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Disentangling anisotropy and exchange in Co(NCX), (X =S, Se)
chains via THz-EPR spectroscopy

Jooris Beyer?, Michael Béhme?, Michat Rams®*, Christian Nithere* and Winfried Plass?*

Two isostructural cobalt(ll) chain compounds, [Co(NCX)a(py).]» (X = S, Se) based on p-1,3-bridging selenocyanate (1) and
thiocyanate (2) ligands, were investigated to elucidate the effect of chalcogen substitution on magnetic anisotropy and
exchange interactions. Both compounds form linear chains of octahedrally coordinated cobalt(ll) ions with identical topology
and similar magnetic exchange but different anisotropy. Heat capacity measurements reveal slightly stronger intrachain
interactions and higher ordering temperatures for the selenocyanate derivative, while demonstrating a pronounced
sensitivity of the critical temperature to sample handling. Frequency-domain Fourier-transform THz-EPR spectroscopy
provides direct access to low-energy magnetic excitations, allowing the determination of intrachain excitation energies and
effective g, values without reliance on a specific model. The selenocyanate compound exhibits both a larger chain excitation
gap and enhanced axial anisotropy. Temperature-dependent THz-EPR further yields estimates of weak interchain coupling
that is essential for long-range magnetic ordering. Ab initio CASSCF/CASPT2/RASSI-SO calculations reproduce the
experimental trends and reveal that the enhanced anisotropy in 1 originates primarily from the softer donor character of
selenium, leading to increased covalency and enhanced spin—orbit coupling at the cobalt center, while axial ligand
orientation dominates the single-ion anisotropy. Together, these results demonstrate how subtle ligand substitution

modulates anisotropy and exchange in ferromagnetic cobalt(ll)-based Ising chains.

Introduction

Low-dimensional magnetic materials have attracted sustained
interest as model systems to investigate the interplay between
single-ion anisotropy and magnetic exchange interactions.! In
particular, cobalt(ll)-based one-dimensional coordination polymers
exhibit a rich magnetic behavior ranging from single-chain magnet
(SCM) behavior to long-range magnetic ordering.? In such systems,
the magnetic response is governed by the balance between strong
axial single-ion anisotropy and intrachain exchange coupling, which
together define the effective energy scale for spin reversal.3* While
slow relaxation in SCMs requires interchain interactions to remain
sufficiently weak,>®7 finite coupling in real materials often induces
three-dimensional long-range magnetic ordering at low
temperatures.8%11 In some cases, SCM behavior can even coexist
with antiferromagnetic correlations, reflecting a delicate balance of
competing interactions.’? These compounds are therefore more
appropriately described as Ising-type cobalt(ll) chain systems with
magnetic ordering, providing experimentally accessible platforms to
probe the microscopic origin of magnetic energy barriers.

aInstitut flir Anorganische und Analytische Chemie, Friedrich-Schiller-Universitét
Jena, Humboldtstr. 8, 07743 Jena, Germany.

b Institute of Physics, Jagiellonian University, tojasiewicza 11, 30348 Krakdw,
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< Institut fiir Anorganische Chemie, Christian-Albrechts-Universitdt zu Kiel, Max-
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Cobalt(ll) thiocyanate coordination polymers of the general
composition [Co(NCS)z(L)2]» represent a well-established family of
octahedrally coordinated chain compounds in which the magnetic
easy axis is oriented approximately along the L-Co—L direction,
consistent with strong axial anisotropy.®111314 Extensive studies
have demonstrated that variation of the neutral coligand (L) only
weakly affects the intrachain interaction, in line with the negligible
participation of the coligand in the magnetic superexchange
pathway.®1911 To more directly influence both exchange and
anisotropy, substitution of the anionic ligand by its heavier analogue
has been explored. Replacement of thiocyanate by selenocyanate in
[Co(NCS)a(pyridine) 2], affords an isotypic compound,’®> and mixed
crystals  [Co(NCS),«(NCSe)«(pyridine),], exhibit a pronounced
increase in the effective intrachain exchange constant Jising With
increasing selenium content.'® While these studies established a
clear influence of chalcogen substitution on magnetic energy scales,
the microscopic origin of this effect has remained unresolved.

In particular, it has not been clarified whether the enhanced
magnetic barrier in the selenocyanate analogue originates
predominantly from modified intrachain exchange coupling or from
changes in single-ion anisotropy. Because heavier chalcogen donors
are expected to enhance covalency and ligand-induced spin—orbit
coupling contributions at the cobalt center,’” a systematic
investigation of the anisotropy is essential for a mechanistic
understanding. Experimental and theoretical approaches to quantify
single-ion anisotropy in Co(ll) systems include THz spectroscopy and
multireference ab initio methods.1® However, reliable assessment of
single-ion anisotropy requires high-quality crystallographic data
suitable for multireference ab initio calculations. While such data
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were available for the thiocyanate compound, the selenocyanate
analogue was previously accessible only as microcrystalline material,
and structural disorder in earlier crystallographic models of the sulfur
compound further complicated a consistent comparison.>1>16

Beyond these structural limitations, conventional
thermodynamic measurements primarily probe collective magnetic
behavior and do not directly disentangle contributions arising from
single-ion anisotropy, intrachain exchange, and weak interchain
coupling. Spectroscopic access to intrachain excitation energies and
to the onset of magnetic ordering has so far remained largely
unexplored in this class of cobalt(ll) chain compounds.

Herein, we overcome these limitations and present a
comprehensive comparative study of the isostructural cobalt(ll)
chain compounds [Co(NCX)z(pyridine)z], (X = Se, S) based on phase-
pure samples and disorder-free low-temperature crystal structures,
enabling for the first time a direct and structurally consistent
comparison of the sulfur and selenium analogues. By combining heat
capacity measurements, frequency-domain Fourier-transform (FD-
FT) THz-EPR spectroscopy, and CASSCF/CASPT2/RASSI-SO
calculations, we demonstrate that single-ion anisotropy, intrachain
exchange interactions, and interchain coupling can be disentangled
within a unified framework. THz-EPR spectroscopy provides direct
access to low-energy intrachain excitations and allows spectroscopic
detection of the onset of three-dimensional magnetic ordering,
yielding an independent determination of the ordering temperature.

Our results demonstrate that chalcogen substitution primarily
enhances the single-ion anisotropy, whereas the intrachain exchange
coupling is only weakly affected. The quantitative analysis based on
the Lines model indicates only minor changes in the exchange
interaction upon substitution. In contrast, the enhanced anisotropy
dominates the intrachain excitation energy scale. The differences in
the magnetic ordering temperatures, however, are primarily
governed by interchain interactions, which are influenced by subtle
structural changes such as reduced interchain separations in the
selenocyanate compound. This finding clarifies the microscopic
origin of the modified magnetic energy scale in the selenocyanate
analogue and establishes these structurally well-defined cobalt(ll)
chains as a model system for systematically disentangling anisotropy
and exchange in anisotropic one-dimensional magnets.

Experimental section
General and instrumentation

Co(NO3)2:6H,0 (99%) and Co(NCS), (99.9%) were purchased from
Sigma-Aldrich, whereas KSeCN (98.5%) and pyridine were obtained
from Alfa Aesar and were all used without further purification. The
precursor complex [Co(NCSe).(py)a] was synthesized according to
the literature procedure.’> Both chain compounds have been
reported previously.>*> In the present work they were resynthesized
to obtain phase-pure samples suitable for THz-EPR and heat capacity
measurements. All reaction products were characterized by IR
spectroscopy and powder X-ray diffraction (PXRD). For compound 2,
an elemental analysis was performed to confirm bulk purity.
Elemental analyses were carried out using a vario MICRO cube
instrument (Elementar Analysensysteme GmbH). However, this was
not possible for the selenium-containing compound 1, as the

2| J. Name., 2012, 00, 1-3

formation of solid SeO, during combustion is incompatible with the
separation columns of the CHN analyzer. FS¢!:cémpaURECT 0phake
purity was instead confirmed by comparing the experimental PXRD
pattern with the pattern simulated from the single-crystal X-ray data
(see Fig. S4). IR spectra were recorded at room temperature on a
Bruker Vertex70 FT-IR spectrometer equipped with a broadband
spectral range extension (VERTEX FM) covering the mid and far IR
regions.

Synthesis of [Co(NCSe)z(py)2]a (1)

Co(NO3)2-6H,0 (145.5 mg, 0.5 mmol) and KSeCN (144.1 mg, 1 mmol)
were stirred in ethanol (10 mL) for 2 h. The resulting precipitate was
filtered off, and pyridine (20 uL, 0.25 mmol) was added to the filtrate.
The solvent was allowed to evaporate very slowly, yielding small red
crystals of 1 suitable for single-crystal X-ray diffraction. PXRD
measurements revealed that phase-pure bulk material could not be
obtained by this route, as trace amounts of the pyridine-rich complex
[Co(NCSe)a(py)a] were consistently present. Therefore, larger
quantities of phase-pure 1 were prepared by thermal annealing of
[Co(NCSe),(py)a] at 110 °C for 2 h, following the procedure described
in the literature.’® This procedure reproducibly afforded pure 1, as
confirmed by PXRD.

Synthesis of [Co(NCS)2(py)2]n (2)

Compound 2 was prepared following the procedure reported in the
literature with slight modifications.> Co(NCS), (522 mg, 3 mmol) and
pyridine (8.0 uL, 1 mmol) were stirred in water (3 mL) at room
temperature for 2 d. The resulting precipitate was collected by
filtration, washed with only small amounts of ethanol and diethyl
ether, and dried under vacuum. Single crystals suitable for X-ray
diffraction were obtained by slow evaporation of the solvent from
the filtrate. Elemental analysis: calc. (%) for C12H10CoN4S;: C, 43.2; H,
3.0; N, 16.8; S, 19.2; found: C, 43.05; H, 2.9; N, 16.7; S, 19.3.

Single-crystal structure analyses

Single-crystal X-ray diffraction data were collected on a Rigaku
Synergy diffractometer equipped with a microfocus X-ray tube using
Cu Ka radiation (A = 1.54184 A). Structure solutions were performed
with SHewxT,'® and refinements were performed against F2 using
SHELXL-2016.2° All non-hydrogen atoms were refined with anisotropic
displacement parameters. Hydrogen atoms were placed in
calculated positions and refined using a riding model with Uiso(H) =
1.2 Ueq(C). Selected crystallographic data and refinement details are
provided in Table S1. CCDC-2523198 (1) and CCDC-2523199 (2)
contain the supplementary crystallographic data for the structures in
this paper.

Powder X-ray diffraction

Powder X-ray diffraction (PXRD) measurements were performed on
a STOE STADI P transmission diffractometer equipped with Cu Koy
radiation source (A = 1.540598 A), a Ge(111) monochromator (STOE
& Cie), and a MYTHEN 1K detector (Dectris).

Heat capacity measurements

Heat capacity measurements were carried out using the relaxation
technique as implemented in a Quantum Design Physical Property
Measurement System (PPMS). Apiezon N grease was used to ensure
good thermal contact between the sample and the sample holder.

This journal is © The Royal Society of Chemistry 20xx
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The addenda were measured prior to each experiment and
subtracted from the total signal. Unless stated otherwise,
measurements were performed on non-pressed powder samples.

Magnetic susceptibility measurements

Magnetic susceptibility measurements were performed using a
Quantum Design MPMS XL SQUID magnetometer under an applied
dc field of 100 Oe. Powder samples were immobilized in Nujol inside
gelatin capsules and cooled to low temperature in zero field to
prevent grain reorientation under the applied magnetic field.

FD-FT THz-EPR Spectroscopy

Low-temperature FD-FT THz-EPR measurements were carried out at
the THz-EPR beamline of the BESSY Il synchrotron facility at
Helmholtz-Zentrum Berlin (HZB). The experimental setup has been
described in detail elsewhere.?! In brief, the spectrometer consists of
a high-resolution FT-IR spectrometer equipped with a Hg arc lamp for
high-energy regions and coupled to a synchrotron source operating
in low-a mode for the low-energy region, an evacuated quasi-optical
transmission line, a 12 T superconducting magnet, and a Si
bolometer detector. Polycrystalline samples were homogenized with
polyethylene (PE) in a mortar and pressed into pellets. Spectra were
recorded in Voigt geometry with a spectral resolution of 1 cm™ (Hg
arc lamp) and 0.5 cm™ (low-a radiation) over a magnetic field range
of 0-10 T. For the latter, a resolution of 0.5 cm™ with a digital data
spacing of 0.015 cm~! was used. Based on the standard deviation of
peak positions (< 0.04 cm™) and the high signal-to-noise ratio (384
scans), the experimental precision is estimated to be 0.02-0.03 cm™,
justifying the significance of the discussed peak shifts. Data
processing was performed using MATLAB (version R2022a)."”
Magnetic-field division spectra (MDS) were obtained by dividing each
spectrum by a spectrum recorded at a magnetic field lower by 1 T.
Magnetic-field subtraction spectra (MSS) were generated by
subtracting the zero-field spectrum from spectra recorded under
applied magnetic fields.

Computational Details

Ab initio calculations were performed on structural models
representing the two crystallographically independent cobalt(ll)
centers in compounds 1 and 2, namely [CoZny(NCSe)s(py)2]*
(denoted as 1-Col and 1-Co2) and [CoZn,(NCS)a(py).]?* (denoted as
2-Col and 2-Co2), respectively, derived from the experimentally
determined single-crystal structures (Fig. S1). Two terminal zinc(ll)
ions were introduced to compensate the negative molecular charge.
Hydrogen atom positions were optimized at the RI-
DFT?2/BP86%3/def2-SVP?* level of theory using the Turbomole 7.6
program package.? To facilitate SCF convergence during geometry
optimizations, the paramagnetic cobalt(ll) ions were replaced by
diamagnetic zinc(ll) ions. Single-ion electronic structure data were
subsequently obtained from CASSCF/CASPT2/RASSI-SO calculations
and employed in the POLY_ANISO program?® to model the magnetic
properties within an n-membered spin-ring approach.* The
intrachain exchange coupling constant Jines was determined
following the procedure established in the literature.* Simulations
with different n-membered spin ring sizes enabled extrapolation of
the magnetic susceptibility of 1 and 2 to the infinite-chain limit (n >
o) in the temperature range of 4-50 K. Weak interchain interactions

This journal is © The Royal Society of Chemistry 20xx

Dalton Transactions

were incorporated via a mean-field approach, where\z/, represents
the effective interchain coupling.* DOI: 10.1039/D6DT00621C

Results and discussion
Synthesis and crystal structures

Single crystals of the selenium compound 1 were obtained from the
reaction of cobalt(ll) nitrate hexahydrate with potassium
selenocyanate in ethanol. For the sulfur analogue 2, single crystals
were also prepared and the structure was redetermined at 100 K for
direct comparison with 1 (see Experimental Section), as the
previously reported structure exhibits pyridine disorder. Powder X-
ray diffraction (PXRD) investigations (Fig. S2) and IR spectroscopy
(Fig. S3) confirm that phase-pure samples of 2 were obtained,
consistent with the literature data.>

In contrast, initial batches of the selenium compound 1 were
contaminated with varying amounts of the pyridine-rich
species [Co(NCSe)z(pyridine);]. Therefore, this
precursor was first prepared as a pure material (Figs. S4 and S5) and
subsequently thermally annealed following the literature
procedure.’® PXRD confirms that compound 1 was thereby obtained
as a pure crystalline phase, exhibiting an IR spectrum identical to that
reported previously (Figs. S6 and S7).1>:16

Whereas the structure of the sulfur analogue 2 has already been
reported in the literature,® the present single-crystal data allow a
direct comparison with the selenium derivative 1. Since compounds
1 and 2 are isotypic, only the key structural features relevant to
magnetic exchange and anisotropy are discussed below.

Compounds 1 and 2 crystallize in the centrosymmetric space
group P1 (No. 2) with Z = 3 formula units per unit cell (Table S1). The
asymmetric unit contains two crystallographically independent
cobalt cations, one (Col) in a general position and one (Co2) on an
inversion center, together with three crystallographically
independent pyridine molecules and three independent anionic
ligands, all occupying general positions (Fig. S8).

In both compounds, the cobalt(ll) ions are octahedrally
coordinated by two trans-N- and two trans-S- (2) or trans-Se-
bonding (1) thiocyanate/selenocyanate anions and two trans
pyridine coligands occupying the axial positions. The Co—N and Co-
S/Co-Se bond lengths of the crystallographically independent cobalt
centers are comparable, and the bond angles indicate slightly
distorted octahedral coordination environments (Table S2).
Continuous shape measures (CShM, Table S3) reveal somewhat

mononuclear

Fig. 1 Repeating unit of the linear chains in the crystal structure of compound 1,
illustrating the [Col---Col---Co2] sequence. ORTEP representations of compounds 1 and
2 are shown in Fig. S8.

J. Name., 2013, 00, 1-3 | 3
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larger distortions for compound 1 (S(Op) = 1.611/1.711 for Co1/Co2)
compared to compound 2 (S(Os) = 1.141/1.193), indicating a slightly
enhanced deviation from ideal octahedral symmetry in the selenium
derivative. An overlay of the coordination environments of Col and
Co2 is shown in Fig. S9.

The octahedrally coordinated cobalt centers are linked by
centrosymmetric pairs of u-1,3-bridging anions (1: selenocyanate; 2:
thiocyanate) into linear chains, resulting from the all-trans
configuration, with the chains propagating along the crystallographic
[111] direction (Fig. 1). The presence of Col in a general position and
Co2 on an inversion center leads to a repeating [Col::-Col:-Co2]
sequence along the chain. In compound 1, the intrachain Co-:-Co
separations amount to 5.7932(2) A (Col--Col) and 5.7748(2) A
(Col:--Co2), whereas slightly shorter distances are observed for
compound 2 (Col--Col: 5.5963(1) A; Col--Co2: 5.6113(1) A).

Each chain is surrounded by six neighboring chains in a pseudo-
hexagonal arrangement (Fig. S10). The equatorial bridging planes at
the cobalt centers are coplanar, resulting in a sandwich-like packing
motif in which layers of chains are separated by the axial pyridine
ligands.

Despite their isostructural relationship, systematic differences in
the interchain separations are observed between compounds 1 and
2. Within the chain layers, the shortest chain—chain distance is
7.7031 A for 1 and 8.3215 A for 2. In contrast, separations to chains
in adjacent layers are 8.6406 and 8.8244 A for 1, and 8.3453 and
8.4356 A for 2. Notably, the trends are opposite for the two
compounds, with the more pronounced differences occurring for
chains arranged side by side within the layers.

These variations originate from subtle differences in the crystal
packing. In compound 1, short interchain Se---Se contacts (3.4902(5)
and 3.5417(5) A) are observed between neighboring chains, whereas
in compound 2 the comparable interchain S-S distances (3.8926(8)
and 3.9194(8) A) are considerably longer (Fig. 2). These Se---Se
separations approach the interchain contacts observed in trigonal
gray selenium (=3.44 A),%7 while the S-S distances are somewhat
larger than the intermolecular contacts observed in crystalline a-Ss
(=3.80 A).28 Such distances fall within the range typically associated
with weak secondary chalcogen—chalcogen interactions.?® The
presence of these contacts in 1 leads to a reduced lateral separation

8Co2

Co1

Co1

X

Fig. 2 Representation of the interchain interactions in compounds 1 (left) and 2 (right)
between neighboring chains within the layer of chains in the crystal packing. Pertient
distances: d:(Se) 3.4902(5), d(Se) 3.5417(5), d1(S) 3.8926(8), d2(S) 3.9194(8) A.
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Fig. 3 Magnetic contribution to the molar heat capacity of compounds 1 (blue squares)
and 2 (black circles). The corresponding fits using the Ising spin-chain model are shown
as red lines.

between adjacent chains within the layers, whereas the
corresponding interactions in the sulfur analogue 2 are significantly
weaker.

The orientation of the axial pyridine ligands adjusts accordingly
to accommodate the closer packing (Fig. S11). At the Co2 center,
both pyridine rings are oriented nearly parallel to the chain direction
(1: 165° and 2: 168°). At the Col center, however, the two pyridine
ligands adopt one nearly parallel orientation (1: 165° and 2: 168°) and
one approximately perpendicular orientation (1: 57° and 2: 68°), with
the pyridine ring in the selenium compound 1 showing the larger
deviation from the ideal perpendicular arrangement.

In contrast, the separations between chains in adjacent layers
are largely dictated by the length of the axial pyridine ligands
coordinated to the cobalt centers and are therefore less sensitive to
the nature of the bridging chalcogen atom.

Overall, compounds 1 and 2 represent closely related one-
dimensional chain systems with long-range magnetic ordering,
distinguished by subtle but systematic differences in both local
coordination geometry and interchain contacts arising from the
chalcogen substitution. Since interchain separations and specific
interchain contacts directly affect the strength of interchain
magnetic interactions and thus the magnetic order in such 1D chain
compounds, thermodynamic investigations are required to quantify
their impact. In this context, heat capacity measurements provide a
sensitive probe to determine the magnetic ordering temperatures
and to evaluate the effective intra- and interchain exchange
interactions.

Heat capacity measurements

The temperature dependence of the heat capacity, c(T), provides a
useful probe of magnetic interactions in low-dimensional systems
and has previously been used to estimate intrachain interactions in
related [Co(NCS)2L2],» chain compounds.1© Fig. 3 shows the magnetic
contribution to the molar heat capacity of compounds 1 and 2,
obtained by subtracting the fitted lattice contribution from the
measured data (see Figs. S12 and S13 for details).

This journal is © The Royal Society of Chemistry 20xx
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In both compounds, the magnetic molar heat capacity displays a
broad maximum at approximately 5-6 K. This feature is consistent
with short-range magnetic correlations in quasi-one-dimensional
systems®1130 and is further supported by the agreement with the
Ising-chain model analysis, which reproduces both the position and
shape of the anomaly. The high-temperature flank of this
contribution was analyzed using the Ising spin-chain model with an
effective spin S = % (see Supporting Information for details). This
analysis yields effective exchange constants of Jising = 23.9 cm~ for 1
and 20.3 cm~ for 2, indicating a stronger intrachain interaction in the
selenocyanate compound. It should be noted that this estimate
represents an approximation, as it neglects interchain interactions
and assumes purely Ising-type exchange, which is not strictly valid for
[Co(NCS);L2]n  chains. In related systems such as
[Co(NCS)2(methoxypyridine)z],, deviations from the ideal Ising limit
have been quantified using an XXZ model, yielding an exchange
anisotropy ratio of Ju/J, = 0.21.1! This indicates a strongly
anisotropic, yet non-Ising, exchange regime. A more general
approach, based on the Lines model employing ab initio-derived
single-ion parameters within the POLY_ANISO framework, will
therefore be used in the following sections to account for the
anisotropic nature of the exchange interactions. Despite this
deviation, the Ising model provides a useful effective description of
the thermodynamic behavior in the relevant temperature range.

At lower temperatures, an additional sharp anomaly is observed
in ¢(T), indicating the onset of long-range magnetic ordering. Such A-
type anomalies are typical for second-order phase transitions in
quasi-one-dimensional magnetic systems, where weak interchain
interactions drive the transition from short-range intrachain
correlations to three-dimensional magnetic order. From the maxima
of these anomalies, ordering temperatures of T. = 5.8 K for 1 and
3.9K for 2 were determined. The latter value is consistent with
previous studies on the thiocyanate analogue 2, where neutron
diffraction experiments confirmed the onset of long-range
ferromagnetic order below approximately 3.9 K.»3 These values
agree within about 0.1 K with the transition temperatures obtained
independently from THz-EPR spectroscopy (see section FD-FT THz-
EPR measurements). The higher ordering temperature of 1 suggests
stronger interchain magnetic interactions in the selenocyanate
compound, consistent with the shorter Se:::Se contacts between
neighboring chains that reduce the lateral separation of the chains in
the crystal structure. Importantly, while the intrachain energy scale
is governed by single-ion anisotropy and intrachain exchange
coupling, the magnetic ordering temperature is primarily determined
by such interchain interactions, as evidenced by the structural
differences between the two compounds (Figs. S10 and S11).

Interestingly, a slightly higher value of T. = 4.25 K has previously
been reported for compound 2 based on heat -capacity
measurements.'® This discrepancy prompted us to examine the
influence of sample preparation on the observed ordering
temperature. Comparison of measurements on several batches
revealed that mechanical treatment of the microcrystalline powders
significantly affects the position of the anomaly. In particular,
pressing the samples into pellets for calorimetric measurements
leads to a noticeable increase of T.. As shown in Fig. S13, a non-
pressed sample of 2 exhibits a maximum in ¢(T) at 7. = 3.9 K, whereas
pressing a sample from the same batch at 1000 bar—similar to the

This journal is © The Royal Society of Chemistry 20xx
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procedure employed in the recently reported meagsyrementi®—
shifts this maximum to above 4.2 K. A comp&¥abl®éffatisabierded
for compound 1 (Fig. S12), where T = 5.8 K is obtained for the non-
pressed sample, while slightly higher values of around 6.0 K have
been reported previously.'® These observations demonstrate that
even moderate mechanical pressure, commonly applied during
pellet preparation of powder samples, can influence the magnetic
ordering temperature in such molecular chain magnets. This
sensitivity is consistent with the structural characteristics discussed
above, where relatively small variations in interchain separations and
weak chalcogen—chalcogen contacts are expected to affect the
interchain magnetic interactions responsible for stabilizing long-
range magnetic order.

FD-FT THz-EPR measurements

Frequency-domain Fourier-transform (FD-FT) THz-EPR spectroscopy
was employed to directly probe the magnetic excitations of
compounds 1 and 2 and to experimentally assess changes in the
magnetic anisotropy induced by the substitution of thiocyanate with
selenocyanate as bridging unit. In contrast to thermodynamic
methods, THz-EPR allows transition energies to be read out directly,
without reliance on a specific model, and is therefore particularly
suited for disentangling single-ion anisotropy and exchange-driven
excitations in cobalt(Il)-based chain compounds.

In such cobalt(ll) compounds, two classes of magnetic excitations
can be addressed in the THz frequency range. Single-ion transitions
originate from the coupling of the S = 3/2 electron spin with the
effective orbital angular momentum contribution associated with
the partially unquenched orbital moment in octahedral cobalt(ll)
systems, resulting in three Kramers doublets (KDs) with predominant
my = 1/2, 3/2, and 5/2. The lowest inter-KD transition (1/2 - 3/2)
typically occurs in the range 100-300 cm™. In addition, low-energy
excitations arise from magnetic exchange interactions along the
chain and can be viewed as local spin reversals that effectively
generate pairs of domain walls, which are typically observed
between 5 and 30 cm~1.% These excitations may further be influenced
by interchain interactions below the magnetic ordering temperature.

To experimentally distinguish these magnetic excitations from
field-independent contributions, the spectra were evaluated using
magnetic-field division spectra (MDS), in which spectra recorded at a
given field are divided by those measured at a field reduced by 1 T.
This representation suppresses field-independent contributions and
highlights magnetic transitions as positive or negative features. The
corresponding low-frequency MDS are shown in Fig. 4 and reveal a
single distinct field-dependent signal for both compounds.

This signal shifts to higher energies with increasing magnetic field
and simultaneously broadens and decreases in intensity. From these
data, zero-field transition energies of 23.6 cm™ for 1 and 19.2 cm™
for 2 were extracted (red dashed lines in Fig. 4). These energies are
well below the calculated single-ion inter-KD transitions (vide infra)
and fall within the energy range consistent with the experimentally
and theoretically determined intrachain energy scales in such
systems.*10 The observed transition is therefore assigned to the
lowest intrachain excitation, Achain, corresponding to the energy gap
between the ground and the first excited state of the Ising spin chain,
which depends on both the intrachain exchange interaction and the
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Fig. 4 FD-FT THz-EPR spectra of compounds 1 (top) and 2 (bottom) measured at 5 K. The
black solid lines represent magnetic-field division spectra (MDS) obtained by dividing
the raw spectrum recorded at B by that measured at (Bo— 1) T. The red dashed lines
indicate the zero-field transition energy, while the red solid lines trace the field-
dependent shift of this transition assuming fixed g, values of 7.6 (1) and 6.7 (2).

single-ion anisotropy. Within the framework of anisotropic Ising-type
spin chains, the excitation energy does not follow a simple analytical
expression but reflects their combined energy scale set by these
parameters, as discussed for related cobalt(Il) systems.® Importantly,
Achain reflects the combined effect of intrachain exchange coupling
and single-ion anisotropy and thus cannot be interpreted as a direct
measure of the exchange interaction alone. From the field
dependence of the chain excitation, effective g, values of 7.6 for 1
and 6.7 for 2 were estimated. This trend is fully consistent with the
ab initio results discussed below. Consequently, the low-frequency
THz-EPR data already provide experimental evidence for both higher
Achain and larger g, values in the selenocyanate compound 1,
reflecting its enhanced magnetic anisotropy compared to the
thiocyanate analogue 2.

The low-frequency spectra in Fig. 4 thus primarily probe
intrachain magnetic excitations and are largely insensitive to weak
interchain interactions. To access the latter and to identify the onset
of long-range magnetic order, the temperature dependence of the
chain excitation was investigated, as shown in Fig. 5.

The temperature-dependent MDS (Fig. 5) reveal a small but
abrupt shift of the zero-field transition energy upon cooling, which
marks the onset of three-dimensional magnetic ordering. From the
magnitude of this shift, interchain coupling energies of Ainter =

6 | J. Name., 2012, 00, 1-3
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dashed vertical red and blue lines mark the average zero-field transition energies
above (red) and below (blue) the respective ordering temperatures, while dashed
horizontal black lines indicate the corresponding transition temperature.

0.2 cm™t for 1 and 0.1 cm™ for 2 were estimated. Notably, this shift
is observed at temperatures of T. = 5.7 K for 1 and 3.8 K for 2, which
is in good agreement with the values obtained from the heat capacity
measurements. Although weak, the interchain interactions are
consistently stronger in the selenocyanate compound. This trend
correlates with the slightly shorter interchain Co--Co separations in
1 compared to 2, as discussed in the structural section. This
observation highlights that, while THz-EPR provides direct access to
the intrachain excitation energy scale, the magnetic ordering

This journal is © The Royal Society of Chemistry 20xx
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Fig. 6 Schematic energy-level diagram summarizing the hierarchy of magnetic
excitations in compounds 1 and 2. Single-ion inter-Kramers-doublet transitions (4ion),
intrachain excitations (Achain), and interchain coupling energies (Ainter) are shown on their
respective energy scales, illustrating the clear separation between local anisotropy-
driven and collective exchange-driven magnetic phenomena.

temperature is governed by the comparatively weak interchain
interactions.

Taken together, the low-frequency THz-EPR data demonstrate
that the lowest-energy excitations in compounds 1 and 2 are
governed by intrachain interactions, with interchain coupling
contributing only weakly via a small temperature-dependent shift
associated with the onset of long-range order. While these
measurements provide direct access to Acnain and effective g, values,
they do not allow a microscopic determination of the underlying
single-ion anisotropy parameters. To directly probe the zero-field
splitting and resolve the individual Kramers doublets of the cobalt(l1)
centers, the analysis is therefore extended to the higher-frequency
THz-EPR regime.

The hierarchy of magnetic excitations identified by THz-EPR
spectroscopy and ab initio calculations is summarized schematically
in Fig. 6, highlighting the distinct energy scales associated with single-
ion anisotropy, intrachain interactions, and interchain coupling.

In addition to the low-energy chain excitations, numerous field-
dependent features are observed at higher energies in both the MDS
and magnetic-field subtraction spectra (Fig. S14). These signals
originate from a combination of spin—phonon coupled modes and
single-ion inter-KD transitions. Guided by ab initio calculations, the
latter can be assigned to Aion(Co2) = 179.5cm™ and Aien(Col) =
220.8 cm™ for 1, and to Ain(Co2) = 171.5cm™ and Aien(Col) =
225.5 cm™ for 2. Due to strong absorption in the vicinity of the Col
transition in 1, the corresponding transition energy can only be
regarded as a rough estimate.

Interestingly, while the chain excitations and g, values clearly
increase from 2 to 1, reflecting the enhanced anisotropy induced by

This journal is © The Royal Society of Chemistry 20xx
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the heavier chalcogen donor, the single-ion transitions,dg not.follow
a uniform trend. Whereas the Co2 centeP@kRibits3tHe kpeetéd
increase in Ajon upon substitution of sulfur by selenium, the Col
center shows the opposite behavior. This apparent discrepancy is
accurately reproduced by the ab initio calculations and highlights the
dominant influence of the orientation of the axial pyridine ligands on
the single-ion anisotropy. As reported previously, the relative tilt of
the pyridine ligands has a pronounced effect on the electronic
structure of octahedral cobalt(ll) centers.* In compounds 1 and 2, the
pyridine ligands at the Co2 center are nearly parallel to the chain
direction with tilt angles of 15° and 12° for 1 and 2, respectively (see
Fig. S11), corresponding to a so-called parallel/parallel orientation.*
For the Col center, one of the two pyridine ligands is also oriented
parallel to the chain direction with similar tilt angles, whereas the
second pyridine ligand exhibits a nearly perpendicular orientation
with tilt angles of 57° in 1 and 68° in 2, leading to an overall
parallel/perpendicular orientation of the two pyridine rings at the
Col center.

Consequently, for the Col center the change in ligand orientation
outweighs the comparatively smaller effect of replacing thiocyanate
by selenocyanate. These observations indicate that, for single-ion
excitations, the axial ligand geometry plays a more prominent role
than the chalcogen identity of the bridging ligand. Overall,
compound 1 exhibits broader and less intense THz-EPR signals than
2, which may partly be attributed to the increased molar mass and
enhanced phonon density associated with the selenium-containing
framework.

While THz-EPR spectroscopy provides direct experimental access
to the relevant magnetic excitation energies and reveals clear and
systematic differences between compounds 1 and 2, it does not
directly resolve the microscopic origin of the observed anisotropy
effects at the level of individual coordination environments. In
particular, the distinct trends observed for intrachain excitations and
selected single-ion transitions indicate a subtle interplay between
ligand identity and local coordination geometry. To rationalize these
findings and to disentangle the respective contributions of chalcogen
substitution and axial ligand orientation, ab initio calculations were
performed based on the experimentally determined
temperature crystal structures.

low-

Computational studies

Theoretical investigations were performed to elucidate the single-ion
magnetic properties of the octahedrally coordinated cobalt(ll)
centers in compounds 1 and 2 (see Computational Details). Ab initio
CASSCF/CASPT2/RASSI-SO calculations were carried out using the
model structures [CoZn,(NCX)4(py)2]?* (X = Se for 1, X = S for 2) for all
crystallographically independent cobalt(ll) sites. The structural
models (1-Co1l, 1-Co2, 2-Co1l, and 2-Co2) were derived directly from
the crystallographic data and are shown in Fig. S1.

For all cobalt(ll) centers, a high-spin 4T14[*F] ground state was
obtained, as expected for octahedrally coordinated cobalt(ll) ions
(Table S4). Upon inclusion of spin—orbit coupling, the 4T1g[*F] term
splits into six Kramers doublets (KDs), which span slightly larger
energy ranges in 1 (1-Col: 1580 cm™%; 1-Co2: 1502 cm™?) than in 2 (2-
Co1: 1439 cm™; 2-Co2: 1407 cm™; Table S5). In all cases, the ground-
state KD is well separated from the first excited KD (1-Col: 224 cm™;
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I
1 |

2-Col 2-Col 2-Co2

Fig. 7 Orientation of the magnetic easy axes of the ground-state Kramers doublets (Sef =
1/2) for the crystallographically independent cobalt(ll) centers in compound 1 (top) and
compound 2 (bottom), projected onto the periodic chain structure. Hydrogen atoms
have been omitted for clarity.

1-Co2: 177 cm™%; 2-Col: 228 cm™; 2-Co2: 174 cm™2), justifying the
use of an effective spin Hamiltonian with Sett = 1/2 to describe the
low-temperature magnetic properties.

The magnetic properties of the compounds are described using
effective spin Hamiltonians adapted to the respective experimental
and computational approaches. For the ab initio calculations, the
electronic structure is treated explicitly, and the low-energy
magnetic properties are mapped onto an effective Ses = 1/2
description based on the ground-state Kramers doublet, yielding
anisotropic g tensors. The analysis of the magnetic susceptibility data
within the Lines model employs an anisotropic exchange
Hamiltonian to describe the intrachain coupling between effective
spin centers, while interchain interactions are treated within a mean-
field approximation (z/').*

The Cartesian g-tensor components (Sef = 1/2) for the lowest two
KDs are summarized in Table S6. All cobalt(ll) centers exhibit
pronounced easy axis magnetic anisotropy (g, > gx,) in the ground-
state KD (Fig. S15), with the easy axes oriented nearly along the Co—
Npy bond directions (Fig. 7), as expected for this class of compounds.*
Notably, the orientation of the magnetic easy axis remains
essentially unchanged upon chalcogen substitution and is
approximately perpendicular to the chain direction, aligning with the
axial pyridine ligands in both compounds. Thus, the observed
differences in magnetic behavior originate predominantly from
changes in the magnitude of the anisotropy rather than its
orientation. The strongest magnetic anisotropy, as reflected by the
g, values, is found for 1-Col (8.181), followed by 2-Col (7.864), 1-
Co2 (7.587), and 2-Co2 (6.483).

8| J. Name., 2012, 00, 1-3

Previous studies have demonstrated that, i, scobalt{ll
compounds of the type [Co(NCS),(L),], (L = pyridifel @& ieatiés)o the
magnitude of the single-ion anisotropy is governed by the relative
orientation of the m-planes of the two axial pyridine ligands with
respect to the chain direction, increasing in the order
parallel/parallel < perpendicular/perpendicular < parallel/perpendi-
cular.® This trend is fully consistent with the present results, where
the Co2 sites adopt a parallel/parallel arrangement, while the Col
sites exhibit a parallel/perpendicular geometry. Moreover, the
[N4Sez] donor environment in 1 leads to a systematic enhancement
of the single-ion magnetic anisotropy compared to the [Na4S;]
coordination in 2, as reflected by larger g, values for both Col and
Co2 sites.

Due to symmetry operations along the chain, both compounds
adopt a repeating [--Col:--Col---Co2:]B sequence, resulting in
parallel alignment of the easy axes for neighboring Col:--Co1l pairs,
while a small intersection angle is present between the easy axes of
Col and Co2 sites (1: 13.6°; 2: 14.9°, Fig. 7).

Following the established approach for cobalt(ll)-based Ising
chains, the experimental magnetic susceptibility data at low
temperatures were analyzed within the Lines model, employing the
single-ion parameters derived from the ab initio calculations to
extract the intrachain exchange coupling.® Fits to the magnetic
susceptibility data in the temperature range of 4.5-50 K were
performed using the POLY_ANISO program employing finite n-
membered spin rings, while all single-ion parameters were fixed to
the ab initio values obtained above.

For sufficiently large ring sizes, this approach provides an
excellent approximation to the infinite-chain limit, as demonstrated
in previous studies, where convergence with respect to ring size has
been systematically evaluated.*?3% Weak ferromagnetic interchain
interactions were taken into account by a mean-field correction (zJ
= 0.14 cm™) for both compounds. The analysis yielded comparable
ferromagnetic intrachain exchange coupling constants (Jines) for
compounds 1 and 2 (1: 3.24 cm™%; 2: 3.35 cm™; Ser = 3/2; Fig. S16),
indicating that chalcogen substitution has only a minor influence on
the magnetic exchange interaction.

For comparison, effective Ising-type coupling constants, Jealc,
were estimated from the energies of the highest-spin microstates of
12-membered spin rings, corresponding to an energy difference of
6 Jealc within this coupling scheme. The resulting values (1:
23.17 cm™1; 2: 20.71 cm™) are consistent with those obtained from
the heat capacity analysis using the Ising model approximation.

Consequently, the higher intrachain excitation energy Achain
observed for compound 1 arises predominantly from its enhanced
single-ion magnetic anisotropy rather than from a stronger exchange
interaction. This conclusion is further supported by the simulated
spin microstate distributions shown in Fig. S17, which reveal a more
pronounced Ising-like character for compound 1, in agreement with
its larger g, values and the smaller intersection angle between the
local easy axes of magnetization at the Col and Co2 sites in the
selenium compound 1 compared to the corresponding angle in the
sulfur compound 2 (Fig. 7).

Overall, the computational results and the analysis of the
magnetic  susceptibility data consistently reproduce the
characteristic energy scales associated with the single-ion and

This journal is © The Royal Society of Chemistry 20xx
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intrachain magnetic excitations observed experimentally, which
differ by roughly one order of magnitude (Fig. 5).

Conclusions

This study demonstrates that chalcogen substitution in otherwise
closely related cobalt(ll) chain compounds predominantly tunes the
single-ion magnetic anisotropy rather than the intrachain exchange
coupling. This conclusion is supported by a combined structural,
thermodynamic, spectroscopic, and theoretical analysis of the
isostructural chain compounds [Co(NCX)2(py)2]» (X =S, Se). The
availability of high-quality low-temperature crystal structures for
both compounds enabled a consistent correlation of structural,
thermodynamic, spectroscopic, and theoretical results.

Heat capacity measurements provide direct access to the
intrachain excitation energies of the ferromagnetic chains, which are
found to be larger for the selenocyanate compound. THz-EPR
spectroscopy further reveals significantly larger effective g, values
for the selenium derivative 1, evidencing enhanced single-ion
magnetic anisotropy. Analysis of the magnetic susceptibility data
within the Lines model, in combination with ab initio calculations,
shows that the intrachain exchange coupling constants (Jines) are
very similar for both compounds. Consequently, the larger intrachain
excitation energy observed for the selenocyanate compound
originates predominantly from its enhanced single-ion magnetic
anisotropy rather than from a stronger exchange interaction. The
weak interchain interactions inferred from the temperature
evolution of the THz-EPR spectra are consistent with the observed
long-range ordering temperatures derived from heat capacity
measurements and with the subtle differences in interchain
separations derived from the crystal structures.

Ab initio CASSCF/CASPT2/RASSI-SO calculations reproduce the
experimentally observed anisotropy trends and identify the softer
donor character of selenium, in combination with the local
coordination geometry effects, as the primary origin of the increased
anisotropy in the selenocyanate compound. This effect is attributed
to increased metal-ligand covalency and enhanced spin—orbit
coupling contributions at the cobalt center. In particular, the smaller
angle between the local easy axes at the crystallographically
inequivalent cobalt(ll) sites in compound 1 contributes to a more
pronounced Ising-like character compared to the sulfur analogue.

Overall, this work demonstrates that chalcogen substitution in
otherwise closely related cobalt(ll) chain compounds predominantly
tunes the magnetic anisotropy rather than the exchange interaction.
The results highlight THz-EPR spectroscopy as a powerful and direct
probe of magnetic excitations in low-dimensional magnetic systems
and demonstrate how targeted ligand design provides a viable
strategy to control magnetic anisotropy in ferromagnetic chain
compounds.
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supporting information: additional structural data, PXRD and IR spectra, heat capacity measurements, THz-
EPR spectra, computational data, and fits using a spin-ring model. See DOI: 10.1039/b000000x/
CCDC-2523198 (1) and CCDC-2523199 (2) contain the supplementary crystallographic data for this paper.
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