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Single-ion magnet behaviour in homoleptic Co(II)
complexes bearing 2-iminopyrrolyl ligands†
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In this report we present the structural and magnetic characterization of four distorted tetrahedral homo-

leptic Co(II) complexes bearing two 2-formiminopyrrolyl N,N’-chelating ligands, [Co{κ2N,N’-NC4H3-2-C

(H)vN(2,6-iPr2-C6H3)}2] (1), [Co{κ2N,N’-5-(C6H5)-NC4H2-2-C(H)vN(2,6-iPr2-C6H3)}2] (2), [Co{κ2N,N’-5-
(2,6-Me2-C6H3)-NC4H2-2-C(H)vN(2,6-iPr2-C6H3)}2] (3) and [Co{κ2N,N’-5-(1-Ad)-NC4H2-2-C(H)vN(1-

Ad)}2] (Ad = adamantyl) (4), which display Single-Ion Magnet (SIM) behaviour. Static (dc) magnetic suscep-

tibility measurements and high-field EPR spectroscopy showed a large and negative magnetic anisotropy

with values of D = −69, −53, −48 and −52 cm−1 for complexes 1–4, respectively. These values are inter-

preted and reproduced by means of theoretical calculations (ab initio CASSCF/QD-NEVPT2 methods)

where it was shown that the most important source of axial anisotropy stems from the first e → t2 elec-

tronic transition, in line with other tetrahedrally coordinated Co(II) complexes. Calculations on model

systems show that the most favorable magnetostructural modification corresponds to a tetrahedral geo-

metry with a strong distortion towards a trigonal based pyramid. Frequency-dependent (ac) magnetic sus-

ceptibility measurements show that the 5-substituted pyrrolyl ring derivatives 2–4 display slow relaxation

of the magnetization at zero external magnetic field, whereas the 5-unsubstituted-2-iminopyrrolyl

complex 1 requires the presence of a static magnetic field to exhibit this property. By applying a static

magnetic field, the quantum tunnelling of magnetization (QTM) process is suppressed revealing large

energy barriers (Ueff ) for all the complexes studied, exhibiting values of 138, 106, 96 and 104 cm−1 for

1–4, respectively. These values are higher than the majority of tetracoordinated Co(II)-based SIMs

reported in the literature. Despite large values of axial zero-field splitting, as determined by theory, the

experimental energy barriers are considerably lower than expected for a pure Orbach process, indicating

that other relaxation mechanisms are dominant in the range of temperatures studied.

Introduction

Since the discovery of the first molecular material displaying
slow relaxation of magnetization,1 Single-Molecule Magnets
(SMMs) have gained prominence due to their remarkable
potential applications in data storage and processing,
quantum computing and in molecular spintronics.2 In these
materials, due to the presence of an energy barrier for magne-
tization reversal, Ueff, the magnetization can be retained after
the field has been removed. This barrier can be estimated
under condition of axial symmetry (x,y equivalent) by
Ueff = S2|D| for integer spin systems and Ueff ¼ S2 � 1

4

� �
Dj j for

half-integer spin systems, where S is the total spin and D the
axial component of the magnetic anisotropy.3,4 From these
equations it would be expected that by increasing S, Ueff would
also increase, although magnetic studies on polynuclear metal

†Electronic supplementary information (ESI) available. CCDC 2160416. For ESI
and crystallographic data in CIF or other electronic format see DOI: https://doi.
org/10.1039/d2qi00601d

aCentro de Química Estrutural, Institute of Molecular Sciences, Departamento de

Engenharia Química, Instituto Superior Técnico, Universidade de Lisboa, Av. Rovisco

Pais 1, 1049-001 Lisboa, Portugal. E-mail: pedro.t.gomes@tecnico.ulisboa.pt
bCentro de Ciências e Tecnologias Nucleares, Departamento de Engenharia e

Ciências Nucleares, Instituto Superior Técnico, Universidade de Lisboa, 2695-066

Bobadela LRS, Portugal. E-mail: lpereira@ctn.tecnico.ulisboa.pt
cBioISI – Biosystems & Integrative Sciences Institute, Departamento de Química e

Bioquímica, Faculdade de Ciências, Universidade de Lisboa, Campo Grande, Ed. C8,

1749-016 Lisboa, Portugal. E-mail: nabandeira@fc.ul.pt
dInstitut für Physikalische Chemie, Universität Stuttgart, Pfaffenwaldring 55,

Stuttgart D-70569, Germany. E-mail: slageren@ipc.uni-stuttgart.de

This journal is © the Partner Organisations 2022 Inorg. Chem. Front.

Pu
bl

is
he

d 
on

 0
8 

Ju
ne

 2
02

2.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
B

at
h 

on
 6

/1
7/

20
22

 1
:1

4:
55

 P
M

. 

View Article Online
View Journal

http://rsc.li/frontiers-inorganic
http://orcid.org/0000-0001-8294-8011
http://orcid.org/0000-0002-1486-8770
http://orcid.org/0000-0001-9461-9493
http://orcid.org/0000-0002-5754-7328
http://orcid.org/0000-0002-0855-8960
http://orcid.org/0000-0003-2222-5641
http://orcid.org/0000-0002-8818-0039
http://orcid.org/0000-0001-8406-8763
https://doi.org/10.1039/d2qi00601d
https://doi.org/10.1039/d2qi00601d
https://doi.org/10.1039/d2qi00601d
http://crossmark.crossref.org/dialog/?doi=10.1039/d2qi00601d&domain=pdf&date_stamp=2022-06-16
https://doi.org/10.1039/d2qi00601d
https://pubs.rsc.org/en/journals/journal/QI


complexes show that it does not increase proportionally.5,6

Therefore, the current focus lies on the design of new SMMs
with a single magnetic centre (called Single-Ion Magnets,
SIMs) enabling the enhancement of a negative magnetic
anisotropy.

More than a decade after the discovery of the first com-
pound with SMM behaviour, a dodecanuclear manganese
cluster [Mn12O12(OOCMe)16(H2O)4], Single-Ion systems con-
taining cheap and abundant d-block metal centres started to
be the subject of intensive study. Since then, several tetracoor-
dinate Co(II) complexes showing SIM behaviour have been
reported, but only a few showed slow relaxation of magnetiza-
tion in the absence of an external magnetic field, with the
corresponding values of D and Ueff varying within the ranges
−70 to −161 cm−1 and 19 to 118 cm−1, respectively.7–10 To the
best of our knowledge, only five tetracoordinate SIM-based Co
(II) complexes containing four coordinating nitrogen atoms are
found in the literature showing a strong magnetic anisotropy
as a result of a strong axial distortion caused by the ligands
(Chart 1).10–13 These are neutral, dianionic or dicationic dis-
torted tetrahedral homoleptic complexes of Co(II) containing
two symmetrical N,N-chelating ligands, which are, respectively,
monoanionic triimidosulfonate (A), dianionic bisimido (B, D
and E) and neutral bipyridine (C) moieties (Chart 1). All these
complexes show high values of D but, with the exception of
complex B,10 compounds A11 and C–E12,13 have energy barriers
lower than expected due to the predominance of the Raman
relaxation process.

We have been interested in the coordination chemistry of
asymmetrical bidentate N,N′-2-iminopyrrolyl and 5-substituted-

2-iminopyrrolyl monoanionic chelates, which are ligands
somehow reminiscent of porphyrins. In recent years, we have
prepared a good number of mono(2-iminopyrrolyl) complexes of
first-row transition metals (Mn, Fe, Co, Ni, Cu),14 as well as of
main-group elements (Na and B),15 the first group being
employed as catalysts for various important organic reactions,
and the second one, in the case of boron, as luminescent
materials for OLED optoelectronic devices. We have also syn-
thesized and characterized homoleptic bis(2-iminopyrrolyl) com-
plexes of Fe, Co, Ni, Cu and Zn.16–18 Among the latter group, we
have reported three highly electronically unsaturated homoleptic
Co(II) complexes 1–3 (Chart 2),17,18 which showed large magnetic
anisotropy through static magnetic measurements.

In order to understand whether SMM features could be on
the basis of this anisotropy and how the ligand field and geo-
metry of the complexes, namely the geometric distortion
caused by the ligands, affect their SMM behaviour, four Co(II)
complexes 1–4 of increasing steric bulk were studied in this
work (Chart 2). Herein, we present the structural, magnetic,
HFEPR (High Field Electronic Paramagnetic Resonance spec-
troscopy) and theoretical studies of this family of distorted
tetrahedral Co(II) complexes in an attempt to rationalize the
SIM behaviour exhibited by all the four compounds studied.

Results and discussion
Syntheses and characterization of the ligands and complexes

Complexes 1, 2 and 3 were synthesized according to the
literature.17,18 The ligand precursor II and complex 4 were pre-

Chart 1 Tetrahedral N4-coordinated Co(II) complexes reported in the literature displaying SIM behaviour.
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pared under the same conditions as the corresponding pre-
vious ones (Scheme 1). The preparation of 2-(1-adamantyl)-1H-
pyrrole was already reported in the literature, involving several
reaction steps.19 5-(1-Adamantyl)-2-formylpyrrole (I) was pre-
pared from 2-(1-adamantyl)-1H-pyrrole through a classical
Vilsmeier–Haack formylation reaction.20 The new compound
5-(1-adamantyl)-2-(N-(1-adamantyl)formimino)pyrrole (II) was
synthesized from a catalytic condensation reaction of I with
1-adamantylamine, in refluxing toluene. The homoleptic bis(2-
iminopirrolyl) complex 4 was obtained by the reaction of the
in situ prepared sodium salt of the ligand precursor II with
CoCl2 in THF, with a molar ratio of 2 : 1, followed by crystalliza-
tion in n-hexane at −20 °C (Scheme 1).

Complex 4, which is stable in air when in a crystalline
state, was characterized by single crystal and powder X-ray
diffraction, elemental analysis, FTIR and solution 1H NMR
spectroscopies, and magnetic susceptibility measurements in
solution and in solid state. The FTIR spectrum of 4 shows a
strong band at 1566 cm−1, which is in the range of the

characteristic values of the CvN bond stretching vibration
(Fig. S1, in ESI†). Due to the paramagnetic nature of this
complex, its 1H NMR spectrum lies in the range δ −55 to
+117 (Fig. S2†). The effective magnetic moment, μeff, for com-
pound 4 was measured in toluene-d8 solution by the Evans
method21 (4.7μB) and in solid state by means of SQUID
magnetometry (5.13μB), both at room temperature. The
experimental values of μeff measured for 4 lie within the
range of known tetrahedral Co(II) complexes with S = 3/2,
being similar to the other two 5-substituted-2-iminopyrrolyl
complexes 2 and 318 (see Table S1 in ESI†), and are higher
than the expected spin-only value of 3.88 μB, which suggests
the presence of spin–orbit coupling effects.17,18,22 A compari-
son of the experimental powder X-ray diffraction pattern of
compound 4 with that of the theoretically predicted using the
corresponding single crystal diffraction data proved that this
structure represents the bulk of material studied. The same
conclusion can be obtained for the samples of complexes 1–3
(see Fig. S3–S6 in ESI†).

Chart 2 Complexes studied in this work.

Scheme 1 Synthesis of the new 5-(1-adamantyl)-2-(N-(1-adamantyl)formimino)pyrrole ligand precursor II and its corresponding homoleptic bis(2-
iminopyrrolyl) Co(II) complex 4.
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Structural studies

Red prism single crystals of complex 4 suitable for X-ray diffr-
action were grown from a concentrated n-hexane solution
cooled to −20 °C. Complex 4 crystallizes in the monoclinic
P21/c space group, where two 5-(1-adamantyl)-2-iminopyrrolyl
ligands are coordinated to the metal centre in a bidentate
mode through the iminic (N2 and N4) and pyrrolyl (N1 and
N3) nitrogen atoms in a distorted tetrahedral geometry, with a
measure of the distortion given by the parameter τ4

23 (0 for
purely square planar and 1 for purely tetrahedral geometries).
The molecular structure of complex 4 is shown in Fig. 1, and
selected bond distances and angles are listed in Table S3 in
ESI.† Important experimental structural parameters measured
in the molecular structure of complex 4, such as the chelating
ligand bite angles (θ1 and θ2), the dihedral angle between
planes of the chelating ligands (ϕ), the interligand angle (ω)
and parameter τ4, which will be compared with the values
used in a magnetostructural model study presented below in
the Theoretical calculations section, are also listed in the same
table. These values of complex 4 are also compiled in Table 1

(and also in Table S2†) together with the corresponding para-
meters of complexes 1–3, which were calculated from the lit-
erature data,17,18 for the sake of a clearer comparison.

The intrinsic geometrical nature of the N,N′-2-iminopyrrolyl
five-membered chelating ligand inflicts a significant deviation
of the N–Co–N chelating bite angles θ (Tables 1 and S2†) from
the ideal angle of a perfect tetrahedron (109.47°). Thus, com-
plexes 1–4 show distorted tetrahedral geometries about the
cobalt atom, which is also supported by the values calculated
for their respective τ4 parameters, varying between 0.72 and
0.77. As the θ bite angles are in the range 82.5(3)–85.1(7)°, all
compounds show an elongated tetrahedral geometry,
suggesting that the Co(II) ions possess very large magnetic ani-
sotropies, as observed in similar homoleptic Co(II) complexes
encompassing two bidentate chelating ligands reported in the
literature.7–9,13

Rajaraman and co-workers24 demonstrated the influence of
structural distortions in the values of the zero-field splitting
parameters D and E, in several four-coordinate tetrahedral
Co(II) complexes. It was revealed that the bite angle θ and the
ligands dihedral angle (ϕ) between the two N–Co–N chelation

Fig. 1 (a) ORTEP-3 diagram for complex 4 with ellipsoids drawn at 30% probability level. All hydrogen atoms were omitted for clarity. (b) Spacefill
view of the X-ray molecular structure of complex 4, showing the stereochemical protection of the Co(II) metal ion.

Table 1 Bite angles θ, dihedral angles ϕ, interligand angles ω and parameters τ4 for complexes 1–4

Complexes 1a 2b 3b 4

Parameters Molecule #1 Molecule #2 this work

Bite angle θ1
c 82.5(3) 83.0(3) 83.8(1) 84.15(7) 84.63(10)

Bite angle θ2
d 82.8(3) 83.4(3) 83.91(14) 85.11(7) 84.8(1)

Dihedral ϕe 81.03(3) 82.00(4) 82.20(17) 84.68(8) 85.2(1)
Angle ω f 173.5(2) 174.7(2) 177.12(12) 162.42(5) 170.61(6)
Parameter τ4

g 0.72 0.74 0.74 0.76 0.77

a Ref. 17. b Ref. 18. c θ1 = N1–Co–N2 chelating ligand bite angle. d θ2 = N3–Co–N4 chelating ligand bite angle. e ϕ = dihedral angle formed between
planes defined by atoms (Co, N1, N2) and (Co, N3, N4). fω = interligand angle formed between dummy bonds Co-centroid (C2–C6) and Co-cen-
troid (C27–C31). g Ref. 23.

Research Article Inorganic Chemistry Frontiers
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planes, control the D and E/D values, respectively. In the
present family of compounds, the introduction of increasingly
bulky groups in the position 5 of the pyrrole ring in complexes
2–4 leads to a slight increase in the ϕ values from 81.03(3) to
85.2(1) (and also of τ4 from 0.72 to 0.77) (Tables 1 and S2†),
meaning that the planes become closer to perpendicularity
and, consequently, to a tetrahedral geometry. Despite, the
small changes observed, the consequences in the 3d orbitals
splitting pattern are visible, indicating significant differences
in values of D and E when comparing complex 1 with the
remaining complexes 2–4, as shown below in the Theoretical
calculations section.

Static (dc) magnetic measurements

Static magnetic susceptibility measurements were performed
for complex 4. For complexes 1, 2 and 3 these measurements
had already been reported.17,18 The χMT versus T plot measured
at 500 G in the range of 5–300 K for complex 4 is shown in
Fig. 2, where χM is the molar magnetic susceptibility per
formula unit. The magnetic susceptibility is of 3.28 cm3 K
mol−1 at room temperature, corresponding to the expected
value for a high spin Co(II), but much higher than the calcu-
lated spin-only value for high-spin Co(II), 1.875 cm3 K mol−1 (S
= 3/2 and g = 2.00), indicating a substantial contribution of
orbital angular momentum.7–10,13,25 Upon decreasing the
temperature, the χMT values remain almost constant down to
ca. 100 K and then decrease continuously reaching 2.06 cm3 K
mol−1 at 5 K. This sudden decrease appears to be due to the
presence of a strong axial magnetic anisotropy rather than to
intermolecular antiferromagnetic interactions between Co
atoms of adjacent molecules in the crystal structure, since
their distance is larger than 9 Å.

A comparison of the χMT versus T plot for complex 4 with
those of complexes 1–3 is presented in ESI (Fig. S7†). The
curves show a similar trend for all compounds. The field
dependence of the magnetization, measured at different fixed
temperatures showed no hysteresis for all the four complexes

1–4, which can be attributed to QTM or to the slow magnetic
sweeping rate of the SQUID magnetometer, which did not
allow field sweeping rates larger than about 20 Oe s−1 during
measurements (Fig. 2b and S8†). For complex 4, the existence
of magnetic anisotropy is also evidenced by the saturation
value of 1.95μB at 5 T and 2 K, which is far lower than the
theoretical saturation value of 3μB for an isolated Co(II) ion (g =
2, S = 3/2).

High-frequency EPR (HFEPR) spectroscopy

To investigate the zero-field splitting and hence to assess the
viability of compounds 1–4 as SMMs, we have carried out
HFEPR measurements on all complexes at different frequen-
cies and temperatures (Fig. 3). The spectra of complex 1 at 5 K
(Fig. S9†) display one strong, frequency-dependent resonance

Fig. 2 (a) χMT vs T plot measured at 500 G for complex 4. The inset shows M vs. H at different temperatures. (b) M vs. H plot from 0 to 5 T at 2 and
5 K for complex 4 showing no hysteresis loop at these temperatures.

Fig. 3 High-frequency EPR spectra of pressed powder samples of
compounds 1–4. Black lines represent the measurement, red lines the
simulation on the basis of the spin Hamiltonian parameters given in the
text. The strong resonance line at fields higher than 10 T is due to an
instrumental artefact.

Inorganic Chemistry Frontiers Research Article
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line in the g = 2 region. Empty sample-holder measurements
revealed this resonance line to be an instrumental artefact that
was traced to the gold mirror employed. In addition, these
spectra show a weak, frequency-dependent upward-pointing
resonance line around 3 T for frequencies between 300–375
GHz. This resonance line is attributed to the intra-doublet

transition within the ground Kramers doublet (KD). Its weak
intensity, as well as the absence of further resonance lines
suggest that the second rank axial zero-field splitting (ZFS)
parameter D is large and negative, which is corroborated by
the temperature dependence. A further broad feature at
around 5 T could not be assigned. Upon increasing the temp-
erature, the intensity of the 3 T resonance line decreases in
line with its attribution to a ground state transition (Fig. S10†).
At 50 K, further resonance lines become visible in the 5 T
region. These lines are attributed to transitions within the
excited KD. A fit of the spectra to the spin Hamiltonian H ¼
μBg � Ŝþ DŜz2 þ E Ŝx2 � Ŝy2

� �
yielded a slightly rhombic

g-tensor (Table 2). The D-value was found to be large and nega-
tive (D = −69 cm−1), which is beneficial for SMM behaviour,
and the rhombic ZFS parameter E (transverse anisotropy) is

Table 2 Spin Hamiltonian parameters for compounds 1–4, as derived
from SQUID magnetometry and high-frequency EPR

Compound g-Tensor D (cm−1) E (cm−1)

1 2.05(5), 2.22(2), 2.77(5) −69(5) 6.5(5)
2 2.05(5), 2.05(5), 2.91(2) −53(4) 0.85(5)
3 2.10(3), 2.17(3), 2.80(5) −48(3) 1.0(2)
4 2.00(5), 2.15(5), 2.85 (5) −52(4) 1.0(2)

Fig. 4 Calculated zero-field splitting plots with transition moments between each spin–orbit state. The two crystallographic units of complex 1 are
shown in plots (a) and (b), complex 2 is shown in (c), 3 in (d) and 4 in (e).

Research Article Inorganic Chemistry Frontiers
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less than 10% of the D-value (E/D = 0.094) making the ZFS of
this system rather axial and thus promising as SMM. HFEPR
spectra recorded on a sample of 2 at 5 K display three very
weak resonance lines. The lowest-field one is again attributed
to the intra-ground-KD transition, and the other two to a
minimum amount of solid oxygen trapped in the sample
holder.26 At higher temperatures, the resonance line due to
the excited KD is clearly observed just above 5 T (ν = 300 GHz,
Fig. S11†). Simulations revealed that the g- and D-tensors are
even more axial than for 1 (Table 2). Low-temperature HFEPR
spectra recorded on samples of 3 and 4 did not show any
signal, and higher temperature spectra (Fig. S12–S14†) again
displayed resonance lines assigned to the excited KD. The
extracted spin Hamiltonian parameters are very similar to
those for the other compounds (Table 2). In summary, HFEPR
spectroscopy revealed the studied compounds to possess
highly axial magnetic anisotropies, with a slight rhombicity in
the case of 1.

The values of D for compounds 2 and 3 previously estimated
through the simulation of their static magnetic data18 are
similar to those determined by HFEPR in the present work.

Theoretical calculations

In order to understand the electronic processes at play in
these complexes, a multi-reference wavefunction analysis was
undertaken employing the Quasi-Degenerate N-Electron
Valence Perturbational Theory (QD-NEVPT2) method to repro-
duce their zero-field splitting and tap into the source of their
magnetic anisotropy. A Complete Active Space Self-Consistent
Field (CASSCF) calculation was performed over the 3d orbitals
totalling 10 quartets and 40 doublets prior to the perturbative
step (see computational details).

The most relevant quartet states are briefly summarized in
Table S4 (see ESI†).

The calculations were performed on the experimentally
determined crystal structures and the corresponding energetics
of the KDs and respective transition moments are displayed in
Fig. 4. Since complex 1 has two crystallographically distinct
units17 both were treated separately in the calculations.

It may be seen that all the complexes display some measure
of QTM with a sizable transition moment between the ±3/2
components. They are however generally inferior to those with
ΔM̃S ± 1. If one defines the best SMM character as the mole-
cule with the largest negative D value this may be observed in
complex 1. The easy axis generally bisects the nitrogen base
chelate in this family of complexes (Fig. 5).

The origin of the high ZFS parameter D is predominantly
due to the first excited state of quartet multiplicity (rep-
resented herein as 4Ã following spectroscopic notation).
Indeed, most of the contributions are from quartet states. The
magnitude of D is roughly proportional to the highest contri-
bution brought by the 4Ã microstate in every complex
(Table 3). Additionally, the largest opposite sign contribution
to D originates from the second excited state quartet (4B̃). The
latter state is also the largest contributor to E. The validity of
these results is underlined by the fact that the theoretical
values of D, E and g correspond remarkably well to those
found in experiment (see Tables 2, 3 and S5†).

To obtain a more intuitive connection between the changes
in D and the metal site’s ligand field an Ab Initio Ligand-Field
Theory (AILFT)27 analysis was performed on all the models in
their respective magnetic axis frame. This allows for a mapping
of the configuration interaction (CI) manifold states into a 3d
orbital space (Fig. 6).

Fig. 5 Active space orbitals of complex 1 shown in their magnetic axis frame.

Table 3 Decomposition of the calculated D and E parameters to second order with corresponding largest contributor states and comparison with
experimental values

Complex

D (cm−1)

Contribution from 4Ã (cm−1)

E (cm−1)

Contribution from 4B̃ (cm−1)Calc. Exp. Calc. Exp.

1 −69.8 −69(5) −88.7 (dxy ← dx2−y2) 1.7 6.5(5) 9.8 (dyz ← dz2)
2 −56.6 −53(4) −75.0 (dxy ← dx2−y2) 1.5 0.85(5) 8.3 (dyz ← dz2)
3 −47.7 −48(3) −66.9 (dxy ← dx2−y2) 0.9 1.0(2) 8.2 (dyz ← dz2)
4 −52.4 −52(4) −71.1 (dxy ← dx2−y2) 0.8 1.0(2) 7.8 (dyz ← dz2)
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Since all the complexes are distorted tetrahedra, each of
them will split their idealized e4(z2,x2 − y2) t2

3(xy,yz,xz) con-
figurations into non-degenerate orbitals, the t2 set consider-
ably more than e as the former are antibonding orbitals and
the latter non-bonding. The 4Ã quartet corresponds to a single
electron transition from the 3dx2−y2 → 3dxy orbitals, whereas
the 4B̃ state corresponds to 3dyz → 3dz2. Upon inspection of
these respective gaps in all the complexes it is easy to relate
the magnitude of the related transition energy Δt2 with the
magnitude of D as the smaller the excitation energy the more
negative D will become. Additionally, the degree of ligand
admixing in the 3dxy molecular orbital is roughly inversely pro-
portional to the negative drop in D. This may be rationalised
in terms of the antibonding overlap that raises the energy
value of 3dxy, the energy of 3dx2−y2 staying mostly constant
throughout the series. A Löwdin population partitioning of the
ligand participation in 3dxy for this family of complexes is
2.15%, 2.3%, 2.4% and 2.4% for 1–4, respectively, the corres-
ponding experimental D values being −69, −53, −48 and
−52 cm−1.

From perturbation theory,10,28 the D parameter is related
(in D2d point group symmetry) to the gaps between the first
quartet electronic states:

D/ 1

ΔEð4E 4 B1Þ
� 1

ΔEð4B2  4 B1Þ

" #
ð1Þ

with 4B1 being the ground state term symbol and 4B2 and 4E
the first and second excited states, respectively. For the present
complexes this can be reduced to:

D/ 1

ΔEð4B̃ 4X̃Þ �
1

ΔEð4Ã  4X̃Þ

" #

¼ 1
ΔEðdyz  dz2Þ �

1
ΔEðdxy  dx2�y2Þ

� �
ð2Þ

These results are in line with those from similar tetrahedral
Co(II) SIMs as expounded in the theoretical analysis of
Rajaraman and co-workers.24

As structural distortion of the tetrahedral metal site holds
the key to optimize the SMM performance of the complexes, it
was decided to perform a magnetostructural analysis of a
model complex. A Co(II) square planar complex investigated by
Carabineiro et al.17 serves as a simple example in this family of
homoleptic Co(II) complexes, although employing a (E)-2-[N-
(2,6-bis(isopropyl)phenyl)acetimimino]pyrrolyl ligand, which
contains a methyl group substituent of the iminic carbon
instead the H atom of complexes 1–4. For the analysis, this
ligand was simplified by removing the two isopropyl groups
from the phenyl ring and replacing them with hydrogens at a
standard bond length.

Two types of distortions were examined with this model: (1)
planarization and (2) pyramidalization of the tetrahedron.

In the first instance, it is evident that the switch from tetra-
hedral to square planar geometry leads to a drop in the D
value (Fig. 7a). Eventually upon reaching a square planar geo-
metry (interplanar dihedral angle between the two ligands ϕ <
15°), the ligand field is high enough for the ground state con-
figuration to change to a doublet in which case there is no
ZFS.

The compounds studied in the present work show experi-
mental dihedral angles ϕ in the range of 81.03(3)–85.2(1). In
Fig. 7a, this range lies in the most negatively valued region of
the model, meaning that the axial anisotropy cannot be much
more improved in this way. These results are also typical of
other Co(II) tetrahedral complexes as reported by Rajaraman
and co-workers.29 Conversely, the E parameter value is very low
in the above-mentioned range of experimental dihedral angles
(Fig. 7b).

In the second case, the model calculations consisted of
monitoring the D value upon sweeping the interligand angle
ω, formed between the dummy bonds defined by the Co atom

Fig. 6 AILFT-NEVPT2 3d orbital splitting of metal complexes 1–4 with emphasis on the gap between the 3dx2−y2 → 3dxy orbitals corresponding to
the first excited state.
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and each of the centroids of the chelating five-membered
rings’ C–C bonds, while keeping the position of the chelating
ligands orthogonal to each other (Fig. 8). This type of distor-
tion goes from a symmetrical tetrahedral environment (ω =
180°, represented at the centre of Fig. 8a) to a trigonal based
pyramid (represented at left and right in Fig. 8a).

The changes in D are significant with regards to the ones at
the tetrahedral baseline (ω = 180°) becoming more negative by
more than 50% (Fig. 8a), indicating thus that an induced dis-
tortion by a sterically constrained ligand presents an optimum
value for a Co(II) tetrahedral site, which is the case in this
family of compounds that present experimental values of
angles ω in the range 162.42(5) to 177.1(1)° (Table 1). This can
be explained by a decrease in the 3dx2−y2 → 3dxy energy gap
from 842 to 540 cm−1 in AILFT (Fig. 8c). The E parameter
profile is asymmetric, but its absolute value is very small
throughout the tested range (Fig. 8b).

Another parameter that can be explored is the ligand
bite angle otherwise known as the polar angle θ.24 As these
2-iminopyrrolyl derivatives have two carbon atoms between
the coordinating nitrogens, a simple model such as cis-[Co
(NH2)2(NH3)2] can be used to account for the changes in D
with angular changes. The chemical nature of the ligands
is entirely different, but the complex is still isoelectronic
with the ones reported in this work. This allows for a quali-

tative understanding of the result of the structural changes
(Fig. 9).

It may be seen that tetrahedral flattening towards a square
planar geometry (symmetrical increase of both θ angles)
causes considerable rhombic anisotropy, so much so that the
sign of D loses any meaning (Fig. 9a). Upon approaching Td
type symmetry (θ = 109.47°) the sign of D is small and positive,

Fig. 7 Magnetostructural analysis of the D parameter (a) and E/D (b) as
a function of planarization (improper dihedral angle ϕ) of a tetrahedral
bis(2-iminopyrrolyl) Co(II) model complex.

Fig. 8 Magnetostructural analysis of the D parameter (a), E/D (b) and
ligand field (c) as a function of angle ω, representing the pyramidaliza-
tion of a tetrahedral bis(2-iminopyrrolyl) Co(II) model complex (at the
centre of (a)). In (a), the dummy atoms used as a reference for the angle
value are shown in pink.
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but as this angle decreases it tends towards zero. At about 85°
the system gains axial anisotropy that increases consistently as
the bite angle becomes tighter, moreover the rhombic an-
isotropy parameter E also tends towards zero (Fig. 9b). Because
complex 1 displays a more elongated tetrahedral geometry (see
experimental values of ligand bite angles θ in Table 1), the
values of D are more negative than those calculated for

the remaining compounds 2–4. From an AILFT standpoint,
in the flattened tetrahedron geometry (Fig. 9c, left side), the
first excited state is multi-configurational largely dominated
by two leading configurations: 34% |(3dz2)

1 (3dxy)
2 (3dxz)

1

(3dyz)
2 (3dx2−y2)

1〉 and 31% |(3dz2)
1 (3dxy)

2 (3dxz)
2 (3dyz)

1

(3dx2−y2)
1〉. This first excited quartet provides the majority con-

tribution with +12 cm−1 to the D parameter. In the ideal tetra-
hedral geometry (Fig. 9c, centre), the first excited quartet state
is also multiconfigurational with 42% |(3dz2)

2 (3dxy)
1 (3dx2−y2)

2

(3dyz)
1 (3dxz)

1〉 and 28% |(3dz2)
1 (3dxy)

2 (3dx2−y2)
1 (3dyz)

1

(3dxz)
2〉. In this case, the contribution to D by second order

decomposition is +5.4 cm−1, closer to zero and close to a
tipping point from in-plane to axial anisotropy, i.e. to potential
SMM character. In the extremely compressed model (Fig. 9c,
right side), the first excited state is now singly configurational
with the occupations |(3dxy)

1 (3dx2−y2)
2 (3dz2)

2 (3dxz)
1 (3dyz)

1〉
and a contribution of −76 cm−1 to the D parameter.

Due to excessive ligand repulsion and model artifacts, the
electron occupations of the ground state of the elongated tetra-
hedron model are not aufbau. Nevertheless, owing to its intrin-
sic structural rigidity, the bite angle variation in the 2-imino-
pyrrolyl chelates is limited to a few degrees, as it can be
observed in Table 1 for complexes 1–4 (82.8(3) to 85.2(1)°),
essentially depending on the steric constraints of the coordi-
nation sphere. For the compounds under consideration, the
bite angle θ is already in the favourable range of axial an-
isotropy and cannot be much improved.

These results provide hints into improving SMM perform-
ance by judicious choice of the geometry of the ligands coordi-
nating the metal site, by consistently shortening the 3dx2−y2 →
3dxy gap.

Dynamic (ac) magnetic measurements

Temperature-dependent ac susceptibility measurements at ac
magnetic field frequencies from 95 Hz to 9995 Hz were also
performed for all the complexes. Apart from complex 1, all the
other compounds 2–4 exhibit a frequency-dependent
maximum in the out-of-phase component of the magnetic sus-
ceptibility (χ″) in the absence of dc field (Fig. 10a and
Fig. S24a, S27a and S32a†).

The lack of signal in complex 1 is caused not only by the
occurrence of the QTM process, observed in most of Co(II)-
based SIMs,30 but mainly by the presence of a transverse an-
isotropy (E), in good agreement with the high experimental
value of E obtained for 1 in comparison with those of the
remaining compounds. For compounds 2–4, although a block-
ing of the magnetization is observed, the maxima in the out-
of-phase component are not well defined, probably due to the
presence of fast QTM, which is suppressed by applying a static
field. Nevertheless, for complexes 2–4 it was still possible to
perform the frequency-dependence measurements at different
temperatures in the absence of a dc field (Fig. S28, S33 and
S37,† respectively). The study of the field dependence of the ac
susceptibility performed at 9 K indicates that the longest relax-
ation time occurs at approximately at 3000 G for 1, 1000 G for
2 and 800 G both for 3 and 4. In fact, as shown in Fig. 10b, for

Fig. 9 Variation of the D parameter (a), E/D (b) and ligand field (c) with
the ligand bite angle θ.
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compound 4, and Fig. S24b, S27b and S32b,† for compounds
1, 2, and 3, respectively, the application of such field values
significantly enhance the frequency and temperature depen-
dence of the ac susceptibility peaks. Once the optimum field
for the slowest relaxation of magnetization was established,
the frequency-dependence measurements at different tempera-
tures were carried out in order to determine the different spin
relaxation processes involved and calculate the energy barrier,
Ueff (Fig. 11, for 4, and Fig. S25, S30 and S35,† for 1, 2 and 3,
respectively). The Cole–Cole plots (Fig. S26a, S29a/S31a,
S34a/S36a and S38,† for 1–4, respectively) revealed almost
perfect semicircle shapes, indicating that only one relaxation
process is involved. The resulting data were fitted using a gen-
eralized Debye model, where several parameters were obtained
such as the relaxation time (τ) and α. The latter is related to
the distribution of the relaxation times (0 ≤ α ≤ 1), α being
near 0 if only a single relaxation process is present.31

The logarithmic τ versus the inverse of the temperature is
represented for complex 4 under static dc fields of zero
(Fig. 12a) and 800 G (Fig. 12b).

For an ideal SMM, the spin relaxation should occur only
through a pure Orbach process, where the energy barrier is
determined by a linear fit, using the Arrhenius law: τ = τ0 exp
(Ueff/kT ). In the absence of static magnetic field, the fitting
parameters effective relaxation barrier and the pre-exponential
factor are Ueff = 51(11) cm−1 with τ0 = 2.2(1) × 10−8 s for 3

(Fig. S34b†) and Ueff = 88(11) cm−1 with τ0 = 1.1(1) × 10−10 s for
complex 4 (Fig. 12a). It also revealed the presence of the QTM
mechanism at lower temperatures. As for compound 2, it was
possible to fit the experimental data using eqn (3) with a com-
bination of Orbach and Raman processes, since there is a clear
curvature of the ln(τ) vs. T−1 plot (Fig. S29b†). Under a static
magnetic field, the QTM relaxation process is suppressed for
all compounds. By using the Arrhenius law, the obtained para-
meters are Ueff = 76(4) cm−1 with τ0 = 5.1(3) × 10−9 s for 1
(Fig. S26b†), Ueff = 90.6(5) cm−1 with τ0 = 6.0(4) × 10−10 s for 2
(Fig. S31b†), Ueff = 88(3) cm−1 with τ0 = 1.5(3) × 10−10 s for 3
(Fig. S36b†) and Ueff = 85(4) cm−1 with τ0 = 5.1(4) × 10−10 s for
complex 4 (Fig. 12b). However, the values of the energy barrier
are smaller than expected from the energy gap between Ms =
±3/2 and Ms = ±1/2, i.e. |2D| (138 cm−1 for 1, 106 cm−1 for 2,
96 cm−1 for 3 and 104 cm−1 for complex 4), which is also
observed for other Co(II) complexes with a similar behaviour.
In addition, for all the four complexes there is a clear curvature
in the ln(τ) vs. T−1 plot at lower temperature indicating that
other relaxation mechanisms, such as Raman or direct, may
be involved. The efforts to include all three mechanisms
failed, giving inconsistent values. The best description of the
results is obtained by a sum of the Orbach and Raman pro-
cesses, given by the eqn (3):32

τ�1 ¼ CT n þ τ0
�1 expð�Ueff=kTÞ ð3Þ

Fig. 10 Temperature-dependence of the in-phase, χ’, and out-of-phase, χ’’, magnetic susceptibilities at several different frequencies indicated for
complex 4 under (a) zero static field and (b) 800 G.
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where the first and second terms refers to the Raman and
Orbach paths, respectively, where C is the Raman coefficient
and n the Raman exponent. In Table 4, the calculated para-
meters obtained from these magnetic relaxation processes fit-
tings are listed.

From eqn (3), and keeping the energy barrier parameter
fixed, these results suggest that this system of tetracoordinate
Co(II) complexes shows different magnetic behaviours depend-
ing on the temperature range, with a clear dominance of the

Orbach process at higher temperatures. However, as the temp-
erature decreases, the Raman mechanism becomes dominant.

Conclusions

In the present work four distorted tetrahedral homoleptic Co
(II) complexes containing bidentate N,N′-2-formiminopyrrolyl
ligands with increasing steric features are shown to behave as
SIMs. From the static magnetic measurements, HFEPR
measurements and theoretical studies all compounds 1–4
present high easy axis magnetic anisotropy, as a result of tetra-
hedral elongations imposed by the chelating geometry of the
2-iminopyrrolyl ligands. The more elongated structure (smaller
values of the bite angle θ) and the slight decreasing covalency
in the metal–ligand bond for complex 1 are the main factors
for the increase of zero-field splitting parameter (D) when com-
pared to the remaining compounds 2–4, leading to a smaller
gap between the filled 3dx2−y2 orbital and the singly occupied

Fig. 11 Frequency-dependence of the (a) in-phase χ’ and (b) out-of-phase χ’’ magnetic susceptibilities at several different temperatures for
complex 4 under a dc field of 800 G. The solid lines are for guidance.

Fig. 12 (a) ln(τ) vs. T−1 plot for 4 in the absence of an external magnetic field; the red line is the fit for the Orbach process using the Arrhenius law
with Ueff = 88(11) cm−1 and τ0 = 1.1(1) × 10−10 s. (b) ln(τ) vs. T−1 plot for 4 under 800 G; the red line is the best fit to the sum of Raman and Orbach
processes (see eqn (3) in the text) with C = 0.11(3) K−n s−1, n = 4.1(2), Ueff = 104 cm−1 (fixed) and τ0 = 3.8(1) × 10−11 s and the blue dash is the fit of
the Orbach process using the Arrhenius law with Ueff = 85(4) cm−1 and τ0 = 5.1(4) × 10−10 s.

Table 4 Orbach and Raman relaxation parameters for complexes 1–4

Parameters Complex 1 Complex 2 Complex 3 Complex 4

Hdc (G) 3000 1000 800 800
C (K−n s−1) 0.086(9) 0.02(3) 0.021(4) 0.11(3)
n 4.86(5) 4.9(7) 5.4(1) 4.1(2)
Ueff (cm−1) 138 106 96 104
τ0 (s) 1.14(6) × 10−11 1.3(2) × 10−10 6.8(2) × 10−11 3.8(1) × 10−11
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3dxy orbital. However, the substitutions in the second coordi-
nation sphere (in the position 5 of the pyrrolyl ring) with bulky
groups in compounds 2–4 revealed to be beneficial, despite
the lower values of D obtained. For complex 1, the calculated
parameters g and E, by HFEPR and ab initio calculations,
showed a pronounced transverse magnetic anisotropy (E),
which led to differences in the magnetic properties of this
compound.

The dynamic ac magnetic measurements revealed that
complexes 2–4 exhibit SIM behaviour in the absence of an
external magnetic field, whereas this important feature is not
observed for complex 1. This is assigned to the higher values
of E in complex 1, which triggers the QTM process rather
than the thermally assisted Orbach relaxation mechanism. In
addition to the lack of signal under zero static magnetic
field, a much higher field is required to overcome the QTM
process in complex 1. The energy barriers (Ueff ) are consider-
ably high for all the compounds studied, because of the
occurrence of two relaxation processes: Raman mechanism,
at low temperatures, and Orbach mechanism, at higher temp-
eratures. The Ueff values in this family of complexes are
higher than the majority of tetracoordinated Co(II)-based
SIMs found in the literature, revealing them as very promis-
ing systems.

Presently, we are still challenged by the steric limits of the
2-iminopyrrolyl framework, and whether it is synthetically
possible to employ a chelating ligand of this family bulkier
than that of complex 4, while maintaining a stable 1 : 2
Co : ligand stoichiometry ratio (i.e. [Co(2-iminopyrrolyl)2]), and
to further evaluate its impact in the SIM behaviour of this
system. We are also studying modifications in the 2-iminopyr-
rolyl ligand, such as the use of electron-withdrawing or -donat-
ing substituents, or the induction of further asymmetry in this
ligand set, which may lead to more favourable distortions of
the cobalt tetrahedral geometry toward a clear enhancement of
the SIM properties of this family of complexes.

Experimental section
General considerations

All operations dealing with air- and/or moisture-sensitive
materials were carried out under inert atmosphere using a
dual vacuum/nitrogen line, glovebox and standard Schlenk
techniques.33 All solvents used were pre-dried with 4 Å mole-
cular sieves and purified by refluxing over a suitable drying
agent followed by distillation under nitrogen. THF was dried
over sodium/benzophenone and n-hexane over calcium
hydride. Solvents and solutions were transferred using a posi-
tive pressure of nitrogen through stainless steel cannulas and
mixtures were filtered in a similar way using modified cannu-
las that could be fitted with glass fiber filter disks. The remain-
ing reagents were used as received from commercial sources,
namely 1-adamantyl chloride (Alfa Aesar) and 1-adamantyla-
mine (Alfa Aesar). 2-(1-Adamantyl)-1H-pyrrole was prepared as
described in the literature.19

Elemental analyses were performed in a Fisons Instrument
Mod EA-1108, at Laboratório de Análises (IST).

FTIR measurements were conducted on a Bruker Alpha II
ATR IR spectrometer located inside a glovebox.

Nuclear magnetic resonance (NMR) measurements

The NMR spectra of the ligand precursor II and complex 4
were recorded on a Bruker Avance III 300 (1H, 300.130 MHz;
13C, 75.468 MHz) spectrometer. The spectra were referenced
internally using the residual protio-solvent (1H) or solvent
(13C) resonances, and are reported relative to tetramethylsilane
(δ = 0). For compounds stable in air- and/or moisture, the
samples were dissolved in CDCl3 and prepared in common
NMR tubes. Complex 4 was dissolved in degassed and dried
C6D6 or toluene-d8, with the corresponding solution being pre-
pared in a J. Young tube, in a glovebox. The deuterated sol-
vents were dried over activated 4 Å molecular sieves and
degassed by the freeze–pump–thaw technique. The magnetic
susceptibility measurements in solution were carried out by
the Evans method,21 using a 3% solution of hexamethyl-
disiloxane in toluene-d8 as reference. All resonances were
characterized by their chemical shifts (δ), quoted in ppm.
Multiplicities were abbreviated as follows: broad (br), singlet
(s) and multiplet (m).

Synthesis of the ligand precursor II and complex 4

Synthesis of 5-(1-adamantyl)-2-formylpyrrole (I). The reac-
tion was adapted from a procedure described in the literature
involving Vilsmeier–Haack acylation conditions.20 The
Vilsmeier reagent was prepared by adding dropwise a toluene
solution (15 mL) of POCl3 (4 mL, 41.8 mmol) to an ice-cooled
solution of N,N-dimethylformamide (3.3 mL, 41.8 mmol) in
toluene (15 mL), under nitrogen. After stirring for 30 minutes
at room temperature, the resulting product was cooled and a
solution of the 2-(1-adamantyl)-1H-pyrrole (7 g, 34.8 mmol) in
toluene (120 mL) was added dropwise. The reaction mixture
was allowed to warm up to room temperature and left stirring
overnight. A water-ice mixture was added followed by the
addition of NaHCO3 powder to reach pH = 7. An aqueous solu-
tion of NaOH was also added until pH = 12. The mixture
stirred for 1 hour and then the organic layer was extracted with
CHCl3, dried with MgSO4 and all the volatile materials were
removed under vacuum. The resulting oil was washed with
n-hexane and dried under vacuum to afford a brown powder of
I. Yield: 6.8 g (86%).

1H NMR (300 MHz, CDCl3): δ 9.61 (br, 1H, NH), 9.38 (s, 1H,
OvCH), 6.89 (br, 1H, H3 pyrr), 6.09 (br, 1H, H4 pyrr), 2.07 (m,
3H, 1-Ad CH), 1.92 (m, 6H, 1-Ad CH2), 1.76 (m, 6H, 1-Ad CH2).
13C{1H} NMR (75 MHz, CDCl3): δ 178.4 (OvCH), 162.4 (1-Ad
C), 152.1 (C5 pyrr), 131.6 (C2 pyrr), 122.4 (C3 pyrr), 106.6 (C4
pyrr), 42.2 (1-Ad CH2), 36.6 (1-Ad CH2), 28.4 (1-Ad CH). Anal.
calc. for C15H19NO·0.02CHCl3: C, 77.85; H, 8.28; N, 6.05.
Found: C, 77.90; H, 8.54; N, 6.16.

Synthesis of 5-(1-adamantyl)-2-(N-(1-adamantyl)formimino)
pyrrole (II). To a solution of 5-(1-adamantyl)-2-formylpyrrole
(2.53 g; 11.0 mmol) in toluene (50 mL) was added 1-adamanty-
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lamine (1.66 g; 11.0 mmol) and a catalytic amount of p-tolue-
nesulfonic acid (0.040 g; 0.21 mmol). The mixture was left to
reflux for 64 hours. After cooling to room temperature, the
solvent was removed under vacuum, washed with n-hexane
and extracted with diethyl ether. The solution was concen-
trated and stored at −20 °C to afford a light brown powder of
II. Yield: 2.14 g (60%).

1H NMR (300 MHz, CDCl3): δ 7.96 (s, 1H, NvCH), 6.37 (br,
1H, H3 pyrr), 5.95 (br, 1H, H4 pyrr), 5.79 (br, 1H, NH),
2.21–1.66 (m, 30H, 5-(1-Ad) + N-(1-Ad)). 13C{1H} NMR (75 MHz,
CDCl3): δ 146.0 (NvCH), 122.0 (C5 pyrr), 114.5 (C2 pyrr), 106.5
(C3 pyrr), 103.9 (C4 pyrr), 43.3 (1-Ad CH2), 42.6 (1-Ad CH2),
36.7 (1-Ad CH2), 36.6 (1-Ad CH2), 29.7 (1-Ad CH), 28.5 (1-Ad
CH). Anal. calc. for C25H34N2·0.9C4H10O: C, 80.01; H, 10.10; N,
6.53. Found: C, 79.89; H, 9.85; N, 6.45.

[Co{κ2N,N′-5-(1-adamantyl)-NC4H2-2-C(H)vN(1-adamantyl)}2]
(4)

NaH (0.041 g, 1.7 mmol) was suspended in THF (20 mL) and a
THF (20 mL) solution of the ligand precursor II (0.54 g,
1.5 mmol) was added. The mixture was allowed to stir for
2 hours, at 90 °C, under nitrogen, yielding a brown-red suspen-
sion. After colling to room temperature, the solution was fil-
tered and added dropwise to a suspension of anhydrous CoCl2
(0.097 g, 0.75 mmol) in THF (10 mL), which was cooled to
−78 °C. The mixture was allowed to warm up to room tempera-
ture while stirring overnight. All volatiles were evaporated
under reduced pressure, and the residue was extracted with
n-hexane until extracts were colourless. The solution was con-
centrated and stored at −20 °C, from which red crystals of 4
suitable for X-ray diffraction were obtained. Yield: 0.41 g
(69%).

1H NMR (300 MHz, C6D6): δ 116.36 (br), 30.43 (br), 0.07
(br), −6.50, −7.07, −7.81 (br), −10.35 (br), −14.23, −16.18 (br),
−47.45, −55.95 (br). Anal. calc. for C50H66CoN4: C, 76.79; H,
8.51; N, 7.16. Found: C, 76.56; H, 8.55; N, 6.87. μeff (toluene-d8)
= 4.7μB. FTIR (ATR, cm−1): 1566 (s, CvN).

Powder X-ray diffraction

The samples used were ground with a mortar and pestle inside
the glove-box and subsequently, mounted on a silicon plate
within a PERSPEX sample holder that could be fitted with an
air-tight lid. Data were collected in a D8 Advance Bruker AXS
θ–2θ diffractometer, with a copper radiation source (Cu Kα, λ =
1.5406 Å) and secondary monochromator, operated at 40 kV
and 30 mA. The Mercury 2020.3.0 software was used for the
calculation of X-ray powder diffraction patterns on the basis of
the single crystal structure determinations. Comparison of the
calculated and observed X-ray powder diffraction patterns was
carried out for all the complexes 1–4 (see Fig. S3–S6 in ESI†).

Single crystal X-ray diffraction

Crystals of 4 were covered with polyfluoroether oil, selected
under an inert atmosphere, and mounted on a nylon loop. The
crystallographic data were collected using graphite monochro-
mated Mo-Kα radiation (λ = 0.71073 Å) on a Bruker AXS-KAPPA

APEX II diffractometer equipped with an Oxford Cryosystem
open-flow nitrogen cryostat, at 150 K. Cell parameters were
retrieved using Bruker SMART software and refined using
Bruker SAINT34 on all observed reflections. Absorption correc-
tions were applied using SADABS.35 Structure solution and
refinement were performed using direct methods with the pro-
grams SIR201436 and SHELXL37 included in the package of
programs WINGX-Version 2014.1.38 All non-hydrogen atoms
were refined anisotropically and the hydrogen atoms were
inserted in idealized positions and refined as riding on the
parent carbon atom. All the structures refined to a perfect con-
vergence. The graphic presentation was generated using
ORTEP-3,39 where ellipsoids were drawn with a 30% prob-
ability, and the hydrogen atoms were omitted for clarity;
Mercury 2020.3.0 software was used for the generation the
spacefill representation in Fig. 1b. Data was deposited in
CCDC under the deposit number 2160416 for 4.†

HFEPR spectroscopy

The spectra were recorded between 300 and 375 GHz, 0–15 T
and 5–210 K on a home-built spectrometer consisting of a VDI
signal generator, VDI broadband frequency multipliers, a
Thomas Keating Ltd quasioptical bridge and probe, and a
QMC Instruments InSb bolometer detector.40 The samples
were mounted in a 15 T Oxford Instruments helium bath mag-
netocryostat. The external field is modulated at kHz frequen-
cies to allow for lock-in detection.

Computational studies

The ORCA program41 package version 4.2.1 was used for all
the property calculations using the structures derived from
single crystal X-ray diffraction as input. The N-Electron Valence
perturbational method42,43 to second order was employed with
the Resolution of Identity44 (RI-NEVPT2) approximation. The
Complete Active Space Self-Consistent Field (CASSCF)45 wave-
function was determined in the full configuration interaction
(CI) space as the state-average of 10 quartets and 40 doublets
(seven electrons in five 3d orbitals). The single state perturbed
NEVPT2 wavefunctions underwent a multi-state extension to
quasi-degenerate NEVPT2 (QD-NEVPT2)46 in the Nakano47

formulation.
The exchange integrals were calculated through the

RIJCOSX48,49 density fitting technique with 5 accuracy points
(GridX5).

The Douglas-Kroll-Hess50–52 scalar relativistic Hamiltonian
truncated to second order (DKH2) was applied with the corre-
spondingly contracted triple zeta polarized basis sets
(DKH-TZVP) for all the elements except hydrogen, the latter
having been assigned a split-valence basis set (DKH-SVP). The
density fitting auxiliary basis sets were chosen to be the
generic Karlsruhe53 def2-TZVP/C specific basis set for the treat-
ment of the perturbative RI section in addition to the segmen-
ted relativistically contracted (SARC/J) set54 for the non-pertur-
bative Coulomb integrals.

The anisotropy (D, E) parameters and g values were calcu-
lated in the framework of QD-NEVPT2 via the spin-orbit mean
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field55,56 formalism using an effective Hamiltonian57 by pro-
jection of the CI matrix onto the model states. The spin orbit
states were projected onto the giant spin Hamiltonian:

Ĥ ¼ ŜDŜ ð4Þ
where D is the zero-field splitting tensor possessing the follow-
ing scalar parameters in the magnetic axis frame: D = 3/2Dzz

and E = (Dxx − Dyy)/2. By convention Dxx ≥ Dyy so that E is
always positive. If D < 0 there may be a barrier for magnetiza-
tion reversal (−Ms → +Ms), whereas for D > 0 there can be no
magnetization reversal and the spin aligns itself in the xy
plane.

Magnetic measurements

All the samples (10–20 mg) used in the magnetic measure-
ments were transferred to the sample holder in a glovebox,
due to their air sensitivity.

The static (dc) magnetic measurements were performed
using a 6.5 T S700X SQUID (Cryogenic Ltd) magnetometer.
The magnetic susceptibility was measured as a function of
temperature under a static magnetic field of 500 G in the
temperature range of 5–300 K. The magnetization curves were
also obtained from 0 to 5 T at different temperatures (2, 5, 10,
20, 50 and 100 K). The diamagnetism correction for the experi-
mental data was estimated using the Pascal constants as −3.5
× 10−4, −4.4 × 10−4, −4.9 × 10−4 and −5.1 × 10−4 emu mol−1 for
compounds 1, 2, 3 and 4, respectively.58

The dynamic (ac) magnetic measurements were performed
using a MagLab 2000 (Oxford Instruments) for complexes 2
and 4 and a Vibrating Sample Magnetometer, VSM (Cryogenic
Ltd) for complexes 1 and 3. The temperature dependence of
the in-phase and out-of-phase magnetic susceptibilities were
studied at different frequencies from 95 up to 5000 Hz under
zero dc field and an applied field (3000 G for 1, 1000 G for 2
and 800 G for 3 and 4). The frequency dependence of the ac
susceptibility was performed at several different temperatures
from 5 K to 15 K under an applied dc field (3000 G for 1, 1000
G for 2 and 800 G for 3 and 4).
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