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in octahedral Co(ll) complexes
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Lena Spillecke,* Changhyun Koo,* Sven Spachmann,* Ridiger Klingeler,*>* Gopalan Rajaraman,’*

Jacob Overgaard,”* and Maheswaran Shanmugam’/-*

SUMMARY

Stabilizing an easy axis of magnetization in an octahedral Co(ll)
complex is an extremely challenging task, which is evident from re-
ports that more than 90% possess easy-plane anisotropy. Here, we
report a six-coordinate complex, [Co(Lq)4(Cl)2] (1, Ly = thiourea
[HoN-CS-NH,]), that exhibits a D value of —63(10) cm'. The pres-
ence of an easy axis of magnetization associated with 1 is experi-
mentally proven by detailed magnetic studies and polarized
neutron diffraction studies, and the experimental observations
are well corroborated by theoretical calculations. From the com-
bined experimental and theoretical investigations (on 1 and
many model systems), we unveil the parameters that control stabi-
lization of negative D in a thermodynamically favorable and air-sta-
ble Co(ll) ion in the common distorted octahedral geometry. This
study paves the way for overcoming the current impediments to
alleviate the easy axis of magnetization using rational ligand
choice.

INTRODUCTION

Slow relaxation of magnetization results when the ground state (S) of a metal com-
plex is associated with large easy-axis or Ising-type magnetic anisotropy (D).' ™
Such complexes show the signature of classic magnet-like behavior (i.e., a hyster-
esis loop) but, at the same time, exhibit quantum phenomena such as quantum
coherence, quantum tunneling of magnetization (QTM), etc.”™® Therefore, these
complexes can be envisaged for various potential applications, such as high-den-
sity information storage, solid-state devices in quantum computing, spin valves,
spin filters, etc.*”"'® Practical realization of these applications is hampered
severely by the low blocking temperature (Tg; the temperature below which slow
relaxation of the magnetization phenomenon is observed) exhibited by these com-
plexes.”'" Assuming a dominant Orbach relaxation process, Tg is correlated with
the barrier height for magnetization reversal U = |D|S? (for the integer spin state)
or |DI(S%-1/4) (for the non-integer spin state). Increasing D and S simultaneously is
an impossible task.”>"? For example, the largest Ss, S = 91 and S = 60, known for
Niz1Gdyg and Feq0Gdig, respectively, and other related oligomeric complexes are
found to exhibit small Ds.”°?* This is partly due to the random orientation of the
easy magnetic axes of the individual metal ions in the oligomeric complexes.
Conversely, some smaller clusters, such as Mng, exhibit large D and record-high
energy barriers®*
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In mononuclear systems with more than one unpaired electron, the S of the metal ion
often exhibits large single-ion D.?® As a consequence, slow relaxation of magnetiza-
tion is observed even for a mononuclear Fe(ll) complex, as reported by Harman
et al.?® After this finding, research on mononuclear transition metal systems
exploded, particularly to understand the mechanism of magnetization relaxation
in larger oligomeric complexes. Another intensive area of research in mononuclear
single-molecule magnets (SMMs) based on transition metals is how to control the
magnitude of D. For 3d metal ions, this is an extremely challenging task because
of quenching of the orbital angular momentum by the ligand field.

A unique strategy to gain orbital angular momentum (to increase the single-ion D) is
isolation of coordinatively unsaturated metal complexes. Such an approach has proven
fruitful in several two-coordinate Fe(l), Co(ll), and Ni(l) complexes, where record aniso-
tropic barrier heights for reversal of magnetization have been reported.?** Although
these coordinatively unsaturated metal complexes improve our understanding of the
mechanism of slow relaxation of magnetization, their inherent reactive nature and
ambient instability makes these complexes unattractive for realization of molecularly
based information storage devices. Therefore, an air-stable transition metal SMM with
high Tg is in high demand. In general, transition metal complexes with coordination
numbers of 4 or more are observed to be air and thermodynamically stable compared
with the lower coordination numbers. Furthermore, the literature is dominated by Co(ll)-
based single-ion magnets (SIMs) compared with other transition metal ions because of
its inherent electronic structure; i.e., the Co(ll) ion exhibits a non-integer spin system
where time reversal of magnetization is not allowed without an applied external pertur-

bation, according to Kramers theorem.'**1=%/

Among the thermodynamically stable Co(ll) complexes, magnetostructural correla-
tions have been developed for the four- and five-coordinate systems to control sin-
gle-ion anisotropy, whereas similar studies for six-coordinate Co(ll) complexes are
extremely scarce in the literature, to the best of our knowledge.****™°° Through
continuous and systematic studies of a series of tetrahedral Co(ll) complexes, it is
now well understood that the various factors that may stabilize the largest
M = %S level as a ground Kramers doublet of S = 3/2 system are (1) that the coor-
dination sites of Co(ll) are completed by soft donors such as S, P, and As (first coor-

dination sphere);%'50 (2) peripheral substituents on the ligand (second coordination

sph(—:-re);34'35 (3) cation- or anion-induced distortion on Co(ll) geometry mediated
through supramolecular interactions;**>"~° and (4) a ligand that ultimately enforces

an ideal D,q symmetry, irrespective of the donor atom types.*

Similarly, systematic investigations have foreseen that a ligand that enforces C3 or
Cs, symmetry for a five-coordinate Co(ll) complex leads to easy-axis D.*'#2937¢
In addition, it has been proposed to modulate the magnitude of D (in C3 or D3, sym-
metry) by maintaining strong ¢ donors at the axial position and 7w donors at the equa-
torial sites.”**?*%*> |n tetrahedral and trigonal bipyramidal geometry, the ground
state electronic configuration does not possess first-order orbital angular mo-
mentum, and, therefore, the magnitude of D depends on the extent of mixing of
the ground state with the excited states. This is purely governed by the distortion
from the ideal geometries and, thus, limits the value of D that could be
accomplished.

In contrast to four- and five-coordinate complexes, six-coordinate (octahedral and

trigonal prismatic) complexes possess non-zero orbital angular momentum in their
ground state electronic configuration; hence, these complexes are expected to
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show large D.*'-***7:5% Among the six-coordinate Co(ll) complexes, the trigonal
prism geometry is observed to always be stabilized with large negative D, which
has been well documented.**°?"%? However, stabilizing a trigonal prism geometry
requires an appropriate ligand design. In this respect, clathrochelate-type ligands
are best, but the major problem associated with these ligands is that they often
exhibit spin-crossover phenomenon; stabilizing a high spin state in the entire tem-
perature range is a challenging task.°®? On the other hand, numerous distorted

335864 of which more

octahedral Co(ll) complexes are reported in the literature,
than 90% are stabilized with easy-plane anisotropy irrespective of any coordinating
atoms (Table S1). Inthis aspect, Deng etal.®® have shed light on the influence of axial
ligand/distortion in modulating single-ion anisotropy of Cof(ll) six-coordinate

complexes.®”

Nevertheless, there are few studies on stabilizing axial anisotropy in octahedral
Co(ll) complexes,®* even though such geometry may lead to first-order orbital
angular momentum and, thus, large D. Particularly, there are no investigations to
control the sign and magnitude of D of Co(ll) six-coordinate complexes using the
correct choice of ligand, to the best of our knowledge. A common choice of ligand

31.66.67 5ot donor

d 68-71

system consists of hard donor atoms, such as oxygen or nitrogen;
ligands are rarely used and, when found, not magnetically characterize

Keeping in mind all of these factors, we sought to unveil a synthetic approach to sta-
bilize axial anisotropy in a six-coordinate Co(ll) complex. Here we report a mononu-
clear distorted octahedral complex with the molecular formula [Co(L1)4(Cl)2] (1, Ly =
thiourea [H,N-CS-NH,]) stabilized with the largest axial D and also disclose a general
strategy to stabilize negative D by the correct choice of ligand in a targeted manner.
The presence of an easy axis of D in 1 was confirmed by detailed magnetic studies
and supported by polarized neutron single-crystal diffraction studies. The detailed
electronic structure of 1 and its experimental observations are well corroborated
with theoretical calculations (vide infra).

RESULTS AND DISCUSSION

Synthesis and characterization of 1

The reaction of cobalt chloride hydrate with Ly in alcoholic solution led to isolation of
blue single crystals (Scheme S1) of the targeted complex upon crystallization from
hot ethyl acetate. Single-crystal X-ray diffraction reveals that it is a mononuclear co-
balt(ll) complex with the molecular formula [CoCl5(L1)4], (1; Figure 1). 1 crystallizes in
the tetragonal space group P4,/n (Table 1; Experimental procedures), with the co-
balt occupying a special position with site symmetry —1. The asymmetric unit thus
consists of half a molecule. The crystal structure of 1 has been reported previously
by O'Connorand Amma’? (Cambridge structural database (CSD) code CTHUCO10),
but no other studies have been performed on this molecule. The coordination ge-
ometry of Co(ll) is a distorted octahedral, with the four equatorial sites occupied
by thiourea molecules and the two axial sites occupied by chlorides.

The symmetry enforces the exact linearity of all trans-coordinated ligands; i.e., for
Cl1-Co1-Cl1#, S1-Co1-S1#, and S2-Co1-S2#, where # indicates the atom related
by inversion symmetry. The remaining angles S1-Co1-S2 (87.7°), S1-Co1-Cl1
(92.3°), and S2-Co1-Cl1 (95.5°) deviate slightly from ideal orthogonality.

The weakly distorted octahedral geometry of 1 is quantified by its small continuous
shape measurement (CShM) value of 0.21 (Table 52).”° The CShM value of zero
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Figure 1. Single-crystal X-ray diffraction structure of 1

The ball and stick diagram shows the crystal structure of 1. Blue, Co; yellow, S; green, Cl; sky blue,
N; gray, C; black, H. Selected bond lengths of 1: Co1-S1, 2.5042(5); Co1-S2, 2.5473(6); Co1-Cl1,
2.4594(2). Bond angles: S1-Co1-Cl1, 92.3(2); S2-Co1-Cl1, 84.5 (2); S1#-Co1-CI1, 87.7 (2); S2#-Co1-
CI1, 95.5(2). The arrow represents the computed D,, orientation of 1 from ab initio calculation.

represents the ideal octahedral geometry, whereas a non-zero CShM value and its
magnitude depend on the extent of deviation from ideal octahedral geometry. In
1, the axial bond distance (Co1-Cl1 = 2.4594(2) A) is shorter than the equatorial
bond distances (Co1-S1 = 2.5042(5) A and Co1-52 = 2.5473(6) A); therefore, 1 is a
rare example of a compressed octahedral geometry.”*~¢ This unusual geometry
observed around the Co(ll) ion changes the electronic structure and the related mag-
netic properties (vide infra). Selected bond distances and angles are given in the
legend of Figure 1.

All molecules in the crystal lattice orient in the same direction; i.e., the Cl1-Co1-CI1#
axis (which we call the molecular axis; it forms an angle of approximately 85° with the
plane spanned by the four equatorial sulfur atoms) of all molecules is oriented
roughly along the c axis (Figure 1).

The amide NH; groups are efficient hydrogen bond donors, and extensive hydrogen
bonding is therefore expected in 1 (Figure 2). Intramolecular hydrogen bonds are
found with the axial chlorides (dn2—city = 3.2413(1) A, N2-H2B-Cl1 = 159.2°),
whereas several intermolecular hydrogen bonds are mediated via chloride and sulfur
with H atoms of L,. Judging from the N - - - CI/S distances, the hydrogen bonding to
halide donors is relatively stronger than that to sulfur donors. The shortest intermo-
lecular Co- - -Co distance observed within the crystal lattice of 1 is 8.081(1) A A
complete list of hydrogen bonds is given in Table S3, as well as an analysis of the
intermolecular interactions.

Direct current magnetization

Variable-temperature direct current (DC) magnetic measurements were performed
on polycrystalline-fixed powder sample of 1 in the temperature range of 1.8-300
K in the presence of an external magnetic field of 10 kOe. As shown in Figure 3A,
the observed room temperature %y T value for 1 (2.98 cm?® K mol™) is significantly
larger than the theoretical value for an S = 3/2 case (i.e., 1.875 em® K mol™"; with
g = 2), as expected for Co(ll) complexes. Furthermore, the observed value is in
agreement with other results reported in the literature.’”””® Upon cooling, ymT
decreased almost linearly to about 75 K. Below this temperature, yumT decreases
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Table 1. Selected crystallographic details for 1 from X-ray diffraction and non-polarized neutron

diffraction
From X-Ray diffraction From PND
Empirical formula CoCl5(SCNyH4)4 CoCl»(SCNH4)4
Formula weight (g mol™") 434.32 434.32
Crystal system, space group Tetragonal, P4,/n Tetragonal, P4,/n
Radiation/peak wavelength (A) MoK,/0.71073 neutrons/1.3
a (A) 13.4516(5) 13.4276(1)
c(A) 9.0298(5) 8.9885(1)
V (A3 1633.90(15) 1620.63(3)
Z 4 4
plgcem™) 1.77 1.78
Completeness (%) 99.6 81
Temperature (K) 100 4
R1 (%) 0.0193 0.0681
wR2 (%) 0.0506 26.4
GoF 1.048 0.773

more rapidly and reaches a low-temperature value of 0.83 cm® K mol™" at 1.8 K
(Figure 3A).

The magnetic field dependence of the magnetization studied in external static mag-
netic fields up to 140 kOe at a temperature of T = 2 K (open black circles in Figure 3B)
as well as in a pulsed field up to 555 kOe (blue solid line) is presented in the inset in
Figure 3A. Additional measurements were performed in magnetic fields up to 70
kOe at several temperatures (Figure S1). Upon application of the external magnetic
field, the magnetization rises steeply to B = 50 kOe, followed by a much flatter linear
increase without indication of saturation even up to 555 kOe. Furthermore, the
maximal measured moment of 3.2 g is significantly lower than the saturation
magnetization Mgt = QisoS = 3.66 pg, which is expected from g5, obtained from
the calculated g tensor below.

The rapid decrease of the yuT value at low temperatures as well as the linear in-
crease of the magnetization with rising magnetic fields without reaching Mg,
strongly implies the presence of a high axial anisotropy of the crystal field that
acts on the Co(ll) moments. This is corroborated by the non-superimposable nature
of the reduced magnetization data of 1 (Figure S1). To quantify the crystal field pa-
rameters, we performed simulations on the field (M(B)) and the temperature depen-
dence (T(T)) of the magnetization, considering the following spin Hamiltonian (SH;
Equation 1), where g denotes the isotropic g value, ug the Bohr magneton, B the
external magnetic field, and D and E the axial and transversal anisotropy parameter,
respectively.®>’? The following SH is a good model to simulate the experimental
magnetic data because the symmetry around Cof(ll) is not strictly octahedral in
1.72:89°83 For the ideal octahedral (homoleptic ligand) complexes, the spin-orbit
coupling is expected to be strong; therefore, L and S formalism should be included
when modeling the magnetic data of the complexes.

H=gugBS+D {Sf —@} + E(Sf - Sf) (Equation 1)
The simulation results are shown as red solid lines in Figure 3. To avoid overparame-
terization, the |E/D| = 0.22 ratio was fixed to the calculated result, and only D and g
were varied. The best simulation parameters are D = —63(10) cm™’, gyt = 2.53(5),
and gwue = 2.7(1). The different g values obtained for the ymT(T) and M(B) data reflect

Cell Reports Physical Science 2, 100404, April 21, 2021 5
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Figure 2. The packing diagram of 1 viewed along the c axis
The inter (dotted pink and orange bonds) and intramolecular (dotted olive green) H-bonding within
the crystal lattice of 1. The same color code for the atoms was used as in Figure 1.

the fact that g,,7 is mainly determined by the room-temperature value of yuT (i.e., it
refers to the isotropic g value of the system), whereas gug is dominated by the
component of g, which points along the anisotropy axis of the, in general, aniso-
tropic g tensor and is less dependent on the other components. However, a simula-
tion using an anisotropic g value leads to overparameterization because the Mg, has
not been reached in the accessible field of 555 kOe.

Although the high temperature and high magnetic field ranges are well described by
the respective optimized parameter sets, the data clearly diverge on lower-energy
scales. Especially the diminished slope of low-field magnetization (Figure 3B)
compared with the simulation implies an influence of antiferromagnetic intermolec-
ularinteractions. Closer investigation of the molecular packing scheme shown in Fig-
ure 2aswell as Figure S2 supports a scenario of three-dimensional magnetic coupling
between the nearest neighboring Co(ll) moments mediated via hydrogen bonds. To
estimate the strength of the inter-molecular antiferromagnetic interactions, we per-
formed quantum Monte Carlo (QMC) simulations on a cubic lattice with an edge
length of L = 10 A.To reduce the dimensionality of the system, we approximated
the localized Co(ll) moments as Ising spins of the length S, = 3/2, which is well justified
atlow magnetic fields and temperatures where only the mg = +3/2 Kramers doublet
is populated significantly because of the high zero field splitting induced by axial
anisotropy.®” Thus, the exchange coupling Hamiltonian can be written as®”

H= — JZ?T?JZ (Equation 2)
(i)

The simulation results are shown as blue filled squares in Figure 3B. The experi-
mental data (open black circles in Figure 3B) are well described by the simulation,
with a coupling constant J = —0.45(5) K in the magnetic field range below 50 kOe.
The effective g value is fixed to g, = 3.06, which is the maximum component
of the calculated g tensor described below. As expected, because of the
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Figure 3. Magnetic characterization of complex 1

(A) Temperature dependence of the DC magnetic susceptibility measured on a polycrystalline
sample of 1 in an external magnetic field of 10 kOe (open black symbols). Inset: pulsed-field
magnetization on 1 at T = 1.4 K. The pulsed-field data are scaled to static-field data obtained at
T = 2 K (open black symbols).

(B) Magnetic field dependence of DC magnetization at T = 2 K (open black symbols). Filled blue
squares show QMC simulation results as described in the text. Solid red lines in all plots represent
simulations using a monomeric model for uT(T) and M(B), respectively, with the parameters
described in the main text.

Ising spin approximation used, the QMC simulation result diverges from the
experimental data with increasing fields, where the influence of finite anisotropy be-
comes non-negligible.

Single-crystal polarized neutron diffraction (PND)

Because there is only one Co atom in the asymmetric unit of 1, the model with which
to refine the PND data only incorporates one magnetic susceptibility tensor. With
the intrinsic inversion symmetry of the magnetic susceptibility tensor, this means
that a total of 6 parameters are refined from the PND data. Initial refinements, how-
ever, showed large correlations between the x4 and x,,-elements, so a constraint
was introduced to keep them identical so that the refined magnetic susceptibility
tensor for the Co site (given in an orthonormal reference frame coinciding with the
crystallographic axes®®) reduces to

031(2)  0.09(23) —0.03(22)
Xco = [0.09(23)  031(2) 0.29(17) | [wg T ']
~0.03(22) 0.29(17) 0.55(9)

Diagonalization of this tensor yields the eigenvalues 0.748 ug T-1,0.346 ug T, and
0.083 ug T~'. The x?-values for the refinement are 1.94, 1.93, 15.0, 26.4, and 6.5 for
orientations 1, 2, 3, 4, and combined (Table S4), respectively. The magnetic suscep-
tibility tensor clearly shows the axial D of 1; the magnetic susceptibility along the
easy axis is roughly a factor of two larger than the second-largest element and a fac-
tor of 9 larger than the smallest eigenvalue of the tensor. Indeed, it recovers the
strong rhombic term, as also found from DC magnetic susceptibility measurements.

Visualization of the x ¢, tensor on top of the molecular structure is given in Figure 4,
showing the pronounced prolate character we identify with easy-axis D and a nega-
tive zero-field splitting parameter, in agreement with the magnetic data analysis.
Surprisingly, the magnetic easy axis is tilted with respect to the symmetry axis of
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Figure 4. Polarized neutron diffraction measurement performed on a single crystal of 1

Shown is the magnetic susceptibility tensor, visualized as an ellipsoid, overlaid on the molecular
structure of 1. The ellipsoid was scaled arbitrarily to fit onto the molecular structure. The relative
magnitudes of the primary axes of the ellipsoid reflect the relative eigenvalues of the
corresponding eigenvectors. Co, royal blue; S, yellow; N, blue; C, dark gray.

the ideal octahedral coordination. The angle between the Co-Cl™ bond and the
PND-derived magnetic easy axis of 1 is 31(6)°. The fact that such a tilt is observed,
however, is a direct experimental confirmation of the ab initio result, which also
shows this surprising tilting in the directions of the eigenaxes of the D tensor (vide
infra). Intriguingly, the tilt away from the pseudo-C,4 axis makes the magnetic easy
axis point more toward the pseudo-Cj axis of the ideal octahedron. Previously,
PND studies on compounds with pseudo-octahedral molecular geometries showed
that, for a Co(ll) and a Fe(ll) compound, the magnetic easy axis tends to align with a

pseudo-Cj axis rather than the pseudo-C, axis of the coordinating polyhedron.®’

Alternating current (ac) magnetic susceptibility studies

Given the large easy-axis D of 1, we investigated the magnetization relaxation dy-
namics of a polycrystalline sample of 1 in the presence of an oscillating ac field of
3 Oe in the absence and presence of an optimum external magnetic field. Surpris-
ingly, in both cases, 1 does not show any out-of-phase susceptibility signals. This im-
plies that QTM is the dominant relaxation pathway over thermally assisted relaxation
mechanisms. Significant rhombicity (|[E/D|) is introduced within 1, presumably
because of its low symmetry. In 1, non-zero intermolecular antiferromagnetic ex-
change coupling is presumably mediated through H-bonding. Such supramolecular
interactions, as well as dipolar interactions and possible hyperfine interactions, are
likely to trigger reversal of the magnetization vector through under barrier mecha-
nisms in the ground state mg level. At this point, we would like to emphasize that
the present work is not focused on investigation of the slow relaxation of magnetiza-
tion behaviorin 1. Instead, the focus is to prove that we can stabilize an easy axis of D
in the thermodynamically stable, routinely observed six-coordinate Co(ll) ion exclu-
sively through ligand choice. Studies of how to quench the unwanted relaxation
mechanisms by other means are left for the future.

Theoretical investigations

To shed light on the origin of axial anisotropy in 1 and to rationalize the absence of
slow relaxation of magnetization behavior despite the presence of large easy-axis D,
we performed ab initio calculations based on the complete active space self-consis-
tent field (CASSCF)/n-electron valence state perturbation theory (NEVPT2) methods
using the ORCA 4.1.2 suite®® and the coordinates obtained from unpolarized
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Figure 5. The eigenvalue plot of complex N°1 and the model complexes
A comparison of NEVPT2 AILFT orbital energies for 1b (black trace), NP1 (red trace), and 1c (blue
trace).

neutron diffraction, which is designated as ND1q ¢

Supplemental experimental proced-
ures). Only a marginal difference was noticed in SH parameters when carrying out the
calculations on the coordinates derived from single-crystal X-ray diffraction of 1
(data not shown). Careful analysis of the structure reveals that the overall symmetry
of the molecule is C; and that the obtained ground state wave function is multideter-
minantal. The molecule was oriented so that the z axis pointed along with the Co-Cl

bond and the x- and y-axes along with the Co-S bonds as much as possible.

The NEVPT2-computed SH parameters (D = —84.1 em™, gx=2.00,9,=226,9,=
3.06, and [E/D| = 0.22) were used to simulate the experimental magnetic data. A
good agreement between the simulated and the experimental data implies reli-
ability of the computed parameters (Figure S3).°” A measure of the rhombicity of
the magnetic properties of this complex can be extracted similarly from PND mea-
surements (|E/D| = 0.25), which is in good agreement with the computed |E/D| of
0.22. The computed D value for NP1 is overestimated slightly compared with the pa-
rameters extracted from the magnetic data fit.””"”° Additionally, calculations per-
formed using MOLCAS Suite 8.0 yielded a similar magnitude of D, offering confi-
dence regarding the estimated values (see Tables S5 and S6 for details). Hence,
we will discuss the parameters computed from NEVPT2 calculations in the following
section. Despite a slight difference in D values, calculations and magnetic data
fitting reveal an axial type anisotropy in 1 with significant rhombicity (|[E/D| =
(0.22), which was confirmed unambiguously by PND measurements. The calculation
gives a D,, direction similar to what is observed in the PND measurement, with a
21.3° tilt with respect to the Co-Cl axis of NP1 (Figure 1).

Next, we turned our attention to rationalize the origin of negative D observed in 1
using ab initio ligand field theory (AILFT) computed from the NEVPT2 wave function
as implemented in ORCA 4.1.2.%° The energy of the metal d orbitals for NP1 is
plotted in Figure 5, center panel, and follows the order of d,, < d,, ~d,, < olxz,y2 <
d,? (Table S7). The AILFT analysis reveal mixing of d orbitals as expected for a multi-
determinantal wave function from the CASSCF calculation (Table S7). It is well estab-
lished that the spin-conserved transition between the orbitals having the same |m||
values (i.e., dy, = dy, and/or dxy—>dX2_y2) contributes to a negative D value, whereas
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the transition between the orbitals of two different |m)| values contributes to positive
values of D for the overall D of the complex.??-#47374647.67.71 For the computed over-
all D of NP1, the first three transitions from S wave function to the excited-state wave
functions contribute predominantly (Table S8). The lowest-energy transition is
observed between the d,, and dy, orbitals, whereas the second and third transition
is between d,, and dy, and d,, and dxz,yz, respectively (Figure 5). Because there is no
change in |m| value of the lowest-energy transition, it contributes to negative D,
whereas the second and third transitions make a positive contribution to the overall
computed D value.*** The magnitude of the D contribution originating from the
lowest-energy transition is significantly larger than the second and third transitions,
and therefore 1 is stabilized with an axial anisotropy. This is in excellent agreement
with the DC magnetic studies and PND investigations.

We also noticed that subtle variations in the structural parameters affect the
computed SH parameters. For example, as mentioned above in the structural
description of 1 or NP1, the S-Co-S bond angles are not exactly 90° (£S1-Co1-
S2 = 87.8°, £51-Co-S2# = 92.2°). To examine the effect of geometrical distortion
in the equatorial plane of the Co(ll) ion on the magnetic properties, we performed
calculations on a model complex (1a) derived from NP1 This model complex (1a)
has all S-Co-S angles at 90°, whereas the rest of the structural parameters were un-
changed. The calculations performed on model 1a reveals the following changes
(Figure S4). (1) The overall D value of 1a was found to increase by ~12 cm™" (Table
S$8) and the d orbital ordering trend of 1a is similar to that of NP1, as expected. (2) The
overall d orbital splitting energy of 1a is slightly higher than NP1. (3) The energy of d,,
is unchanged in NP1 and 1a, whereas the dy, orbital is slightly lower in energy in 1a
compared with ND1.je., asmaller energy gap between the d, and d, orbitalsin 1a
compared with “P1 (164 and 177 cm™" for 1a and NP1, respectively). Because of this,
the lowest-energy transition contribution to the overall D is increased by ~12 cm ™",
and this rationalizes the overall D enhancement in 1a compared with NP1 (Table S8).
(4) In contrast, the energy of the d,._,. and d? orbitals in 1a is increased slightly
compared with NP1. This is attributed to the increased M-L o-bonding strength in
1a compared with NP1. Second-order perturbation theory analysis from natural
bond orbital (NBO) calculations performed on 1 and 1a is consistent with this obser-
vation, where the M-L o-bonding strength is relatively higher in 1a than in 1 (Fig-
ure S5), and the D, of NP1a (22.7° from the Co-Cl axis) deviates slightly from NDq
Similarly, upon changing the Co-Cl and Co-S bond lengths, a significant change in
D value is observed (vide infra).

Influence of hard donor versus soft donor on D

To understand, how soft donors, such as sulfur, play an important role in controlling
the D value in complex “P1, we performed calculations on another model complex
with the molecular formula [Co(L,)4(Cl)5] (1b; where L, = NH,-CO-NH,, [urea]), which
is again derived from NP1 by keeping all other structural parameters constant except
the Co-O distance of the urea ligand (L,). The Co-O distance was kept at 2.100 Ain
1b, which is based on the distance observed for the other Co"-urea metal complexes
reported in the literature.””® Such structural arrangement results in axially elon-
gated geometry for Co(ll) in 1b (Co-Cl,yia = 2.461 A and Co-Ocquatorial = 2.100 A),
in contrast to the geometry observed in NP1. The calculations performed on 1b
reveal that (1) the sign of the overall D value changes from negative to positive D
(+43.7 cm™", |E/D| = 0.14) in 1b compared with NP1, and (2) the d orbital ordering
in 1b is found to be d, < dy, < dy, < df < dxz_y2 (Figure 5). Like in 1b, many Co(ll)
complexes reported in the literature possess elongated octahedral geometry, and
these are expected to yield positive D values. To reaffirm this point, we performed
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calculations on the X-ray structure of [Co(pyridine)4(Cl),] (2; Cambridge Crystallo-
graphic Data Center [CCDC] number 813722 and CSD code GOKGIY), where the
Co(ll) ion possess axially elongated geometry. As predicted, the computed D value
is found to be positive for 2 (+124 em™; Figure Sé). Similarly, Travincek and co-
workers reported another axially elongated Co(ll) complex ([Co(abpt),(tcm),], 3;
CCDC number 997721 and CSD code EQINID) with a positive D (+48 ecm™"), which
is rationalized elegantly by theoretical calculations.”* A thorough literature search
reveals several examples of axially elongated Co(ll) octahedrals with various donor
atoms, such as CoOg, CoNg, CoN4O5, CoN»O4, and CoN3O3, and all of these exam-
ples registered with a positive D (in the range of 18.6-117 cm™ ).

The overall positive D computed for model 1b can be envisaged easily from the

lowest-energy transition, and these are d, — d,, or dy, — d,y, both involving a

Xy
change in Iml| value. In general, the first-row transition metal ions favor strong o
donor atoms, such as oxygen or nitrogen; hence, the metal-ligand bond distance
(O or N) will be shorter than the M-X (X = halides) distance. Therefore, by swapping
the soft donor ligands in NP1 with hard donor ligands, such as urea, significantly
changes the electronic structure of the Co(ll) ion in its distorted octahedral

environment.

Influence of donor atoms versus geometry on the D of Co(ll) complexes

To address whether geometry plays a major role or whether the coordinated atoms
possess a non-zero influence on the D of the octahedral Co(ll) complexes, we
created another model complex, 1¢, from ND1  where we replaced the S donor
atoms with oxygen (simply, thiourea to urea) and kept all other structural parameters
constant; i.e., the Co-O bond distance was kept constant as in Co-S (2.501(5) and
2.548(4)). This is an unrealistic model used only for the purpose of understanding
the role of substitution. In reality, Co-O bond distances are typically in the range
of 2.08-2.19 A.****¢ Calculations on this model are performed purely to under-
stand the nature of donor atom influence compared with the geometry on sign
and magnitude of D. In these 1c model complex calculations, we observed the
following changes compared with N°1. (1) The negative sign of D is maintained as
in NP1, and, more importantly, the magnitude of D increased by an approximate fac-
tor of two (—=151.6 cm™" and |E/D| = 0.16; Table S8). (2) As expected, the orbital
ordering follows the same trend as in N°1; nevertheless, the overall d orbital splitting
is reduced drastically, nearly by a factor of two, as shown in Figure 5. Because of this,
the energy gap between the orbitals involved in the lowest-energy transition (dy, and
dy,) is reduced by a factor of ~3 in 1c (64 cm™") compared with "°1 (177.4 cm ™).
Consequently, the lowest-energy transition contribution to the overall D value of
1c increases drastically compared with NP1 and, therefore, rationalizes the nearly
2-fold rise in overall D value in 1c compared with NP1,

The calculations performed on NP1 and the various model complexes unveil that
maintaining the axially compressed geometry around Co(ll) is the predominant fac-
tor (irrespective of any donor atoms) that stabilizes the large axial D. Despite a large
axial anisotropy registered in 1, the absence of slow relaxation of magnetization is
attributed to the reduction in overall symmetry of the molecule, resulting in
increased rhombicity. This facilitates heavy mixing of the S wave function with an
excited-state wave function, triggering fast relaxation and rationalizing the absence
of out-of-phase susceptibility signals in 1. Therefore, the ligand that enforces higher-
order symmetry around Co(ll) is likely to stabilize not only large negative D but also
yield smaller |E/DI, a perfect combination to realize SIM behavior. However, stabi-
lizing an axially compressed geometry with hard donors, such as oxygen or nitrogen,
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Figure 6. Magnetostructural correlation developed for 1
Co-Cl distances are varied while keeping Co-S distance constant and vice versa. Shown is the
variation observed in the absolute value of D as a function of Co-Cl (black) and Co-S (blue trace)

bond distance. The red data point indicates the actual Co-Cl and Co-S bond distance observed in
ND
1.

is an extremely difficult task (as evidenced by the literature showing that an axially
elongated geometry is favored over the axially compressed one with hard donor
atoms). On the other hand, realizing an axially compressed geometry with more
diffuse and soft donor ligands, such as sulfur (or > 3p valence ligand), is a fruitful syn-
thetic strategy to realize easy-axis D in six-coordinate Co(ll) complexes in a targeted
approach.

Magnetostructural correlation studies

To assist the synthetic chemist to rationally target ligands that can stabilize large
negative D, we performed magnetostructural correlations by systematically varying
the Co-Cl distance from 2.35 to 2.65 A while keeping Co-S distance constant and
vice versa (the Co-S bond distance varies from 2.2-2.6 A) in NP1.

Although the various models generated from NP1 could be unrealistic, this serves
the purpose of assessing the role of individual structural parameters in controlling
the D values. These sets of calculations unveil that, if the Co-Cl distance is smaller
than the Co-S distance (i.e., an axially compressed octahedral geometry), then large
negative D is stabilized. When the Co-Cl bond distance exceeds the Co-S bond dis-
tance (i.e., axially elongated geometry), the sign of D is reversed; i.e., positive (Fig-
ure 6). Similar observations have been obtained using high-pressure crystallography
combined with theoretical calculations on Co(ll) complexes.”” The calculations pre-
dict that strong axial bonds and weak equatorial bonds (i.e., axially compressed
octahedral geometry) is the best combination to stabilize the large axial anisotropy
in air-stable Co(ll) six-coordinate complexes. In line with this strategy, we attempted
to replace the axial -CI™ ligand in 1 by —=F~ using anhydrous CoF; salt; however, this
resulted in a tetrahedral [Co(L1)4]SiFe complex.51 We succeeded in reducing the
Co-axial distance by ~0.44 A when Co(NCS), was used instead of anhydrous CoF
or CoCl,.6H,0. But, unexpectedly, we isolated a 1D chain with the molecular for-
mula of [Co(u-L1)2(NCS),], rather than a discrete octahedral Co(ll) complex. Prelim-
inary data collected suggest that our predictions are indeed valid, and a thorough
study of this molecule will be reported elsewhere. Preliminary results show an iso-
lated 1D [Co(tu)2(NCS)], chain, and, according to our prediction, the axial bond dis-
tance Co-N (2.0157 A) is reduced by 0.4455 A compared with 1, whereas a marginal
change in Co-S distance is observed between 1 and the 1D chain. As a consequence,
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the computed D (—115.07 cm™1) (E/D [0.18]) in the 1D chain is increased, and the D,,
tends to move toward the Co-Cl axis (the deviation of D,, from Co-Clis 14.15°, unlike
the scenario observed in 1 or NP1. On the other hand, a two-coordinate Co(ll) com-

plex reported by Yao et al.”®

elegantly established that the molecule behaves as an
excellent single-molecule magnet with one of the largest energy barriers (413 cm™")
known for a monomeric transition metal complex reported in the literature. Although
the two-coordinate complexes shed light on the mechanism of relaxation, realization
of molecule-based devices with extremely reactive complexes is challenging.
Hence, it is imperative to stabilize a large negative D value in the air-stable complex

to aid device fabrication.

We discovered the key to unlock the mystery of stabilizing the easy axis of D in six-
coordinate Co(ll) complexes in a targeted manner for the first time. Lack of such sys-
tematic investigation in the literature presumably compounded the inability of con-
ventional methods, such as electron paramagnetic resonance, to determine the sign
and magnitude of D because hv < < D. The reported complex, 1, not only overcomes
the long-standing issue (i.e., stabilization with a negative D value [-63(10) cm ")) but
also unravels the parameters that control the sign and magnitude of the D value of
the Co(ll) distorted octahedral complex, which is unprecedented. We employed a
sophisticated analytical technique (PND methods) to determine the axial anisotropy
associated with 1, which is firmly supported by the magnetic data. The electronic
structure and easy axis D of 1 are rationalized by detailed theoretical calculations
that also suggest that the |E/D| value is significantly large, diminishing the prospect
of magnetic blocking. The SH parameters extracted are in good agreement with the
magnetic data and PND measurements. Therefore, the finding reported here will
pave the way for the synthetic chemist to realize a new generation of air-stable, ther-
modynamically favorable, six-coordinate Co(ll) complexes with an easy axis of
magnetization coupled with improved Tg in a targeted manner. This will eventually
make molecularly based information storage devices a reality.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-
filled by the lead contact, Maheswaran Shanmugam (eswar@chem.iitb.ac.in).

Materials availability
This study did not generate new unique reagents.

Data and code availability

Crystal data for 1 are available from the Cambridge Crystallographic Data Centre un-
der CSD code CTHUCO10. The computational output is available from the authors
upon request.

Synthesis

All reactions were carried out under aerobic conditions unless otherwise mentioned.
All chemicals and solvents were purchased from commercially available sources (Alfa
Aesar or Sigma-Aldrich) and used without any further purification. Elemental analysis
was carried out with a Thermo Finnigan device. The magnetic data were collected on
an MPMS-XL SQUID magnetometer equipped with a 7-kOe superconducting mag-
netin the temperature range of 2—300 K. Single-crystal X-ray diffraction for complex
1 was performed on a Rigaku Saturn charge-coupled device (CCD) diffractometer
using a graphite monochromator (A = 0.71073 A). Unit cell determination and
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data reduction were performed using CrysAlisPro 1.171.38.43 (Rigaku OD).”® With
the help of SHELXL-2014/7,”” the structures were solved by direct methods and
refined by least-squares procedures on F2. All non-hydrogen atoms were refined
anisotropically, and hydrogen atoms were refined using a riding model.

The thiourea ligand (L4, 1.0 g, 13.1 mmol) was added to the warm (35°C—40°C) etha-
nolic solution of CoCl,.6H,0 (0.778 g, 3.2 mmol). The reaction mixture was heated
under reflux for 6 h and then allowed to cool to room temperature. The solution was
removed under reduced pressure, and the obtained residue was dissolved in ethyl
acetate (~3-4 mLl). Blue block-shaped crystals of 1, suitable for X-ray diffraction,
were grown after 7 days from filtrate upon slow evaporation at room temperature
(yield [based on Co(ll)], 0.87 g [58%)]; elemental analysis: calculated: C, 11.06; H,
3.71; N, 25.79; found: C, 10.92; H, 3.71; N, 25.28).

The bulk phase purity of complex 1 was checked by powder X-ray diffraction (PXRD).
The experimental PXRD data of 1 are in good agreement with the simulated data
derived from its corresponding single-crystal data (Figure S7).

DC magnetization measurements

DC magnetization measurements were performed using a physical property mea-
surement system (PPMS) VSM magnetometer as well as an magnetic property mea-
surement system (MPMS) magnetometer from Quantum Design equipped with a
14-T and 7-T magnet, respectively. Pulsed magnetic field magnetization was
measured up to 555 kOe at the High Magnetic Field Laboratory Dresden by an induc-
tion method using a coaxial pick-up coil system.”® The total pulse duration time was
25 ms. Because of the short rise time of only 7 ms, the up-sweep data showed a sig-
nificantinfluence of hysteretic effects, which is why only the data obtained during the
much slower down sweep were used for evaluation. The pulsed magnetic field
magnetization data were calibrated to the static magnetic field measurement (Fig-
ure 3, inset). Simulation of the data was done using the EasySpin software package”
as well a QMC method with the stochastic series expansion algorithm as imple-
mented in the Algorithms and Libraries for Physics Simulations (ALPS) software

package.””'%°

Polarized neutron diffraction

The D of molecular complexes can be asserted by measuring so-called site suscep-
tibilities for all magnetic ions in the structure.’®’ The method uses magnetic scat-
tering from a magnetized sample, which can be modeled through the standard
expression for the magnetic structure factors,

Fu(Q) = Zf,-m,-e”o"'e’w'
i
where Q is the scattering vector and f;, m;, r;, and W; are the magnetic form factor,
magnetic moment, position, and Debye-Waller factor of the " atom, respectively.

Instead of modeling the magnetic moment directly, however, the method of site sus-
ceptibilities introduces an atomic susceptibility tensor through the equation

m; = ;‘H

where H is an externally applied field. The magnetic structure factor can then be
rewritten to give

Fu(Q) = Z%ij;Rfe*‘Q'(Rf"”f)-H
ij v
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Figure 7. Molecular structure of 1 as determined from unpolarized neutron diffraction (50%
probability)

Shown are the vectors describing the direction of the magnetic fields applied for the polarized
diffraction measurements. Red, blue, green, and yellow arrows represent orientations 1, 2, 3, and 4,
respectively (refer to Table S2 for details).

Here, R; and t; are the symmetry operators that are applied to the i*" atom. Determi-
nation of the six independent susceptibility tensor components requires multiple di-
rections of the applied field.

This gives direct experimental access to the type of D and the direction of the main
magnetic axes of a given compound. Furthermore, using polarized neutrons allows
definition of a flipping ratio,'% whose use increases the experimental sensitivity to
the magnetic scattering that is comparatively weak for crystals of paramagnetic com-
plexes. We have used this technique previously to elucidate the D of Dy(lll)-based
SIMs,'%® and others have used it similarly on a range of SIMs containing transition
metal ions.?”1971% Single-crystal polarized neutron scattering data for 1 were com-
bined from measurements at the beamline HB3A situated on the igh-flux isotope
reactor (HFIR) at Oak Ridge National Laboratory (ORNL)'"” and at the 6T2 diffrac-
tometer of the Laboratorie Leon Brillouin (LLB)."%® The HB3A diffractometer employs
a supermirror to polarize the incident neutrons. By using a Heusler alloy analyzer
crystal, the beam polarization was measured prior to the experiment to be 94%. A
magnetic field of 7.8 kOe was applied at the position of the crystal with a set of per-
manent magnets attached to the sample holder. At this field strength, magnetization
is within the linear range with respect to the applied field (Figure 3). For the exper-
iment, a single crystal with dimensions of 3 x 1.8 x 1.5 mm? was glued to an
aluminum pin, and the crystal was centered in the beam.

Diffracted intensities were measured at a temperature of 6 K for two different direc-
tions of the applied field with respect to the crystal. Bragg peaks were moved into
diffraction conditions and kept at a fixed setting of the diffractometer angles while
measuring for 300 s. Intensities were extracted from the frames using a Python script
developed in collaboration with the beamline staff, and the flipping ratios and asso-
ciated uncertainties were calculated based on this intensity extraction. On 6T2, the
supermirror gives a beam polarization of 0.905 at an applied field of 10 kOe. The
same crystal as measured on HB3A was used. Flipping ratios were extracted from
the diffraction data using the LLB in-house program suite. Details regarding the
collected flipping ratio data are summarized in Table S2. The magnetic field direc-
tionsin Table S2 were plotted on top of the molecule thatis constructed when consid-
ering the effect of inversion symmetry on the asymmetric unit Figure 7.
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Single-crystal non-polarized neutron diffraction
Unpolarized single-crystal neutron diffraction was measured on a single crystal of 1 on the
KOALA diffractometer of the Australian Centre for Neutron Scattering (ACNS).'%’

The crystal structure was refined using SHELXL"? through the Olex2-interface''® with
the previously determined X-ray structure as a starting model. The model was
refined against the neutron diffraction data without constraints on the hydrogen
atoms so that thermal vibrations and positioons1were freely refined. Diffraction using
the Laue technique with (sin 6max /2) =0.84 A gave 5,373 unique reflections used
for refinement of the nuclear structure (Table 1).

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.xcrp.
2021.100404.
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