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In the study of mononuclear transition metal single molecule magnets (SMMs), extensive research has

concentrated on identifying optimal coordination geometries around the central metal ion to enhance

SMM properties. However, the role of non-covalent interactions in the second coordination sphere has

been relatively underexplored. Here, we study the impact of non-covalent Cl⋯H interactions on the mag-

netic anisotropy of the central Co(II) ion in the distorted axially compressed octahedral complex

CoCl2(tu)4 (1) (tu = SvC(NH2)2). By performing cantilever torque magnetometry on 1, the orientation of

the magnetic easy axis is found to deviate by almost 40° from the axial Co–Cl bond. Theoretical model-

ling on structural modifications of the structure of 1, quantifies how the distance between the Cl ligand

and the nearest H-atom significantly influences the orientation of the magnetic easy axis and the D-value.

Experimental chemical bonding analysis based on multipole modelling of synchrotron X-ray diffraction

data on 1 reveal that the nearby H-atoms polarize the electron density of the Cl-ligands. This polarization

results in reduced electron density at the axial positions on the Co octahedra, explaining the calculated

increase in the magnitude of the D-value, when the H-atoms are moved away from Cl in silico.

Topological analysis of theoretical electron densities on modified structures of 1 corroborates an increase

in the electron density at the Co–Cl bond critical point, as the nearby H-atoms are moved further from

Cl. These findings demonstrate the significant influence that non-covalent interactions have on the mag-

netic anisotropy of mononuclear transition metals and opens the possibility of utilizing these interactions

in the design of transition metal based SMMs.

Introduction

Single molecule magnets (SMMs) have applications in many
fields such as quantum computing,1–3 high-density infor-
mation storage4 and molecular spintronics.5 The primary
objective within the field is obtaining stable magnetic states at
room temperature,6 by engineering a high anisotropy barrier,
which can give a high blocking temperature. These features
are strictly dependent on the magnetic anisotropy of the metal
ion, i.e. the directional dependence of its’ magnetic properties.
The interplay between structure and magnetic anisotropy is

fundamental in the quest to design robust SMMs. This pursuit
often entails selecting a favourable coordination geometry
around the central metal ion or modifying the ligand field
strength.7–14

Lanthanides, known for their large first order angular
momentum, have traditionally dominated SMM research.6,15–19

The magnetic anisotropy of lanthanide ions can be maximized
by matching the ligand field to the intrinsic electron distri-
bution (either oblate or prolate) of the given lanthanide ion.
This approach lead to a groundbreaking 2018 study, where a
dysprosium SMM was shown to exhibit magnetic hysteresis
above liquid-nitrogen temperatures.20

In the case of transition metal SMMs, most research has
similarly focused on identifying favourable coordination geo-
metries in the first coordination sphere that would lead to
strong axial magnetic anisotropy, characterized by a large
negative D-value and a comparably small E-value.11,21–23 In this
regard, Co(II) based complexes are of particular interest due to
their Kramers’ nature, featuring a bistable spin ground state
that effectively suppresses quantum tunnelling of the
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magnetization.12,24,25 A prominent example is the linear
complex Co(C(SiMe2ONaph)3)2, which has a sufficiently weak
ligand field, allowing it to adopt a non-Aufbau ground state of
maximum orbital angular momentum and a strong,
unquenched spin orbit coupling.26

However, while first coordination sphere interactions have
received significant attention, other factors such as second
coordination sphere interactions have often been overlooked.27

Some recent studies of [Ln(NO3)3(H2O)3]·(18-crown-6) com-
plexes have shown how the encapsulation of the complex in
the crown ether has detrimental effects on the SMM properties
of the compounds by reducing the anisotropy barrier and
changing the orientation of the magnetic easy axis.28,29

Similar effects have been seen for other lanthanide com-
pounds, where removal or weakening of the second coordi-
nation sphere interactions has led to improved SMM
properties.30,31 These studies highlight the broader potential
of second coordination interactions in enhancing the energy
barriers and blocking temperatures of SMMs. However, their
influence in transition metal SMMs remains relatively unex-
plored, despite the more easily controllable coordination
environment in these systems, which should allow for finer
tuning of the magneto-structural correlations. Furthermore,
many techniques employed in the study of SMMs yield signals
from the entire crystal lattice, not a single molecule. A crystal
may encompass many strong second coordination sphere
interactions, potentially influencing the magnetic anisotropy
of the central metal ion.

In this study, we explore the interplay between second
coordination sphere interactions and magnetic anisotropy in
CoCl2(Tu)4 (1), where Tu = thiourea (SvC(NH2)2). The Co(II)
complex assumes a distorted axially compressed octahedral
geometry, featuring two shorter Co–Cl bonds in the axial posi-
tions and four longer Co–S bonds in the plane (Fig. 1). The
axial compression causes a destabilization of the orbitals
having a z-component (i.e. dxz, dyz and dz2), which lifts the

degeneracy of the eg and t2g orbital pairs (Fig. 2). This leads to
an almost degenerate dxz and dyz orbital pair that collectively
accommodate three electrons, which is highly desirable for
achieving a strong magnetic anisotropy in a Co(II) complex.32

The relation between the structure and magnetic an-
isotropy of 1 was explored by Tripathi et al. in 2021,33 and
the magnetic susceptibility tensor, χ, was experimentally
measured using single-crystal polarized neutron diffraction
(SC-PND). The largest eigenvalue of the χ-tensor is more than
twice as large as the intermediate value, demonstrating the
axiality of the system. Using the eigenvectors of this tensor,
they found that the easy axis of magnetization was tilted with
respect to the Co–Cl bond. A similar tilt of the easy axis with
respect to the Co–ligand bonds has also been observed in
another octahedral Co(II) compound using SC-PND.34 These
observed tilts of the easy axes are unexpected, given the con-
ventional understanding linking ligand field and magnetic
anisotropy, which would predict the easy axis along the Co–Cl
bond. Hence, it is plausible that certain effects in the ligand
field that has previously been overlooked, might contribute to
the tilted easy axes.

Here, we unravel the reason behind the tilted easy axis of
these systems, using compound 1 as our model system.
Initially, we employ cantilever torque magnetometry (CTM) to
experimentally detect the orientation of the magnetic axes of
1. Secondly, we construct a multipole model (MM) of the elec-
tron density to investigate how the inter- and intramolecular
Cl–H interactions affect the electron density distribution
around the Co(II) center in 1. Lastly, a series of theoretical
ab initio calculations on modified structures of 1 reveal the
strong correlation between the orientation of the easy axis and
D-value with the Cl–H distance. By bridging advanced experi-
mental and theoretical tools, we provide a rationale for the
observed tilt of the easy axis in 1 and suggest new potential

Fig. 1 Single crystal X-ray diffraction structure of 1 shown with 90%
probability ellipsoids. Co is on a special position of inversion symmetry.
The atoms from the other asymmetric unit are marked with an apos-
trophe (’). Atom colors: Co (dark blue), Cl (green), S (yellow), C (grey), N
(light blue), H (white).

Fig. 2 AILFT orbital splitting for 1ND. The lobes of the dz2 orbital are
along the Co–Cl bond, while the lobes of the dx2−y2 orbitals are along
the Co–S bonds. Obtained from a CASSCF-NEVPT2 calculation in ORCA
following the procedure described in the Experimental section.35
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routes for synthesizing novel transition metal SMMs with
enhanced magnetic anisotropy by clever design of the second
coordination sphere non-covalent interactions.

Experimental section
Synthesis of [CoCl2(tu)4] (tu = thiourea (SvC(NH2)2)) (1)

The crystals of [CoCl2(tu)4] (1) where tu = thiourea (SvC
(NH2)2) were synthesized by reacting cobalt chloride hexa-
hydrate with thiourea in alcoholic solution by a previously pub-
lished procedure.33

Single crystal synchrotron X-ray diffraction

Single crystal X-ray diffraction data were collected on a Huber
Chi 3-circle diffractometer equipped with a Dectris Pilatus3X-1M
CdTe detector at the Advanced Photon Source beamline
15ID-D operated by ChemMatCARS of the Argonne National
Lab. The data were collected with an energy of 40 keV
(0.30996 Å) and at a temperature of 20(1) K using an open-flow
Oxford Helijet cryostat. The Pilatus frames were converted to the
Bruker .sfrm format and appropriate integration masks were
generated using a local program (Pilatus-fc).36 The frames were
reduced using SAINT,37 and the raw data were further processed,
scaled and corrected for absorption using SADABS.38 The data
was subsequently merged using the robust/resistant Tukey
weighting as implemented in SORTAV,39 and the structure was
solved using SHELXT38 and refined by full-matrix least-squares
against F2 using SHELXL-2014/7 38 within the SHELXle graphical
user interface.40 This model was then used as the starting point
for the electron density investigation in XD2016.41 See Table S1†
for additional crystallographic information.

Electron density analysis

The electron density was modelled by the Hansen–Coppens
multipole density formalism.42 The multipole model (MM)
partitions the electron density of a given atom, ρatom(r), into
three components each corresponding to a term in eqn (1): a
spherical core density, a spherical valence density and an
aspherical valence density.

ρatomðrÞ ¼ PcρcðrÞ þ Pvκ
3ρvðκrÞ

þ
Xlmax

l¼0

κ′3Rlðκ′rÞ
Xl

m¼0

Plm+dlm+ðθ;φÞ
ð1Þ

Here Pc, Pv, and Plm± are the multipole population para-
meters for the core, spherical valence, and aspherical valence
density, respectively. κ and κ′ are the expansion/contraction-
parameters for the spherical and aspherical part of the valence
electron density. The radial functions, Rl(κ′r), are nodeless
single-zeta Slater functions with optimized coefficients and
exponents. The functions denoted dlm± are angular functions
that resembles hydrogen-like orbitals.43

Since Co(II) in 1 lies on a special position of inversion sym-
metry, only multipole populations of even order spherical har-
monic functions are refined for Co. Additionally, pseudo-sym-

metry constraints were applied to reduce the number of refin-
able parameters (see Table S2† for applied symmetries). The
local coordinate system of Co was chosen to have the z-axis
towards Cl and the y-axis towards S(1). The N–H distances were
constrained to 1.013 Å as obtained from tabulated neutron
diffraction (ND) data.44 In addition, the magnitude of the
H-atoms isotropic atomic displacement parameters (ADPs)
were set to depend on the ADPs of the N-atom to which they
are bonded. All H-atoms were constrained to have the same
multipole population parameters. The expansion/contraction
parameters, κ and κ′, were refined for all non-H-atoms, except
κ′ for Co which was set to 1.0 as the refinement of this para-
meter was unstable. The values for the H-atoms were set to 1.1
and 1.13 for κ and κ′, respectively.45 Anisotropic ADPs were
refined for all non H-atoms, and the anharmonic model using
the Gram–Charlier expansion up to the third order was intro-
duced for Cl. The total integrated negative nuclear probability
density for Cl was negligible. The final model had an R(F)-
factor of 1.54% (compared with 1.81% for the independent
atom model refined in SHELXT). The final MM had a paraboli-
cally shaped fractal dimension plot (Fig. S1†) with maximum
and minimum residuals of 0.32 e Å−3 and −0.34 e Å−3.

Computational details

All quantum-chemical calculations were performed using the
ORCA 4.1 software35 on the previously published crystal struc-
ture from neutron diffraction (ND)33 referred to as 1ND as well
as several modifications of this structure. Multi-reference
ab initio calculations were used to calculate the D-value,
E-value, and the g-matrix. State-average complete-active-space
self consistent-field (CASSCF) calculations were performed,
and dynamic correlations included using N-electron valence
perturbation theory to the second order (NEVPT2). The
Ahlrichs polarized triple-ζ (def2-TZVP) quality basis set was
used for all atoms. A scalar relativistic correction was applied
using the Douglas–Kroll–Hess approach46,47 and the spin–
orbit coupling was treated using the mean-field (SOMF)
approximation.48–51 The calculations were performed with an
active space of CAS(7,5), which corresponds to seven active d
electrons in five active d-orbitals and computed 10 quartets as
well as 40 doublets in the configuration interaction (CI) pro-
cedure to extract the desired parameters.

Cantilever torque magnetometry

Cantilever torque magnetometry (CTM) measurements were
performed on a single crystal of 1 for three different orien-
tations of the crystal (see Table S5†). The face indexed crystal is
placed on a cantilever and rotated by an angle θ around a given
rotation axis perpendicular to the applied magnetic field. The
CTM technique employed here uses capacitive detection of the
deflection of the upper plate (the cantilever). The measured
capacitance is proportional to the magnetic torque, τ, which is
in turn related to the magnetization of the sample, M, in an
applied magnetic field, B, by the following vector product:

τ ¼ M � B ð2Þ
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Therefore, measurements of the magnetic torque at
different orientations of the crystal gives insights into the
angular dependence of its magnetic properties, making CTM
an ideal technique for detecting the orientation of the princi-
pal magnetic axes.52

All measurements were performed at 2.0 K and various
strengths of the static magnetic field up to 12 T. Subsequent
data treatment was performed using a home-written program
in MATLAB53 based on the package EasySpin.54

Results and discussion
Crystal structure

Compound 1 crystallizes in the tetragonal space group P42/n
(see Table S1† for crystallographic information) with the Co(II)
ion located on a special position of inversion symmetry. The
crystal structure of 1 is shown in Fig. 1 and relevant bond dis-
tances and angles are given in Table 1. The Co–Cl bond
lengths of 2.4657(1) Å are shorter than the two Co–S bonds of
2.50638(4) Å and 2.54953(4) Å, validating that 1 is axially com-
pressed. However, the two Co–S bond lengths are also signifi-
cantly different from one another, and the L–Co–L angles
cover the range from 84.5° to 95.5°, demonstrating some struc-
tural deviation from the D4h symmetry in the first coordination
sphere (see Table S3† for Co to ligand bond lengths and
angles, and for comparison to ND results33).

The unit cell contains four molecules of 1, and the shortest
Co–Co distance in the structure is 8.092 Å. As seen from
Table 1, the crystal structure also contains six short Cl–H dis-
tances; two intramolecular and four intermolecular ranging
from 2.28 to 2.72 Å (see Table S4† for comparison to ND
values33). All these distances are shorter than the sum of the
van der Waals radii of Cl and H, with the shortest being the
intramolecular Cl–H(1B) distance of 2.2782(1) Å. The H-atoms
are positioned perpendicular to the Co–Cl bond, thereby resid-
ing on the nucleophilic site of the Cl atom (Fig. S2†).
Furthermore, the shortest of the Cl–H interactions is in the
direction of the tilt of the easy axis which leads us to suspect
that these short Cl–H interactions might influence the mag-
netic anisotropy of Co.

Experimental measure of magnetic anisotropy

To gain insights into the angular dependence of the magnetic
anisotropy of Co, CTM measurements have been performed on
a single crystal of 1. Since the measured torque arises from all
magnetic centers in the crystal, all non-collinear molecules in
the unit cell must be considered. In the case of 1, there are
four non-collinear molecules in the unit cell, which are related
by the four-fold rotation of the space group.

The magnetic torque was measured for three different
orientations of the crystal (Table S5†). For each orientation,
the crystal was rotated around a rotation axis for several
different field strengths at a temperature of 2.0 K. The
measured data is displayed in Fig. 3. Since all measurements
were performed at 2.0 K, we assume that only the lowest
Kramers’ doublet is thermally populated, which allows us to
treat the system as an effective spin S′ = 1

2 system. Therefore,
the Zeeman splitting, describing the splitting of the ms states
in an applied magnetic field, is the only term included in the
Hamiltonian given in eqn (3):

Ĥ ¼ ĤZeeman ¼ μBBḡ′Ŝ′ ð3Þ

where B is the magnetic field vector, ḡ′ is the effective spin 1
2

g-tensor and Ŝ′ is the effective electron spin operator.
The overall shape of the model and the zero-torque points

fit the data well, which implies that the orientation of the mag-
netic axes is accurate. The final model gave rise to the mag-

Table 1 Selected distances and bond angles in 1. Atoms marked with
an apostrophe (’) are from the other asymmetric unit. Atoms marked
with a star (*) are from another molecule of 1 in the crystal structure
(intermolecular interactions)

Distances (Å) Bond angles (°)

Co–Cl 2.4657(1) S(1)–Co–Cl 92.270(2)
Co–S(1) 2.50638(4) S(2)–Co–Cl 95.481(3)
Co–S(2) 2.54953(4) S(1)′–Co–Cl 87.730(2)
Cl–H(1B) 2.2782(1) S(2)′–Co–Cl 84.519(3)
Cl–H(3B) 2.71905(9) S(1)–Co–S(2) 87.725(1)
Cl–H(1A)* 2.56704(9) S(1)–Co–S(2)′ 92.28(1)
Cl–H(2A)* 2.3269(1)
Cl–H(3A)* 2.7832(1)
Cl–H(4A)* 2.3769(1)

Fig. 3 (a–c) The magnetic torque, τ, measured by CTM plotted as a function of the rotation angle, θ, for the three different orientations of the
crystal of 1 and several different magnetic field strengths (given in the legend). All data have been collected at a temperature of 2.0 K.
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netic axes shown on Fig. 4 and a fairly rhombic effective ḡ′

matrix with g1 = 2.67, g2 = 3.79, g3 = 6.95 (see Table S6† for
tabulated fit result). The orientation of the magnetic axes are
given in Table S7† and the orientation of the easy axis is com-
pared to PND33 and CASSCF in Tables S8 and S9.† The found
easy axis deviates by almost 40° from the Co–Cl bond, and fits
well with the ones found by PND33 and CASSCF, showing devi-
ations between the three determined easy axes of less than 20°
(Table S9†).

Critical points in the electron density

Critical points in the electron density identify interactions
between atoms in molecules and are points where the deriva-
tive of the electron density, ∇ρ(r), is zero. For this study, the
most relevant type of critical points is the bond critical point
(BCP), which is a point in real space where the electron density
increases towards the point in two directions (perpendicular
to the bond) and decreases towards the point in one direction
(along the bond).

To investigate the interactions between Cl and the six sur-
rounding H-atoms (Fig. S2†), the MM electron density of 1 has
been searched for BCPs (Fig. 5), and BCPs are found between
Cl and all six neighbouring H-atoms. In contrast, no BCPs
were observed between Co and the H-atoms, suggesting that
the H-atoms predominantly interact with Cl, not Co.

For the Cl–H BCPs shown in Fig. 5, the electron density at
the BCP, ρBCP, is small, and the energy is dominated by the
kinetic energy, Gb (Table S10†) and the Laplacian of the elec-
tron density at the BCP is positive (Table S11†). This shows
that the Cl–H interactions are closed shell interactions as
expected for these hydrogen-like-bonds. Expectedly, a compari-
son of the topological properties of the BCPs reveals no signifi-
cant difference between the intra- and intermolecular Cl–H
interactions (Tables S6 and S7†). However, splitting the

H-atoms in two groups based on their Cl–H distance reveal
clear trends: the interactions with the shorter Cl–H bonds
(marked in bold in Tables S10 and S11†) show larger ρBCP,
∇
2
ρBCP and λ3, which indicates stronger interactions.

The static deformation density and the Laplacian

To investigate the various interactions of the H-atoms with
Cl, the static deformation density and the Laplacian are
employed. The static deformation density, Δρ(r), is the difference
between the electron density from the MM, ρMM(r), and the elec-
tron density from the independent atom model (IAM), ρIAM(r):

ΔρðrÞ ¼ ρMMðrÞ � ρIAMðrÞ ð4Þ

The deformation density highlights the aspherical features
of the electron density such as bonding and lone-pair
regions.55 The Laplacian, ∇

2
ρ(r), is the trace of the second

order derivative of the electron density. The sign of the
Laplacian indicates local electronic charge concentrations
(∇2

ρ(r) < 0) and local charge depletion (∇2
ρ(r) > 0) with respect

to the immediate surroundings.
The static deformation density and the negative Laplacian

have been calculated in the six Co–Cl–H(L) planes with L = 1A,
1B, 2A, 3A, 3B and 4A. The plots for H(1B) are given in Fig. 6,
and the remaining plots are shown in Fig. S4.† Critical points
in the negative Laplacian are shown in Fig. S5.† The electron
density on Cl is aspherical with excess electron density point-
ing towards the nearby H-atoms (elongated blue contours lines
on Cl towards H(1B) in Fig. 6a), whereas electron depletions
on H(1B) (red lobes) point towards Cl in Fig. 6a. As seen on
Fig. 6b, Cl has a maximum in the negative Laplacian pointing
towards H(1B), demonstrating the strength of this interaction,
which was also apparent from the relatively large ρBCP in the
Cl–H(1B) BCP (Table S11†).

Fig. 4 The orientation of the magnetic axes of Co(II) in 1 from the CTM
fit: easy axis (red), intermediate axis (orange) and hard axis (yellow). The
easy axes from CASSCF (green) and PND33 (blue) are shown for com-
parison. The angle between the CTM and the PND easy axes is 11.5°, the
one between CTM and CASSCF is 18.4° and the one between CASSCF
and PND is 12.2°. Atom colors: Co (dark blue), Cl (green), S (yellow), C
(grey), N (light blue), H (white).

Fig. 5 Molecular graph for 1, including the four H-atoms from other
molecules that interact with Cl. BCPs are marked with red spheres and
bond paths with golden cylinders. H-atoms from other molecules in the
crystal are marked with a star (*). An enlarged version of this figure and a
view of the molecular graph along the Co–Cl bond are included in
Fig. S3.† Atom colors: Co (dark blue), Cl (green), S (yellow), C (grey), N
(light blue), H (white).
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Quantifying the effect of the intramolecular Cl–H interactions

by theoretical calculations

CASSCF-NEVPT2 calculations have been performed within the
software package ORCA 4.1 35 on the structure of 1ND to give
the ab initio ligand field theory (AILFT) orbital splitting given
in Fig. 2. In the CASSCF calculations, we employ the spin
quantum number S to describe the states of the Co(II) ion
instead of the total angular momentum quantum number J,
despite its unquenched orbital angular momentum (OAM) of L
≈ 1 (Fig. 2). This has proven to be a reasonable approach for
several reasons. First, the spin orbit coupling is accounted for
using the mean-field SOMF approximation.50,51 Secondly, the
impact of the OAM is modest, since L is not maximized (L ≠ 3)
as was the case for the linear non-Aufbau Co(II) complex
reported by some of us in 2018.26 Lastly, as will be elaborated
in the forthcoming paragraph, the results from the CASSCF
calculation on the structure of 1ND are in excellent agreement
with the employed experimental methods.

The CASSCF-NEVPT2 calculation on the structure of 1ND

yielded a negative D-value of −81.1 cm−1 and a strong rhombic
term E of 18.5 cm−1. These values are consistent with the χ-
tensor found by PND,33 where one eigenvalue of the χ-tensor is
significantly larger than the remaining two in line with the
large negative D-value found by these calculations, while the
large difference between the two smaller eigenvalues of the χ-
tensor explains the large rhombic term from the calculation.
The obtained gcalczz vector from the CASSCF-NEVPT2 calculation
on 1ND, corresponding to the easy axis, is found to be tilted by
21.5° with respect to the Co–Cl bond. The orientation of the
easy axis reproduces those determined by the experimental
methods (CTM and PND), thereby enhancing our confidence
in the CASSCF calculations (see Fig. 4 and section 2 of the
ESI†). The excellent agreement between the experimental elec-
tron density and the electron density from the CASSCF wave-
function further justifies the reliability of the theoretical
results (see section 4a in the ESI†).

As explained previously, the first coordination sphere
around Co(II) in 1 does not strictly conform to the D4h sym-
metry, due to unequal Co–S bond lengths and L–Co–L angles
that differ from 90° (Table 1). To investigate the impact of the
distortions from D4h in the first coordination sphere, we
modify in silico the structure of 1ND such that the two Co–S
bonds are set to the average Co–S bond length of 2.5245 Å by
translating the thiourea ligands along their respective Co–S
bonds. The resulting CASSCF calculation on the modified
structure showed only a slight increase in the absolute magni-
tude of D and no significant change in the angle between the
easy axis and the Co–Cl bond (Table S13†).

Additionally, forcing all S–Co–S angles to be exactly 90°,
gave an increase in the absolute magnitude of D of 13.7 cm−1

and reduced the angle between the easy axis and the Co–Cl
bond by 1.4°. Additionally, tilting the Cl–Co–Cl axis with
respect to the CoS4 plane such that all Cl–Co–S angles are also
exactly 90°, corresponding to exact D4h symmetry in the first
coordination sphere referred to as the 1NDD4h

structure, increased
the D-value to −105.4 cm−1. The angle between the easy axis
and the Co–Cl bond remained around 23°, but the orientation
of the easy axis changed, such that its projection in the CoS4
plane is closer to S(1) than S(2)′ (Fig. S8†). This shows that the
D-value is significantly affected by the deviations from D4h

symmetry in the first coordination sphere, while the easy axis
tilt angle is more or less unchanged, although its orientation
changes in the case of D4h symmetry in the first coordination
sphere.

Since the distortions from D4h in the first coordination
sphere cannot explain the tilt of the easy axis, we suspect that
interactions along Co–Cl could have an impact on the tilt
angle. The earlier investigations of the experimental charge
density showed significant interactions between Cl and the
nearby H-atoms. To investigate the impact of these short Cl–H
interactions on the magnetic anisotropy, a series of CASSCF
calculations have been performed on in silico permutations of
the structure 1ND. Rotations in small increments have been
performed around the C(1)–N(1) bond and the symmetry
related C(1)′–N(1)′ bond, corresponding to rotations around
the red axes in Fig. 7. A CASSCF calculation has been per-
formed on each permutated structure, for which the obtained
easy axes are plotted in Fig. 7 (see Fig. S9† for view along the
Co–Cl bond). From this plot, the strong correlation between
the minimum Cl–H distance and the orientation of the mag-
netic easy axis is clear; increasing the Cl–H distance, moves
the easy axis closer to the Co–Cl bond.

In Fig. 8, the angle between the easy axis and the Co–Cl
bond (left vertical axis) and the calculated D-value (right verti-
cal axis) are plotted versus the Cl and H(1B) distance in each of
the structures. Similar to Fig. 7, this plot also shows that
increasing the Cl–H distance, rotates the easy axis towards the
Co–Cl bond by decreasing the angle from 21.5° to 14.9°. In
addition, it causes a significant increase in the magnitude of D
from −81.1 cm−1 to −93.0 cm−1.

As found earlier, in addition to the Cl–H(1B) interaction,
there is also a short Cl–H(3B) interaction. As H(1B) is rotated

Fig. 6 2D plot of the static deformation density (a) and the negative
Laplacian, −∇2ρ(r) (b) in the Co–Cl–H(1B) plane. Dashed red lines indi-
cate negative contours and solid blue lines indicate positive contours.
The contour lines for the static deformation density are drawn from
−2.0 e Å−3 to 2.0 e Å−3 in steps of 0.05 e Å−3. Negative Laplacian
contour lines are drawn at: a × 10n e Å−5, with a = 1, 2, 4, 8 and n = −2,
−1, 0, 1, 2, 3, 4.
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away from Cl, H(3B) quickly becomes the H-atom closest to Cl.
After rotating H(1B) as far away as possible, we performed
in silico rotations around the C(2)–N(3) axis (and the symmetry
related C(2)′–N(3)′ axis) on the same structure. As seen from
Fig. 9, this leads to even further increases in the magnitude of
D to −108.0 cm−1 and a further decrease in the tilt of the easy
axis to 13.4°. Similar rotations have been performed on the
structure with D4h symmetry in the first coordination sphere
reaching a D-value of −129.9 cm−1 and a tilt of the easy axis of
13.3°. This once again highlights the independence of the
tilted easy axis on the deviations in the first coordination
sphere. It should be noted that these rotations around C–N
bonds rotates the H-atoms out of the plane of the thiourea

ligand. If instead, rotations are performed along all the SvC
axes (Fig. S17†), thiourea is kept planar. We have also per-
formed calculations with rotations along the SvC axes, which
ultimately showed a similar dependence between the Cl–H dis-
tance and the tilt of the easy axis and the D-value (Fig. S18 and
S19†). We note that this rotation also has an impact on the
Co–S interaction, as it rotates the coordinating lone pair on S
away from Co.

Overall, these findings suggest that the Cl–H interactions
have a strong effect on the magnetic anisotropy of Co in 1. In
addition, it highlights the potential importance of all six Cl–H
interactions in the crystal structure.

As shown in the section on the static deformation density
and the Laplacian, the interaction between H and Cl leads to a
polarization of Cl, causing a shift of electron density from Cl
towards the nearby H. To understand how this interaction
affects the electron density around Co, a topological analysis of
the calculated wavefunction for each structure has been per-
formed in the software package AIMAll.56

These results show that as H(1B) is moved further from Cl
using the C–N rotations, the electron density on Cl and the
electron density in the Co–Cl BCP increases (Fig. S10 and
S11†). This results in more electron density along the axial
positions of the Co octahedra, which, in turn, destabilizes the
d-orbitals on Co with a z-component (i.e. dxz, dyz and dz2),

Fig. 7 The 1ND structure with the calculated easy axes for the rotations
along the C(1)–N(1) axis shown in red. A color gradient is added to visu-
alize the easy axes’ dependence on the Cl–H(1B) distance. Atom colors:
Co (dark blue), Cl (green), S (yellow), C (grey), N (light blue), H (light
grey).

Fig. 8 The angle between the CASSCF easy axis and the Co–Cl bond
(blue triangles) and the D-value (red circles) plotted as a function of the
Cl–H(1B) distance for the in silico rotations around C(1)–N(1) bond (and
the symmetry related C(1)’–N(1)’ bond) in the 1ND structure. The results
from the CASSCF calculation on the non-modified 1ND structure are
shown as open symbols.

Fig. 9 The angle between the easy axis and the Co–Cl bond (top) and
the D-value (bottom) plotted as a function of the Cl–H(1B) and Cl–H
(3B) distance in the modified structures of 1ND. The results from the
non-modified 1ND structure are shown as open circles in black.
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aligning with the calculated increase in the magnitude of D

(Fig. 8). These findings demonstrate the dynamic nature of the
electron distribution within the system and highlight the
strong interdependence of the electron density distribution
around Co with both Cl and the nearby H atoms, providing
reasoning for the large effect the Cl–H interactions have on the
magnetic anisotropy of the Co(II) ion in 1.

Conclusion

In conclusion, our analysis using cantilever torque magneto-
metry on the distorted axially compressed octahedral complex
[CoCl2(tu)4] (1) revealed a tilt of the easy axis by nearly 40° rela-
tive to the Co–Cl bond. Structural investigations of 1 using syn-
chrotron X-ray diffraction data uncovered the presence of six
short Cl–H interactions, with the easy axis oriented towards
the shortest of these interactions.

To understand the origin of the tilted easy axis,
CASSCF-NEVPT2 calculations were performed on in silico

modified structures of 1. While setting equidistant Co–S bond
lengths and enforcing L–Co–L angles of 90° had a modest
impact on the tilt of the easy axis with respect to the Co–Cl
bond, rotations around the C–N bonds to increase the Cl–H
distance greatly enhanced the magnetic anisotropy of 1 by
increasing the D-value by more than 25 cm−1 and reducing the
angle between the Co–Cl bond and the easy axis by 8°.

To provide further reasoning for this result, we developed
an experimental model of the electron density, derived from
synchrotron data, which revealed the presence of bond critical
points between the six nearby H-atoms and Cl, but no Co–H
bond critical points. This provides evidence that the inter-
actions occur through Cl rather than Co, and further investi-
gations of the electron density show the strong polarization of
Cl caused by the nearby H-atoms. Topological analysis of the
calculated wavefunctions for the modified 1ND structures sup-
ported this, showing that lengthening the Cl–H distance
increased the electron density in the Co–Cl bond.
Consequently, this increase in electron density in the axial
positions of the Co octahedra affects the energy splitting of the
d-orbitals, providing a rationale for calculated increase in the
magnitude of D.

Our results suggest that substituting the thiourea ligands
with rigid soft donor ligands such as thiophene or ethylene
thiourea holds the potential to enhance the SMM properties of
1 by preventing the H-atoms from interacting with Co through
Cl. Broadening the scope, these findings demonstrate the sub-
stantial influence second coordination sphere non-covalent
interactions can have on the magnetic anisotropy of transition
metal complexes. While our study focuses on a specific
system, it raises the question of whether similar effects might
be observed in systems with stronger magnetic anisotropy or
different relaxation dynamics, calling for further investi-
gations. This research underscores the importance of exploring
these interactions more comprehensively, especially consider-
ing that many methods used for studying SMMs are applied to

crystals where such interactions are abundant. Furthermore,
these findings open the possibility of utilizing these inter-
actions to enhance the magnetic properties of transition metal
single molecule magnets.
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