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Mononuclear cobalt() phosphonate complexes [Co(HL),(dmpz),] (1), [Co(HL),(imz),] (2) and [Co
(HL)2(bimz),] (3) (where dmpz = 3,5-dimethylpyrazole, imz = imidazole and bimz = benzimidazole) have
been synthesized by reacting cobalt acetate tetrahydrate and the a-hydroxyarylphosphonate
[(2,6-'Pr,CgHzO)P(O)(OH)(CMe,(OH)] (HoL) with chosen N-donor ligands. Complexes 1-3 have been
characterized by various spectroscopic and analytical techniques. Single-crystal X-ray diffraction studies
reveal that complexes 1 and 2 exist in tetrahedral geometries with {CoN,O,} as the core coordination
unit, while complex 3 shows a vacant trigonal bipyramidal geometry with one exceptionally long Co-O
bond. Magnetic susceptibility measurements reveal the existence of high-spin cobalt(i) centres with
zero-field splitting parameters (D) of —=18.9 cm™ (for 1), —=13.7 cm™ (for 2), and 22.3 cm™ (for 3) with E/D
values of 0.02, 0.11 and 0.25, respectively. Ab initio CASSCF/NEVPT2 calculations and X-band EPR spec-
troscopic analysis further confirm the observed trend, revealing a switch in the sign of the zero-field split-
ting parameter (D) from negative in complexes 1 and 2 to positive in complex 3. Investigation of the
dynamic magnetic behaviour of these complexes shows field-induced slow relaxation of magnetization
under an applied dc field with energy barriers for reversal of magnetization (Ueg) of 31.9 K (1), 32.5 K (2),
and 26.2 K (3), indicating SIM behaviour. Ab initio CASSCF/NEVPT2 calculations performed on three struc-
turally related Co(i) complexes reveal a switch in the sign of the axial zero-field splitting parameter (D),
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despite their comparable chemical environments. A detailed magneto-structural correlation study ident-
ifies the combined influence of conventional angular distortions from ideal tetrahedral geometry and the
Co-O-P bond angle as key determinants, establishing a predictive framework for tuning magnetic an-
rsc.li/dalton isotropy in cobalt phosph(on)ate-based SIMs.
the axial zero-field splitting (ZFS) parameter.'> However, it
soon became clear that increasing S often came at the expense

Introduction

Single-molecule magnets (SMMs) are discrete molecules that
exhibit slow relaxation of magnetization due to the presence of
an energy barrier for spin reversal—a property that makes
them promising candidates for applications in high-density
magnetic information storage,"™* quantum computing,>® and
spintronics.”*° Historically, the field of SMMs was dominated
by large polynuclear clusters, such as the iconic Mn,,-acetate
reported in 1993, where the strategy focused on increasing the
total ground-state spin S by incorporating multiple magnetic
centres."""? This approach was motivated by the direct corre-
lation between the effective energy barrier (Ues) and the spin
quantum number, as described by the equations U.g = DS for
integer S and U = D(S* — 1/4) for half-integer S, where D is
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of reducing D, due to their inverse relationship, ultimately lim-
iting the overall barrier height.

This realization shifted the focus of research towards maxi-
mizing magnetic anisotropy (D) in mononuclear complexes—
ushering in the era of single-ion magnets (SIMs), where a
single metal ion is embedded in a ligand field that enhances
its magnetic anisotropy.’*® By precisely tuning the ligand
environment around a single centre, researchers aim to opti-
mize D directly, circumventing the limitations posed by the
earlier polynuclear strategy.'” Among transition metals, cobalt-
based SIMs have emerged as top-performing systems due to
their strong spin-orbit coupling and highly anisotropic elec-
tronic structures, making them ideal candidates for next-gene-
ration molecular magnetic materials."®

Over the past few years, lanthanide-based SIMs have
demonstrated significant advancement, reporting exception-
ally high energy barriers."! Owing to their unquenched
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orbital angular momentum and strong spin-orbit coupling
(SOC), lanthanide metal-based SIMs exhibit significant relax-
ation barriers and high blocking temperatures (7Tj).”>*
However, being rare earth metals, they are expensive, and most
of the reported complexes exhibiting high U values are not
air stable. Later, Long et al. reported a low-coordinated high-
spin iron() complex [Fe(tpa™**)~],>* which inspired research-
ers to explore the role of various transition metal ions in the
field of single-ion magnetism.>*"’

Compared to other transition metal ions, Co(u)-based SIMs
show enhanced magnetic properties due to slow magnetic
relaxation behaviour originating from the high-spin Co(u)
centre with a non-integer ground state. Furthermore, cobalt
ions possess significant SOC and Kramers degeneracy-induced
ground-state bistability.”®

Using phosphonic acids and a-hydroxyarylphosphonates®
as precursors, a range of transition metal phosphate compounds
has been reported by us and others. Due to the presence of two
acidic P-OH protons in phosphonic acids, the reaction with tran-
sition metals often results in the formation of dimeric or poly-
meric complexes.>*> By substituting an acidic P-OH group with
an alcoholic hydroxyl group, the phosphonic acid moiety can be
structurally tailored to promote the formation of monomeric
complexes. The magnetic properties of such molecules solely
depend on a single metal centre, and zero-field splitting (an-
isotropy) plays an important role in monomeric complexes. The
increase in the Co-Co distance between cobalt centres mitigates
magnetic exchange coupling interactions, thus improving the
single-molecule magnet (SMM) behaviour.*”

Ligand design and precise control over geometry play a key
role in tuning their magnetic properties. Trigonal prismatic Co
(1) complexes, which exhibit near D; symmetry in a six-coordi-
nate environment, have gained attention due to their pro-
nounced uniaxial magnetic anisotropy. One such cobalt(u)
cage complex with a trigonal prismatic geometry exhibits a
high Orbach relaxation barrier of 152 c¢cm ".*® Two other
similar mononuclear trigonal prismatic Co(1) complexes, [Co
(tppm*)][BPh,], and [Co(hpy)|[BPh,],-3CH,Cl,, exhibit dra-
matically different performance. The former exhibits a Ueg
value of 192 cm™" and has a nearly ideal trigonal prismatic
geometry, whereas [Co(hpy)][BPh,],-3CH,Cl, is more distorted,
yielding only a value of 20 cm ™", highlighting the sensitivity of
relaxation dynamics to geometric precision owing to structural
distortion and symmetry breaking.?®"*

A four-coordinate cobalt(u) complex, [(HNEt;),Co(u)(L),]
(HoL = 1,2-bis(methane-sulfonamido)benzene), exhibited SIM
behaviour with a spin-reversal barrier of 118 cm™, while a
linear two-coordinate cobalt(n) complex, [Co(C
{SiMe,ONaph};),], reported by Long and co-workers, demon-
strated a significantly higher barrier of 450 cm™".*" These low-
coordinate Co(u) SIMs are particularly promising due to their
pronounced magnetic anisotropy, which stems from strong
spin-orbit coupling and ligand field effects. However, despite
their excellent magnetic performance, two-coordinate systems
typically require cryogenic temperatures to function and are
highly sensitive to air and moisture.*>** In contrast, four-coor-
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dinate complexes, especially those with tetrahedral coordi-
nation environments, offer a compelling balance between per-
formance and stability, making them more viable for practical
applications.***> In such tetrahedral systems, the zero-field
splitting (ZFS) parameter D is often substantial and highly sen-
sitive to deviations from ideal Ty symmetry, which has drawn
significant interest in understanding how structural distor-
tions affect magnetic anisotropy.*®*®

Against this backdrop, tailoring the sign and magnitude of
the ZFS parameter D through deliberate structural distortions
has emerged as a central strategy for establishing magneto-
structural correlations in Co(u)-based SIMs. Among various
structural motifs, tetrahedral Co(u) complexes remain some of
the most robust and tunable platforms in this context. Prior
efforts have employed halide substitution, heavy-atom incor-
poration, or soft donor ligands to modulate D, often achieving
a switch in its sign and magnitude.**”° However, there
remains a lack of systematic investigations exploring whether
subtle, chemically minimal modifications in the ligand back-
bone alone—without altering the donor type or the coordi-
nation number—can exert a comparable influence. This study
addresses this gap by examining a family of three structurally
analogous ligands: dmpz (3,5-dimethylpyrazole), imz (imid-
azole) and bimz (benzimidazole). These ligands enable a con-
trolled framework to test the hypothesis: can minor ligand
architecture modifications modulate D in both strength and
sign? If so, what structural features—such as angular distor-
tions, donor atom orientation, or electronic effects—govern
such changes? These questions form the core objectives of this
work, aimed at deepening our understanding of how mole-
cular symmetry and ligand design dictate magnetic anisotropy
in Co(u)-based SIMs.

Results and discussion

Synthesis of [Co(HL),(dmpz),] (1), [Co(HL),(imz),] (2) and
[Co(HL),(bimz),] (3)

The synthetic protocol used for the preparation of 1-3 is out-
lined in Scheme 1. N-Donor ligands 3,5-dimethylpyrazole
(dmpz) or imidazole (imz) were reacted with
a-hydroxyarylphosphonate (H,L) and Co(OAc),-4H,0 in MeOH
at room temperature. Slow evaporation of solvent at room
temperature yields blue crystals of complexes 1 and 2.
Similarly, the reaction of the H,L ligand and Co(OAc),-4H,0
with benzimidazole yields a violet precipitate, which was sub-
sequently dissolved in acetonitrile and crystallized to produce
violet colour X-ray-quality crystals of complex 3. All the com-
plexes are stable under ambient conditions.

The Fourier transform infrared (FT-IR) spectra of all the
complexes were recorded as KBr-diluted discs. The broad band
appearing in the 3395-3100 cm™' range corresponds to the
symmetric and asymmetric stretching modes of N-H bonds in
the amine derivatives and the un-deprotonated hydroxyl group
of the phosphonate ligand. The absence of any peak at
2300 cm " indicates the deprotonation of the P~-OH group of

This journal is © The Royal Society of Chemistry 2025
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Scheme 1 Synthesis of mononuclear Co(i) phosphonates 1-3.

phosphonates and the formation of metal-oxygen bonds. The
weak absorption bands in the range 3000-2800 cm™" are due
to the unsaturated as well as saturated C-H stretching frequen-
cies of the alkyl group of ligands. The band appearing around
1600-1400 cm ™" reveals the presence of conjugated C=C func-
tional groups. The characteristic P=O and O-P-O stretching
vibrations and M-O-P asymmetric and symmetric vibrations
appear at 1161, 1051, and 916 cm™" for complex 1. Similarly,
complexes 2-3 show bands in the range of 1172-1174 cm™,
which are because of O-P-O stretching vibrations. Sharp
absorption bands around 1059 and 1050 cm™" are due to M-
O-P asymmetric and symmetric vibrations, respectively
(Fig. S1). The thermal decomposition studies of 1-3 were
carried out through thermogravimetric analysis (TGA) at temp-
eratures ranging from 25 to 800 °C at a heating rate of 10 °C
min~" under a nitrogen atmosphere (Fig. S2). The first weight
loss was observed for compound 1 at 140 °C, for 2 at 203 °C
and for 3 at 205 °C. These weight losses correspond to the
alkyl and aryl groups of the phosphonates and N-donor
ligands, respectively.

UV-Vis absorption spectra were recorded under ambient
conditions for complexes 1-3 in methanol. The spectra exhibi-
ted two or three absorption maxima in the 200-290 nm range
attributed to z-7* electronic transitions occurring in the
ligand moieties of 1-3 (Fig. S3). The weak absorption band
detected in the visible region 450-700 nm is consistent with
d-d transitions of tetrahedral cobalt(u) complexes. Powder
X-ray diffraction studies (PXRD) for 1-3 indicated good agree-
ment between experimental and simulated patterns, indicating
the bulk sample phase purity (Fig. S4). Elemental analysis

This journal is © The Royal Society of Chemistry 2025
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results of 1-3 matched well with the calculated values, verify-
ing their purity (Fig. S5-S7).

Molecular structure of [Co(HL),(dmpz),] (1)

Blue-coloured cube-shaped crystals of 1 suitable for X-ray diffr-
action were directly obtained from the reaction mixture in a
week by slow evaporation of methanol at room temperature.
Single-crystal X-ray diffraction studies reveal that 1 crystallizes
in the monoclinic P2,/c space group. The asymmetric part of
the unit cell is occupied by two chemically similar but crystal-
lographically different molecules, each consisting of one
cobalt ion, two 3,5-dmpz molecules and two singly deproto-
nated phosphonate molecules (HL). Each cobalt ion is sur-
rounded by two nitrogens from 3,5-dmpz and two oxygens
from the phosphonate ligands. SHAPE analysis was carried out
to confirm the coordination geometry around the cobalt(u) ion
(Table S1). The cobalt centre in 1 shows a 0.049 deviation from
an ideal tetrahedron. The Co-O bond length (1.943(3) A) and
the Co-N distances (2.000(3) A and 2.007(3) A) in 1 (Fig. 1) are
comparable to distances observed in similar cobalt(u) tetra-
hedral complexes.’"**> The nearest Co(u) ions within the lattice
are separated by more than 9.741(2) A (Fig. S8). Selected bond
angles and bond lengths for 1 are listed in Table S3. The inter-
molecular hydrogen bonding via O8----N4-H4 further extends,
forming a 1-D network. Inter- and intra-molecular hydrogen-
bonding distances in 1 are listed in Table S4.

Molecular structure of [Co(HL),(imz),] (2)

Blue-coloured needle-like crystals of 2 suitable for X-ray diffrac-
tion were directly obtained from the reaction mixture by slow

Dalton Trans., 2025, 54,15259-15270 | 15261


https://doi.org/10.1039/d5dt01461a

Published on 05 September 2025. Downloaded by INDIAN INSTITUTE OF TECHNOLOGY BOMBAY on 12/27/2025 7:14:22 AM.

Paper

evaporation of methanol at room temperature in 7-8 days.
Single crystal X-ray diffraction studies conducted at 100 K
reveal that 2 crystallizes in the monoclinic P2,/n space group.
The asymmetric part of the unit cell is occupied by one cobalt
ion, two imidazole moieties, and two HL molecules, as shown
in Fig. 1. Each cobalt ion is surrounded by two nitrogens from
imidazole and two oxygens from the phosphonate-based HL
ligands. The arrangement around Co(u) is tetrahedral as con-
firmed by SHAPE analysis (Table S1). The Co-O bond length
(1.918(1) A-1.935(1) A) and the Co-N distance (1.997(2)
A-2.010(2) A) in 2 are comparable to distances observed in
similar Co(u) tetrahedral complexes. Similarly, the P1-O1
(1.496(1) A) and P1-03 (1.609(1) A) distances around the phos-
phorus indicate delocalisation of the negative charge over the
01-P1-03 segment. The nearest cobalt(n) ions within the
lattice are separated by more than 6.1766(7) A (Fig. S10).
Intermolecular hydrogen bonding occurs between N-H and O3
and between the hydrogen of O-H of phosphonates and O7,
further extending to form a 2-D network (Fig. S9).
Intramolecular hydrogen-bonding distances are listed in
Table S4.

Molecular structure of [Co(HL),(bimz),] (3)

Violet-coloured block-shaped crystals of 3 were obtained after
recrystallization in acetonitrile in two weeks by slow evapor-
ation at room temperature. Complex 3 crystallizes in the mono-
clinic space group P2,/n with one molecule occupying the
asymmetric part of the unit cell that comprises one cobalt ion,
two HL ligands and two benzimidazole molecules as shown in
Fig. 1. Each cobalt ion is surrounded by two nitrogens from
benzimidazole (Co-N bond lengths 2.054(3)-2.086(3) A), two
oxygens from the phosphonate-based HL ligands (Co-O bond
lengths 1.997(3)-2.011(3) A) and the 04 atom of the hydroxy
group of one phosphonate with an unusually long bond of
2.327(3) A (Co-04). The negative charge of the counterion (HL)
is delocalised between the two oxygen atoms O01-O2 and O5-
06. Intramolecular hydrogen-bonding distances for 3 are
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Fig. 1 (a) Molecular structures of (a) 1, (b) 2, and (c) 3 (H atoms attached to the carbon atoms have been omitted for clarity).
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listed in Table S4. The separation between the two nearest Co
() ions is 7.757(2) A (Fig. S11). The molecule in the asym-
metric unit occupies a distorted tetrahedral geometry around
the Co(u) ion and is confirmed by SHAPE analysis (Fig. 2).

Static magnetic properties and X-band EPR measurements

Magnetic susceptibility measurements for complexes 1-3 were
conducted on polycrystalline powdered samples between 1.8
and 300 K at an applied dc field of 0.1 T. At room temperature,
ymT values are 2.45, 2.45 and 2.65 cm® K mol™' for 1-3,
respectively. The obtained y\T values are higher than the
expected spin-only value (S = 3/2, g = 2.0; 1.875 cm® K mol ™)
of one isolated Co(u) high-spin centre, indicating the presence
of spin-orbit coupling. Upon cooling, the y\T value remains
almost constant until 30 K, and subsequently a rapid decline
of the y\T value to 1.39 cm® K mol™" at 1.8 K for complex 1
can be associated with the presence of intrinsic magnetic an-
isotropy and ZFS of the cobalt(u) ions. Given that the nearest
separation found between the Co---Co in the lattice is 9.741(2)
A for 1, the intermolecular exchange can be neglected.
Magnetization data were obtained at different temperatures
and dc fields up to 7 T. The reduced magnetization plots at
various temperatures do not overlap, and the high-field mag-
netisation does not saturate, which suggests that the com-
plexes under study exhibit magnetic anisotropy. The magneti-
zation values reach 2.04up (1), 2.56p5 (2), and 2.24up (3) at 7 T,
which are lower than the theoretical value of 3.0uz (S = 3/2, g =
2.0). The spin Hamiltonian (eqn (1)) was applied for fitting the
magnetic susceptibility data and the variable-field variable-
temperature magnetisation data (Fig. 3) with the help of
julX_2s (Fig. S12-5S16).

The X-band EPR spectra were recorded on polycrystalline
samples. The EPR spectrum of 1 shows broad EPR transitions
with approximate effective g values of 6.71, 1.18, and 0.87,
exhibiting partially resolved hyperfine splitting in low field.
The EPR spectrum of complex 2 at 5 K exhibits a characteristic
pattern of distorted tetrahedral cobalt(u) complexes with g

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Polyhedral view of the coordination environment around Co(i) centres: (a) 1, (b) 2 and (c) 3.

(a)

2.5. sasesen
- 204
©
£
X 15
£
o
;1.0-
E
>
o Exp
0.5+ «sses Theory
—Fit
0.0 T T T T T T
0 50 100 150 200 250 300

T(K)

Fig. 3

(b)

OO OO OO OO0

[
=
<
=z
=

o 7T

o 4T

o 1T

Fit

—— Fit

— Fit

0.0 1) T L} Ll L) L) 1
0.0 0.5 1.0 1.5 2.0 25 3.0

pgB 1 kT

(a) Temperature-dependent yuT plot for 1 measured under an applied dc field of 0.1 T. The solid line is the best fit, and the dotted line rep-

resents simulated ymT values with CASSCF/NEVPT2 calculations. (b) Variable-temperature variable-field magnetization for complex 1. The solid lines

are the best fits.

values of 6.21, 1.95, and 1.55 (Fig. S17).>* The spectrum shows
hyperfine splitting, which can be correlated with a negative
sign of D extracted from the variable-temperature magnetic
susceptibility plot. For complex 3, EPR spectral features are
different from those of 1 and 2 and show a large rhombicity
parameter (E/D = 0.25) associated with the mixing of Kramers
doublets (KDs).”* The g values for 3 are 6.45, 2.52, and 0.87. It
is difficult to accurately determine the magnitude of ZFS using
conventional EPR experiments. However, the sign of magnetic
anisotropy can be explained.>”

Dynamic magnetic properties

Alternating-current (ac) susceptibility measurements were
carried out to understand the magnetic relaxation dynamics of
complexes 1-3 with an oscillating field of 3.5 Oe. No fre-
quency-dependent out-of-phase ac susceptibility signals (y")

This journal is © The Royal Society of Chemistry 2025

were observed under a zero static magnetic field. This indi-
cates a fast relaxation process, resulting from quantum tunnel-
ling of magnetization (QTM), which can be suppressed by
applying external magnetic fields. To determine the optimum
magnetic field, the field-dependent and frequency-dependent
ac susceptibility was measured at 1.8 K in the frequency range
of 0.1-1000 Hz at various magnetic fields. Upon application of
optimized external fields, the out-of-phase (y”) frequency-
dependent ac susceptibility maxima were observed, indicating
field-induced SIM behaviour. ¥’ vs. " was plotted to generate
Cole-Cole plots and then fitted using the generalized Debye
function to extract a and r values. The a parameter (Table S5)
shows a narrow distribution of relaxation times (0.13 < a <
0.28) for complex 1. The linear region of the high-temperature
part of the In(z) vs. 1/T data was fitted using the Arrhenius
equation, 7 = 7, exp(Uer/kgT), assuming the Boltzmann con-
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stant (k) to be unity, yielding an effective energy barrier Ues =
31.9 K and a pre-exponential factor 7, = 1.41 x 10’ s. The plot
of all temperatures was fitted using the equation:

' =g P+ AH'T + CT" + 70" exp(—Uest/ksT)

For complex 1, the magnetic dynamics is dominated by
three relaxation processes: Orbach, Raman and QTM (Fig. 4).
The best fit yields values of the Raman parameters C = 0.29 s™*
K™, n = 8.7 and 7qrm = 39.04 s. In contrast, for complexes 2
and 3, the Orbach and Raman relaxation processes are predo-
minant (Fig. S20 and S22). The best fit for 2 yields a Ues of
32.5 K and a pre-exponential factor (7o) of 3.9 x 10~ s, n = 5.5,
and C =13.28 s K™, and for 3, U.g = 26.2 K, 75 = 1.67 X 107°
s, n = 2.5, and C = 12.15 x 10> s™* K" (Fig. S20 and S22).
Complex 2 shows high rhombicity and small 7,, indicating
enhanced transverse anisotropy that promotes faster relax-
ation, requiring a higher static field to suppress these
pathways.
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Estimation of the ZFS parameter using ab initio calculations

To understand the magnetic properties of complexes 1, 2, and
3, we carried out ab initio calculations using the CASSCF/
NEVPT2 ORCA 6.0 (see
Computational details for more information). These calcu-
lations provided the values of the axial ZFS parameter (D), the
rhombicity ratio (E/D), and the g-tensor components (summar-
ised in Table 2). Importantly, the computed parameters agreed
well with experimental magnetic susceptibility data (refer to
Fig. 3, Figs. S12-S16, Table 1, and Fig. 5).

In an ideal T, symmetry, the ligand field terms are *A,(F),
“Ty(F), “T4(F), and “Ty(P). However, due to the pseudo-C, sym-
metry of complexes 1-3, these terms transform into *A, {*A
and two *B} (F), and {*A and two *B} (P), respectively. The three
states {*A and two *B} (F), derived from the “T,(F) term, corres-
pond to the first excited states, while the “A state originating
from the *A,(F) term serves as the ground state.

methods implemented in
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Fig. 4 (a) In-phase (ym) and (b) out-of-phase (y#) components of the frequency-dependent (0.1-1000 Hz) ac susceptibility measured over the
temperature range of 1.8-3 K in an oscillating ac field of 3.5 Oe and an applied dc field of 600 Oe for 1. (c) Cole—Cole plots for 1 under an applied
dc field of 600 Oe. The solid lines are guides to the eye. (d) The plot of the relaxation time 7 (logarithmic scale) versus T~ for 1; the solid red line

corresponds to the best fit to the Orbach, Raman, and QTM processes.
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Table 1 Summary of the various magnetic parameters determined
experimentally and obtained using CASSCF/NEVPT2

Experimental values CASSCF/NEVPT2
D Uegt Hye D

Comp. (ecm™) E/D (K) 10(s) (Oe) (em™) E/D

1 -18.9 0.02 31.9 1.41x10 600 -151  0.03

2 -13.7 0.11 32.5 3.99x10* 1000 -12.3  0.18

3 +22.3 025 26.2 1.67x107° 300 +22.6  0.27

Table 2 CASSCF- and NEVPT2-computed SH parameters (D and |E/D|)

D (CASSCF) E/D D (NEVPT2) E/D

Complex (em™) (CASSCF) (em™) (NEVPT2)
1 -16.6 0.04 -15.1 0.03
2 —-14.2 0.19 -12.3 0.18
3 23.3 0.26 22.6 0.27

To understand how these values arise, the state-wise contri-
butions to D were examined (Table 3), highlighting that the
“T,(F) state is the primary contributor. As shown in Table 3,
for complexes 1 and 2, the two major contributions from the
“T,(F) state are negative, whereas for complex 3, they are posi-
tive, indicating a gradual reduction in the negative contri-
bution to D from 1 to 3. It is well known that transitions
between orbitals with different m; values contribute to a posi-
tive D value, while spin-conserved transitions between orbitals
with the same my value result in a negative D value.****™° To
further elucidate the electronic origin of this anisotropy, Ab
Initio Ligand Field Theory (AILFT) analysis was performed.
AILFT projects the multiconfigurational wavefunction onto a
ligand field basis, yielding energy levels of the d-orbitals in the
principal axis frame of the D-tensor. These orbital energy split-
tings and occupations, derived from natural orbital analysis,
are shown in Fig. 6 for the ground state of each complex. The
observed increase in ligand field splitting in complex 3 is
attributed to an additional donor atom.
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In addition to these energetic considerations, the ground-
state  wavefunctions show  significant multideterminant
character, meaning that the electronic configuration is not a
single, pure arrangement of electrons, but a weighted mixture of
several configurations. The dominant electronic configuration for
the ground state of complex 1 is {(de_)*(d2)"'(d)2)*(dir)'(diy)'}
(55%), whereas the first excited state is
{(de—2)X(d2)'(dy) (de)’(dyy)'} (62%). Similarly, for 2, the ground
state and first excited state are {(d—2)'(d2)'(dy2)*(d)'(dy)’} (50%)
and {(de—y)"(d2)"(d)2)'(dx)’(dxy)’} (55%), respectively. In contrast,
complex 3 exhibits a ground state of {(d,e_2)(d2)(dxz)'(dy2)"(dy)'}
(58%) and a first excited state of {(dey)’(d)"(die)*(dye)"(diy)'}
(56%). Additional AILFT-based details for both the ground
and first excited states of complexes 1-3 are provided in Fig. S24 of
the SL

Magneto-structural D correlation

To gain a deeper understanding of the factors influencing the
sign of the axial zero-field splitting parameter (D) beyond the
well-known electronic transitions involving different magnetic
quantum numbers (m;), we carried out a detailed magneto-
structural correlation analysis on cobalt(n) complexes 1-3.
Although all three complexes exhibit a similar chemical
environment around the Co(u) center, an intriguing variation
in the sign of D is observed: complexes 1 and 2 exhibit negative
D values, whereas complex 3 shows a positive D value.

To begin with, we have performed DFT-based AIM analysis
that indicates that complex 3 features an additional interaction
between Col and O4, absent in complexes 1 and 2 (see the SI).
Although not a true covalent bond, the |V(r)/G(r)| ratio
suggests an ionic character, as can be presented best as a
pseudo-bond compared to others. This raised the question:
could this extra bond be responsible for the change in the sign
of D? To explore this, we performed computational experi-
ments where the Co1-04 bond length in complex 3 was gradu-
ally increased from 2.33 A to 3.34 A. Interestingly, despite this
alteration, the sign of D remained positive. Similarly, we
reduced comparable bond distances in complexes 1 and 2 to

Fig. 5 NEVPT2-calculated orientation of the main magnetic axes (D,,) for (a) 1, (b) 2, and (c) 3. Colour code: Co (deep magenta); O (red); N (blue); C

(gray); and P (orange). Here, hydrogens are omitted for clarity.

This journal is © The Royal Society of Chemistry 2025
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Table 3 State-by-state contributions to the D values (cm™) and the SH parameters (g, D, and |E/D|) were estimated via CASSCF (7, 5) + NEVPT2

1 2 3
State CASSCF NEVPT2 CASSCF NEVPT2 CASSCF NEVPT2
T,(F) -38.7 -34.1 -32.3 —26.4 11.7 11.6
10.0 8.3 13.0 10.6 3.3 3.3
11.8 9.5 6.3 4.6 8.1 7.7
G 5.2 5.4 2.7 2.5 -1.9 -1.9
-2.2 -2.2 -1.9 -1.9 -2.3 -2.3
-2.6 -2.6 -1.9 -1.7 4.2 4.2
Diot -16.6 -15.1 -14.2 -12.3 23.3 22.6
E/D 0.04 0.03 0.19 0.18 0.26 0.27
Zrx 2.24 2.20 2.21 2.17 2.13 2.10
Sy 2.25 2.21 2.28 2.24 2.32 2.27
Zez 2.43 2.39 2.39 2.33 2.56 2.46
8000 angle of 109.5°, such as axial elongation and bite or cis
angles.*>*%°"%3 We attempted to apply similar correlations by
7000 - calculating the average deviation of the six coordination angles
6000 - from the ideal 109.5° in our systems. However, some com-
= plexes did not follow this trend, and the sign of D could not be
g 20004 . + reliably predicted using this approach alone (see Fig. S9 in the
<, 4000 1 SI).
g’ 3000 To improve this, we introduced a new structural parameter,
5 % 6, which incorporates both the average angular deviation from
2000+ ideal tetrahedral geometry and the Co-O-P bond angle. The
10004 4, + / 4 parameter § is defined as
z L psussaEEEEEEEE]
4 do 2%% ............... . 1
01 - 5=2>"[109.5°— 0] + 150 — ¢’
-1000 T T T
1 2 3 where 0 = bond angles around the metal center (typically 6 for
Complex a tetrahedral geometry), &' = Co-O-P bond angle, and 109.5° is

Fig. 6 Ground-state comparative energies of the d orbitals in com-
plexes 1-3 derived from AILFT analysis.

check for any sign reversal in D, but again, no change was
observed (see Table S9 and Fig. S23 in the SI). These results
strongly suggest that the presence of the additional Co-O bond
in complex 3 is not the primary reason for its positive D value.

Next, we turned our attention to more subtle geometric
factors. By closely examining the first coordination sphere (i.e.,
the immediate bonding environment around the cobalt
center), we observed noticeable differences in both bond
lengths and bond angles across the three complexes. One
standout feature was the Co-O-P bond angle, which differed
significantly: approximately 141° and 140° in complexes 1 and
2, respectively, but only 118° in complex 3. Given the limited
dataset (only three complexes), we systematically modified the
first coordination sphere geometry and the Co-O-P bond
angle to generate a broader dataset for correlation (see
Table S10 in the SI). These controlled modifications allowed us
to evaluate how such structural variations influence D.
Literature reports have proposed several magneto-structural
correlations for tetrahedral Co(u)-based single-ion magnets
(SIMs), often focusing on deviations from the ideal tetrahedral

15266 | Dalton Trans., 2025, 54, 15259-15270

the ideal tetrahedral bond angle. Using the § value, we can
determine the sign of D; particularly when § is less than 20,
the sign will be negative and if § is more than 20, the sign will
be positive. This correlation holds true not only for the original
three complexes but also for all systematically modified geo-
metries, as illustrated in Fig. 7. Thus, by introducing the Co-
O-P bond angle into the magneto-structural analysis, we estab-
lished a more robust and predictive framework for understand-
ing and tuning the sign of D in tetrahedral Co(u) SIMs.

Conclusions

To conclude, we have synthesized three distinct mononuclear
cobalt(u) complexes 1-3 incorporating different N-donor
ligands, which have been characterized by various analytical
and spectroscopic techniques. Their molecular structures have
also been established by single-crystal X-ray diffraction studies.
The study of high-temperature magnetic susceptibility data of
complexes 1-3 indicated behaviour characteristic of paramag-
netic high-spin Co(u) ions. At low temperature, magnetic sus-
ceptibility behaviour was influenced by the ZFS effect. Ab initio
CASSCF/NEVPT2 calculations have been employed to probe
the relationship between the magnetic anisotropy and the elec-
tronic and geometric structures. A comparative magneto-struc-

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 Correlation between 5 and computed D values for Co(i) com-
plexes 1-3 and their variants. A § threshold of 20 (dashed line) clearly
separates positive and negative D values.

tural analysis (using dc magnetic and theoretical calculations)
indicates that in complex 3 the positive D value may result
from the combined effect of distortion from the ideal tetra-
hedral angle and a smaller Co-O-P bond angle. All complexes
were investigated for single-ion magnet (SIM) behaviour, with
complexes 1-3 exhibiting field-induced slow magnetic
relaxation.

Experimental section
General characterization

All chemicals and solvents were used as purchased from com-
mercial sources. Cobalt acetate tetrahydrate [Co(OAc),-4H,0]
(Loba Cheme), imidazole (Merck) and benzimidazole
(Spectrochem) were used as procured. The ligand
[(2,6-"Pr,CeH;0)P(O)(OH)(CMe,(OH))] (H,L) and 3,5-dimethyl-
pyrazole (dmpz) were synthesized employing previously
reported procedures.®”®® Melting points were measured in
glass capillaries on a hot-stage microscope and are reported
uncorrected. CHN elemental analysis was performed on an
Elementar Analysensysteme GmbH (Vario MICRO cube) micro-
analyzer. Fourier transform infrared (FT-IR) spectra were
recorded with a PerkinElmer Spectrum One FT-IR spectro-
meter using KBr-diluted discs. UV-Visible spectra were
recorded using an Agilent Cary UV-VIS-NIR (RM360) spectro-
photometer. The phase purity of bulk material was checked by
powder X-ray diffraction (PXRD) measurement, performed on a
Rigaku SmartLab SE diffractometer using Cu Ko (1 =
1.54190 A) radiation. For thermogravimetric analyses (TGA),
the samples were heated up to 800 °C at a heating rate of 10 °C
min~' under a nitrogen atmosphere and simultaneously
measured using a Rigaku STA8122 Thermo plus EVO2 thermal

This journal is © The Royal Society of Chemistry 2025
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analysis system. X-band electron paramagnetic resonance
(EPR) studies were conducted using a Bruker EMX plus EPR
spectrometer at 5 K.

Single-crystal X-ray diffraction studies

The single crystal X-ray diffraction of 1-3 was recorded using a
Bruker D8 QUEST single-crystal diffractometer equipped with
an IyS DIAMOND microfocus Mo Ka (4 = 0.7107 A) radiation
source. The CrysAlisPro®® software suite was used for data col-
lection, data integration and indexing. The structures of the
complexes were solved by using direct methods (ShelXT)%”
using the OLEX2%® module, and the crystal structure was
refined using full-matrix least-squares techniques with the
ShelXL®® program. All non-hydrogen atoms were refined aniso-
tropically. The data collection and structure refinement details
are summarized in Table S1. The coordination geometry ana-
lysis was carried out using SHAPE2.17° software. Diamond
3.27" software was used for structure representation.

Magnetic measurements

All the magnetic susceptibility measurements were carried out
on the polycrystalline ground samples packed in a polycarbo-
nate capsule inside a non-magnetic sample holder, using a
Quantum-Design MPMS3 SQUID magnetometer. Diamagnetic
corrections were applied for the sample holder. Direct-current
(dc) susceptibility measurements were performed over the
temperature range of 1.8-300 K. Data obtained from dc
measurements were fitted using the JulX-2S program.”
Dynamic susceptibility measurements were carried out at fre-
quencies between 0.1 and 1000 Hz with a 3.5 Oe oscillating
field.

Computational details

The X-ray structures served as the foundation for all quantum
chemistry  calculations performed using ORCA6.0.”?
Multireference ab initio computations were employed to inves-
tigate the nature of low-lying excited states and determine the
zero-field splitting (ZFS) parameters. For complexes 1-3,
CASSCEF calculations combined with N-electron valence pertur-
bation theory (NEVPT2) were conducted. Dynamic correlation
effects were incorporated by performing NEVPT2 calculations
on top of the converged CASSCF wavefunctions. Scalar relati-
vistic effects were addressed using the second-order Douglas-
Kroll-Hess (DKH) method. All calculations utilized the def2-
TZVP basis set for Co, O, and N, while the def2-SVP basis set
was applied to the remaining atoms.”*”’® Computational
efficiency was enhanced through the use of auxiliary basis sets
and the resolution of identity (RI) approximation. Given that
the D values for 1-3 exhibited consistent trends in both model
structures and magneto-structural correlations, only CASSCF
calculations were performed. The active space CAS(7,5) was
employed to compute ten quartet and forty doublet states. In
addition to evaluating spin-Hamiltonian (SH) parameters,
magnetization data were analysed to assess the accuracy of the
computational fit. We have employed AIM analysis to deter-
mine the metal-ligand bonding and identify the bond critical
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points (BCPs), a method widely recognised for evaluating the
nature of bonding in transition metal complexes.””"”®

Synthesis of 1

Co(OAc),-4H,0 (62.25 mg, 0.25 mmol) was dissolved in 10 mL
of methanol, to which 10 mL of a methanolic solution of H,L
(150 mg, 0.5 mmol) was added wunder stirring. After
15 minutes of vigorous stirring, 48 mg (0.5 mmol) of 3,5-di-
methylpyrazole was added and stirring was continued for an
additional 2 h; subsequently, the solution was left undisturbed
for crystallization. Over a period of 4-5 days, blue crystals of 1
were formed through slow evaporation of the solvent. Mp.
~160 °C. Yield: 130 mg (61%, based on metal). Anal. calc. for
C40HesCON,OgP, (Mr = 849.85): C, 56.53; H, 7.59; N, 6.59%.
Found: C, 56.24; H, 7.54; N, 6.30%. FT-IR (KBr, cm™): v: 3395
(br), 2967(s), 2927(s), 2867(m), 1592(m), 1465(s), 1441(s),
1384(m), 1255(m), 1161(vs), 1051(vs), 916(s), 763(m), 673(m),
568(w). UV-Vis (MeOH) 4, nm (¢ M~ em™): 266 (1.76 x 10?),
518 (17).

Synthesis of 2

Complex 2 was prepared following the procedure for complex
1, using imidazole (68 mg, 1 mmol) in place of 3,5-dimethyl-
pyrazole. Blue-coloured crystals were obtained in a week. Mp.
~220 °C. Yield: 131 mg (66%, based on metal). Anal. calc. for
C;6H56CON,OgP, (Mr = 793.74): C, 54.48; H, 7.11; N, 7.06%.
Found: C, 53.78; H, 7.26; N, 6.78%. FT-IR (KBr, cm™): v: 3348
(br), 3130(m), 3047(m), 2964(s), 2866(m), 1553(m), 1465(m),
1437(w), 1385(s), 1259(m), 1172(vs), 1072(vs), 1059(vs), 916(s),
741(m), 655(m), 517(w). UV-Vis (MeOH) 4, nm (¢ M~* cm™):
265 (8.3 x 10%), 530 (17).

Synthesis of 3

Complex 3 was synthesized following the same procedure
described above for 1 using benzimidazole (118 mg, 1 mmol).
However, slow evaporation of solvent yielded a precipitate,
which was subsequently redissolved in acetonitrile to isolate
violet colour single crystals suitable for X-ray diffraction in 2
weeks. Mp. ~205 °C. Yield: 93 mg (42%, based on metal).
Anal. calc. for C,;3HgCoN,OgP, (Mr = 893.86): C, 59.12; H,
6.77; N, 6.27%. Found: C, 58.89; H, 6.66; N, 6.27%. FT-IR (KBr,
em™Y): v: 3248(br), 3075(w), 3031(w), 2967(s), 2876(m), 1598(w),
1436(s), 1335(m), 1257(m), 1174(vs), 1050(vs), 916(vs), 748(s),
675(m), 570(m). UV-Vis (MeOH) 4, nm (¢ M~" cm™"): 243 (7.73
% 10%), 533 (98).
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