal Society of Chemistry 2024
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solution by mixing a Co" perchlorate salt with the corres-
ponding ligand (®*°°°Btp and "°°°Btp) in a 1:2 ratio. After
allowing the resulting solution to slowly evaporate at room
temperature under a constant flow of nitrogen, single crystals
suitable for X-ray diffraction studies were collected. When a
1:1 mixture of CH3;OH/CH3;CN was used as the solvent
medium, clear orange single crystals of the homoleptic Co™
complex derived from ®"°%°Btp of formula [Co(**"°°“Btp),]
(Cloy), (1) were collected. It is worth noting that both the
formula and the structure depicted for 1 in Fig. 1 do not
include solvent information. The crystallographic data of 1
indicate the presence of molecules of solvent in the crystal
structure (one cavity filled with solvent with a volume of 354 A®
per unit cell), which is further supported by the gradual
weight loss below 100 °C observed from the thermogravimetric
measurements (Fig. S19at). However, attempts to model the
disordered solvent were unsuccessful. The SQUEEZE pro-
cedure from the PLATON program was used to account for the
contribution of the disordered molecules’ electron density to
the measured experimental crystal diffraction data.>” Within
the cavity, we identified a total of 73 electrons, which corres-
ponds to an approximate maximum occupancy of 4 methanol
molecules, which agrees with elemental analysis performed on
the crystals of 1. Therefore, as a reasonable approximation, we
assumed that the crystallographic asymmetric unit of the void
(half of the total cavity volume) might contain 2 methanol
molecules an the crystal stoichiometry is C,;,Hs5,CoN;,0g, 2
(ClOy), 2(CH,0) (Table S17).

We have observed that by choosing the crystallization
solvent and in presence of the divalent metal ion, we can
deprotonate the carboxylic groups of "®°“Btp coordinating the
metal, tuning the formal charge of the resulting metal com-
plexes. Thus, using a low-deprotonating solvent mixture

C

Fig. 1 Thermal ellipsoids (30% probability ellipsoids) representation for
the crystal structure of [Co(®B“9°CBtp),|(ClO,), (1) without the contri-
bution of the disordered solvent. X-Ray crystal diffraction data can be
found in the ESI.¥ Hydrogens and disordered atoms have been omitted
for clarity. Carbon is represented in grey, nitrogen in blue, oxygen in red,
chlorine in light green, and cobalt in brown.
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(CH3;0H/CH,CN in a 1:1 ratio), clear light orange single crys-
tals of a monocationic Co™ complex of formula [Co(*®°“Btp)
(°°“Btp)],(Cl0,),-6H,0 (2) were obtained, in which only one of
the M°°°Btp ligands in the complex is monodeprotonated
(referred to as °°“Btp). By using a more strongly-deprotonating
solvent mixture (CH3;CN:H,O in a 1:1 ratio), translucent
orange single crystals of the neutral homoleptic Co™ complex
of formula [Co(®°°Btp),]-CH;CN-3H,0 (3) were isolated with
both "°°“Btp ligands monodeprotonated.

Thermogravimetric analysis (TGA) was performed on the
collected single crystals of the obtained Co" complexes under
dry air in the range of 40-1000 °C with a scan rate of 2 °C
min~" (Fig. S191). The gradual weight loss observed below
110 °C for all the compounds agrees with the presence of sol-
vated molecules ascertained by X-ray single-crystal diffraction.
After desolvation, the weight loss with increasing temperature
for compounds 2 and 3 occurs in three consecutive steps,
while compound 1 shows an additional weight loss step at
180 °C, involving the loss of the tert-butyl groups. After 250 °C
all the compounds exhibit a weight loss corresponding to the
thermal decomposition of ClO,” anions and the carboxylic
groups. The complete decomposition of the Btp ligands to
yield Co,0; takes place in two consecutive steps between
300-550 °C for 1, 300-500 °C for 2, and 300-450 °C for 3. The
solid residue isolated at 1000 °C corresponds to Coz0,.

Crystal structures of Btp derived Co" complexes

Single-crystal X-ray diffraction was used to determine the struc-
tures of the compound 1-3 at 100 K, all of which crystallize in
the triclinic space group P1 (Table S1t). The asymmetric unit
cell for compounds 1 and 3 contains only one Co" metal
center, while two crystallographically independent Co™ centers
are found for compound 2. In all cases, the Co™ metal centers
are coordinated by two Btp ligand units, resulting in a pseudo-
octahedral CoNg coordination environment around the metal
ion (Fig. 1-3). The Co-N bond distances found for all the com-
plexes (2.0933(14)-2.1811(16) A for 1, 2.072(5)-2.184(16) A for
2 and 2.0913(14)-2.1637(16) A for 3) are above 2 A and typical
of Co" centres in high spin (Scheme S1 and Table $27).>® The
deviation of the CoNg coordination environment from a
regular octahedral geometry is expected to influence the mag-
netic properties of the metal complexes. This deviation
becomes evident when analyzing the distortion indices X~ and
O for the Co™ complexes (1-3). X measures the deviation of a
metal ion from an ideal octahedral geometry considering the
sum of the deviation of the 12 cis N-Co-N angles from 90°,
while O indicates its distortion from an octahedral towards a
trigonal prismatic structure as the sum of the 24 N-Co-N
angles measured on the projection of two triangular faces of
the octahedron along their common pseudo-threefold axis
(Scheme S27). Both indices were obtained using the OctaDist
program®’ and their values deviate significantly from X = @ =
0, which would indicate a perfect octahedral geometry
(Table S$31).>°?' The deviation of CoN, from a regular octa-
hedral coordination geometry can also be observed by examin-
ing the Niiazole=CO—Nyiazole angles within each of the co-

Dalton Trans., 2024, 53,18515-18527 | 18517
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Fig. 2 Thermal ellipsoids (30% probability ellipsoids) representation for
the crystal structure of [Co(HOCCBtp)(°°CBtp)l,(ClO4)»-6H,0 (2). The
asymmetric unit contains two metal complexes that interact through
n—x stacking interactions between the pyridine rings. X-Ray crystal diffr-
action data can be found in the ESI.T Hydrogen bonds between oxygen
atoms are depicted as blue dashed lines and between oxygen and nitro-
gen atoms in red dashed lines. Hydrogens are omitted for clarity, except
for the carboxylic groups, and the disordered atoms are also omitted,
except for one perchlorate, which has an occupancy factor of 0.5.
Carbon is represented in grey, nitrogen in blue, oxygen in red, chorine in
light green, cobalt in brown (Co1) and green (Co2) and hydrogen in pink.

a \
=

Fig. 3 Thermal ellipsoids (30% probability ellipsoids) representation for
the crystal structure of [Co(°©CBtp),]-CHsCN-3H,0 (3). X-Ray crystal
diffraction data can be found in the ESI.{ Hydrogens are omitted for
clarity, except for the carboxylic groups and the disordered atoms are
also omitted. Hydrogen bonds between oxygen atoms are depicted as
blue dashed lines. Carbon is represented in grey, nitrogen in blue,
oxygen in red and cobalt in brown.

ordinated ligands, as well as the Npyridine=CO-Npyridine angle
involving the two coordinated ligands. These angles deviate
significantly from the ideal 180° symmetry (parameter ¥
(ranging from 152.18(4)-150.15(6)°) and ¢ (ranging from
166.35(7)-173.22(1)°)), respectively (Scheme S3 and Table S37).
We also observed for 1-3 a deviation from 90°, expected for a
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perfect octahedral environment, for the dihedral angle
between the planes containing the atoms of the ®*°°“Btp and
HOOCBtp ligands coordinating the metal (parameter € in
Table S31). By the careful analysis of all these parameters for
the Co™ complexes (1-3), a strongly distorted octahedral geo-
metry can be inferred.

Although all the compounds 1-3 contain solvated mole-
cules, the designed Co" complexes do not interact with the
solvent in the same way. It is evident that compound 1 is more
hydrophobic compared to compounds 2 and 3. This difference
is attributed to the inability of the ®"°°“Btp ligand to form
strong, directional hydrogen bonds with the solvent molecules
(Fig. 1). Consequently, it can be inferred that the influence of
the solvent on complex 1 is very limited, and its magnetic pro-
perties are likely to remain unaffected by the presence of the
solvent.

In contrast, "®°°Btp is equipped with two carboxylic acids
that can provide hydrogen-bonding sites for solvent molecules
in the molecular packing. When the mixture used in the crys-
tallization is CH3CN/CH3;0H 1:1, only one of the carboxylic
acids in one of the two "®°“Btp units of the metal complex is
deprotonated, giving rise to the monocationic metal complex
ion 2, which contains one perchlorate counterion in their
second coordination sphere (Fig. 2). However, when CH;CN/
H,O in 1:1 ratio is used in the crystallization process, two car-
boxyl groups, one from each of the "®°“Btp units are deproto-
nated, resulting in the formation of the neutral complex 3
(Fig. 3). In the "®°“Btp-derived complexes, hydrogen bonds
are formed between water molecules in the second coordi-
nation sphere and the carboxylic groups (protonated or not) of
the ligands (see Fig. 1-3). Interestingly, the presence of water
molecules is a constant element in both "°°“Btp-derived com-
plexes (2 and 3), regardless of whether water was used in the
medium mixture for crystallization. Thus, it is hypothesized
that the presence of water in the crystals can be attributed to
the use of both undried organic solvents (CH;OH and CH;CN)
and hydrated metal salts. Nevertheless, the presence of stron-
ger secondary interactions (H-bonds) in 2 and 3 may have a
stronger influence on the relaxation processes.

Regarding the role of the ClO,™ counterions in the second
coordination sphere of the metal complexes (Fig. 1 and 2), the
obvious difference is the number of perchlorates between the
dicationic (1) and the monocationic (2) complex. For the
former, the interaction is solely through non-directional
electrostatic interactions, while for the latest, the interaction
with the protonated acid group of the metal complexes can be
established through a direct (O-H---Oc;) or a water mediated
(O-Hcoom'*—Oc—+-*H-Ocoon) hydrogen bonding (Fig. 2 and
Table S47).

In the crystal packing, the Co™ complexes are arranged in
either cationic or neutral layers for 1-2 and 3, respectively,
where the shortest Co-Co distances are found (7.63(6) A for 1,
7.79(1) A for 2 and 7.31(1) A for 3) with interlayer Co~Co separ-
ations ranging from 11.04(1) A for 2 to 13.97(8) A for 1
(Table S6t). For 1, the [Co(™"°°“Btp),]*'cationic layers are
stacked along the g-axis via van der Waals forces between the

This journal is © The Royal Society of Chemistry 2024
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tert-butyl arms of the Btp ligands (Fig. 4). Within the layer, the
[Co(*®"°°CBtp),]** complexes are interacting by pyridine-pyri-
dine and pyridine-triazole n-r interactions along the b-axis
(Table S7t). The analysis of n—=n interactions for all three com-
pounds has been conducted taking into account the distance
between centroids, the dihedral angle between the planes con-
taining the centroids, and the slippage. Here, we have taken
into consideration distances up to 4.0 A, angles below 20°, and
minimized slippages.®® The growth of the cationic layer along
the ¢ direction is facilitated via van der Waals forces between
the tert-butyl arms. The ClO,™ anions fill the interstitial spaces
in the structure (Fig. S20f). For compound 2, the cationic
layers are stacked along the g-axis through hydrogen bonding
involving the water molecules, the ClO,™ anions and the car-
boxylic groups (Fig. 5 and Fig. S21, Table S4}). Within the
layer, the two crystallographic independent [Co("°°“Btp)
(°°°Btp)]" complexes interact by n-n interactions along c-axis
and hydrogen bonding involving ClO,” anions and the car-
boxylic groups from the Btp units along b-axis (Fig. S21 and
Table S8t). For compound 3, the [Co(®°°Btp),] neutral layers
are stacked along the b-axis, connected through hydrogen
bond via the water molecules present in the second coordi-
nation sphere (Ocoon:*H-Ow-H:-Ocoon) (Fig. 6 and
Table S51). Within the layers, the [Co(°“Btp),] complexes are
connected by n-r interactions between pyridine-pyridine and
pyridine-triazole groups of the Btp ligands along both the a
and c-axis (Table S97).

Magnetic studies

Static magnetic studies. Direct-current (dc) magnetic
measurements were performed on a collection of ground

single crystals for all the complexes (1-3) (Fig. S221). The yuT

Fig. 4 Ball and stick representation of the cationic layers of the Co"
complexes stacked along the a-axis in the crystal packing of [Co
(tBUOOCRp),](ClO,), (1). Hydrogens and anions are omitted for clarity.
n—=n interactions are highlighted using black dashed lines. Carbons are in
grey, nitrogen in blue, oxygen in red and cobalt in dark brown.
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Fig. 5 Ball and stick representation of the cationic layers of the Co'"
complexes growing along the c-axis in the crystal packing of [Co
(HOOCBtp)(°OCBtp)],(ClO,),-6H,0 (2). Hydrogens and anions are omitted
for clarity, except for the hydrogens of the carboxylic acids. =—= inter-
actions are highlighted using black dashed lines. Carbons are in grey,
nitrogen in blue, oxygen in red, hydrogen in pink and cobalt in green
and dark brown. Water molecules are represented using red spheres.

Fig. 6 Ball and stick representation of the cationic layers of the Co"
complexes stacked along the b-axis in the crystal packing of [Co
(°©CBtp),]-CHsCN-3H,0 (3). Hydrogens are omitted for clarity. n—r inter-
actions are highlighted using black dashed lines and H-bonds with blue
dashed lines. Carbons are in grey, nitrogen in blue, oxygen in red and
cobalt in dark brown. Oxygen atoms of the water molecules are
depicted as red spheres.

values for the Co™ complexes at 300 K (3.45 emu K mol ™" for 1,
6.02 emu K mol ™" for 2 and 3.69 emu K mol ™" for 3) are larger
than the “spin-only” y\T values calculated for one (1.87 emu K
mol™") and two (3.74 emu K mol™") non-interacting high-spin
Co" ions (trg° €,%, S = 3/2, g = 2.0) per formula (as expected
from the obtained crystallographic Co"-N bond distances,
Table S2t). These large ym7 values usually indicate the exist-
ence of an unquenched orbital angular momentum contribut-

Dalton Trans., 2024, 53,18515-18527 | 18519
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ing to the g. values for the Co" ion centers.*>** With decreas-
ing temperature, the yT values for the Co™ complexes mono-
tonically decrease, showing a gradual drop below 100 K, which
becomes more important as the applied magnetic field
increases, as shown in Fig. S2371 for 1. The behavior observed
is commonly due to the depopulation of Kramer’s excited state
levels caused by zero-field splitting (ZFS), in the absence of
any close contacts between complexes that might allow for
intermolecular exchange interactions.>?

Field-dependence of the magnetization up to 5 T for 1-3 at
2, 3, 5 and 7 K was also done (Fig. S231). Magnetization values
continuously increase with the applied magnetic field for all
the Co™ complexes. No complete saturation of the magnetiza-
tion is observed at 2 K under an applied field of 5 T (2.50 pg
for 1, 5.38 pp for 2 and 2.83 pp for 3). The observation of non-
saturation of magnetization with a high-field indicates the
presence of magnetic anisotropy for all the complexes, which
is further confirmed by the lack of superposition of the magne-
tization values in the reduced magnetization plots (M vs. H/T)
between 2-7 K (Fig. S247).>® This observation suggests that ZFS
is achieved through a slight structural distortion around the
Co" ion centers, resulting in a reduction of the three-fold sym-
metry. By using the PHI software package,’” an estimation of
the anisotropy parameters of 1 and 3 can be obtained from the
temperature and field-dependent magnetization data. Because
of the presence of two crystallographically independent Co(u)
centers, the estimation of the anisotropy parameters for 2 was
not considered. By fixing the g.-factor values for the Co" ion
centers obtained from the y,T measurements at 300 K (2.71
(1) and 2.81 (3) emu K mol™") in the PHI software, the result-
ing fit shows positive axial ZFS parameters for all of them (D =
29.05cm ™ and E=0.82 cm™ for 1; D = 13.29 cm ' and E =
0.12 em™" for 3) (note: fitted curves extracted from PHI can be
found in Fig. $25-S28%). This correlates well with the trend
observed for the dihedral angles (#) (91.35(4)° (1) < 99.52(5)/
80.19(8)° (2) < 105.67(7)° (3)).

Dynamic magnetic studies. To probe the dynamic magnetic
behavior of the Co"™ complexes 1-3, alternating-current (ac)
susceptibility studies were carried out. These measurements
were first performed under a zero-dc field (with an oscillating
field of 5 Oe) between 2-20 K (Fig. S291). No out-of-phase
signal for the magnetic susceptibility (ys") could be detected
in the absence of an applied dc magnetic field at 10 kHz,
which was attributed to efficient quantum tunneling of the
magnetization (QTM). However, at the same frequency (10
kHz) under a dc applied magnetic field between 0.1-1.1 T,
these complexes show a maximum for the temperature-depen-
dence in-phase (ym') and out-of-phase (yv") ac susceptibility
between 2-15 K (Fig. S30-S327). From the analysis of those
measurements, to monitor the relaxation process, optimal
applied dc magnetic fields of 0.3 (for 1 and 2) and 0.7 T (for 3)
were selected to suppress quantum tunneling relaxation when
performing the temperature and frequency dependence
measurements for both yy,' and y»" (Fig. 7 and Fig. S33-S357).

At a minimum, a maximum for the temperature and fre-

quency dependence y\" is observed for all the complexes at
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these fields, suggesting at least one slow relaxation of the mag-
netization and a field-induced SIM behavior at low tempera-
tures. It is worth noting that two relaxation processes can be
clearly observed for both 1 and 3. As seen in Fig. 7, the fre-
quency dependence y,,” maxima were observed at all tempera-
tures below 5 and 5.75 K for 1 and 3 (for the relaxation pro-
cesses at higher temperatures in both) and 4.75 K for 2.
Additionally, the observed peaks for the temperature depen-
dence y" (5.25 K (1), 4.75 K (2) and 5.75 K (3) at 10 kHz)
increases in intensity and shift to low temperatures when fre-
quency decreases from 10 kHz to 100 Hz for 1 and 2, while for
3 decreases in intensity and shift to low temperatures when
frequency decreases from 10 kHz to 100 Hz.

Cole-Cole plots were constructed from the y' and " fre-
quency-dependent ac data and fitted using the conventional
generalized Debye model with the CC-FIT software package.’®
For 1 and 3 only the relaxation process at higher temperatures
was considered for the fitting. The fitted values of yr (isother-
mal susceptibility), ys (adiabatic susceptibility), = and « are
summarized in Table S10.1 For 1-3, the curves show typical
semicircles at low temperatures (Fig. S36t). A wider range for
the distribution of the relaxation time (a) values is observed in
the low-temperature regime for 1 (0.08-0.24) compared to the
distribution of o values found for 2 (0.04-0.15) and 3
(0.05-0.12).

The extracted relaxation times were subsequently used to
represent the Arrhenius plot (Inz vs. T°') (Fig. 7, green line).
To examine the Orbach relaxation process, eqn (1) was
employed.

1= To_l . e_Ucff/KBT (1)

A fit to the linear portion of the data (at higher temperature
values) affords the effective relaxation barriers (Ueg/Kg) and
pre-exponential factors (z,”') shown in Table S11.f From the
trend observed for the experimental data in the Inz vs. T
plot, it can be suggested that more than one relaxation process
is involved.

To examine whether other relaxation processes existed,
direct (AT) and Raman (CT"), were considered in addition to
Orbach (or Arrhenius relaxation) using the following
expression and considering that QTM relaxation is suppressed
by an applied magnetic field:

T = AT+ C T 41yt e Ver/KsT 2)

where A is the coefficient of the direct process, C is the coeffi-
cient of the Raman process, and the third term represents the
Orbach process.

The best fit parameters obtained for 1-3 are shown in
Table 2. The observed values suggest that the primary relax-
ation processes for all compounds are Raman and Direct pro-
cesses, as indicated by the minimized residuals. However,
Orbach relaxation was also considered as a high-temperature
process. Despite investigating both Orbach and Raman relax-
ation mechanisms, the low 7, values and unconventional expo-
nential ‘#’ parameters in Raman led us to regard these find-
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Fig. 7 Temperature-dependence of the out-of-phase ac susceptibility () under a dc applied field at different frequencies between 110 to 10 kHz
for 1 (a), 2 (b) and 3 (c). Frequency-dependence of the out-of-phase ac susceptibility (y") under a dc applied field in the range of 3-5 K for 1 (d),
2—-4.75 K for 2 (e), and in the range of 2—-5.75 K for 3 (f). Dots corresponds to the experimental data and line correspond to the fitting obtained by
CC-FIT software. Note that for 1 and 3 only the relaxation process at higher temperatures was fitted. Arrhenius plots constructed from data for 1 (g),
2 (h) and 3 (i). The solid blue line represents a fit to the two processes simultaneously (Raman and direct), while the green line only to the Orbach

process. Error bars (red) are extracted from CC-FIT analysis.

Table 2 Best fitting parameter of relaxation for 1-3

Happlied (T) c (571 Kin) n A (871 Kﬁl)
1 0.3 18.69 4.57 1.64 x 1074
2 0.3 1.60 x 10° 2.33 2.38x107*
3 0.7 0.479 6.19 3.09 x 107°

ings as less significant. Therefore, direct process seems to be
predominant at low temperatures for 1-3 and Raman for 2,
which is attributed to low-energy vibrations in the molecular
lattice.

Direct mechanism has not been extensively found for Co"
octahedral complexes, and although some cases are
reported.’®™*" It is important to highlight the complexity of the
relaxation process in cobalt systems by covering Orbach
process with Raman and Direct processes, this last dominant
usually below 3 K. This fact is influenced by the spin entangle-
ment found in Co(i) SIMs.*” It is also worth mentioning that
typical values for n can range from 1-6 (if relaxation mecha-

This journal is © The Royal Society of Chemistry 2024

nism occurs through acoustic or optical phonon interactions),
7 (usually for non-Kramer ions) or 9 (for Kramer ions).*>**

Magneto-structural correlations

Considering the single-crystal X-ray diffraction analysis of 1-3,
together with their magnetic data, several magneto-structural
correlations can be inferred. The y\T values obtained for 1-3
confirm that both "°°“Btp and ®"°°°Btp exhibit a high-spin
configuration for the same coordination number with a struc-
tural distortion around the metal as shown in Scheme S1.1*°
In this context, the deviation from an ideal octahedral geome-
try result in unequally occupied orbitals giving rise to an
appreciable magnetic anisotropy. Axial distortions associated
to ZFS are obvious when looking at Co-Nprigine distances.
Compounds 1 and 3 clearly have shorter distances for Co-
Npyridine bonds (2.1025(14) and 2.0933(14) A for 1 and
2.0913(14) and 2.0919(14) A for 3), indicating a negative axial
distortion. Interestingly, higher energy barriers (Uey/Kg) are
found (16.11 and 9.64 cm ' for 1 and 3, respectively;
Table S11%) for those complexes with positive D values esti-
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mated from the static measurements, using the software
package PHI, (29.05 cm™" (1) and 13.29 ecm™" (3)). The domi-
nant process for the spin reversal magnetization in 1 and 3 at
low temperatures is a direct relaxation process, as shown by
the fit of the In 7 vs. 7" plot. This process may be induced by a
small rhombic contribution (0.82 ecm™ (1) and 0.12 cm™ (3)),
which is in agreement with the largest distortion of the ¢
angle (N1-Co1-N51) from the ideal value of 180° (166 and
169°, respectively). In addition, a large distortion of the octa-
hedral geometry towards a trigonal prismatic environment is
observed for both compounds. It is hypothesized this distor-
tion may be triggered by the extent of the n—r interactions
between the Btp ligands. Nonetheless, other factors seem to
have a large influence in the SIM behavior of these Co™ com-
plexes, such as their formal charge caused by the deprotona-
tion of M°9“Btp, since 3 is the only neutral complex in the
series and, therefore, without counterions in their unit cell.

For the case of 2, a much larger difference between the
denoted Co-Npyrigine distances for the two crystallographic
independent metal complexes in the asymmetric unit (Col-
N1_2 and Co1-N1_1: 2.098(4) and 2.079(4) A; Co2-N1_3 and
Co2-N1_4: 2.099(5) and 2.072(5) A) is observed, which could
be attributed to an unequal negative axial distortion. The
energy barrier found in this case is slightly smaller (8.82 cm™,
Table S117). Additionally, the smaller distortion of the ¢ angle
(N1_1-Co1-N1_2; N1_3-Co02-N1_4) from the ideal value of
180° (173 and 172°, respectively), gives an idea of the very
small rhombic contribution if any.

Conclusions

Single crystals of three Co™ metal complexes comprising two
new Btp ligands (**"°“Btp and "°°°Btp) (1-3), were obtained
and their structures solved through X-ray diffraction studies.
We demonstrate the possibility of tuning the charge of the
resulting metal complexes, achieving neutral, monocationic,
and dicationic forms, all while preserving the arrangement of
the ligand atoms around the metal center that does not
change its oxidation state. This control is attained through
precise selection of the terminal functionalization for the Btp
ligands, and the solvent employed during
crystallization.

The crystal structures of all complexes depicted a pseudo-
octahedral CoNg coordination environment around the metal
ion, with deviations from ideal octahedral geometry. Static
magnetic measurements unveiled significant y\;T values, indi-
cating the presence of unquenched orbital angular momen-
tum. Field-dependent magnetization studies confirmed the
presence of magnetic anisotropy, while dynamic magnetic
studies revealed slow relaxation of magnetization and field-
induced single-ion magnet behavior at low temperatures.

From magneto-structural correlations, it is evident that
reducing the molecular symmetry increases the anisotropy of
the Co" center and, consequently, an increase in the energy
barrier would be expected. For instance, the dihedral angle

mixture
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between the ligand planes (6), which is expected to be 90° in a
regular octahedral complex, increases from 91.35° in 1 to
105.67° in 3. However, the observed energy barriers
(Table S11%) follow the order 16.11 cm™" (for 1) > 9.64 cm ™"
(for 3) > 8.82 cm™" (for 2). From frequency-dependence of the
xm” under a dc applied magnetic field (Fig. 5d-f) can be
clearly observed that the relaxation of 3 is much faster than
that observed for 2 and 3, and dominated by a temperature-
independent process. To explain this, we need to carefully con-
sider both intramolecular factors (such as those promoted by
the larger dihedral angle in 3) and intermolecular interactions,
which result from the smaller Co-Co separation in 3 compared
to 1 and 2, leading to increased dipole-dipole interactions. It
is important to note that all three compounds display distinct
and intricate relaxation processes, which are influenced by
both Raman and direct mechanisms, similar to what has been
observed in other Co(u) complexes.

In conclusion, understanding the complex interplay
between structural distortions and alterations in the secondary
coordination sphere is essential for elucidating the factors
influencing the single-ion magnetism observed in transition
metal coordination compounds. This study highlights the
challenges in attributing the observed single-ion magnet be-
havior to a single factor and emphasizes the need for further
research in this field to fully comprehend these intricate
relationships.

Experimental
General

All chemicals and solvents from commercial sources were used
as received. "®°°Btp and “®"°°CBtp ligands were synthesized
as described below and characterized using HPLC-MS, NMR
and MS-ESI-TOF. CAUTION: sodium azide and alkyl azides are
potentially explosive. The synthesis should be carried out in
small quantities and the precursors should be handled with
care. Metal complexes 1-3 were obtained using a Schlenk line
by the methods described below and subsequently crystallized
under a very small constant flow of nitrogen at room tempera-
ture. Single crystals of 1-3 were characterized by SCXRD,
MS-ESI-TOF, thermogravimetric analysis and CHN elemental
analysis. High Resolution Mass spectrometry data were
acquired on a Bruker MicrOTOF (ESI-TOF).

Synthesis of ligands

Synthesis of 2,6-bis((trimethylsilyl)ethynyl)pyridine (7).
2.28 g of 2,6-dibromopyridine (9.65 mmol, 1.0 eq.), Cul
(37.0 mg, 0.2 mmol, 0.02 eq.), [PACl,(PPh;),] (135.0 mg,
0.2 mmol, 0.02 eq.) and 40 mL of triethylamine were added to
a 250 mL round bottom flask connected to a Schenk line
under N,. While passing a current of N,, trimethyl-
Isilylacetylene (2.80 mL, 20.3 mmol, 2.1 eq.) was added to the
mixture and the reaction was stirred at room temperature over-
night. Then, 50 mL of a saturated solution of NH,Cl were
added and the mixture was stirred for 30 min. The aqueous

This journal is © The Royal Society of Chemistry 2024
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layer was extracted with Et,O (3 x 30 mL). The combined
organic extract was washed with brine (80 mL), dried with
MgSO,, and the solvent removed under vacuum. The residue
was purified by flash chromatography (silica gel, hexane:
ether, 7:3) to afford 7 as a white solid (2.51 g, 96% yield).
"H-NMR (500 MHz, CDCl;, 6): 7.55 (t, °J = 7.8 Hz, 1H), 7.34 (d,
3] = 7.8 Hz, 2H), 0.22 (s, 18H); "*C-NMR (126 MHz, CDCl;, §):
143.40 (C), 136.32 (CH), 126.73 (CH), 103.19 (C), 95.46 (C), 0.26
(CH3); DEPT-135 (126 MHz, CDCl, §): 136.32 (CH), 126.73
(CH), 0.26 (CH3); MS-ESI: calculated for [Cy5H,,NSi,]" 272.13,
found 272.17.

Synthesis of tert-butyl 2-azidoacetate (8). A solution of
5.0 mL of tertbutyl bromoacetate (6.65 g, 34.1 mmol, 1.0 eq.)
in 50 mL of DMF was added to a 250 mL round bottom flask
connected to a Schenk line under N, and 11.1 g of NaNj;
(170.5 mmol, 5.0 eq.) were then added at room temperature.
After stirring the mixture under inert atmosphere for 30 h,
100 mL of water were added, and the crude mixture was
extracted with diethyl ether (3 x 40 mL). The combined
organic phase was washed with water (2 x 40 mL), 1 M LiCl
(2 x 40 mL) and dried over anhydrous MgSO,. The solvent was
removed, and the colorless oil was dried under vacuum to give
8 with no further purification (5.04 g, 94% yield). "H-NMR
(500 MHz, CDCl;, 6): 3.69 (s, 2H), 1.44 (s, 9H); *C-NMR
(126 MHz, CDCl;, §): 167.73 (C), 82.92 (C), 50.86 (CH,), 27.96
(CH;); DEPT-135 (126 MHz, CDCl;, 6): 50.86 (CH,), 27.96
(CH3); IR vpax/em™ = 2103 (N3), 1738 (C=0).

Synthesis of "°°CBtp. 624.6 mg of 1 (2.3 mmol, 1.0 eq.),
K,CO; (1.272 g, 9.2 mmol, 4.0 eq.), sodium ascorbate
(182.3 mg, 0.98 mmol, 0.4 eq.), CuSO,-5H,0 (69.9 mg,
0.28 mmol, 0.2 eq.), and 903.7 mg of 2 (5.75 mmol, 2.5 eq.)
were added to a 100 mL round bottom flask and suspended in
a mixture of CH3CN:H,O (1:1). The mixture was stirred
under nitrogen atmosphere for 16 h at room temperature, then
a saturated solution of NH,Cl was added and the mixture was
stirred for 30 min. The white solid was isolated by filtration,
washed with isopropyl alcohol and deionized water and freeze-
dried to give ®"°°“Btp as a white solid (893.6 mg, 88% yield).
"H-NMR (500 MHz, DMSO-d,, 8): 8.67 (s, 2H), 8.00 (s, 3H), 5.39
(s, 4H), 1.46 (s, 18H); ">C-NMR (126 MHz, DMSO-ds, 6): 116.19
(C), 149.81 (C), 147.06 (C), 138.38 (CH), 124.96 (CH), 118.51
(CH), 82.52 (C), 51.14 (CH,), 27.64 (CH3); DEPT-135 (126 MHz,
DMSO-dg, 8): 138.38 (CH), 124.96 (CH), 118.51 (CH), 51.14
(CH,), 27.64 (CH;); MS-ESL: m/z calculated for [Cy3H;,N,0,]"
442.22, found 442.24.

Synthesis of "°°“Btp

In a 100 mL round bottom flask, containing 513.0 mg of
#BuOOCRty (1.16 mmol), 5.0 mL of cold TFA were added. The
solution was stirred in an ice bath for 1 h, then 70 mL of Et,O
were added dropwise under vigorous stirring and a powdered
white solid appeared. The solid was isolated by filtration,
washed with Et,O and deionized water and freeze-dried at
—45 °C to afford "°°“Btp as a white powder. (376.9 mg, 98.5%
yield). "H-NMR (500 MHz, DMSO-ds, §): 13.49 (br, 2H), 8.66 (s,
2H), 7.99 (m, 3H), 5.39 (s, 4H); *C-NMR (126 MHz, DMSO-ds,

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

5): 168.54, 149.85, 147.06, 138.39, 124.96, 118.48, 50.74;
DEPT-135 (126 MHz, DMSO-d6, §): 138.39 (CH), 124.96 (CH),
118.48 (CH), 50,74 (CH,); MS-ESI: mj/z calculated for
[C13H15N;04]" 330.09, found 330.11.

Synthesis of metal complexes

Synthesis of [Co(*®"°°CBtp),](Cl0,), complex (1). A reaction
vessel of 25 mL was charged with 100.0 mg (0.23 mmol,
1.0 eq.) of “®"9°CBtp and 8 mL of a mixture CH;OH : CH;CN
(1:1). The resultant solution was degassed using Ar before
adding the corresponding amount of metallic salt (41.4 mg of
Co(Cl0,),-6H,0, 0.11 mmol, 0.50 eq.) dissolved in 2 mL of the
same solvent mixture. The reaction mixture was stirred under
Ar atmosphere for 30 minutes and then the solution was trans-
ferred to an Erlenmeyer flask and the solvent was left to slowly
evaporate under atmospheric pressure at room temperature
using a small flow of N,. Clear orange crystals were obtained
for 1 (87.8 mg, 68% yield). (HR)-MS-ESI-TOF: calculated for
[C42H54CICON1,05,] [M + ClO,]" 1041.3066, found 1041.3130;
[C42H5,CoNy,Og] [M]** 470.6785, found 470.1592. Elemental
analysis ~ found  (calculated  for  [Co(**"°°“Btp),]
(Cl0,),-2CH;OH): 43.24(43.54) % for C, 5.41(5.56) % for H and
16.26 (16.45) % for N.

Synthesis of [Co("°°“Btp)(°°“Btp)]ClO, complex (2). A reac-
tion vessel of 25 mL was charged with 120.0 mg (0.36 mmol,
1.0 eq.) of "Btp and 13 mL of a mixture CH;OH : CH;CN (1: 1).
The resultant suspension was degassed using Ar before adding
the corresponding amount of metallic salt (66.7 mg of
Co(ClO,),-6H,0, 0.18 mmol, 0.50 eq.) dissolved in 2 mL of the
same solvent mixture. The reaction mixture was stirred under
Ar atmosphere for 30 minutes and then the solution was trans-
ferred to an Erlenmeyer flask and the solvent was left to slowly
evaporate under atmospheric pressure at room temperature
using a small flow of N,. Clear light orange crystals were
obtained for [Co(™°°“Btp)(°°“Btp)]|Cl0,-3H,0 (2) (77.2 mg,
49% yield). (HR)-MS-ESI-TOF: calculated for
[C6H,,CICON,04,] [M + H + Cl0,4]" 816.0562, found 816.0513;
[Ca6H1CONy,Og]  [M]™ 716.0999,  found  716.1102,
[Co6H2,CON1,0g] [M + HJ*' 358.5533, found 358.5598.
Elemental analysis found (calculated for [Co(*"°°“Btp)
(°°°Btp)]ClO,-3H,0): 35.82 (35.90) % for C, 3.25 (3.13) % for H
and 22.82 (22.54) % for N.

Synthesis of [Co(®°“Btp),] complex (3). A reaction vessel of
25 mL was charged with 120.0 mg (0.36 mmol, 1.0 eq.) of
HOOCRtp and 13 mL of a mixture of H,O:CH;CN (1:1)
mixture. The resultant suspension was degassed using Ar
before adding the corresponding amount of metallic salt
(66.7 mg of Co(Cl0O,),-6H,0, 0.18 mmol, 0.50 eq.) dissolved in
2 mL of the of the same solvent mixture. The reaction mixture
was stirred under Ar atmosphere for 30 minutes and then the
solution was transferred to an Erlenmeyer flask and the
solvent was left to slowly evaporate under atmospheric
pressure at room temperature using a small flow of N,.
Traslucent orange crystals were obtained for
[Co(°°“Btp),]-CH;CN-3H,0 (3) (77.3 mg, 53% yield). (HR)-
MS-ESI-TOF: calculated for [CyeH,;CoN;,05] [M + H]
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716.0999, found 716.1154, [CyeH,,CoN,4Og] [M + 2H"
358.5533, found 358.5468. Elemental analysis found (calcu-
lated for [Co(®°“Btp),]-CH;CN-3H,0): 41.02 (41.49) % for C,
3.50 (3.61) % for H and 26.03 (25.92) % for N.

SCXRD measurements

Single-crystal X-ray diffraction was measured on a Bruker D8
Venture Photon III C14 k - geometry diffractometer system
equipped with an Incoatec high brillance IuS 3.0 microsource
(MoKa, A = 0.71073 A). Crystallographic data for all the com-
plexes were deposited in the Cambridge Structural Database
(CSD) with the following deposit numbers: CCDC 2281065 for
1; CCDC 2281066 for 2; CCDC 2281061 for 3.1

Magnetic measurements

All magnetic measurements were performed solely on polycrys-
talline samples composed of ground single crystals packed on
a plastic capsule using a Quantum Design MPMS-XL-5 SQUID
magnetometer and a Quantum Design PPMS-5 both equipped
with a 5 T magnet. After magnetic measurements powder X-ray
diffraction measurements performed at the ground single crys-
tals (compound 1 and 2) show no evidence of grinding causing
structural changes on the compounds (Fig. S371). Comparison
with the simulated data from single-crystal X-ray diffraction
measurements taken at 100 K suggests that the additional
small peaks observed may be attributed to slight desolvation
or the presence of a very minor impurity. Diamagnetic correc-
tions were applied using tabulated Pascal constants. Small dia-
magnetic contribution from the plastic capsule was also con-
sidered. Variable-temperature susceptibility experiments were
carried out in the temperature range 2-400 K under a static
magnetic field of 0.1 and 1 T. Field-dependence magnetization
measurements up to 5 T were performed at different tempera-
tures between 2-7 K. At low temperatures ac susceptibility data
were recorded with an oscillating field of 3.95 G amplitude at
frequencies between 0.1 and 10 kHz. The optimum static
fields for ac measurements were determined by measuring the
frequency dependence of the in-phase and out-of-phase com-
ponent of the susceptibility at 10 kHz under the application of
dc fields ranging from 0 to 1.1 T.
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