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1 Introduction

Self-assembled isomorphous 2D triangular
networks: divergent magnetic relaxation in Co(n)
and Cu(n)

Luckerman D. G. Botelho, {22 Henrique C. S. Junior,
Davor L. Mariano, {29 Angelo M. Gomes, {29 Wallace C. Nunes
and Maria Vanda Marinho (2 *2

b Guilherme P. Guedes, (2 ¢

*e

Two homonuclear coordination networks of general formula [{Co(H,mpba)(dps)}-2DMSQ], (1) and
[{Cu(Hompba)(dps)}-2DMSO-H,0], (2) [Hympba = 1,3-phenylenebis(oxamic) acid; dps = 4,4'-dipyridyl
sulfide] were prepared by the diffusion method at room temperature, characterized, and their magnetic
properties investigated. The starting 4,4’-dipyridyl disulfide (dpds) ligand undergoes complete in situ
transformation into dps under mild conditions, affording the two-dimensional polymeric arrays. The
H.mpba®~ exhibits the bis-bidentate coordination mode, and the dps serves as a bridging ligand
between two metal centers, yielding a two-dimensional coordination network with a triangular-like
structure, in which the metal ions act as connecting nodes. AC measurements demonstrate that they
exhibit slow magnetic relaxation in the absence of an applied DC field (1) and under an applied direct-
current (DC) field (2), with a single bottleneck effect. Compound 1 shows a weak but clear out-of-phase
signal at zero field, confirming a single-ion magnet (SIM) behavior. At 1 kOe, a bottleneck effect
dominates below 7.5 K. At the same time, the Orbach process prevails at 7.5-11.5 K, supported by strong
easy-axis anisotropy (D = —103.7(7) cm™) (D = —106.0 cm~* and |E/D| = 0.23 from ab initio CASSCF/
NEVPT2 calculations), and significant rhombicity, yielding an effective energy barrier, Uegs = 56(3) K with
a pre-exponential factor of relaxation time, 7o = 1.2(1) x 10~8 s. Compound 2 displays field-induced slow
relaxation at 1 kOe due to the bottleneck effect.

advantages, including the ability to form strongly exchange-
coupled spin systems.* Moreover, their typically low coordina-
tion numbers can minimize ligand-field splitting relative to

In the early 2000s, the observation of slow magnetic relaxation
in mononuclear rare-earth complexes, most notably the ter-
bium(m) and dysprosium(m) double-decker systems,' marked
a pivotal moment in the development of molecular nano-
magnetism. These compounds, subsequently termed single-ion
magnets (SIMs), exhibit strong uniaxial anisotropy and large
energy barriers for magnetization reversal (U).> A decade later,
in 2010, the first SIM based on a 3d transition metal ion,
a mononuclear trigonal-pyramidal Fe(u) complex, was reported,
underscoring the growing potential of first-row transition
metals in the field.®* Importantly, 3d ions offer several
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spin-orbit coupling, thereby enabling slow magnetic relaxation
behavior.*

With these considerations in mind, the node-and-spacer
approach® was employed as the central synthetic design
strategy. In this context, Co(u) and Cu(u) centers were selected to
construct coordination polymers using the sulfur-bridged bi-
pyridyl derivative 4,4-dipyridyl disulfide (dpds), together with
the auxiliary ligand N,N’-1,3-phenylenebis(oxamic acid)
(Hympba). Co(u) is particularly attractive due to its strong first-
order spin-orbit coupling and its noninteger high-spin ground
state (S = 3/2)° (see Table S1, SI, for a concise literature survey of
Co(u) compounds that exhibit single-molecule magnets (SMMs)
or single-ion magnets (SIMs) behaviors, including magnetic
parameters and structural features). The magnetic response
follows the thermal population of the Kramers sublevels of the
ground term, leading to the characteristic Curie-type behavior
(x = C/T). In addition, second-order spin-orbit coupling
between the ground state and low-lying excited states generates
a temperature-independent paramagnetism (TIP) contribution.
Cu(n), on the other hand, is an S = 1/2 for which, in the absence
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of an external field, the electronic states are doubly degenerate
(Ms = £1/2). This makes Cu(u) systems valuable references for
probing anisotropy, exchange pathways, and relaxation
dynamics in low-spin molecular magnets.

Beyond the choice of the metal centers, the selection of the
spacers is equally important. The ligand 4,4’-dipyridyl disulfide
(dpds) is a versatile neutral linker capable of generating one-,
two-, or three-dimensional polymeric assemblies (see Tables S2
and S3). This ligand can undergo in situ transformation into
4,4'-dipyridyl sulfide (dps), through cleavage of the central S-S
bond,”® and the dps ligand is also capable of forming 2D
frameworks that help to suppress magnetic interactions
between metal-nodes®'® (see Tables S4 and S5).

Motivated by the goal of constructing SIM-type coordination
polymers in which the spin centers can be well-isolated from
each other and the intermolecular magnetic interactions
remain negligible, we next incorporated the H,mpba®~ oxamate
derivative as a polycarboxylate anionic spacer."* This oxamate
has been reported in elegant examples of coordination poly-
mers constructed from mixed neutral spacers,”*? and is well
known to promote frameworks in which the magnetic centers
behave as effectively isolated ions.**

Thus, our findings report the first example of M(u)-dps
coordination networks incorporating an oxamate derivative that
exhibit slow magnetic relaxation. Using the diffusion method,
we synthesized and magneto-structurally characterized
compounds 1 and 2. In both systems, the dpds precursor
undergoes in situ S-S bond cleavage at room temperature,
yielding the dps linker. Single-crystal X-ray diffraction reveals
that compounds 1-2 form 2D frameworks based on triangular
motifs composed of three metal nodes bridged cooperatively by
the dps ligand together with an oxamate derivative. The
magnetic behavior observed in 1, supported by theoretical
calculations, is fully consistent with its structural features: the
large intra- and interlayer metal-metal separations make
magnetic exchange between the spin triangles negligible, so
that each Co(u) center relaxes essentially as an isolated single-
ion unit. Accordingly, compound 1 displays zero-field single-
ion magnet (SIM) behavior with slow magnetic relaxation. In
contrast, compound 2 exhibits a bottleneck effect at 1 kOe (n =
2.0(1)), indicative of field-induced slow magnetic relaxation.
These aspects are discussed in detail below.

2 Experimental section
2.1 Materials

2.1.1 Materials and methods

2.1.1.1. Reagents. Cobalt(u) dichloride hexahydrate (Sigma-
Aldrich, 97%), copper(u) dichloride dihydrate (Sigma-Aldrich,
99%), 4,4-dipyridyldisulfide (or 4-aldrithiol) (Sigma-Aldrich,
99%), and dimethylsulfoxide (DMSO) (Synth) were purchased
from commercial sources and used without further purification.
The Et,H,mpba proligand and K,H,mpba were prepared as
previously described.*'*?

2.1.1.2. Preparation of 1-2. The reactions were carried out
without external pH control. The reaction contained equimolar
amounts (~0.091 mmol) of the salt (pH ~ 8), Hympba®~ salt (pH
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~ 6), and dpss ligand (pH ~ 7). The stoichiometric combination
of the potassium salt K,H,mpba and the neutral dpds ligand
provided a self-balanced system under diffusion conditions,
followed by slow solvent evaporation, as described below:

(1). A DMSO solution (3.0 mL) of dpss (0.020 g, 0.091 mmol)
was placed at the bottom of a test tube. Then, a layer of meth-
anol (4 mL) was added, followed by an aqueous solution (3.0
mL) of K,H,mpba (0.030 g, 0.091 mmol). A DMSO solution (3.0
mL) of CoCl,-6H,0 (0.020 g, 0.084 mmol) was then carefully
layered on top. The tube was sealed with Parafilm® and left to
undergo slow diffusion at room temperature. After 25 days,
needle-like red crystals were collected by filtration and air-dried.
Yield: 54% (0.030 ). IR (cm™%): 3173 (vn-n); 3059 (vo_n1); 1682
(ve—o); 1666 (vascoo); 1614, 1595, 1586, 1540 (vo—c); 1482
(vscoo); 1412, 1359, 1283 (ven); 1044, 944 (vs—o), and 678 (dc-x
out-of-plane)- Anal. caled for C,4H,sCoN,0gS; (653.58 g mol '): C,
44.06%; H, 4.01%; N, 8.57%; Co, 9.02%. Found: C, 42.94%; H,
3.93%; N, 8.53%; Co, 9.10%.

(2). A DMSO solution (3.0 mL) of dpss (0.020 g, 0.091 mmol)
was placed at the bottom of a test tube. Then, a layer of meth-
anol (4 mL) was added, followed by an aqueous solution (3.0
mL) of K,H,mpba (0.030 g, 0.091 mmol). A DMSO solution (3.0
mL) of CuCl,-2H,0 (0.020 g, 0.117 mmol) was then carefully
layered on top. The tube was covered with Parafilm® and left to
diffuse at room temperature. After 3-6 days, a good quantity of
green amorphous solid was observed, and the reaction was
centrifuged for a few minutes. The remaining mother solution
was left undisturbed for approximately two months (~55 days).
Needle-like green crystals suitable for X-ray analysis were ob-
tained by slow crystallization, collected by filtration, and air-
dried. Yield: 20% (0.015 g). IR (cm™%): 3179 (vnp), 3098, 2942,
2914, 2862 (vcy), 1688 (vc—o); 1654 (vascoo); 1608, 1595, 1582,
1531 (ve—c); 1488 (Vscoo); 1411, 1356, 1281 (vew); 1027, 944 (vs—
o), and 684 (0c-u outof-plane)- Anal. caled for Cp H,sCuN,04S;
(676.24 g mol™): C, 42.66%; H, 4.18%; N, 8.30%; Cu, 9.32%.
Found: C, 42.42%; H, 4.00%; N, 8.21%; Cu, 12.40%.

2.1.1.3. Physical measurements. IR spectra were recorded
using a Thermo Scientific iS50 spectrophotometer (USA)
coupled to a Pike Gladi ATR apparatus, covering the wave-
number range 4000-400 cm ™" with an average of 144 scans and
a spectral resolution of 4 cm ™, using an ATR (attenuated total
reflection) apparatus. Elemental analyses were performed using
a CHN Elemental Analyzer (PerkinElmer 2400, series II). The
elemental composition (%Co in 1 and %Cu in 2) was deter-
mined by ICP-OES (Agilent 5800) using 40 mg of compound 1
and 20 mg of compound 2. Thermogravimetric analyses (TGA)
were conducted with a Netzsch STA 449 F5 Jupiter simultaneous
thermal analyzer in the temperature range of 30-1100 °C, using
alumina crucibles and approximately 10 mg of the sample. The
experiment was carried out under a nitrogen atmosphere at
a heating rate of 10 °C min~". Powder X-ray diffraction data
were collected on crushed crystals of 1-2 using a Rigaku Ultima
IV with Cu-Ko radiation (A = 1.5418 A at 40 kv and 30 mA) and
26 from 3 to 50°, with a scan rate of 1° min~*, and the step size
being 0.02°.

2.1.1.4. Magnetic Static (dc) magnetic
measurements were carried out on polycrystalline samples with

measurements.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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a Cryogenic SQUID magnetometer working in the temperature
range 1.8 to 300 K and applied field up to 70 kOe. Dynamic (ac)
magnetic susceptibility data were collected with a Quantum
Design PPMS using applied dc fields up to 5 kOe in the
temperature range 2.0-8.0 K. The experimental susceptibilities
were corrected for the diamagnetism of the constituent atoms
and the sample holder (a plastic bag).

2.1.1.5. Computational details. To further verify the
magnetic anisotropy of 1, ab initio calculations were performed
using the ORCA 6.1.0 program package."® The all-electron Def2-
TZVP basis set'* was employed for all atoms. The electronic
structure of the Co(u) center was modeled using state-averaged
complete active space self-consistent field (SA-CASSCF) theory.
The active space was constructed from seven electrons in the
five 3d-like metal orbitals CAS(7,5). The state averaging incor-
porated 10 quartet and 40 doublets, and dynamic electron
correlation was subsequently included via strongly contracted
N-Electron Valence State Perturbation Theory (SC-NEVPT2).'?
Spin-orbit coupling (SOC) effects were then treated using
a quasi-degenerate perturbation theory (QDPT) approach. The
resulting spin-orbit states were processed using the SINGLE_-
ANISO module'® to determine the g-tensors, zero-field splitting
(ZFS) parameters, and principal magnetic axes.

2.1.1.6. X-ray crystallography. Single-crystal X-ray diffraction
data for compounds 1 and 2 were collected on a Bruker D8-
Venture equipment using graphite-monochromated Mo-Ka
radiation (A = 0.71073 A) at room temperature. Data collection,
cell refinement, and data reduction were performed using
Bruker Instrument Service vV6.2.16, APEX4,"” and SAINT
V8.40B," respectively. The absorption correction using equiva-
lent reflections was done with the SADABS2016/2 program.'®
The structure solution and full-matrix least-squares refinement
based on F* were performed with the SHELXS and SHELXL
programs.” The atoms, except hydrogen, were refined aniso-
tropically. Hydrogen atoms were treated in a mixed refinement.
The lattice water hydrogen atoms were not placed in compound
2. In 1, two disordered DMSO lattice molecules were refined
with two alternative positions, with occupation factors of
0.44621 and 0.55379, and 0.48328 and 0.51679, respectively. For
2, one disordered DMSO molecule was modeled with two
alternative positions, affording occupancy factors of 0.43359
and 0.56641, while the second one occupies three different sites
with chemical occupancies of 0.26032, 0.36953, and 0.37014.
Structure drawings were made by the Mercury program.>®
Crystal data and details of the data collection and refinement
for 1-2 are listed in Table 1. The crystallographic data are
available in the SI section as CIF files. CCDC numbers are
2469011 and 2469012.

3 Results and discussion

3.1 General characterization (CHN, ICP-OES, IR, thermal, and
PXRD analyses)

The CHN elemental analysis and ICP-OES values are consistent
with the proposed molecular formula. For compound 2, a better
agreement (lower deviation) was observed when the calculation
was based on the solvent-free composition, which yielded the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Crystal data and structure refinement details for compounds
1-2

Compound 1 2

Chemical formula C,4H,6CoN,OgS; C,4H,3CuN,OgS;
Fw/g mol " 653.58 676.24
Temperature/K 293 293

Crystal system Monoclinic Monoclinic
Space group C2/c C2/c

VA 8 8

MA 0.71073 0.71073
alA 16.7517(7) 16.6448(8)
b/A 10.2858(4) 10.3055(5)
c/A 34.5008(16) 34.8408(16)
Bl° 100.862(2) 101.442(2)
V/A? 5838.1(4) 5857.6(5)
Crystal size/mm 0.14 x 0.10x 0.04 0.37 x 0.17 x 0.10
Peale//g cM™? 1.487 1.529
pmm* 0.86 1.02

O range/° 2.4-25.7 2.3-26.4
Data collected 40716 47 956
Independent reflections 5156 5171
Reflections (I > 20(1)) 4094 4519

Rine 0.069 0.041
F(000) 2696 2776
Refined parameters 373 374
Goodness-of-fit on F* 1.15 1.03

R[F* > 20(F?)] 0.087 0.059

WwR (F?)*° 0.194 0.165
Largest diff. Peak/hole/e A  1.49/—0.73 1.04/—-0.91
CCDC deposit number 2469011 2469012

smallest error in the ICP-OES results. However, X-ray diffraction
and TGA analyses confirmed the presence of DMSO and water
molecules in the crystal lattice of 2.

The IR spectra of 1-2 are shown in Fig. S1. The spectra show
the occurrence of one band assigned to v,,(COO™) at 1668 (1)
and 1654 (2) cm ™' and one band assigned to v{(COO~) at 1483
(1) and 1488 (2) cm ™, which may be related to the presence of
the H,mpba®~ ligand. The band assigned to y(C=0,miqc) OCCUrS
at 1682 (1) and 1688 cm ™ * (2), and the absorption peaks at 1614
(1) and 1608 (2) cm™ " were attributed to »(CC) stretching
vibrations.** The IR spectra also reveal N-H stretching at 3173
(1) and 3179 (2) ecm ", supporting the H,mpba®~ partial
deprotonation form.**®>1412¢22 Addijtional peaks were observed
in the IR spectra due to the presence of the dps ligand. The set
of absorptions assigned to this ligand [~1595 and 1582 cm ,
attributed to vc—¢ and vc—y] for compounds 1 and 2 supports
a bridging coordination mode towards Co" (1) and Cu" (2) ions.
This is evident from the shift to higher wavenumbers compared
to the main peak at 1568 cm ™" in the free ligand.'®* The peaks
at 1040 and 1027 cm™ ' can be assigned to the stretching
vibrations (vgo) for the DMSO molecule.>® Thermogravimetric
analyses (TGA) of compounds 1 and 2 (Fig. S2) revealed similar
thermal behavior. Both compounds exhibited minimal mass
loss in the 30-75 °C range, accounting for approximately 2.0%
of the total mass for compound 1 and 2.1% for compound 2.
The initial weight losses occur up to the temperature of 320 °C
for compounds 1 and 2, specifically, two DMSO molecules in
compound 1, and two DMSO molecules along with one water

RSC Adv, 2026, 16, 2179-2189 | 2181
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molecule in compound 2, as well as the loss of the dps ligand
(obsd. 51.7%, calcd. 52.6% for (1); obsd. 53.1%, calcd. 53.6% for
(2))- A third weight loss is observed shortly after these initial
losses, likely due to the partial decomposition of the Hympba®~
ligand into phenylene(oxamate) (1) and the total decomposition
(2), occurring at approximately 900 °C (obsd. 26.2%, calcd.
25.0% for (1); obsd. 33.1%, calcd. 36.0% for (2)). The final mass
loss residues could tentatively be attributed to CoCO; (calcd.
18.2%) (1) and CuO (caled. 11.9%) (2).

The experimental and calculated powder X-ray diffraction
(PXRD) patterns (Fig. S3 (1) and S4 (2)) agree well with each
other, confirming the good phase purity of the crystalline
powder samples of each compound.

3.1.1 Description of the structure. Single-crystal X-ray
diffraction revealed that compounds 1 and 2 are isomorphic,
crystallizing in the monoclinic C2/c space group. Data collec-
tion, crystal data, and refinement parameters are summarized
in Table 1. Their chemical compositions are slightly different
due to the metal ion and one additional lattice water molecule
in 2, both compounds present the same structural arrange-
ment. A generic fragment of the crystal structure of 1 and 2 is
depicted in Fig. 1.

It comprises one independent partially deprotonated
H,mpba®~ and one independent dps ligand bridging two
different metal ions M1 and M1 or M1 and M1". Selected bond
lengths are listed in Table S6.

Due to the symmetrical operations of the C2/c space group,
the metal ion coordination sphere is further filled with addi-
tional bidentate Hympba®~ and dps ligands, leading to a 2D
array as shown in Fig. 2.

This polymeric arrangement affords triangular-like channels
along the bc crystallographic plane in which the metal ions act
as a node. In both compounds, these channels are filled with
two DMSO (1) or two DMSO and one water (2) molecule. Each
metal ion is coordinated by four oxygen atoms from two
different Hympba®~ and two pyridyl nitrogen atoms from two
dps ligands, forming a distorted octahedral geometry. In both
compounds, the Hympba®~ ligand acts as a bridging ligand, a -
k*0,0':x*0" 0" coordination mode, while the dps ligand adopts
a p-kN:xN' bridging coordination mode. Three oxygen atoms
(01, 02, and 05') and one nitrogen atom (N3) coordinate to the

M1

Fig. 1 Fragment of 1 (M = Co) and 2 (M = Cu) crystal structure.
Hydrogen atoms and lattice molecules have been omitted for the sake
of clarity. Symmetry operation to generate equivalent atoms: (i) 3/2 —
x,y+1/2,1/2 -z (ilx,y+ 1z (ilxy—1z (iv)3/2—-x,y—-1/2,z-1/2
(forl); () 3/2 —x,y +1/2,3/2 — z; (i) x,y — L, z; (i) x, y + 1, Z; (iv) 3/2 — x,
y —1/2, 3/2 — z (for 2).
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Fig. 2 2D polymeric arrangement of 1 and 2. Lattice DMSO and water
molecules and hydrogen atoms were omitted for clarity. Color codes:
green = cobalt(n) or copper(i), gray = carbon, red = oxygen, blue =
nitrogen, and yellow = sulfur.

equatorial sites of the metal ion, while the axial positions are
filled by the remaining H,mpba?~ oxygen (06') and dps
nitrogen (N4') atoms.

The M1-0 and M1-N distances range from 2.048(3)-2.218(4)
Ain 1, and from 1.977(3)-2.499(3) A in 2. Due to the Jahn-Teller
distortion expected for d° ions, the M1-06' and M1-N4™ bond
lengths in 2 are larger than those forming the equatorial plane.
The bond lengths for cobalt(u) and copper(u) derivatives are in
the typical range found in the literature.”*'*>**” The bond
angles between the metal ions and ligand donor atoms fall
within the ranges 77.4(2)° to 98.6(2)° for 1, and 74.1(1)° to
98.2(1)° for 2. These values indicate a significantly distorted
hexacoordinated environment for both complexes, as they
deviated considerably from the ideal 90° angles characteristic of
the octahedral geometry. Furthermore, to evaluate the distor-
tion of the coordination environment around the Co" and Cu"
ions, the continuous shape measure (CShM) parameters for 1-2
were calculated using the Shape 2.1 program.*® As shown in
Table S7, although the coordination geometries of 1-2 can still
be described as an octahedron, the deviation from the ideal Oh
octahedron (for ideal Oh symmetry, CShM = 0) is significant,
with the CShM values of 16.441 (1) and 17.359 (2).

In the dps moiety, the C15-S1-C16 bond angle in both
complexes is c.a. 101°, which plays an important role in the 2D
structural arrangement, since dps is a rigid ligand connecting
two metal ions. Moreover, the dps phenyl rings are twisted by
71° and 68°, respectively, for 1 and 2. Concerning the Hympba®~
ligands, the coordinating oxamate group planes are c.a. 46° for
both complexes. In addition, C1-N1-C3 and C7-N2-C9 bond
angles also revealed a very similar structural arrangement for
1 and 2.

In the triangular-like motifs seen in the 2D array, two
different distances between the metal centres are present,
namely M1---M1 and M1---M1". The first one is mediated by
dps ligands, and it is the shortest one, with values of 10.286(1) A
(for 1) and 10.3055(8) A (for 2). The largest distances of 12.097(1)
A (1) and 12.142(1) A (2) were seen when H,mpba®~ bridges the
metal ions. The M---M distances through bridging dps ligand
observed in the polymeric chains of 1 and 2 are comparable to
those reported in the literature for first-row transition metal

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Selected polymeric chains involving the dps (from in situ cleavage—-reorganization of the dpss ligand) and the H.mpba~ bridging

ligands, and the 1-2 networks®

Compound Methodology Metal ~ M--M (A) Database identifier =~ Ref.

dps bridges

{[Co(dps).(SeCN),]-H,O}, Diffusion Co(u) 10.175(3) WIZLEY 7
[Cos(dps)a(5-Br-Hip)a], Solvothermal. (170 °C — 3 days) Co() 10.224 QIJSIN 29
[Fe(NCS),(dps),]-2H,0 Stirring (at room temperature) Fe(u) 10.288 IREBENO1 8
[Zn(NCO),(dps)] Stirring (at room temperature) Zn(u) 10.714(2) LOHROR 8
[Zn(muco)(dps)] Solvothermal (100 °C - 4 days) Zn(u) 10.878 JUFLED 21
[Cos(dps)o(CH30-ip)2]x Solvothermal (160°C - 3 days) Co(u) 11.158(6) HOMGUN 30
[Co,(*PrIPA),(dps)]. Solvothermal (120 °C - 3 days) Co(u) 10.1870(9) NUWFOD 31
[Cos(‘BuOIPA);(dps)(H,0)], Solvothermal (120 °C - 3 days) Co() 9.8429(2) NUWFIX 31
H,mpba®~ bridges

[Cu(bipy)(H,mpba)]-dmso Diffusion Cu(u) 7.0263(14) QIQYUM 11e
[Cos(Hympba),(Hz0)4], - 4nH,0 Stirring (at room temperature) Co() 12.195(6) UYIQEB 11b
[Co,(H,mpba),(CH;0H), Stirring (at room temperature) Co(u) 5.121(3) UYIQIF 11b
(H20),]),-0.5nH,0 - 2ndpss

H,mpba®" and dps bridges

[{Co(H,mpba)(dps)}-2DMSO], Diffusion (at room temperature) Co(u) 10.286(1)/12.097(1) — This work
[{Cu(H,mpba)(dps)}-2DMSO-H,0], Diffusion (at room temperature) Cu(n) 10.3055(8)/12.142(1) — This work

“ Abbreviations: 5-Br-H,ip = 5-bromoisophthalate, muco = trans, trans-muconate dianion, CH;0-H,ip = 5-methoxyisophthalate, iPrIPA = 5-i-
propoxyisophthalate, iBuOIPA = 5-i-butoxyisophthalate, bipy = 2,2-bipyridine, dpss = 2,2-dipyridyldisulfide.

polymeric chains, particularly those where dps was generated in
situ from dpss (see Table 2). Although comparisons are limited
due to the scarcity of polymeric chains involving the H,mpba®~
ligand, it is noteworthy that the M---M distances in 1 and 2
resemble those of the linear cobalt(u) chain
[Coy(Hompba)y(Hy0) 4]y 4nH,0.1* The M---M distance in 2 is
significantly longer than that observed in the linear copper(u)
chain [Cu(bipy)(H,mpba)]-DMSO,**¢ possibly due to the bi-
dentate coordination mode of the 2,2'-bipyridine ligand.
Finally, to close the triangular-like unit, the M1l M1
distances are the same for M1---M1" since the connection

Fig. 3 Intermolecular interactions involving oxamate motifs con-
necting the 2D sheets in the solid state for 2. Symmetry operation to
generate equivalent atom: i =2 — x, +y, 3/2 — z.

© 2026 The Author(s). Published by the Royal Society of Chemistry

between the two metal centres is also made by a H,mpba®~
ligand. Compound 2 shows slightly larger metal...metal
distances than 1. It is important to note that both bridging
ligands generate similar 2D layers in 1-2. When separated by
dps or H,mpba®~ ligands, the M" ions within each triangular
unit are well-isolated.

The crystal packing of complexes 1 and 2 is stabilized by
a hydrogen-bonding network involving the oxamate group (N-
H-*-Ogxamate), @s well as interactions between the oxamate units
and lattice DMSO molecules (N-H---Ogpso)- The former inter-
action plays a crucial role in the molecular architecture of the
solid state, which connects the sheets, as illustrated in Fig. 3 for
the copper-based network. The crystal packing of complexes 1
and 2 is further stabilized by short contacts of type Cgpp-H: -
Cspz and Cgp3-H:---Cgp, involving aromatic rings, the oxamate
group, and DMSO molecules.

3.1.2 Magnetic properties. The dc magnetic properties of
compound 1, in the form of x,T product against 7'and M vs. H/
T plots (xum is the magnetic susceptibility per cobalt(u) ion), are
shown in Fig. 4.

At room temperature, T was 3.6 cm® mol " K, significantly
higher than the expected spin-only value of 1.875 cm® mol ' K
for an isolated Co(u) ion (S = 3/2, g = 2.0). This indicates the
presence of considerable orbital angular momentum contribu-
tions. Upon cooling, the values of xT steadily decreased to 2.2
em?® mol ' K at 2 K. No abrupt variation in xT'vs. Twas observed
at low temperatures, indicating very weak intermolecular
interactions present in compound 1. The continuous decrease
of xT from room temperature is primarily attributed to thermal
depopulation of the energy levels of the S = 3/2 Co ions,
resulting from the zero-field splitting effects. The non-
superposition of the reduced magnetization curves in m vs. H/

RSC Adv, 2026, 16, 2179-2189 | 2183
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Fig. 4 Temperature dependence of the xT product for 1 measured in
the applied field of 1 kOe: (symbols) experimental; (lines) best-fit curve
through eqgn (1) (see text). Inset: experimental magnetization vs.
reduced field at different temperatures for 1 at 2, 4, and 8.0 K.

T plots (inset of Fig. 4) indicates magnetic anisotropy, sup-
porting the presence of significant zero-field splitting in this
complex. To further investigate the magnetic anisotropy of the
Co(u) ion, both the xT value and the magnetization data were
fitted using the spin Hamiltonian containing ZFS and Zeeman
effect (eqn (1)):

-
PS —

M) +E(S’x2 - 5’y2> +upS-¢H (1)

H= D(§22 —
3

D and E represent axial and rhombic ZFS parameters,
respectively, ug is the Bohr magneton, § is the spin operator,
and H is the magnetic field vector, implemented in the PHI
program.®® The best fit parameters are D = —103.7(7) em™ ', E =
1.14(7) em ™, g = 2.772(1) and z/ = —0.005(1) em™". The zJ
term was introduced to account for possible intermolecular
interactions and is defined as x'y = xm/[1 — (Z/Ng*u)xml--
These results indicate a significant easy-axis magnetic anisot-
ropy for (1) with a slight deviation from axial symmetry due to
the structural distortion of the field around the Co(u) ion. In
contrast to the majority of cobalt(un) systems investigated as
single-molecule magnets (see Table S1), which predominantly
exhibit a positive D value,***" our results reveal that compound
1 displays a large negative D parameter of 103.7(7) cm ™', Similar
behavior indicating easy-axis magnetic anisotropy, as suggested
by negative D values, has previously been reported for a number
of other Co" complexes®*° (see Table S1).

To further verify the magnetic anisotropy of 1, ab initio
CASSCF/NEVPT2 calculations were performed, and the SIN-
GLE_ANISO analysis confirms that the Co(un) center in 1 is
a high-spin (S = 3/2) system with strong easy-axis magnetic
anisotropy. Analysis of the ground doublet within the lowest
four spin-orbit states yields an axial ZFS parameter D ~
—106.0 ecm™ ', which is quite close to the fitted experimental
value. This splitting sets a large theoretical thermal barrier
Uegr = 228.1 cm™ ', which is based on the ab initio energy of the
first excited Kramers doublet.

However, the large U.g barrier is effectively short-circuited by
a substantial rhombic ZFS parameter £ = —24.3 cm '. The
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resulting rhombicity ratio, |E/D| ~0.23, is about 69% of the
theoretical maximum 1/3. Such strong rhombicity induces
significant quantum-mechanical mixing between the ground
Ms = £3/2 and excited Mg = £1/2 states, opening an efficient
QTM pathway at zero field and consequently suggesting that
this complex is a field-induced single-ion magnet.

Evidence for this dominant QTM channel is explicit in the
computational data. A pure, unmixed M = +3/2 ground state in
the limit £ = 0 would be essentially “EPR-silent” in the trans-
verse plane, requiring gx = gy = 0. In contrast, the calculated
effective g tensor for the ground Kramers doublet is highly
anisotropic, with a very large easy-axis component g, ~8.61
(derived from 2 x |[(My)|) and clearly non-zero transverse
components gy and gy. The non-zero E term and the large off-
diagonal crystal-field parameters B(2, +1) and B(2, £2) quan-
tify the state mixing that generates these transverse g values
(Fig. S5 and Tables S8-S14).

For compound 2, the xT product, which is 0.47 cm® mol ' K
at room temperature, continuously decreases until around 4 K,
when the decrease becomes a little steeper, reaching 0.43 cm’®
mol " K at 2 K (Fig. 5). The expected value for Cu*" ions at room
temperature is 0.38 cm® mol ' K, considering a free Cu** ion
state (S = 1/2, g = 2). The analysis of the xT vs. T magnetic data
was performed using the Curie law (eqn (2)):

_ Ng*w,’S(S+ 1)

XM 3T + TIP [2)

modified to account for weak intermolecular interactions (z/'),
eqn (3):

Xx=—F7M (3)
- zJ
Ng2#b2 X

where g is the spectroscopic splitting factor, N is Avogadro's
number temperature-independent paramagnetism, and S = 1/2
for the Cu(u) ion. Simultaneous fitting of the data x{7) and
magnetization data was performed using the PHI program,

g“ﬂ)

employing the equation M(H) = Ng,ubSBs< T ) where Bg is

0.5

0.4+
X
5 0.3
£
©
£
G
~ 0.24
[
=
0.1+
H/kOe
0.0 T T T T T T
0 50 100 150 200 250 300

T/K

Fig.5 Temperature dependence of the xT product for 2 measured in
the applied field of 1 kOe: (symbols) experimental; (lines) best-fit curve
through egn (2) (see text). Inset: experimental magnetization vs.
magnetic field at different temperatures for 2 at 2.0, 4.0, and 8.0 K.
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the Brillouin function. The best agreement with the experi-
mental data for 2 was obtained with g = 2.129, zJ' = —0.03 cm ™,
TIP = 1.7 x 10~* em® mol™'. The temperature-independent
paramagnetic term agrees with typical values,* and the small
zJ' value indicates the weak intermolecular interactions. The
observed magnetic behavior for 1 is consistent with the struc-
tural data, as significant intra- and interlayer metal-metal
distances suggest any magnetic coupling between the spin
triangles would be very weak.

3.1.3 Dynamic (ac) magnetic measurements. To explore
the magnetization dynamics and to investigate possible slow
magnetic relaxation in compounds 1 and 2, alternating current
(ac) susceptibility was measured over a frequency range of 0.1 to
10 kHz and an applied field range of 0.0 to 5.0 kOe. For complex
1, in the absence of an applied dc field, a weak but significant
signal of the out-of-phase (x”y) component of ac susceptibility
was observed. This suggests that 1 is a single-ion magnet (see
Fig. S6a). The Cole-Cole plot is tightly centered on the maxima
at different temperatures, indicating a single magnetic relaxa-
tion process (Fig. S6b). Fig. 6(a) shows the frequency depen-
dence of the in-phase (x'v) and the out-of-phase (x"um)
susceptibility of 1 measured under an applied dc field of 1 kOe.
Both components show significantly increased magnitude at 1
kOe, which is consistent with suppression of the Quantum
Tunneling of Magnetization (QTM) process. For compound 2,

= 3
0
°
£2
£
£
w1
1.0
°
E
Eos
™~
001 % ‘
10 100 1000 10000
Wave Frequency (Hz)
T(K)
20 3.0 4.0 6.5 9.0 10.0
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T
©
£o02
€
<
>01
—~ 0.06
5
E 004
£
=2
<~ 0.02
=
[
0.00

10 100 1000 10000
Wave Frequency (Hz)

Fig. 6 Real (/) and imaginary (") components of the magnetic
susceptibility measured under an applied field of 1.0 kOe and
a frequency range of 0.1-10 kHz for 1 (a) and 2 (b). The solid lines
represent the best-fit curves using the parameters from the general-
ized Debye model.
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x"m shows no frequency dependence in measurements at zero
applied field. However, x”y; displays a frequency-dependent
behavior under 1 kOe, as shown in Fig. 6(b). These results
indicate that 2 exhibits field-induced slow magnetic relaxation.
The x'p and x”y data were analyzed using the generalized
Debye model with CC-FIT2 software,* furnishing the relaxation
time (7) at different temperatures, the parameter characterizing
the width of the relaxation time distribution («), and other
parameters presented in Tables S15-S17.*

Fig. 7(a) shows the Cole-Cole plot obtained for 1 measured
under 1 kOe. The Cole-Cole plot displays semicircles and
symmetrical shapes, with « in the range 0.89-0.13, which is
a moderate distribution of relaxation times. Fig. 7(b) shows the
Cole-Cole plot of 2, which is more narrow on the maxima at
different temperatures, with « in the range 0.20-0.03, suggest-
ing a single relaxation magnetic process.

The relaxation temperature dependence has been analyzed
through different models, the best simulation being achieved

by eqn (4):

-U.
—1 _ Tn —1 eff 4
o= CT" + 5 exp( = (4)

where the first and second terms account for the Raman and
Orbach processes, respectively.** These processes are defined by

X’ (cm®mol~?)
4 o
o ®

o
>

o
N

=4
o

0.5 1.0 15 2.0 2.5 3.0 3.5
X (cm’mol~?)

0.05 0.10 0.15 0.20 0.25 0.30
X (ecm?mol~?)

Fig. 7 Cole—-Cole plot obtained from the frequency-dependence of
the ac susceptibility measured at 1 kOe for 1 (a) and 2 (b). Lines
represent the best-fit curves obtained using a generalized Debye
model according to the description in the text.
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the Raman coefficient (C) and the exponent (n), and by the
Orbach effective energy barrier for the relaxation of the
magnetization (Ue;) and the pre-exponential factor (zo),
respectively. The Orbach process involves phonon absorption
followed by emission, resulting in relaxation via a real excited
state. In contrast, the Raman process proceeds through a virtual
state.*

The relaxation time as a function of temperature (Arrhenius
plot) for 1 and 2, obtained under a dc applied field of 1 kOe, is
shown in Fig. 8(a) and (b), respectively. The data for 1 under
a zero dc applied field is shown in Fig. S7. At zero applied field,
the best fit of eqn (4) for 1 was a single Raman process, but with
an exponent n lower than the expected range for that
mechanism.

These exponent values are also higher than those of the
direct process (tr « T~ ') but fall within the expected range for
the bottleneck effect, which has an exponent of approximately 2.
The bottleneck effect arises from hindered energy transfer
between magnetic spins and surrounding phonons. This results
in the reabsorption of energy from the lattice phonons back to
the spins, which leads to a slow relaxation time. The slow
magnetic relaxation associated with the bottleneck effect occurs

)
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Raman
-14 — Total
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= 2
E
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Fig. 8 Arrhenius plots obtained from the ac susceptibility measured
under 1 kOe for 1 (a) and 2 (b). Lines represent the best-fit curves
obtained using egn (4) according to the description in the text.

2186 | RSC Adv, 2026, 16, 2179-2189

View Article Online

Paper

due to the interaction between the spin system and the envi-
ronment lattice, and when conventional relaxation mecha-
nisms, such as thermally activated processes (over-barrier) or
quantum tunneling, are suppressed. For the spins in a system to
relax from an excited state to the ground state, they must release
their excess energy. This energy is dissipated into the system
through Crystal lattice vibrations, resulting in the emission of
phonons. The slow magnetic relaxation of the spin-phonon
bottleneck occurs when the energy released by the relaxing
spins cannot be dissipated into the thermal reservoir at a suffi-
ciently rate. This causes the spin system and the lattice to be out
of thermal equilibrium. In this regime, the relaxation time is
expected to follow the relationship 7 o« T 211643

However, exponent n slightly lower or higher than 2.0 has
been observed in various compounds, depending on the values
of the applied dc field."**** This suggests a bottleneck effect may
occur for 1 at zero applied field (see Table 3)."*“** Although ab
initio calculations suggested that 1 would exhibit efficient
quantum tunneling, we observed a bottleneck effect in this
compound in the absence of a dc field. We attribute this effect
to molecular interactions affecting the energy levels of this
compound.

For 1 kOe, the best-fit of eqn (4) to the Arrhenius plot of 1 was
the Raman again with temperature exponent n close to the
values found for bottleneck effect dominating the relaxation at
temperatures lower than 7.5 K. The Orbach process dominates
the relaxation in temperatures between 7.5-11.5 K. These
values are within the range typically observed for Co single-ion
magnets."****” For complex 2, the magnetic relaxation is well
described by the Raman process, but with the exponent value
consistent with the bottleneck effect'® (see Table 3). The struc-
tural and magnetic behavior observed for both compounds 1
and 2 indicates that they behave as mononuclear species with
high anisotropy.

The magnetic relaxation behavior observed for 1 (a bottle-
neck at zero field and a bottleneck plus Orbach processes at 1
kOe) is consistent with the strong easy-axis anisotropy (D =
—103.7(7) em™ ) and significant rhombicity found for the Co(n)
ion from the XT vs. T analysis. The high rhombicity facilitates
the direct relaxation, while structural distortion increases mode
density, yielding a bottleneck effect. The large anisotropy
provides the excited states necessary for the Orbach process. On
the other hand, in compound 2, the Cu(u) is a § = 1/2 Kramers
ion that has a single Kramers doublet as its ground state;
therefore, there are no real excited states necessary for the
Orbach mechanism. In addition, the weak magnetic

Table 3 Dynamic magnetic parameters for 1 and 2

Compound Parameter 0.0 (kOe) 1.0 (kOe)
1 C(sTK™ 3.21(12) 2.66(5)
n 1.38(14) 2.2(1)
7o (8) — 1.2(1) x 10°®
Uet/Ks (K) — 56.3
2 C(s7'K™) — 2.9(1)
n — 2.0(2)

© 2026 The Author(s). Published by the Royal Society of Chemistry
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interactions between Cu ions prevent the spin-spin cross-
relaxation pathway, weakening the Direct process. The bottle-
neck occurs for this complex under an applied field of 1 kOe. In
this case, transitions within the ground Kramers doublet
proceed via slow phonon-mediated pathways, as the doublet is
split by the applied magnetic field. However, since the number
of phonons potentially involved in a two-phonon Raman
pathway is much higher than in a direct process or bottleneck
effect, and given the expected exponent values for the Raman
process (n = 6-9), this mechanism should dominate relaxation,
particularly at slightly higher temperatures.** However, we
observed only a bottleneck. Nevertheless, we observed only
a bottleneck effect for 2 in the temperature range 2 to 10 K. The
reason the Raman process is not observed for compounds 1 and
2 likely arises from the vibrational properties of their ligands,
which will be investigated in detail in future work.

4 Conclusion

In conclusion, we report the first M"-dps-oxamate two-
dimensional coordination networks, with Co(n) and Cu(u)
compounds displaying single-ion magnet (SIM) properties. The
starting 4,4’-dipyridyl disulfide (dpds) ligand was fully con-
verted into 4,4’-dipyridyl sulfide (dps) through an in situ rear-
rangement at room temperature using the diffusion method.
The solid-state characterization (elemental analysis, ICP-OES,
IR spectra, TG analysis, single-crystal X-ray diffraction, and
Powder X-ray diffraction), together with the magnetic
measurements and theoretical calculations, are all in full
agreement. The phase purity of 1 and 2 was confirmed by
comparing the experimental PXRD patterns with those calcu-
lated from the single-crystal structures. The 2-D polymeric
arrangement was examined by SCXRD, affording triangular-like
channels in which the metal ions act as a node. To close the
triangular-like unit, two metal centres are connected by one dps
ligand, and the third one by the Hympba®~ ligand, with the M"
ions within each triangular unit well-isolated. The detailed
study of the dynamic susceptibilities revealed that the
compounds behave as mononuclear species exhibiting slow
magnetic relaxation in the absence of an applied DC field (1)
and under an applied direct-current (DC) field (2). For 1, a weak
but significant out-of-phase signal is observed at zero field,
indicating single-ion magnet (SIM) behavior. At 1 kOe, the
bottleneck effect dominates at temperatures below 7.5 K, while
the Orbach mechanism prevails in the higher temperature
range of 7.5-11.5 K, supported by strong easy-axis anisotropy (D
= —103.7(7) em™ ") and significant rhombicity, yielding an
effective energy barrier of U.g = 56.3(2) K with a pre-exponential
factor 7o = 1.2(1) x 10~ % s. For compound 2, the Cu(u) ion (S =
1/2) exhibits field-induced slow magnetic relaxation attributed
to a bottleneck effect at 1 kOe (n = 2.0(1), C = 2.9(1) s ™" K ?), as
no real excited states are available for the Orbach process and
the weak magnetic coupling prevents spin-spin cross-
relaxation, weakening the Direct process. The theoretical
calculations have shown 1 to possess a large, negative D value of
—106.0 ecm™ !, which is quite close to the fitted experimental
value (D = —103.7 (7)), confirming the strong easy-axis magnetic

© 2026 The Author(s). Published by the Royal Society of Chemistry
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anisotropy. The theoretical results allowed us to assign an E/D
value to the cobalt(u) center in 1, revealing the presence of
a strong in-axis anisotropy |E/D| ~0.23. Despite the quantum
tunneling predicted by theoretical calculations, the bottleneck
effect in 1 likely results from weak intermolecular interactions.
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