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oordinate cobalt(II) single-ion
magnets: experimental and ab initio ligand field
analyses of correlations between dihedral angles
and magnetic anisotropy†
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Sebastian Dechert, a Eckhard Bill,c Mihail Atanasov, *bd Frank Neese *b

and Franc Meyer *a

For single-ion magnets (SIMs), understanding the effects of the local coordination environment and ligand

field on magnetic anisotropy is key to controlling their magnetic properties. Here we present a series of

tetracoordinate cobalt(II) complexes of the general formula [FL2Co]X2 (where FL is a bidentate diamido

ligand) whose electron-withdrawing –C6F5 substituents confer stability under ambient conditions.

Depending on the cations X, these complexes adopt structures with greatly varying dihedral twist angle

d between the N–Co–N′ chelate planes in the solid state (48.0 to 89.2°). AC and DC field magnetic

susceptibility measurements show this to translate into very different magnetic properties, the axial zero-

field splitting (ZFS) parameter D ranging from −69 cm−1 to −143 cm−1 with substantial or negligible

rhombic component E, respectively. A close to orthogonal arrangement of the two N,N′-chelating s-

and p-donor ligands at the Co(II) ion is found to raise the energy barrier for magnetic relaxation to above

400 K. Multireference ab initio methods were employed to describe the complexes' electronic

structures, and the results were analyzed within the framework of ab initio ligand field theory to probe

the nature of the metal–ligand bonding and spin–orbit coupling. A relationship between the energy gaps

of the first few electronic transitions and the ZFS was established, and the ZFS was correlated with the

dihedral angle d as well as with the metal–ligand bonding variations, viz. the two angular overlap

parameters es and eps. These findings not only give rise to a Co(II) SIM showing open hysteresis up to 3.5

K at a sweep rate of 30 Oe s−1, but they also provide design guidelines for Co(II) complexes with

favorable SIM signatures or even switchable magnetic relaxation properties.
Introduction

The observation of slow relaxation of the magnetization in
a molecular complex, rst discovered for the “Mn12 acetate”
cluster,1 was an impactful landmark for interdisciplinary
research in chemistry, physics, and materials science.1,2 Such
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single-molecule magnets (SMMs) promised great potential for
applications in the elds of high-density data storage, quantum
computing, and spintronics.2a,3 Furthermore, it was the rst
time quantum tunneling of the magnetization (QTM) was
observed experimentally as steps in the magnetic hysteresis.4

This, in addition to fundamental interest, spurred the devel-
opment of multinuclear exchange-coupled paramagnetic
complexes with a very high ground spin-state (S), since the
energy barrier for spin reversal (Ueff) is given by Ueff = jDjS2 (for
integer spins) or Ueff = jDj(S2 − 1/4) (for half-integer spins).5

Here D is the axial zero-eld splitting (ZFS) parameter,
a measure of the magnetic anisotropy of the system. However, it
was soon pointed out that maximization of S does not always
lead to a higher energy barrier because D is inversely correlated
with S.6 This directed the research efforts towards maximizing D
in molecular complexes featuring large anisotropy, and ulti-
mately towards single-ion magnets (SIMs).

For SIMs based on transitionmetal ions, Co(II) complexes are
particularly prominent, but relatively few of them exhibit slow
Chem. Sci., 2023, 14, 6355–6374 | 6355
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relaxation dynamics in the absence of an applied magnetic
eld.7 The extremely air-sensitive mononuclear Co(II) complex
[Co(SPh)4][PPh4]2 was the rst reported zero-eld 3d-SIM.8 Since
then several Co(II) SIMs with a coordination number ranging
from two to six have been discovered.8–14 However, some
complexes with two,9 three,10a four8,11a–o and six13a–d coordinate
metal ions feature the most favorable properties, and the largest
energy barriers for any 3d SIMs have been observed for linear
two-coordinate complexes where the ligand eld is weak, thus
maximizing the orbital contribution to the magnetic moment.9

Among the prominent examples of this family is the recently
reported linear two-coordinate dialkyl Co(II) complex
Co(C(SiMe2ONaph)3)2 that exhibits a non-Auau ground state L
= 3 with a limiting magnetic anisotropy for a Co(II) ion.9b This is
comparable with magnetic anisotropy exhibited by mono-
coordinate Co atoms deposited on a MgO surface.15 However,
these low coordinate complexes are extremely air and moisture
sensitive.

Four-coordinate Co(II) complexes are usually more rugged
than the low-coordinate complexes. In order to maximize the
orbital contribution through second order spin–orbit coupling
in distorted tetrahedral Co(II) complexes and increase the ZFS,
which ultimately determines the magnetic anisotropy, great
efforts are being made to understand the underlying factors
that govern the magnitude of the ZFS and relaxation proc-
esses.11a,b,q,16 In this context, magneto-structural correlations
have been developed for four-coordinate Co(II) SIMs, allowing to
rationalize the effects of the structural distortion around the
central paramagnetic ion on the sign and magnitude of the ZFS
(Chart 1).11a–e,g,i,r,v,17 Most studied are four-coordinate [CoIIX4]

2−

complexes where X is an O-, S-, Se-, or Te-donor based mono-
dentate anionic ligand A in Chart 1.11a–e It has been shown that
themagnitude and sign of D are highly dependent on the nature
of the donor atoms of the coordinating ligand X (viz., O, S, Se or
Te). p-Anisotropic ligand systems with decreasing ligand eld
strength, i.e., with soer donor atoms, in tetragonally elongated
D2d geometries lead to signicantly enhanced negative D.8,11a

Magneto-structural correlations for these [CoIIX4]
2− systems

have been established mainly for two types of structural
distortions. The rst one relates to the distortion 2g of the rst
coordination sphere (where g is the angle between the S4-
Chart 1 Selected examples of magneto-structural correlations (A–D) st

6356 | Chem. Sci., 2023, 14, 6355–6374
rotation axis and the Co–X bond) and the second one (u)
describes torsion angles involving the second coordination
sphere (R–S–Co–S4 axis; A in Chart 1).11a–e Their analysis has
revealed that a large negative D value is associated with smaller
2g values (tetragonal elongation) and the maximum negative D
is achieved for u = 0°. Similar magneto-structural correlations
have been reported for CoL2X2 systems (B in Chart 1, L= neutral
donor ligands and X = anions).18 Variations of the donor atom/
coordinating anions in CoL2X2 systems have provided addi-
tional insights, indicating that the heavier and soer donor
atoms signicantly enhance the ZFS in Co(II) SIMs.11k,17e,19

Lately, there has been interest in understanding the effect of
molecular vibrations concerning the relaxation mechanism
operating in SIMs as well.16c,d

In addition to [CoX4]
2− or CoL2X2 systems with monodentate

ligands, enhanced magnetic bistability has recently been re-
ported for four-coordinate Co(II) complexes derived from
bidentate chelate ligands (C and D in Chart 1, and E and F in
Chart 2).11f–j,11p,q In 2015, some of us found appreciable single-
ion anisotropy (D = −58 cm−1) and slow relaxation of magne-
tization in zero-eld for a Co(II) triimidosulfonate complex
(C),11f and later the groups of Sarkar and van Slageren reported
a Co(II) bis(sulfonamido)benzene complex that exhibits hyster-
esis at 1.8 K with coercivity at a sweep rate of 500 Oe s−1 (E).11h

Recently the inuence of the N–Co–N bite angle in four-
coordinate Co(II) triimidosulfonate complexes11g (C in Chart 1)
and Co(II) bis(methanesulfonyl)oxamidate complexes11i (D in
Chart 1) has been elucidated, and bite angles around 76–78°
and 81°, respectively, were found to be ideal for harnessing
large ZFS. The Plass group has investigated different solvates of
pseudo-tetrahedral bis-chelate {N2O2} Co(II) SIMs and
concluded that the spin-reversal barrier increases with stronger
distortion away from the tetrahedral toward a square-planar
geometry; in the studied solvomorphs the dihedral twist
angles between the N–Co–O chelate planes of the two Schiff-
base ligands varied between 86° and 55.9°, with D values in
the range from −25 to −40 cm−1.20

In the present work, we report a family of tetracoordinate
dianionic cobalt(II) complexes of the general formula [FL2Co]X2

where FL is a bidentate N,N′-bis(peruorophenyl)oxalamido
ligand, and X are different cations. While metal amido bonds
udied for four-coordinate Co(II) SIMs.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Chart 2 Examples of homoleptic dianionic four-coordinate Co(II) SIMs (E–G).
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tend to be susceptible to hydrolysis, the strongly electron-
withdrawing C6F5 substituents on the coordinating amido
nitrogen atoms impart ambient air and moisture stability.
Variation of the non-coordinating cations leads to very different
dihedral twist angles (d) of the N–Co–N coordination planes (G
in Chart 2) in the solid state, which is shown to translate into
signicant alterations of the magnetic properties. We present
a combined experimental and theoretical study on this set of
complexes in order to unravel the magneto-structural correla-
tions and to decipher and benchmark the factors that lead to
the dihedral angle dependence of the magnetic properties.
Results and discussion
Synthesis and structural characterization

The diamido ligand, N,N′-bis(peruorophenyl)oxalamide (FLH2)
was synthesized using a reported literature procedure.21 The
–C6F5 substituent was chosen to decrease the net charge density
on the coordinating amido nitrogen atom, translating into
a decreased ligand eld strength. Additionally, this improves
Scheme 1 Syntheses of the tetracoordinate Co(II) complexes 1–3.

© 2023 The Author(s). Published by the Royal Society of Chemistry
the robustness of the metal-amido bonds which are usually
known to be susceptible to hydrolysis (vide infra). The mono-
nuclear cobalt complexes were readily synthesized by the reac-
tion of the dipotassium salt of the ligand in dry THF and
anhydrous CoCl2 in a molar ratio of 2 : 1 under an inert atmo-
sphere (Scheme 1). Cation exchange with tetrabutylammonium
(TBA) bromide and tetraphenylphosphonium bromide intro-
duced different non-coordinating counterions and allowed for
the isolation of [FL2Co](TBA)2 (1) and [FL2Co](PPh4)2 (2),
respectively. To further understand the effect of the charge-
balancing cations on the magnetic properties, 18-crown-6
ether was directly added to the reaction mixture to isolate
[FL2Co(K@18-crown-6)2]$2Et2O (3), where the K+ ions are hosted
in the crown ether but additionally coordinated by the carbonyl
oxygen atoms of the oxalamide ligands.

The iso-structural zinc(II) complexes [FL2Zn](TBA)2 (4), [FL2-
Zn](PPh4)2 (5), and [FL2Zn(K@18-crown-6)2]$2Et2O (6) were
prepared using a similar synthetic procedure. All the complexes
were found to be stable under ambient aerobic conditions, both
in the solid state and solution phase. All six complexes were
Chem. Sci., 2023, 14, 6355–6374 | 6357
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characterized by several analytical and spectroscopic tech-
niques as well as by elemental analysis (see below and ESI for
details†). Cyclic voltammetry (CV) was measured for 1–3 in
MeCN solution. The complexes exhibit an irreversible rst
oxidation at anodic peak potentials Epa = +0.09 V (1, 2) or +0.05 V
(3; all at 100 mV s−1; vs. the Fc+/Fc couple; Fig. S23–S25†). These
values are signicantly higher by 0.31 or 0.27 V, respectively,
compared to the irreversible rst oxidation at Epa = −0.22 V
(Fig. S26†) recorded under the same conditions for a related
complex [ClL2Co](TBA)2 (H)11q that has less electron withdrawing
4-chlorophenyl substituents in the ligand [ClL]2− instead of the
pentauorophenyl substituent in [FL]2−. These ndings are in
line with the observed robustness of 1–3 under ambient
conditions.

Solutions of these compounds appear orange in different
solvents and solid compounds 2 and 3 are also orange, but
complex 1 was isolated as a magenta solid. Attempts to grow
crystals of complex 1 from different solvents, either by slow
diffusion of diethyl ether into the orange solutions or by cool-
ing, always resulted in the isolation of magenta crystals. Block-
shaped orange single crystals of complex 2 as well as block-
shaped orange-yellow crystals of 3 were obtained by slow
diffusion of diethyl ether into DMF solutions. X-ray diffraction
Fig. 1 (a) Molecular structures of the anions of 1 (left) and 2 (middle), and 3
structures of 1–3 showing the two intersecting N–Co–N chelate planes

6358 | Chem. Sci., 2023, 14, 6355–6374
analyses revealed the molecular structures of the anions
[FL2Co]

2− as shown in Fig. 1 ([FL2Co(K@18C6)2] in case of 3).
Complex 1 crystallizes in the monoclinic space group P2/c

with four crystallographically independent molecules in the
asymmetric part of the unit cell (1a–1d). The Co(II) ions are
coordinated by two orthogonally oriented dianionic ligands
[FL]2− (Fig. 1, S27 and S28†) with average Co–N bond lengths of
1.992 Å, the charge being balanced by TBA cations in the crystal
lattice. The N–Co–N bite angles from the bidentate oxanilido
ligands (av. 81.2°) are considerably smaller than the other N–
Co–N angles (av. 124.8°) leading to an approximate D2d

symmetry or elongated tetrahedron (s4 = 0.65–0.78).22 The
relatively small ligand bite angle is quite close to the value of
76–78° recently proposed as an ideal bite angle for inducing
large axial zero-eld splitting in {N4}-ligated Co(II) complexes.11g

The dihedral angle d between the N–Co–N chelate planes ranges
from 72.6 to 89.2° for the four molecules in the unit cell (average
83.08°). A continuous shape measure (CSM) analysis of the local
coordination environment of the Co(II) ions reveals signicant
deviation from an ideal tetrahedral geometry (see Table S3†).
The nearest Co(II) ions are separated by a minimum distance of
11.43 Å in the lattice due to the presence of the bulky charge-
balancing TBA cations.
(right); cations have been omitted for clarity in case of 1 and 2. (b) Core
. (c) Complexes 1–3 in the solid state and DMF solution.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Complex 2 crystallizes in the triclinic space group P�1 where
the asymmetric part of the unit cell contains one and a half
molecules of [FL2Co]

2− and three tetraphenylphosphonium
cations. The Co(II) ions are found in a distorted seesaw coor-
dination environment (Fig. 1, S29 and S30†) with an average Co–
N bond length of 1.985 Å. The entire ligand system is disordered
over two positions, but overall the anions are structurally
similar and roughly superimposable (Fig. S30d†); no disorder
was observed for any of the tetraphenylphosphonium cations.
The average N–Co–N bite angles from the bidentate oxanilido
ligands (82.4°) are comparable to those of 1, but the other four
N–Co–N angles show a wider range (104.4–154.6°), reecting the
distorted seesaw coordination sphere of the Co(II) ions
(approximate D2 symmetry with s4 = 0.43–0.45, Table S3†). The
average dihedral twist angle d between the N–Co–N chelate
planes is 48.56°. The electron-decient aryl rings appear to be
involved in p–p interactions with distances between adjacent
centroids in the range 3.41–3.73 Å. Nearest Co(II) ions within the
lattice are separated by more than 10 Å.

Complex 3 crystallizes in the monoclinic space group C2/c,
and the structural features of its [FL2Co]

2− core are very similar
to those of 2. The asymmetric part of the unit cell contains half
of a molecule with the Co(II) ion in a distorted seesaw coordi-
nation environment (Fig. 1, S31 and S32†). The K+ ions are
hosted in the 18-crown-6 macrocycle and are additionally
coordinated by the amide oxygen atoms of the [FL]2− ligands. In
this case, and in contrast to 2, the ligands in 3 are not disor-
dered, likely due to the steric constraints imposed by the 18-
crown-6 moiety on the free rotation of the –C6F5 groups. The
average Co–N bond length is 1.982 Å and the average N–Co–N
bite angle is 82.8°. The average dihedral angle d between the N–
Co–N chelate planes is 48.0°, similar to the situation in 2
(approximate D2 symmetry with s4 = 0.44, Table S3†). As
observed for complex 2, the aryl rings are involved in p–p

interactions with a distance of 3.531 Å between the nearest ring
centroids. The nearest Co(II) neighbors are separated by
a distance of more than 12 Å in the lattice.
Fig. 2 (a) Variable-temperature cMT product for complex 1measured un
magnetization for complex 1. The solid lines are the best fit with D = −
theoretical predictions with CASSCF/NEVPT2.

© 2023 The Author(s). Published by the Royal Society of Chemistry
Experimental absorption spectra

Solutions of all three complexes 1–3 in DMF or MeCN appear
similar in color (Fig. S19†), and their UV-Vis-NIR spectra are
almost identical (Fig. S19 and S20†); they exhibit three distinct
absorption bands around 17 600 cm−1, 9700 cm−1, and
8500 cm−1 with similar molar extinction coefficients (Fig. S19
and S20†). This observation indicates that although complexes
1–3 adopt different structures in solid-state, in solution the
anions [FL2Co]

2− are essentially identical and independent of
the type of cation (NBu4

+ in 1, PPh4
+ in 2, [K@18-crown-6]+ in 3).

In the range 7100–12 500 cm−1 the solution spectra of 1–3 are
similar to the solid-state spectra of 2 and 3 (vide infra) with
a characteristic double-humped band peaking around
9600 cm−1 and 8500 cm−1. However, the relatively sharp and
intense band at 17 600 cm−1 with its high-energy shoulder
(Fig. S19†) is more reminiscent of the absorption feature
observed for solid 1 (vide infra). This suggests that in solution
the complexes might be present in a conformation with
a dihedral twist angle d in between those found for 1 vs. 2 (or 3)
in solid-state.
Static magnetic properties of solid compounds

Magnetic studies for complexes 1–3 were performed on poly-
crystalline powdered samples packed in a polycarbonate
capsule. The powdered samples were covered with low-viscosity
peruoropolyether-based inert oil Fomblin Y45 to prevent any
torquing. The cMT value of 3.34 cm3 K mol−1 for complex 1 at
210 K is larger than the expected spin-only value of one isolated
Co(II) ion (1.875 cm3 Kmol−1 for S= 3/2 and g= 2.0), suggesting
a signicant orbital contribution to the observed magnetic
moment. The cMT value decreases gradually upon lowering the
temperature and falls sharply below 8 K, reaching a value of 2.50
cm3 K mol−1 at 2 K (Fig. 2a). Since the nearest Co(II) centres are
separated by a distance of 11.43 Å in the crystal lattice and
signicant intermolecular interactions are thus unlikely, the
sharp fall of cMT at lower temperatures can be associated with
der an applied DC field of 0.5 T. (b) Variable-temperature variable-field
143 cm−1, gx = gy = 2.25, and gz = 3.15 and the dashed lines are the

Chem. Sci., 2023, 14, 6355–6374 | 6359
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Table 1 Summary of the structural features and the various magnetic parameters determined experimentally and obtained by CASSCF/NEVPT2

Complex d (°)

Experiment Theory (NEVPT2)

gx gy gz D (cm−1) E/D gx gy gz D (cm−1) E/D E(4B2) (cm
−1)

1a 88.2 2.25 2.25 3.15 −143 0 1.50 1.51 3.53 −149.7 0.001 94
1b 89.2 1.52 1.53 3.52 −149.2 0.001 100
1c 82.3 1.58 1.61 3.51 −147.4 0.002 134
1d 72.6 1.65 1.74 3.48 −142.7 0.007 186
2a 48.8 2.37 2.37 2.85 −75 0.067 1.99 2.20 2.97 −73.8 0.082 928
2b 49.1 2.00 2.19 2.95 −73.1 0.072 1013
3 48.0 2.36 2.36 2.77 −69 0.072 1.98 2.20 3.01 −77.9 0.081 856
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the presence of ZFS and large magnetic anisotropy. The
magnetization for 1 increases linearly until 1 T at 2 K and more
gradually above 2 T. It reaches a value of 2.4 mB at 7 T, however,
without any complete saturation (Fig. S37†) and well below the
expected Msat value of 3.0 mB for an isolated isotropic Co(II) ion
(S = 3/2). Simultaneous tting of the magnetic susceptibility
data along with the variable-temperature variable-eld (VTVH)
magnetization data with the program julX_2S23 (see details in
ESI†) yields the best t with D = −143 cm−1 and gx = gy = 2.25
and gz = 3.15 (Fig. 2b). This translates into a large energy
separation of ca. 286 cm−1 (411 K, 2D) between the well-isolated
ground MS = ±3/2 Kramers doublet (KD) and the excited state
MS =±1/2 KD. The cMT values for 2 and 3 are 3.09 and 3.00 cm3

K mol−1 at 210 K, and 2.10 and 1.99 cm3 K mol−1 at 2 K,
respectively (Fig. S38 and S41†). The corresponding simulta-
neous t of the magnetic susceptibility and VTVH magnetiza-
tion data yields a high negative ZFS parameter D along with
a signicant rhombic component E. The best t parameters
obtained are D = −75 cm−1, E/D = 0.067 and gx = gy = 2.37 and
gz = 2.85 for 2 (Fig. S38 and S39†) and D = −69 cm−1, E/D =

0.072 and gx = gy = 2.36 and gz = 2.79 for 3 (Fig. S41 and S42†),
respectively. Table 1 summarizes the structural features of 1–3
and the various magnetic parameters determined experimen-
tally by SQUID magnetometry.

Dynamic magnetic properties of solid compounds

To gain insights into the magnetic relaxation dynamics, ac
susceptibility measurements were carried out for complex 1 in
Fig. 3 (a) Out-of-phase (c′′M) component of the frequency-dependent (
of 3.0 Oe under zero DC field. (b) Cole–Cole plots for 1 under zero DC fi

on inverse temperature (T−1); the solid blue line represents the best fit con
Raman (C = 0.0399 s−1 K−n, n = 3.64) relaxation pathways.

6360 | Chem. Sci., 2023, 14, 6355–6374
the frequency range 0.1–1000 Hz at zero DC eld. A clear
frequency dependence of the maxima in the out-of-phase (c′′M)
components of the ac susceptibility is observed (Fig. 3 and
S44†). The relaxation times were extracted by tting the in-
phase (c′M) and out-of-phase (c′′M) components of the ac
susceptibility to a generalized Debye model using the CC-FIT2
program.24 The temperature dependence of the relaxation
time was modelled by considering various potential relaxation
pathways using eqn (1)

1/s = 1/sQTM + CTn + s0
−1 exp(−Ueff/kBT) (1)

where the terms correspond to relaxation via quantum tunnel-
ling, the Raman process, and the Orbach relaxation pathway,
respectively. The least number of parameters was used in all
cases to avoid overparameterization (see ESI for details†).
However, no satisfactory t for 1 was obtained for the relaxation
rates with any combination of these relaxation processes, as
previously observed in the case of many Co(II) SIMs.9b,11h,q,13a,25 It
should be noted that the asymmetric part of the unit cell for
solid complex 1 contains four crystallographically independent
molecules with a signicant variation in dihedral angles (72.6 to
89.2°), which signicantly affects the slow relaxation dynamics
and magnetic properties (vide infra). Thus, the relaxation time
(s) extracted has contributions from all four crystallographically
independent molecules. In addition, some complex relaxation
mechanisms may be operative at lower temperatures. However,
by restraining Ueff to 2D as in previously reported studies for
0.1–1000 Hz) AC susceptibility for 1 measured in an oscillating AC field
eld. (c) Dependence of the natural logarithm of the relaxation time ln(s)
sidering a combination of Orbach (Ueff= 410 K, s0= 2.25× 10−11 s) and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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highly anisotropic Co(II) SIMs11h,q,13a and xing its value to 410 K,
a reasonable curvature of the temperature dependence of the
relaxation rate could be obtained (Ueff = 410 K, s0 = 2.25 ×

10−11 s, n = 3.64 and C = 0.0399 s−1 K−n), albeit still deviating
slightly in the higher temperature range (Fig. 3c). Hence, we
refrain from analyzing the ts for complex 1 in greater detail.
The relaxation rate simulated based on the Raman process is
almost congruent with the curve derived from Raman and
Orbach processes, except for the high temperature regime. A t
considering only the Raman process yields C= 0.0319 s−1 K−n, n
= 3.80 (Fig. S44e†), and relaxation of 1 over the entire temper-
ature range seems to be dominated by the Raman process, with
the Orbach process being relevant at higher temperatures.
Application of an optimumDC eld of 3000 Oe had only a slight
effect on the slow relaxation dynamics, however, it slightly
slowed down the relaxation at lower temperatures, indicating
that quantum tunneling still is a contributing factor in the
magnetic relaxation dynamics albeit to a lesser extent
(Fig. S45†). In order to further understand the relevance of
dipolar effects or QTM, AC susceptibility measurements were
performed on a magnetically diluted sample 1′ (ca. 10% 1 in the
analogous zinc(II) complex 4), and a reasonable AC suscepti-
bility signal could be obtained (Fig. S48†). Analysis of the data
reveals that the dilution only marginally affects the relaxation
dynamics in the low-temperature regime, thus indicating that
the origin of the slow relaxation of magnetization is indeed
molecular in nature. Yet a linear temperature dependence at the
highest temperatures is still absent. Nevertheless, the relaxation
times are slightly slower for the diluted sample 1′ as compared
to pure 1 (Fig. S49†).

The large energy separation between the ground state (MS =

±3/2) and excited state (MS = ±1/2) KD also prompted us to
carry out magnetic hysteresis experiments. Variable-eld
magnetization data measured at a modest sweep rate of 30 Oe
s−1 revealed a waist-restricted hysteresis loop up to 3.5 K with
a non-negligible coercivity of ∼100 Oe at 1.8 K (Fig. 4a). The
sharper magnetization decay towards zero eld is most prob-
ably due to QTM between the low-lying KDs. These character-
istic features are quite common among Co(II) SIMs and have
also been observed in recently reported two and four-coordinate
Co(II) based SIMs featuring very high energy barriers.9,11h,q The
opening of the hysteresis loops becomes more apparent in the
Fig. 4 Variable field magnetization for (a) 1 and (b) 1′′ at a sweep rate of 30
(red) and field-cooled (green) magnetization vs. temperature for 1′′ at an

© 2023 The Author(s). Published by the Royal Society of Chemistry
magnetically diluted material, with the coercivity increasing to
∼300 Oe at 1.8 K for a sample with ca. 2% 1 in 4 (1′′) (Fig. 4b).
Magnetic blocking is also evident from the divergence of the
zero-eld cooled (ZFC) – eld cooled (FC) variable temperature
magnetization measurements. The maxima in the ZFC curve is
at 3.5 K, whereas the divergence of the ZFC–FC variable
temperature magnetization starts above 4.0 K (Fig. 4c). The
combination of these properties with its ruggedness under
ambient conditions makes this Co(II) complex 1 one of the best-
performing 3d-SIMs.

Interestingly, complexes 2 and 3 show dramatically different
magnetic properties compared to 1, since both do not exhibit
any maxima in the out-of-phase (c′′M) AC susceptibility signals
under zero applied DC eld (Fig. S54 and S56†). While complex
3 features only very weak positive c′′M signals at very low
temperatures, c′′M signals are completely absent in case of
complex 2. These observations are not unexpected given the
large rhombic ZFS parameter (E) derived from the DC suscep-
tibility measurements, which is known to lead to undercutting
of the over-barrier relaxation pathway via QTM. Application of
an optimum DC eld of 2000 Oe and 3000 Oe, respectively, led
to the observation of well-resolved frequency-dependent c′′M

maxima in the AC susceptibility measurements of 2 (Fig. 5 and
S55†) and 3 (Fig. S57†). Relaxation times were extracted by
tting the AC susceptibility data with a generalized Debye
model; relaxation was found to be dominated by QTM and
Raman pathways. The best-t parameters obtained are C =

0.473 s−1 K−n and n = 5.02 (Raman) for 2 (Fig. 5c). Complex 3
exhibits similar relaxation dynamics (Fig. S57†), suggesting that
the binding of charge-balancing cations to the ligand periphery
(K@18C6 in 3) does not signicantly inuence the slow relax-
ation dynamics if the core coordination environment of the
central paramagnetic ion, including the dihedral angle, is
comparable.

In contrast to pristine undiluted material of 2 and 3,
magnetically diluted samples containing ca. 10% 2 or 3 in the
corresponding zinc(II) compounds 5 or 6 (called 2′ and 3′,
respectively) exhibit slow relaxation dynamics even in zero DC
eld, although only below 6 K (Fig. S58†) or 8 K (Fig. S61†). This
might be due to the suppression of dipolar exchange interac-
tions in the diluted samples, which may result in additional
quantum tunnelling pathways. These ndings suggest that
Oe s−1 at indicated temperatures. (c) The plot of the zero field-cooled
applied field of 50 Oe and a sweep rate of 2 K min−1.
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Fig. 5 (a) Out-of-phase (c′′M) component of the frequency-dependent (0.1–1000 Hz) AC susceptibility measured in an oscillating AC field of 3.0
Oe under an applied DC field of 2000 Oe for complex 2. (b) Cole–Cole plots for 2 under an applied DC field of 2000 Oe. (c) Dependence of the
natural logarithm of the relaxation time ln(s) on inverse temperature (T−1); the solid red line represents the best fit considering a Raman (C= 0.473
s−1 K−n, n = 5.02) relaxation pathway.
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dipolar exchange coupling interactions can affect the slow
relaxation dynamics even if the paramagnetic metal ions are
more than 10 Å apart in the crystal lattice. QTM dominates the
slow relaxation dynamics at lower temperatures for both 2′ and
3′, while the Raman process dominates at higher temperatures.
The application of a DC eld of 2000 Oe suppresses any QTM at
lower temperatures in 2′ and 3′, which then show slow relaxa-
tion dynamics comparable with those observed for 2 and 3,
respectively, under an applied DC eld (Fig. S59 and S62†).
Magnetic hysteresis experiments were performed on magneti-
cally diluted samples containing ca. 2% 2 or 3 in the zinc(II)
compound 5 or 6, respectively, viz. 2′′ (Fig. S60†) and 3′′

(Fig. S63†), but magnetic hysteresis could not be observed in
either case.
Magnetic properties in frozen solution

The obvious differences in color and UV-Vis-NIR spectral
properties between the solid samples and dissolved complexes
prompted us to measure the static and dynamic susceptibilities
of the complexes in frozen solutions. A reasonable signal-to-
noise ratio could be obtained for 0.12 M DMF solutions of
complexes 1 and 2 (solubility in MeCN is too limited); the
Fig. 6 (a) Variable-temperature cMT product for a frozen DMF solution o
complex 1 and 2 in a sealed NMR tube. (b) Out-of-phase (c′′M) compon
oscillating AC field of 3.0 Oe for a frozen DMF solution of 1 under zero D
ln(s) on inverse temperature (T−1); the solid blue line represents the best fi
QTM (sQTM = 2.19 × 10−3 s) relaxation pathways.

6362 | Chem. Sci., 2023, 14, 6355–6374
experiment could not be performed for complex 3 due to the low
solubility of the complex. The best t of the magnetic suscep-
tibility data along with the variable-eld variable-temperature
(VTVH) magnetization yields D = −78 cm−1, gx = gy = 2.16
and gz= 2.87 for 1 (Fig. 6, S64 and S65†) and D=−72 cm−1, gx=
gy = 2.22 and gz = 2.72 for 2, respectively (Fig. S69 and S70†).
The frozen DMF solutions of 1 and 2 display comparable slow
relaxation dynamics under zero DC eld with QTM dominating
the slow relaxation process at lower temperatures (Fig. 6). The
relaxation times extracted could be tted assuming a combina-
tion of QTM and Raman relaxation mechanisms (Fig. 6c, S66d,
and S71d†). Application of a DC eld substantially suppresses
the dominating QTM at low temperatures for the frozen DMF
solutions of 1 and 2, which again display comparable slow
relaxation dynamics (Fig. S67 and S72†); relaxation times over
the entire temperature range could be tted with a combination
of Raman and QTM processes (Fig. S67d and S72d†). Parame-
ters for the relaxation dynamics of 1 and 2 in frozen DMF
solution are also similar to the ones observed for solids 2 and 3.
These combined UV-Vis-NIR spectral and magnetic properties
indicate that although complexes 1 and 2/3 exist in different
structural forms in the solid state, their anions [FL2Co]

2− adopt
identical structures in solution, likely close to the ones found
f 1measured under an applied DC field of 0.5 T. Inset: DMF solution of
ent of the frequency-dependent (0.1–1000 Hz) AC susceptibility in an
C field. (c) Dependence of the natural logarithm of the relaxation time
t considering a combination of Raman (C= 0.047 s−1 K−n, n= 6.61), and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 AILFT molecular orbital diagram for complex 3 at the NEVPT2 level. The geometry is determined crystallographically. Orbital images are
shown on the right. While the orbital ordering is generally preserved across the complexes, the gap between 3dxy and 3dx2−y2 orbitals is reduced in
complex 1.
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for crystalline 2 and 3. It is interesting to note that while no
hysteresis was observed in the magnetically diluted solid
samples 2′′ and 3′′, the frozen solutions of 1 and 2 display
magnetic hysteresis at 1.8 K, although without coercivity
(Fig. S68 and S73†).
Computed electronic structure

Since 1–3 show identical UV-Vis-NIR spectra in solution while
packing in the crystal lattice seems to distort the complex from
this ideal geometry, structures were not computationally opti-
mized but calculations were based on coordinates obtained
from the X-ray crystallographic structure determinations. In the
presence of several disordered forms of the anion [FL2Co]

2−, all
the structures were analyzed (1a–d; 2a,b). Computations were
carried out with the ORCA package,26 and the spectrum of the
Hamiltonian was computed using the state averaged complete
Table 2 Comparison of experimental energies obtained from Gaussian
theoretical energies obtained at the NEVPT2 level. Excitations are from th
parent Td point group

Point group Experimental energies (cm−1) Point group NEV

Td 1 2 3 D2d 1a

4T2(F) — — — 4B2 7
4E 873

888
4T1(F) 8470 8460 8580 4A2 960

4E 952
10 57

4T1(P) 17 280 17 720 17 700 4A2 22 72
18 600 19 190 19 410 4E 22 49

22 90

© 2023 The Author(s). Published by the Royal Society of Chemistry
active space self-consistent eld method (SA-CASSCF)27 with n-
electron valence perturbation theory to second-order (NEVPT-
2).28 Further details are provided below and in the ESI.†

In Fig. 7, the molecular orbital energies of complex 3 are
compared to the energies of an idealized tetrahedral complex.
The lowest energy MOs are in order: dz2, dx2−y2, dxy, dyz, dxz. As
expected, the e orbitals are lower in energy than the t2 orbitals.
The electronic structure of the quartets in an ideal Td geometry
is in the order 4A2(F) <

4T2(F) <
4T1(F) <

4T1(P). Upon reduction of
the symmetry from Td to D2d, the

4A2 state reduces to 4B1 while
4T2 splits into a 4B2 and a 4E state, and the 4T1 splits into a 4A2

and a 4E state. Computations yield the ordering of energies in
the D2d point group according to 4B1 <

4B2 <
4E < 4A2 <

4E < 4A2 <
4E. Further crystal distortions li the degeneracy of the 4E state
in the CASSCF/NEVPT2 calculations. A comparison of scalar
relativistic energies obtained at the NEVPT2 level with the spin-
allowed transitions deduced from optical absorption
deconvolution of UV-Vis-NIR spectrum using orca_asa module and
e ground state 4B1 (D2d point group) originating from the 4A2 from the

PT2 energies (cm−1)

1b 1c 1d 2a 2b 3

6 80 115 172 928 1013 856
3 8628 7789 6311 4191 4103 4008
2 8744 8384 7315 6432 6536 6148
3 9315 9703 10 142 10 855 10 047 10 737
1 9233 9974 10 195 11 662 12 557 11 379
5 10 395 10 483 11 276 15 348 15 849 15 190
7 22 458 22 511 22 495 22 809 21 749 22 638
4 22 469 21 895 21 487 24 214 24 465 23 961
1 22 660 23 397 24 582 28 335 27 937 28 301

Chem. Sci., 2023, 14, 6355–6374 | 6363
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Fig. 8 Non-relativistic energies, ZFS parameter and dihedral angles for selected structures. The 4B2 state has an energy smaller than the
magnitude of spin–orbit coupling and therefore mixes strongly with the 4B1 state.
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spectroscopy is made in the section below (Table 2). Analysis of
the scalar relativistic wave functions (Fig. 8) shows that the
ground state is 4B1 (D2d point group) dominated by the cong-
uration dz2

2dx2−y2
2dxy

1dyz
1dxz

1 while the excited state is 4B2

where one electron is excited from dx2−y2 to dxy resulting in
a conguration given by dz2

2dx2−y2
1dxy

2dyz
1dxz

1.

Computed absorption spectra

The UV-Vis-NIR spectrum of solid 1 (Fig. 9) shows distinct
features compared to the spectra of complexes 2 and 3 (Fig. 10).
Complex 1 displays a sharp band at 17 280 cm−1 with a shoulder
peak around 18 600 cm−1. The broad band extending from 12
500 cm−1 to the NIR region (peak at 8470 cm−1) probably
comprises several transitions. Complexes 2 and 3 exhibit
similar bands in their absorption spectra with distinct bands at
19 190 cm−1, 17 720 cm−1, 8460 cm−1 (2) and at 19 410 cm−1, 17
700 cm−1, 8580 cm−1 (3), respectively.

The CASSCF/NEVPT2 results predict excitations from the
ground state with a character of 4A2(F) to the 4T2(F),

4T1(F) and
4T1(P) states (Td symmetry notations). The 4A2/

4T2(F) transi-
tion is quite low in energy and is usually not seen in the spec-
trum of Co(II) complexes. Based on the CASSCF/NEVPT2
calculations it is possible to assign the bands observed in the
∼8000 cm−1 range as the excitation to the 4T1(F) states and the
bands at ∼17 000 cm−1 as excitations to the 4T1(P) states. The
overlap due to the broad nature of these peaks prevents any
further resolution of the spectral assignment. The error range
between theory and experiment for the 4T1(F) states is about
2500 cm−1 and the error for the 4T1(P) states is about 5000 cm

−1;
the closer proximity of the 4T1(P) to the charge transfer state is
suspected to cause the larger error in the latter case.
6364 | Chem. Sci., 2023, 14, 6355–6374
The differences in the absorption spectra of complex 1
compared to complexes 2 and 3 are also seen in their computed
spectra. On plotting the energies in a linear scale of energy, one
can see that the d–d excitations lie in the 5000–20 000 cm−1

energy range (Fig. 9 and 10). Above this range, the absorption is
dominated by charge transfer transitions which are beyond the
scope of the CASSCF wave function in minimal active space.

On average the theoretical absorption spectra are blue-
shied by about 2000 cm−1 relative to the experimental
spectra. This error is due to an underestimation of the
dynamical correlation in the CASSCF wavefunction, which is
not completely captured by the NEVPT2 correction. However,
the intensities and splitting for excitations to both terms (4T1(F)
and 4T1(P)) are predicted qualitatively correct. The unusual
shape of the 4P band in the experimental spectrum of 1 (whose
solid sample contains all four structures 1a–1d) results from
a splitting of that band in structure 1d. This is understood in
terms of the large deviation of the dihedral angle d of 1d from
the ideal 90° in D2d geometry.

Ligand eld analysis

Ab initio ligand eld analysis via the ab initio ligand eld theory
(AILFT)29 was employed to analyze the splitting of the d-orbitals.
CASSCF energies and eigenvalues were used to reconstruct the
ligand-eld Hamiltonian. At the NEVPT2 level of theory,
corrections to the energies of d–d transition have been taken
into account. The ligand eld matrix elements can be parame-
trized linearly in terms of ligand eld parameters, the Racah
parameters B and C and the 5× 5 ligand eld matrix, and hence
these parameters can be obtained from a least-squares t to
their corresponding ab initio matrix counterparts. The Racah
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Absorption spectra obtained by experiment (blue spectrum for solid 1) and theory (red lines are calculated spectra for the different
structures of 1).
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parameter A describes amean repulsion common for all pairs of
d-electrons. Therefore, the analyses of such systems focus on
the parameters B and C, which account for the splitting of the
free-ion states. Considering the fact that the spin–orbit
coupling in these complexes is usually of the same form as the
free ions, in the ligand-eld analysis a single parameter z can be
adjusted to t spin–orbit coupling matrix elements.

Ab initio ligand eld analyses have been performed for all the
systems reported in this study, viz. for the structures of the four
crystallographically independent molecules of 1 (1a–1d) as well
as for 2 and 3, in order to examine whether their different
magnetic properties are associated with different Co–N bond
character. As a next step in the analysis, the Racah parameters
are extracted from tting the AILFT matrix to the CASSCF/
NEVPT2 eigenvectors and eigenvalues (as mentioned in the
© 2023 The Author(s). Published by the Royal Society of Chemistry
computational methods section; see ESI†). For parameters B
and C the range obtained is 948.6 to 1006.8 cm−1 and 3640.7 to
3770.3 cm−1, respectively. Inspection of these parameters
reveals no signicant differences between the complexes.
Furthermore, values for the effective nuclear charge parameter z
are in the narrow range from 505.5 to 507.7 cm−1. This conrms
that qualitatively there is no difference in the electronic struc-
tures due to these parameters.

Further insight into the interaction between the metal ion
and the ligands can be obtained by using a ligand eld
parametrization scheme, which is additive. For this purpose,
the angular overlap model for analysis with the AOMX program
has been used.30 The nitrogen donor atoms are sp2 hybridized,
which means that one p orbital is available for out-of-plane p-
bonding and one sp2 orbital is available for s-bonding. Thus the
Chem. Sci., 2023, 14, 6355–6374 | 6365
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Fig. 10 Absorption spectra obtained by theory and experiment for solid-state measurement for the structures of complexes 2 and 3. Red is the
theoretical prediction for the different structures and blue is the experimental measurement.
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expression describing the ligand eld Hamiltonian is given by
eqn (2)31

Vij ¼
X6

L¼1

X
l¼s;p

FL
l;iðqL;fLÞFL

l;jðqL;fLÞel (2)

where L denotes a ligand that has a position specied by the
polar angles qL and fL, and the AOM parameters are es, eps (out-
of-plane p-bonding) and epc(in-plane p-bonding). With in-
plane N ligand p-orbitals involved in strong bonds to carbon,
the in-plane metal–ligand bonding for these systems is set to
Table 3 Parameters extracted by the analysis of the CASSCF/NEVPT2 AIL
dihedral angle (d) and scalar relativistic energies of the lowest excited st

B (cm−1) C (cm−1) es (cm−1)32 eps (cm
−1)32 z

1a 949 3760 5389 1792 5
1b 950 3771 5273 1741 5
1c 951 3770 5260 1730 5
1d 964 3763 5321 1612 5
2a 1007 3666 5906 1756 5
2b 1006 3641 5987 1721 5
3 998 3687 5756 1546 5

6366 | Chem. Sci., 2023, 14, 6355–6374
zero resulting in a model of two parameters. The angular
overlap model parameters es and eps were obtained by tting
the one electron ligand eld matrices obtained by AILFT at the
NEVPT2 level in ORCA; the es parameters are in the range of
5260 cm−1 to 5987 cm−1. In addition, the eps parameters are in
the range of 1546 cm−1 to 1792 cm−1. The analysis shows
a minor standard deviation of up to 627 cm−1 indicating that
the variation in the AOM parameters is not statistically signi-
cant for both the es and eps parameters. However, analytical
expressions were derived for the angular overlap model and the
FT results.D and E/D parameters from effective Hamiltonian theory, the
ate (DE(4B1))

(cm−1) D (cm−1) E/D
Dihedral
angle d (°)

Energy of the
4B2 state (cm−1)

05 −149.7 0.001 88.2 94
06 −149.2 0.001 89.2 100
06 −147.4 0.002 82.4 134
07 −142.7 0.007 72.6 186
07 −73.8 0.082 48.8 928
06 −73.1 0.072 49.1 1013
08 −77.9 0.081 48.0 856

© 2023 The Author(s). Published by the Royal Society of Chemistry
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explicit dependence on the geometric and ligand eld param-
eters is discussed in the next section. The above results are
summarized in Table 3, which shows that the ligand [FL]2− is
indeed a strong s and p donor and that the two N-donor atoms
in the chelate are well modelled without having to consider
phase coupling between them. Structure 1d has values slightly
different from those of the other three structures of complex 1
because its dihedral angle of 72.6° shows the strongest devia-
tion from the ideal D2d angle of 90°.
Fig. 11 (a and b) D and E/D plotted as a function of the dihedral angle
where the solid black line shows the CASSCF calculations33 with
rotated geometries starting from an idealized D2d geometry. Open
circles show the CASSCF/NEVPT2 results on the experimental struc-
tures and black solid circles show values obtained from fitting the
experimental data. (c) Energies of the first, second, and third excited
non-relativistic state energies as a function of the dihedral angle
d shown by solid black, dashed, and dotted lines respectively.
Computational correlation of structures and magnetic
properties

The magnetization and magnetic susceptibility were calculated
using the exact magnetic sublevels computed by the CASSCF/
NEVPT2 calculations (S2). The theoretically predicted curves
closely correspond to the experimental measurements (Fig. 2 and
S38–S42†). The gradual tapering upwards of the graph at higher
values is due to temperature-independent paramagnetism (TIP).
Table 1 (vide supra) shows that the computed gz of complex 1 in all
four computed structures (corresponding to the four crystallo-
graphically independent molecules 1a–1d found in the unit cell
of 1) is in the range 3.53 to 3.48 while the gx and gy are in the range
of 1.50 to 1.74. This anisotropy is much higher than those of
complexes 2 and 3 where gz is in the range of 2.97 to 3.01 and the
gx and gy values are in the range of 1.98 to 2.20.

Furthermore, starting from the D2d idealized geometry of
complex 1 the dihedral angle d was gradually swept in incre-
ments of 5°, and the resulting structures were then analyzed for
the effect on D and E/D. The black solid lines in Fig. 11a and
b shows the variation of D and E/D in an idealized geometry
upon variation of the dihedral angle d, while keeping the q angle
constant, in line with the rigidity of the N,N′-chelating ligand
(the bite angle is 2q = 82°); the black solid circles indicate the
parameters D and E/D obtained from tting the experimental
SQUID data whereas those extracted from the CASSCF/NEVPT2
results of the different structures are indicated with open
circles. It can be seen that the idealized geometry is in reason-
able agreement with the calculations for the exact structures,
which is, in turn, consistent with the parameters derived from
the experimental measurements.

In the absence of an external magnetic eld and in axial
symmetry, the spin–orbit coupling and ligand eld induce
a splitting of the S = 3/2 state into two distinct pairs of Kramers
doublets: Ms = ±3/2 and Ms = ±1/2 with an energy difference
that is equal to twice the zero-eld splitting parameter (D).
When the Ms = ±3/2 state is lower in energy the D value is said
to be negative. In addition to the axial ligand eld, an ortho-
rhombic distortion can lead to the mixing of theMS = ±3/2 and
MS = ±1/2 sublevels.

The magnetization and susceptibility curves also yield
information regarding these D and E/D parameters using the
spin Hamiltonian:

ĤSH ¼ D

�
Ŝz

2 þ E

D

�
Ŝx

2 � Ŝy

2
��

þ gkbHkŜz þ gtbHt

�
Ŝx þ Ŝy

�
(3)
© 2023 The Author(s). Published by the Royal Society of Chemistry
In these calculations, complex 1 gave D and E/D values in the
range of−142.7 to−149.7 cm−1 and 0.001 to 0.008, respectively,
while complexes 2 and 3 gave D and E/D values in the range of
−73.1 to −74.0 cm−1 and 0.072 to 0.082, respectively, in line
with the much better SMM properties of 1; the calculated
Chem. Sci., 2023, 14, 6355–6374 | 6367
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parameters are compiled in Table 1. The values generated by the
analysis of the CASSCF/NEVPT2 results are in line with the
trends seen for these parameters derived from the experimental
data.

The correlation between the dihedral angle d and the rst
excitation is evident from the black curve in Fig. 11c. In all the
studied complexes, the energy separation between the ground
and the lowest excited state are of the same order of magnitude
as the spin–orbit coupling constant (complexes 2a, 2b and 3),
inducing unquenched orbital momenta responsible for the
negative D for all complexes. With an energy separation much
smaller in complexes 1a–1d this results in the largest negative
values of D and is reected in their SMM properties.

Using the angular overlap model, the one-electron ligand-
eld Hamiltonian was parametrized for a D2 point group
symmetry as per equations given in ESI Section S4.† Average
values of the Racah parameters from AILFT ts at the NEVPT2
level and the spin–orbit coupling obtained from CASSCF were
used to calculate the many-particle, relativistic ligand eld
Hamiltonian matrix within the basis of the S= 3/2 ground state.
Using this space of magnetic sublevels we extracted the
parameters of the zero-eld splitting spin-Hamiltonian (D and
E) in dependence on the two structural parameters investigated
here, viz. the dihedral angle (d) and bite angle (2q), as well as on
the two angular overlap parameters es and eps. Two-
dimensional slices showing correlations between the zero-
eld splitting D and pairs of the parameters are presented in
Fig. 12 and S86–S88;† they provide a basis for understanding the
current system and predicting future systems of interest. The
bite angle for the complexes in consideration in the current
study is constant at about 82° due to the rigidity of the chelating
ligand. Fig. 12 (le) shows the variation of D as a function of eps
and d using a xed bite angle of 82° and the average value of es
of all the complexes studied in this work, i.e. 5556 cm−1. The
zero-eld splitting is rather sensitive to both parameters eps and
d, but the sensitivity varies across the range. Close to a dihedral
angle of 90° the value of D is more sensitive to the extent of the
Fig. 12 Left: Variation of D as a function of es and the dihedral angle d at fi
Right: Variation of D as a function of dihedral angle d and bite angle at fi

6368 | Chem. Sci., 2023, 14, 6355–6374
ligand p-bonding strength, whereas the sensitivity of D with
respect to the out-of-plane p-bonding is greatly reduced when
the dihedral angle tends toward 50°. Likewise, at higher values
of eps the sensitivity to the dihedral angle is lower.

In order to analyze the effect of the dihedral angle d and the
bite angle 2q on D values, both es and eps were xed to their
average values for the present set of complexes, viz. to 5556 and
1700 cm−1, respectively. Fig. 12 (right) shows that the D value is
highly sensitive to the ligand bite angle, and its value of 82°
enforced by the N,N′ chelate ligand in the present series of
complexes is close to optimal for maximizing the zero-eld
splitting. With a given bite angle 2q = 82°, increasing the
dihedral angle d increases the magnitude of the zero-eld
splitting systematically up to about 90°. This result from the
AOM scheme is in qualitative correspondence with the ab initio
NEVPT2 calculations (Fig. 12).

The zero-eld splitting was also analyzed with respect to
variations in es and eps for a xed bite angle 2q of 82° and
a dihedral angle d of 90° (Fig. S86†). One can understand the
effect of these parameters at a deeper level using the difference
in the orbital energies of the 3dxy and 3dx2−y2 orbitals (Fig. S88
and Section S80†) which are responsible for the energy sepa-
ration between the 4B1 ground state and the 4B2 state. The one-
electron Hamiltonian is diagonal for this geometry and thus the
orbital energy gap reduces to the equation E(3dxy)− E(3dx2−y2)=
(0.55)es − (1.72)eps. Thus, with increasing es the orbital energy
separation becomes greater, leading to a larger separation
between the 4B1 and 4B2 states, which results in a lower
magnitude of D (as explained by perturbation theory, see
Section 4.2 in ESI†). However, increasing eps has a lowering
effect on the orbital energy separation and therefore the
magnitude of D becomes larger with increasing eps. We also see
from the equation that the effect of eps is more pronounced
than the effect of es, and in the opposite direction.

Finally, the dependence of D on es and the dihedral angle
d at a xed eps = 1700 cm−1 and a bite angle 2q of 82° shows
(Fig. S87†) that the sensitivity with respect to the sigma bonding
xed values of bite angle 2q= 82° and average value of es = 5556 cm−1.
xed average values of eps = 1700 cm−1 and es = 5556 cm−1.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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is highest at a dihedral angle of 90° whereas closer to 50° there
is hardly any dependence of the zero-eld splitting on es. This
further validates the choice of d = 90° for the correlation shown
in Fig. S86.†

To corroborate the viability of the proposed magneto-
structural correlations, we examined a series of related Co(II)
complexes previously reported, viz. Co(II) bis(sulfonamido)
benzene complexes11h,p (E in Chart 2 and Table S9†) as well as
Co(II) complexes with chelating oxamido backbone architecture
and comparable bite angles (D and F in Charts 1 and 2, and
Table S10†).11i,j In the former case, it was found that D increases
(from −110 cm−1 to −130 cm−1) with increasing dihedral angle
d (from 83.28° to 86.62°; Table S9†). A similar trend is observed
in the case of Co(II) complexes with chelating oxamido back-
bone (Table S10†) where D increases from −107.3 cm−1 to
−128.2 cm−1 with the increase of dihedral angle from 87.49° to
89.32°. Deviations from the trend can likely be understood
based on the effects of the different bite angles, cations, and
electronic effects of the substituents at the ligand backbone.

Conclusions

In summary, the use of a highly electron-withdrawing group
(–C6F5) as a substituent on a chelating diamido ligand [FL]2− led
to the isolation of a family of rugged tetracoordinate Co(II)
complexes [FL2Co]

2−. Depending on the cations used (NBu4
+ in

1, PPh4
+ in 2, [K@18-crown-6]+ in 3), pronounced variations of

the dihedral twist angle d between the N–Co–N′ chelate planes
are observed for the crystalline compounds, with d ranging from
48.0 to 89.2°. These structural variations translate into drasti-
cally different magnetic properties of solid materials. A close to
the orthogonal disposition of the two N,N′-chelating ligands at
the Co(II) ion, as found for 1, proved advantageous for the SIM
properties, increasing themagnetic anisotropy (D=−143 cm−1)
and raising the energy barrier for relaxation to above 400 K, with
magnetic blocking of 4.0 K. In contrast, a smaller dihedral twist
angle d gives rise to much smaller anisotropy and a substantial
rhombic component (large E/D), which adversely affects the
slow relaxation dynamics. CASSCF/NEVPT2 calculations
successfully reproduced the absorption spectra as well as the
magnetic properties of the [FL2Co]

2− complexes with different
dihedral angles, including their magnetic susceptibility, VTVH
signatures, and g-factors. Computationally sweeping the dihe-
dral twist angle between the two N–Co–N′ chelate planes
allowed to analyze the effect of structural variation on the D and
E/D values of the system and to derive correlations between the
energy of the rst excited scalar-relativistic state and the zero-
eld splitting. Indeed, for tetracoordinate Co(II) complexes
with two N,N’-chelating s- and p-donor ligands an orthogonal
situation, viz. a dihedral twist angle of 90°, leads to a small
energy gap between the ground and rst excited state, trans-
lating into the largest D and a vanishing E/D. This differs from
the conclusion reached for a series of bis-chelate {N2O2} Co(II)
SIMs with p-acceptor Schiff-base N-donors, for which it was
proposed that both the axial and rhombic ZFS parameters D and
E increase with increasing distortion towards a square-planar
coordination geometry, viz. with smaller dihedral twist angle
© 2023 The Author(s). Published by the Royal Society of Chemistry
d.20 In the present study a chelate bite angle 2q of around 80° is
found to be most favorable, in line with the results of recent
studies for related ligand types.11f,g,11i Furthermore, ab initio
ligand eld analyses with a fully analytical parametrization of
the ligand eld theory matrix now allowed to correlate the
different magnetic properties not only with the structural but
also with the bonding variations of the [FL2Co]

2− molecules, viz.
the two angular overlap parameters es and eps.

The ndings of this work establish valuable design guide-
lines for the synthesis of Co(II) complexes with favorable SIM
properties. In the present case, for magnetically diluted [FL2-
Co](TBA)2 (1) with favorable (average) dihedral twist angle (d z
83°) and N–Co–N bite angle (2q z 81°), magnetic blocking has
been observed up to 4.0 K with an open hysteresis up to 3.5 K at
a sweep rate of 30 Oe s−1, which is quite impressive for SIMs
based on 3d metal ions. An additional benet of these Co(II)
complexes based on [FL]2− is their increased air and moisture
stability both in solid-state and solution, which we attribute to
the decreased net charge density on the coordinating nitrogen
atoms imparted by the electron-withdrawing –C6F5 substitu-
ents. The magnetic studies of complexes 1–3 in frozen solution
evidence that the different structures of their anions [FL2Co]

2−

in the crystalline materials are governed by solid-state effects,
and the presence of several molecules [FL2Co]

2− in the unit cell
of 1 with dihedral angles varying between 73° and 90° suggests
that twisting of the bis(N,N′-chelated) core is relatively facile.
This raises interesting perspectives for the targeted tuning or
even switching of magnetic relaxation in bis(chelated) four-
coordinate Co(II) complexes via manipulating their dihedral
angle d by additives and/or second sphere interactions.
Experimental and computational
methods
Materials and instrumentation

The solvents employed in the synthesis were dried according to
standard procedures and distilled prior to use. The syntheses of
the complexes were carried out under a dry and inert nitrogen
atmosphere. Unless otherwise stated, all chemicals used were
purchased from commercial sources. 1H NMR and 13C NMR
spectra were recorded on Bruker Avance 300 MHz and 400 MHz
spectrometers at room temperature. Chemical shis are re-
ported in parts per million relative to residual proton and
carbon signals of the solvent. Infrared spectra were recorded on
a Cary 630 FTIR spectrometer equipped with Dial Path Tech-
nology and analysed by FTIR MicroLab soware. UV-Vis-NIR
spectra in solution and solid-state were recorded with a Var-
ian Cary 5000 spectrophotometer. ESI-MS were collected using
a Bruker HCT ultra spectrometer. Elemental analyses were
performed by the analytical laboratory of the Institute of Inor-
ganic Chemistry at the University of Göttingen using an Ele-
mentar Vario EL III instrument. Cyclic voltammetry (CV)
experiments were performed with an Interface 1000B poten-
tiostat at room temperature. A three-electrode setup was used
with a glassy carbon working electrode, a platinum wire as
a counter electrode, and a silver wire in 0.1 M [TBA]PF6 solution
Chem. Sci., 2023, 14, 6355–6374 | 6369
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in acetonitrile as a pseudo-reference electrode. [TBA]PF6 (0.1 M
solution in MeCN) was used as the supporting electrolyte.
Ferrocene was used as an internal standard, and the data were
analyzed with Gamry Framework soware.
Synthesis protocols

[FL2Co](TBA)2 (1).
FLH2 (420 mg, 1.0 mmol) was taken in THF

(20.0 mL) and solid KH (80 mg, 2.0 mmol) was added slowly to
the solution leading to the immediate evolution of dihydrogen.
The reaction mixture was allowed to stir overnight and solid
anhydrous CoCl2 (65 mg, 0.5 mmol) was added to the reaction
mixture. The reaction mixture was stirred for 24 h to obtain an
orange precipitate. Solid tetrabutylammonium bromide
(354mg, 1.1 mmol) was added to the reaction and it was allowed
to stir for 24 h. The orange solution was allowed to settle, and
the solution was ltered. The volume of the reaction mixture
was reduced under vacuum and diethyl ether was allowed to
diffuse. Pink-violet needle shapes shaped crystals were obtained
within a few days. Yield: (470 mg, 68% based on Co). Elemental
analysis calculated for C60H72Co1F20N6O4 C, 52.22; H, 5.26; N,
6.09. Found C 52.48; H 5.35; N 6.07. FTIR (cm−1) 2965 (w), 2938
(w), 2877 (w), 1657 (w), 1616 (s), 1507 (s), 1496 (s), 1450 (m), 1371
(m), 1254 (s), 1127 (w), 1019 (m), 1001 (s), 979 (s), 893 (w), (m),
881 (w), 871 (w), 796 (w), 779 (w), 750 (w), 682 (w), 656 (w), 631
(w), 577 (w), 563 (w), 486 (w). ESI-MS (negative ion mode, in
CH3CN): m/z, 447.2 [M–2TBA]2−, 1136.9 [M–TBA]−. UV-Vis-NIR
(in CH3CN, lmax in nm) 571, 1038, 1185. UV-Vis-NIR (solid
state, lmax in nm) 533, 547, 572, 626, 1127.

[FL2Co](PPh4)2 (2). FLH2 (420 mg, 1.0 mmol) was taken in
THF (20.0 mL) and solid KH (80 mg, 2.0 mmol) was added
slowly to the solution leading to the immediate evolution of
dihydrogen. The reaction mixture was allowed to stir overnight
followed by the addition of solid anhydrous CoCl2 (65 mg, 0.5
mmol). The reaction mixture was stirred for 24 h to obtain an
orange precipitate. Solid tetraphenylphosphonium chloride
(412 mg, 1.1 mmol) was added to the reaction, and it was
allowed to stir for 24 h. The orange solid was allowed to settle,
and the solution was decanted. The solid was then dissolved in
DMF and ltered. Diethyl ether was allowed to diffuse slowly
into the DMF solution leading to the isolation of block-shaped
orange crystals. Yield: (550 mg, 75% based on Co). Elemental
analysis calculated for C76H40Co1F20N4O4P2 C, 57.99; H, 2.56; N,
3.56. Found C 58.05; H 2.43; N 3.55. FTIR (cm−1) 3058 (w), 3013
(w), 1658 (m), 1621 (s), 1587 (m), 1495 (s), 1485 (s), 1450 (m),
1442 (m), 1436 (s), 1362 (m), 1338 (w), 1310 (m), 1299 (w), 1245
(s),1188 (w), 1163 (w), 1135 (w), 1123 (w), 1107 (s), 1001 (s), 977
(s), 890 (w), 858 (w), 849 (w), 821 (w), 774 (w), 756 (m), 720 (s),
687 (s), 637 (w), 616 (w), 577 (w), 554 (w), 521 (s), 481 (w). ESI-MS
(negative ion mode, in CH3CN): m/z, 447.2 [M–2PPh4]

2−, 1233.8
[M–PPh4]

−. UV-Vis-NIR (in CH3CN, lmax in nm) 571, 1038, 1185.
UV-Vis-NIR (solid state, lmax in nm) 545, 740, 1032, 1175.

[FL2Co(K@18C6)2]$2Et2O (3). FLH2 (420 mg, 1.0 mmol) was
taken in THF (20.0 mL) and solid KH (80 mg, 2.0 mmol) was
added slowly to the solution leading to the immediate evolution
of dihydrogen. The reaction mixture was allowed to stir over-
night followed by the addition of solid anhydrous CoCl2 (65 mg,
6370 | Chem. Sci., 2023, 14, 6355–6374
0.5 mmol). The reaction mixture was stirred for 24 h to obtain
an orange precipitate. Solid 18-crown-6 (396 mg, 1.5 mmol) was
added to the reaction, and it was allowed to stir for 24 h. The
orange solid was then allowed to settle, and the solution was
decanted. The solid was then washed with THF (10.0 mL) and
dried. Block-shaped orange-yellow crystals of 1were obtained by
slow diffusion of diethyl ether into the DMF solution. Yield:
(640 mg, 78% based on Co). Elemental analysis calculated for
C52H48Co1F20K2N4O16 C, 41.58; H, 3.22; N, 3.73. Found C 41.76;
H 3.48; N 3.83. FTIR (cm−1) 2888 (w), 2860 (w), 2829 (w), 1657
(m), 1625 (s), 1582 (s), 1498 (s), 1475 (m), 1453 (m), 1373 (m),
1351 (s), 1313 (s), 1285 (w), 1261 (s), 1251 (s), 1164 (w), 1105 (s),
1004 (s), 981 (s), 962 (s), 891 (w), 838 (m), 775 (w), 680 (w), 660
(w), 636 (w), 577 (w), 558 (w), 528 (w), 486 (w). ESI-MS (negative
ion mode, in CH3CN): m/z, 447.2 [M–(K@18C6)2–2Et2O]

2−,
933.6 [M–K–(18C6)2–2Et2O]

−. UV-Vis-NIR (in CH3CN, lmax in
nm) 571, 1038, 1185. UV-Vis-NIR (solid state, lmax in nm) 528,
713, 1050, 1192.

[FL2Zn](TBA)2 (4).
FLH2 (420 mg, 1.0 mmol) was taken in THF

(20.0 mL) and solid KH (80 mg, 2.0 mmol) was added slowly to
the solution leading to the immediate evolution of dihydrogen.
The reaction mixture was allowed to stir overnight and solid
anhydrous ZnCl2 (68 mg, 0.5 mmol) was added to the reaction
mixture. The colourless solution obtained was stirred at room
temperature for 24 h. Solid tetrabutylammonium bromide
(354mg, 1.1 mmol) was added to the reaction and it was allowed
to again stir for 24 h and ltered. The volume of the reaction
mixture was reduced under vacuum and diethyl ether was
allowed to diffuse. Colourless needle-shaped crystals were ob-
tained within a few days. Yield: (510 mg, 74% based on Zn).
Elemental analysis calculated for C60H72F20N6O4Zn1 C, 51.97;
H, 5.23; N, 6.06. Found C 51.97; H 5.08; N 6.03. 1H NMR (400
MHz, CD3CN) d 3.08 (m, 16H), 1.57 (p, J= 7.9 Hz, 16H), 1.32 (h, J
= 7.4 Hz, 16H), 0.94 (t, J = 7.3 Hz, 24H), ppm. 13C NMR (101
MHz, CD3CN) d 165.67, 144.65 (m), 142.24 (m), 139.74 (m),
138.62 (m), 137.29 (m), 136.24 (m), 125.07 (m), 59.36, 24.33,
20.34, 13.75 ppm. 19F NMR (377 MHz, CD3CN) d −149.2 to
−149.3 (m, 2F), −167.8 to −167.9 (m, 1F), −168.1–168.3 (m,
2F) ppm. FTIR (cm−1) 2965 (w), 2938 (w), 2877 (w), 1658 (w),
1614 (s), 1509 (s), 1496 (s), 1452 (m), 1370 (m), 1311 (m), 1262
(s), 1131 (w), 1043 (w), 1020 (m), 1002 (s), 980 (s), 894 (w), 881
(w), 871 (w), 796 (w), 778 (w), 751 (w), 683 (w), 655 (w), 633 (w),
577 (w), 564 (m), 486 (w). ESI-MS (negative ion mode, in
CH3CN): 449.7 [M–2TBA]2−, 1141.9 [M–TBA]−.

[FL2Zn](PPh4)2 (5). FLH2 (420 mg, 1.0 mmol) was taken in
THF (20.0 mL) and solid KH (80 mg, 2.0 mmol) was added
slowly to the solution leading to the immediate evolution of
dihydrogen. The reaction mixture was allowed to stir overnight
followed by the addition of solid anhydrous ZnCl2 (65 mg, 0.5
mmol). The reaction mixture was stirred for 24 h to obtain
a white precipitate. Solid tetraphenylphosphonium chloride
(412 mg, 1.1 mmol) was added to the reaction, and it was
allowed to stir for 24 h. The solid was allowed to settle and the
solution was decanted. The solid was then dissolved in DMF
and ltered. Diethyl ether was allowed to diffuse slowly into the
DMF solution leading to the isolation of block-shaped colour-
less crystals. Yield: (640 mg, 81% based on Zn). Elemental
© 2023 The Author(s). Published by the Royal Society of Chemistry
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analysis calculated for C76H40F20N4O4P2Zn1 C, 57.76; H, 2.55; N,
3.55. Found C 57.78; H 2.55; N 3.58. FTIR (cm−1) 3058 (w), 3012
(w), 1656 (m), 1621 (s), 1587 (w), 1495 (s), 1485 (s), 1452 (m),
1442 (m), 1436 (s), 1356 (m), 1338 (w), 1310 (m), 1299 (w), 1254
(s),1189 (w), 1164 (w), 1143 (w), 1135 (w), 1124 (w), 1108 (s), 1001
(s), 978 (s), 889 (m), 857 (w), 849 (w), 774 (w), 755 (m), 720 (s),
687 (s), 638 (w), 616 (w), 554 (w), 521 (s), 486 (w). 1H NMR (400
MHz, CD3CN) d 7.94–7.86 (m, 1H), 7.74–7.66 (m, 4H) ppm. 13C
NMR (101MHz, CD3CN) d 165.68, 144.57 (m), 142.19 (m), 139.65
(m), 138.69 (m), 137.27 (m), 136.38, 136.35, 136.04 (m), 135.75,
135.65, 131.37, 131.24, 125.04 (m), 119.39, 118.50 ppm. 19F
NMR (282 MHz, CD3CN) d −149.1 to −149.4 (m, 2F), −167.7 to
−167.9 (m, 1F), −168.0–168.2 (m, 2F) ppm. 31P NMR (162 MHz,
CD3CN) d 22.9 ppm ESI-MS (negative ion mode, in CH3CN):m/z,
449.7 [M–2PPh4]

2−, 1238.8 [M–PPh4]
−.

[FL2Zn(K@18C6)2]$2Et2O (6). FLH2 (420 mg, 1.0 mmol) was
taken in THF (20.0 mL) and solid KH (80 mg, 2.0 mmol) was
added slowly to the solution leading to the immediate evolution
of dihydrogen. The reaction mixture was allowed to stir over-
night followed by the addition of solid anhydrous ZnCl2 (68 mg,
0.5 mmol). The reaction mixture was stirred for 24 h to obtain
a white precipitate. Solid 18-crown-6 (396 mg, 1.5 mmol) was
added to the reaction, and it was allowed to stir for 24 h. The
solid was allowed to settle and the solution was decanted. The
solid was then washed with THF (10.0 mL) and dried. Block-
shaped colourless crystals were obtained by slow diffusion of
diethyl ether into the DMF solution. Yield: (620 mg, 80% based
on Zn). Elemental analysis calculated for C52H48F20K2N4O16Zn1

C, 41.40; H, 3.21; N, 3.71. Found C 41.65; H 3.22; N 3.73. FTIR
(cm−1) 2889 (w), 2861 (w), 2830 (w), 1656 (m), 1622 (s), 1507 (s),
1496 (s), 1474 (m), 1454 (m), 1373 (m), 1351 (s), 1316 (m), 1266
(s), 1252 (m), 1106 (s), 1006 (s), 980 (s), 961 (s), 892 (w), 838 (m),
773 (w), 685 (w), 658 (w), 636 (w), 577 (w), 558 (w), 527 (w), 486
(w). 1H NMR (400 MHz, CD3CN) d 3.55 (s, –CH2) ppm. 13C NMR
(101 MHz, DMF-d6) d 164.90, 143.98 (m), 141.56 (m), 138.88 (m),
137.67 (m), 136.42 (m), 135.20 (m), 124.86 (m), 70.21 ppm. 19F
NMR (377 MHz, CD3CN) d −149.2 to −149.3 (m, 2F), −167.5 to
−167.7 (m, 1F), −168.0–168.3 (m, 2F) ppm. FTIR (cm−1) 2888
(w), 2860 (w), 2829 (w), 1657 (m), 1625 (s), 1498 (s), 1475 (m),
1453 (m), 1373 (m), 1351 (s), 1313 (m), 1285 (w), 1261 (s), 1251
(s), 1105 (s), 1004 (s), 981 (s), 962 (s), 891 (w), 838 (m), 775 (w),
680 (w), 660 (w), 636 (w), 577 (w), 558 (w), 528 (w), 485 (w). ESI-
MS (negative ion mode, in CH3CN): m/z, 447.2 [M–(K@18C6)2–
2Et2O]

2−, 938.6 [M–K–(18C6)2–2Et2O]
−.

Preparation of the diluted samples (1′), (1′′), (2′), (2′′), (3′),
and (3′′). Magnetic dilution was performed by appropriately
weighing the corresponding complexes. The solids were dissolved
in dimethylformamide and the solution was stirred for one hour.
Diethyl ether was allowed to diffuse into the solution over time
leading to the isolation of homogenous crystals in quantitative yield.
Single crystal structure determinations

Crystal data and details of the data collections are given in
Tables S1 & S2.† X-ray data were collected on a STOE IPDS II or
a BRUKER D8-QUEST diffractometer (monochromated Mo-Ka
radiation, l = 0.71073 Å) by use of u or u and f scans at low
© 2023 The Author(s). Published by the Royal Society of Chemistry
temperature. The structures were solved with SHELXT and
rened on F2 using all reections with SHELXL.34 Non-hydrogen
atoms were rened anisotropically. Hydrogen atoms were
placed in calculated positions and assigned to an isotropic
displacement parameter of 1.5 or 1.2 Ueq(C).

Crystals of 1 could only be obtained in rather poor quality,
which is especially evident by the high Rint value. Furthermore,
two ethyl groups of NEt4

+ cations were found to be disordered
(occupancy factors: 0.59(2)/0.41(2) & 0.53(2)/0.47(2)). SADI
restraints were applied for two (O])C–C(]O) bonds. Likewise, in
case of the isostructural 4 (a = 23.3421(13), b = 25.4937(10), c =
22.5825(11) Å, b= 106.256(4)°, P2/c) the arrangement of the atoms
could be established, but the overall quality of the structure
determinations prevents a detailed discussion of the bonding
parameters. In case of 2 a pair of ligands is disordered about two
positions in both crystallographically independent molecules
(occupancy factors: 0.8554(14)/0.1446(14) & 0.539(2)/0.461(2)).
Fig. S36† emphasizes the disorder. In the second crystallograph-
ically independentmolecule the cobalt atom resides on a center of
inversion, so that ligand pairs are symmetry related. SAME and
SIMU restraints have been applied to model the disorder. Crystals
of 3 were found to be twinned (twin law: 0.899 −0.002 −0.199,
0.002−1.001 0.004,−0.969−0.010−0.895). The BASF was rened
to: 0.303(1). Each ligand in 5was found to be disordered about two
positions (occupancy factors: 0.648(2)/0.352(2) & 0.650(2)/
0.350(2)). SAME and RIGU restraints and EADP constraints were
applied to model the disorder. The disorder is comparable to the
disorder observed in 2. As in 3 crystals of 6 were found to be
twinned (twin law: 0.906 0 −0.188, 0 −1 0, −0.953 0 −0.906). The
BASF was rened to: 0.115(1). Face-indexed absorption corrections
were performed numerically with the program X-RED35 or in case
of 1 by the multi-scan method with SADABS.36

Magnetic measurements

Magnetic measurements were carried out with a Quantum-
Design MPMS3 SQUID magnetometer equipped with a 7.0 T
magnet. Direct current (dc) magnetic susceptibility measure-
ments were performed under an applied DC eld with powdered
polycrystalline samples in the range from 210 K to 2 K. The
powdered samples were packed in a polycarbonate or gelatine
capsule and covered with low-viscosity peruoropolyether-based
inert oil Fomblin Y45 in a non-magnetic sample holder. Each
raw data for the measured magnetic moment was corrected for
the diamagnetic contribution of the capsules including the inert
oil if used according to Mdia(capsule) = cgmH, with an experi-
mentally obtained gram susceptibility of the capsules including
the inert oil. The diamagnetic contribution of the compounds
was corrected using Pascal's constants. Experimental data were
modelled with the julX_2S program23 using a tting procedure to
the spin Hamiltonians in eqn (3). Alternating current (ac)
susceptibility measurements were carried out in an oscillating AC
eld of 3.0 Oe and frequencies ranging from 0.1 to 1000 Hz.

Theoretical calculations

Computations were carried out with the ORCA package26 using
coordinates obtained from the X-ray crystallographic structure
Chem. Sci., 2023, 14, 6355–6374 | 6371
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determinations. In the presence of several disordered forms, all
structures were analyzed. The spectrum of the Hamiltonian was
computed using the state-averaged complete active space self-
consistent eld method (SA-CASSCF)27 with n-electron valence
perturbation theory to second-order (NEVPT-2).28 Scalar rela-
tivistic effects were taken into account via the Douglas–Kroll–
Hess (DKH) method of second order.37 Ahlrichs polarized def2-
TZVPP basis sets38 optimized for DKH method39 were used for
all calculations. Resolution of identity along with correspond-
ing auxiliary basis set40 were used to speed up calculations. An
active space of seven electrons on ve active was 3d molecular
orbitals CAS(7,5) was employed. The S = 3/2 (S = 1/2) states of
the free ion (4F, 4P and 2P, 2D,2F, 2G and 2H, respectively) give
rise to ten quartets (fourty doublets) of the complex. Absorption
spectra of the complex are plotted with the orca_mapspc utility.
The zero-eld splitting tensor D of the spin Hamiltonian41

ĤSH ¼ b~SDb~S was extracted using effective Hamiltonian theory
from a mapping onto the full spin–orbit coupling of many
particle energy eigenvalues and wavefunctions (more details are
provided in the ESI†).

Data availability

CCDC 2240414 (1), 2240415 (2), 2240416 (3), 2240417 (5) and
2240418 (6) contain the supplementary crystallographic data for
this paper. All other data for this paper, including data from
experimental methods and computational studies, are available
at the Göttingen Research Online server at https://doi.org/
10.25625/BV9SCD.
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dersächsische Ministerium für Wissenscha und Kultur
(MWK). S. V. R. and F. N. acknowledge support from the MPI für
Kohlenforschung and the Max Planck Society.

References

1 R. Sessoli, D. Gatteschi, A. Caneschi andM. A. Novak, Nature,
1993, 365, 141–143.

2 (a) E. Coronado, P. Delhaès, D. Gatteschi and J. S. Miller,
Molecular magnetism: from molecular assemblies to the
devices, Springer, 1996; (b) R. A. Layeld, Organometallics,
2014, 33, 1084–1099; (c) A. Caneschi, D. Gatteschi,
R. Sessoli, A. L. Barra, L. C. Brunel and M. Guillot, J. Am.
Chem. Soc., 1991, 113, 5873–5874.

3 (a) S. V. Rao, J. M. Ashtree and A. Soncini, Phys. B, 2020, 592,
412237; (b) D. Gatteschi, R. Sessoli and J. Villain, Molecular
nanomagnets, Oxford University Press, New York, 2011; (c)
C. Cervetti, A. Rettori, M. G. Pini, A. Cornia, A. Repollés,
F. Luis, M. Dressel, S. Rauschenbach, K. Kern,
M. Burghard and L. Bogani, Nat. Mater., 2016, 15, 164–168;
(d) M. Shiddiq, D. Komijani, Y. Duan, A. Gaita-Ariño,
E. Coronado and S. Hill, Nature, 2016, 531, 348–351; (e)
L. Bogani and W. Wernsdorfer, Nat. Mater., 2008, 7, 179–
186; (f) M. Urdampilleta, S. Klyatskaya, J. P. Cleuziou,
M. Ruben and W. Wernsdorfer, Nat. Mater., 2011, 10, 502–
506; (g) D. Aravena and E. Ruiz, Dalton Trans., 2020, 49,
9916–9928.

4 L. Thomas, F. Lionti, R. Ballou, D. Gatteschi, R. Sessoli and
B. Barbara, Nature, 1996, 383, 145–147.

5 (a) A. M. Ako, I. J. Hewitt, V. Mereacre, R. Clérac,
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12 C. Rajnák, J. Titǐs, O. Fuhr, M. Ruben and R. Boča, Inorg.
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