ROYAL SOCIETY

Iy
Dalton
PPN OF CHEMISTRY

Transactions

View Article Online

View Journal | View Issue

M) Check for updates Unusual slow magnetic relaxation in a

sulfate-bridged copper(i) complex with
1-(2-pyridylazo)-2-naphthol ligand

Cite this: Dalton Trans., 2026, 55,
3336

C

Meriem Goudijil, 2 **° Carlo Andrea Mattei, () ¢ Leonardo Tacconi,

Laura Chelazzi® and Mauro Perfettj () x©

We report an unprecedented one-pot route synthesis and in-depth characterizations of a new binuclear
copper(i) complex with the tridentate PAN ligand (1-(2-pyridylazo)-2-naphthol). The compound of
formula [Cu,(p-SO4)(PAN),(H,0),] was isolated as a highly crystalline material, where the two copper(i)
centers are connected by a sulfate bridge. Single-crystal X-ray diffraction (SC-XRD) combined with
UV-Vis spectroscopy confirms a square-pyramidal coordination around each Cu(i) center in both the
solid state and solution. Remarkably, magnetic studies revealed an unconventional slow magnetic relax-
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ation under applied dc fields, characterized by three field-dependent processes spanning more than four
orders of magnitude in frequency. These findings broaden the design space of transition-metal molecular
magnets by showing that simple sulfate bridging and n-conjugated ligands can engender complex relax-
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Introduction

Molecular compounds represent an essential class of materials
providing experimental and theoretical models in fields such
as bioinorganic chemistry,' catalysis,” and molecular magnet-
ism.> Among these, copper(n) complexes have been central
thanks to the 3d° electronic configuration of the Cu(u) cation,
which enables a rich diversity of coordination geometries (e.g.
square planar, square pyramidal, distorted octahedral) and
compelling magnetic properties.> Further, polynuclear
copper(u) coordination complexes have been paradigmatic in
advancing the understanding of magnetic exchange
phenomena.®® Several Cu(n) complexes have been explored as
candidate molecular qubits due to their S = 1/2 electron spin
and tunable electronic environments. A notable early example
is the dithiolene system (PPh,),[Cu(mnt),], which exhibits
exceptionally long spin coherence times at low temperature
and observable coherence up to room temperature, demon-
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strating key qubit characteristics in a chemically tunable
complex.” Theoretical studies on [Cu(mnt),]*~ highlight how
intramolecular vibrations influence decoherence and provide a
framework for designing Cu-based qubits with improved resili-
ence against spin-phonon coupling.'® More recently, Cu(u)
porphyrins have been investigated to understand the role of
molecular structure and vibrational modes on spin
relaxation dynamics, revealing that some distorted Cu porphyr-
ins maintain significant coherence and offering a platform for
tuning qubit performance through ligand environment.''
Additionally, comprehensive reviews of Cu(u) systems
frame these complexes within broader efforts to exploit
their spin-relaxation properties for quantum information
science.'?

In the rational design of molecular magnetic materials, it is
essential to consider not only the ligand field effects arising
from the primary metal coordination sphere*** but also the
influence of weaker supramolecular interactions®™® (e.g.
H-bonding, C-H-n and n-rn interactions) that drive the solid-
state crystal packing. Indeed, among the key factors that
govern and modulate the magnetic phenomena are also those
effects dictated by the phonon bath and through-space mag-
netic coupling (i.e. distance between magnetic spins and their
relative orientation)."® Furthermore, the deliberate incorpor-
ation of simple inorganic (e.g., hydroxide, halide, sulfate) or
extended organic bridging ligands (e.g., oxalate, bipyridine)
offers a powerful strategy to fine-tune magnetic interactions,
enabling precise control over the enhancement or suppression
of specific magnetic properties.®

This journal is © The Royal Society of Chemistry 2026
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The ligand 1-(2-pyridylazo)-2-naphthol (HPAN, generally
referred to as PAN) is a versatile N-N’-,O-donor chelating
agent, widely recognized as one of the most effective spectro-
photometric reagents for the detection and the extraction of a
broad range of transition metals.*>*! Its strong affinity for
metal cations,”*?® including Cu(u)***°! enables the for-
mation of stable coordination complexes. Owing to its binding
flexibility, the PAN ligand can adopt multiple binding modes
behaving as a monodentate,”® bidentate,*"* or as a
tridentate®®" ligand, therefore facilitating diverse metal-
ligand architectures. The conjugated n-network characteristic
of PAN-based complexes has appeared attracting to promote
electronic delocalization and n-rn stacking potentially leading
to magnetic coupling between adjacent Cu(u) centers.

To assess the structural diversity of PAN-containing coordi-
nation compounds, a comprehensive survey of the Cambridge
Structural Database (CSD, version 6.00, April 2025) was con-
ducted. The search retrieved 30 entries (see Tables S1 and S2),
each featuring a PAN coordinated to either a transition metal
such as Cu(u), Ru(u), Re(1), Re(ur), Rh(m), Ir(um), Cr(m) and V(v)
or rare-earth elements including Eu(um), Gd(m), Yb(m) and
Tb(m). Of these, 28 structures possess complete crystallo-
graphic data, while two lack resolved 3D coordinates.
Remarkably, only 8 of the identified complexes exhibit a
dimeric configuration, highlighting the relative scarcity of
PAN-based metal dimers within the current crystallographic
landscape. Furthermore, these PAN dimers have received little
attention in terms of detailed magnetic characterization,
leaving their magnetic properties largely unexplored.

In light of this structural rarity and the intriguing magnetic
potential of transition metal-bridged systems, we present herein
the synthesis, single-crystal X-ray diffraction (SC-XRD) analysis,
EPR spectroscopy, and SQUID magnetometry for a new dimeric
Cu(u) complex with the tridentate Schiff-like ligand PAN and
bridged by a single sulfate anion. Through a combined crystallo-
graphic analysis and modeling of the magnetic properties, we
examine the structure-magnetism relationship, with particular
emphasis on magnetic exchange pathways to reveal an unusual
slow relaxation of magnetization behavior, which, to the best of
our knowledge, is unprecedented among Cu(i) dimers contain-
ing solely S = 1/2 species.

Results and discussion
Synthetic procedure

The reaction between copper sulfate and one equivalent of the
PAN ligand in a H,O/EtOH solvent mixture proceeded
smoothly without the need for a deprotonating agent
(Scheme 1). The target copper complex was obtained as gold-
brown needles with metallic luster, soluble in H,O and most
common organic solvents. The key structural feature driving
the formation of a dimeric species is the bridging capability of
the sulfate anion. Elemental analysis: (calc. %) C 71.97, H
4.83, N 16.79, and S 6.41; (found %): C 71.21, H 4.81, N 16.60,
and S 6.56.

This journal is © The Royal Society of Chemistry 2026
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Scheme 1 Synthesis route of the p-sulfato-bis(1-(2-pyridylazo)-2-
naphtholato)-di-copper(i) complex.
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FT-IR and UV-Vis spectral studies

The evidence for complex formation was first assessed through
FT-IR and UV-Vis characterizations.

The IR spectra of the free PAN ligand and its Cu(u) dimer
complex are shown in Fig. S1. The free ligand shows character-
istic bands for phenolic »(O-H) (broad, 3200-3600 cm™"), aro-
matic »(C-H) (2800-3200 cm™"), see Fig. S1a, and strong azo
Y(-N=N-) (1505 cm ") stretches.?* The fingerprint region fea-
tures  overlapping  y(C=N)/y(C=C) bands between
1535-1655 cm™* and phenolic ©(C-0) at 1204 cm™".** Bands
from 1115-1280 cm™ " correspond to -N=N-Ar deformation
and ring breathing, with §(C-H) out-of-plane bends at 840 and
750 cm™'. Upon Cu(u) coordination, shifts in the azo (to
1509 cm™') and phenolic (to 1210 cm™) peaks indicate
binding via azo nitrogen and phenolic oxygen.** A broad band
at 3420 cm™' confirms the presence of coordinated water
(Fig. S1a). Bands at 1095 and 1052 cm™ ' are assigned to
1(S=O0) of the coordinated sulfate bridge (Fig. S1b).*> Around
1000 cm ™, the peak is assigned to both ¢(S=0) and ¢(Cu-0),
while peaks from 645-600 cm™" correspond to y(Cu-N) and
v(Cu-0), confirming chelation.

The UV-Vis spectrum of free PAN is shown in Fig. S2a. The
Gaussian deconvolution shows three principal absorptions: a
1 — n* transition of the aromatic rings (~300 nm), an azo-cen-
tered n — n* band with ILCT character (~420 nm), and a
lower-energy n — n* transition across the conjugated frame-
work (~478 nm).*® Upon coordination with Cu(u) in the
sulfate-bridged dimer, the spectral profile evolves into five
deconvoluted bands (see Fig. S2b). Intense high-energy fea-
tures (230-360 nm) are still dominated by intra-ligand = — =*
and ILCT processes, followed by a band peaked at 420 nm
attributed to azo n — w* excitations. A broad feature spanning
450-700 nm, with a maximum at 558 nm, corresponds to
phenolate - Cu(u) LMCT transitions and d-d contributions,
consistent with previously reported bis-(p,-chloro)-bis(1-(2-pyri-
dylazo)-2-naphtolto)-copper(u) (CCDC refcode: PAZNCO01).>®
The broadening likely results from dimerization effects per-
turbing the spin coupling across the sulfate bridge.*”

Crystal structure of [Cu,(1-SO,)(PAN),(H,0),]

The crystallographic analysis identified a new dimeric Cu(n)
complex, namely [Cu,(p-SO,)(PAN),(H,0),], featuring mono-p-
sulfato bridging. The crystallographic data are reported in
Table S3. The asymmetric unit shown in Fig. 1a includes two
crystallographically independent Cu(u) sites, two independent
PAN molecules, one sulfate anion, and two coordinated water

Dalton Trans., 2026, 55, 3336-3345 | 3337
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Fig. 1 Thermal ellipsoid plot at 50% probability level and labeling scheme for [Cu,(p-SO4)(PAN),(H20),] (a); perspective view illustrating the dihedral
angle between PAN ligand planes (b); crystal packing diagram (ball-and-sticks representation) viewed along [100] direction depicting highlighting
centrosymmetric dimers in green (c); projection of the crystal structure (capped sticks representation) along [110] showing the herringbone packing
motif (d). Color code: Cu, orange; C, grey; H, white; N, blue; O, red, and S, yellow.

molecules. Each Cu(u) ion links the PAN ligand in an N,N’,O
tridentate mode, forming contiguous five-membered chelate
rings. The coordination bond lengths are as follows: Cu-N(Py):
2.002(4)-2.010(3) A, Cu-N(Azo): 1.949(3)-1.988(4) A, and Cu-O
(naphthol): 1.981(3)-1.987(3) A.

The sulfate ligand, bridges the two [Cu(PAN)]" units in a
bidentate p,-O,0’ mode (Harris notation: 2.1100 (ref. 38)) with
an average S-O bond length of 1.477(3) A and 0-S-O angles
ranging from 108(2)° to 111(2)°, consistent with tetrahedral
(Tq) geometry.*® It coordinates to Cul at the apical position
(Cu1-018: 2.249(3) A) and to Cu2 within the equatorial plane
(Cu2-028: 1.946(3) A), establishing a Cul---Cu2 spacing of
4.717(1) A. Each Cu(u) cation also binds to a water molecule:
Cu1 in the equatorial plane (Cu1-O1W: 1.926(3) A) and Cu2 in
the apical position (Cu2-02W: 2.302(3) A). Both Cu(u) exhibit
a {N,0;} coordination environment, adopting a distorted
square pyramidal geometry, supported by the trigonality
index® (0.126 and 0.164 for Cul and Cu2, respectively). This
geometry aligns with that observed in the related PAN-based
Cu() monomeric (CCDC refcodes: KAKZOL and KAKZUR®®)
and dimeric (CCDC refcode: PAZNC0O01*") complexes. Selected
bond lengths (A) and angles (°) for [Cu,(-SO,)(PAN),(H,0),]

3338 | Dalton Trans., 2026, 55, 3336-3345

are listed in Table S4. In this complex, the PAN ligands are
oriented in a trans configuration relative to one another, with
an angle of 74.78° between their intersecting planes (Fig. 1b).

The crystal structure of this complex reveals a compelling
supramolecular organization, where individual molecules
assemble into dimeric units (highlighted in green in Fig. 1c),
related by an inversion center, as illustrated in the projection
along the [100] crystallographic direction (Fig. 1c). Distinct
and directional CH--m interactions stabilize these
centrosymmetric dimers,*” involving the naphthol moieties,
specifically C7B-H7B---Tcza-cga: 2.892 A/147° and C9B-
HOB-Tcia_cioa: 2.837 A/132°; see Fig. 2a. Beyond the inver-
sion-related dimers, additional structural cohesion arises from
moderate O---H hydrogen bonding between dimeric units
related by the c-glide plane (Fig. 2a and Table 1). Each mole-
cule within the dimer engages in bifurcated hydrogen bonding
with two symmetry-related neighbors via the sulfonate oxygen
(03S) and pyridine ring hydrogens, forming C13A-H13A---O3S
(2.434(3) A, 144(1)°) and C13B-H13B---03S (2.376(3) A, 146(1)°)
contacts. These interactions culminate in the formation of an
R,*(18) ring motif that contributes to enhancing crystal
stability.

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 Crystal packing views of [Cu,(u-SO4)(PAN),(H,0),] complex highlighting key non-covalent interactions: C—H---x and O---H contacts contri-
buting to dimer stabilization (a); n—= stacking and O---H hydrogen bonding interactions reinforcing molecular alignment (b); extended O---H hydro-

gen bonding network forming a 3D supramolecular network (c).

Table 1 Hydrogen bond geometry parameters (A, °) for [Cu(p-SO4)(PAN),(H-0),]

Type D-H---A D-A (A) H--A (A) D-H-A (°) Symmetry operation

Intramolecular C4A-H4A---N2A 2.938(5) 2.319(3) 122(1) XV, 2
C4B-H4B.--N2B 2.928(5) 2.311(4) 122(1) %9,z
O1W-H1WB---O1B 2.640(4) 1.842(3) 151(1) 9,2
02W-H2WA---038 2.731(4) 2.005(3) 139(1) %9,z

Intermolecular O1W-H1WA---04S 2.612(4) 1.788(3) 157(1) X +1, 4y, +2z
O2W-H2WB---04S 2.778(4) 1.907(3) 176(1) x+1,4y, +z
C13A-H13A---03S 3.255(5) 2.434(3) 144(1) x+1/2, =y +1/2, +z — 1/2
C13B-H13B---03S 3.209(6) 2.376(3) 146(1) X —1/2, —y +1/2, +z + 1/2
C13B-H13B---01S 3.341(6) 2.576(3) 137(1) X —1/2, -y + 1/2, 4z + 1/2
C15A-H15A---01S 3.457(5) 2.565(3) 156(1) x+1,4y, +z
C15B-H15B---02W 3.233(5) 2.460(3) 138(1) x— 1,4y, +z

The molecules align parallel to the (100) planes through
n-n stacking interactions between pyridine (a/b) and phenyl
rings (C3A-C8A/C3B-C8B), respectively, with centroid-to-cen-
troid distances from 3.838 to 3.912 A (Fig. 2b and Fig. S3).

These interactions not only consolidate the packing but also
contribute to the electronic delocalization within the lattice. The
sulfate anion plays a dual role: it bridges the Cu(u) centers and
simultaneously engages in directional hydrogen bonding with
coordinated water molecules, forming a periodic R,*(10) motif
(O1W-H1WA---04S: 1.788(3) A, 157(1)°; O2W-H2WB.--04S:
1.907(3) A, 176(1)°; Fig. 2b). Additional weak O---H contacts
along [100]: C15B-H15B---:02 W and C15A-H15A---O1S (Table 1

This journal is © The Royal Society of Chemistry 2026

and Fig. 2c) and a further hydrogen bond along the c-axis
(C13B-H13B-:-01S) reinforces the 3D connectivity.

The arrangement of PAN ligands in trans configuration rela-
tive to each other, together with water molecules occupying
distinct, apical and equatorial, positions foster a robust
network of intramolecular hydrogen bonds. These include N-
H---O and O-H---O interactions (Table 1), which stabilize the
coordination sphere and strengthen the binuclear unit.
Together with n-n stacking and C-H---x contacts, these inter-
actions orchestrate a tightly knit lattice architecture.

Ultimately, the crystal structure manifests as chevron-like
rows arranged in a herringbone pattern along the [110] direc-

Dalton Trans., 2026, 55, 3336-3345 | 3339
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tion (Fig. 1d). The combination of non-covalent interactions,
including hydrogen bonding, n-n stacking, and C-H:--1 con-
tacts, contributes meaningfully to the overall cohesion and
structural integrity of the sulfate-bridged dimer.

Additional insight into the nature, strength, and relative
contributions of the intermolecular contacts governing the
crystal packing is provided by Hirshfeld surface analysis, as
discussed in detail in the SI (Section 4).

The phase purity of the synthesized compound was con-
firmed by the perfect agreement between the experimental and
simulated powder X-ray diffraction (P-XRD) patterns (see
Fig. S4).

Magnetic studies

The compound was characterized with dc SQUID magneto-
metry. In Fig. 3, we report the yT vs. T curve recorded at H = 1
kOe (see Fig. S8 for the one recorded at H = 10 kOe). The room
temperature value of the yT vs. T curve is 0.842 emu K mol™,
in agreement with the Curie constant for two S = 1/2 spins
(0.75 emu K mol™") with g factors slightly larger than two, as
expected for 3d° Cu(u) ions. Below 50 K, the curve rapidly
drops to ca. 0.69 emu K mol™*. This jump can be attributed to
a moderate antiferromagnetic coupling between the Cu(u) ions
of the dimeric unit. In the inset of Fig. 3, we report the M vs. H
curves recorded at 2, 5 and 10 K. The lowest-temperature mag-
netization reaches the value of 1.94uy at H = 5 T without full
saturation. The reduced magnetization plots (Fig. S9) do not
show any sign of significant magnetic anisotropy, corroborat-
ing the expected moderate coupling value.

The curves were fitted with a spin Hamiltonian containing
a Zeeman and a Heisenberg coupling term. To avoid over-para-
metrization, the g factors of both ions were assumed to be iso-
tropic and identical.

2
H=> pugSi-B+]S:-5,
=1

The best simulation provided the following values: g = 2.12
and J = 0.83 em™". Such simulation excellently reproduces both
the yTvs. Tand M vs. H curves (Fig. 3a and S8).

Continuous wave X-band EPR spectra of the compound
(Fig. S10) recorded at three temperatures show a rather broad
peak close to g = 2, which could be reproduced with our best
simulation parameters.

Our model allows us to simulate the Zeeman diagram, as
shown in Fig. 3 (z direction). In zero field, the singlet ground
state and the triplet excited state are separated by the coupling
constant 0.83 cm™", causing a level crossing at ca. 8.2 kOe.

The dynamic properties of the complex were investigated
using ac magnetometry. At zero applied dc field, the com-
pound does not show any sign of slow relaxation in the investi-
gated frequency window. Upon applying a dc field at the
lowest accessible temperature, multiple peaks in the out-of-
phase magnetic susceptibility appear (Fig. 4a), revealing a
complex relaxation behavior. In Fig. S11-S13 we report the
best fits and associated parameters. At moderate fields (2-10

3340 | Dalton Trans., 2026, 55, 3336-3345

View Article Online

Dalton Transactions

a) 0.86 =T 1 -1 1" °1$° .1
] o000 O
0.84 Pasas e
H=1kOe 1

— 0.82 4 —

o

[0

o
1

0.78 -

xT/emu K mol-

0.74 -
0.72 4 -
J 0.0 T T -
0 20 40
0.70 H/kOe T
1 ) 1 1 b 1 ¥ 1 L 1
0 50 100 150 200 250 300

T/K

T T T T T T T T T T T T T°

E/cm!

' é ‘110‘112l1'4l1l6l118.20
H |/ kOe

Fig. 3 Temperature dependence of the molar magnetic susceptibility
plotted as 4T versus T (a). Inset: field-dependent magnetization curves
recorded at 2, 5, and 10 K. Dots are experimental points and solid lines
are the best fit (see main text). Simulated Zeeman diagram along the z
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kOe), two distinct components are observed, separated by
approximately four orders of magnitude in frequency. These
are designated as LF (low frequency, around 0.5 Hz) and HF
(high frequency, around 4000 Hz) processes.

At higher fields, a third weaker peak appears as a shoulder
at ca. 70 Hz, referred to as IF (intermediate frequency) process.
At low dc fields, the HF process dominates the relaxation
dynamics. As the field is increased, the LF contribution

This journal is © The Royal Society of Chemistry 2026
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extracted from the fit.

becomes progressively more significant, reaching an ampli-
tude comparable to the HF process near 8 kOe. At higher
fields, the LF process dominates, even when the IF process
starts to be active.

The thermal evolutions of the LF and HF relaxation path-
ways were monitored at three different fields: 4, 8 and 15 kOe.
At 4 kOe the HF process is dominant, and its thermal evol-
ution was recorded (Fig. S14). The »” maximum shifts to
higher frequencies with increasing temperature, indicating a
thermally activated behavior. At 8 kOe, the two processes con-
tribute almost equally. The LF process decays rapidly with the
temperature (Fig. S15) suggesting the dominance of QT. On
the contrary, the HF process is still markedly temperature-
dependent (Fig. S16). At 15 kOe, the most favorable relaxation
channel is LF. The y" peak decreases in intensity with increas-
ing temperature without a significant change in its position
(Fig. S17), indicating a near temperature-independent relax-
ation. The large distribution values (a > 0.44) that we obtain
from the fit (see after) corroborate our assignment. This
complex relaxation behavior is quite peculiar and, to the best
of our knowledge, unreported for dimers containing only § =
1/2 species. However, there are several examples in literature of
similar dynamics in mononuclear,”>*° dimeric,*’"°>?
trimeric,*>™” and tetrameric®>>***>° complexes.

To rationalize the experimental behavior, the ac suscepti-
bility data were fitted using a Debye model considering two
(low field) or three (high fields) components to extract the
most probable relaxation time (z), its distribution (@) and the
difference between the isothermal and adiabatic susceptibility
(¥r — xs)- In Fig. 4b, we report the evolution of the relaxation
times of the two relaxation pathways with an applied dc mag-
netic field at 7 = 2 K. The dimension of the symbols in the
figure is proportional to the fraction of spins following that
specific relaxation pathway and was obtained by dividing yr —
xs for a certain process by the sum of all yr — ys active at that

This journal is © The Royal Society of Chemistry 2026

field.® Plots of the single yr — ys and a values are reported in
SI (Fig. S12 and S13). In Fig. 5, we report the temperature
dependences of the relaxation times extracted for the HF
process at both 4 and 8 kOe. To assess information regarding
the microscopic origin of the LF and HF processes we fitted
the experimental relaxation times with appropriate models.
The IF process was not fitted due to its scattered behavior and
minor contribution to the relaxation (see symbol size in Fig. 4).

The field-induced LF relaxation process has been observed
across a wide variety of systems, from quasi-isotropic®***! to
anisotropic*®”'** metal centers, in both mononuclear and
polynuclear complexes. Its low-temperature, field-dependent
behavior has constant features: at low applied fields, the y”
signal grows in intensity, and the relaxation time increases,
reflecting the progressive suppression of quantum tunneling
of magnetization (QTM). At higher fields, the relaxation time
typically shortens, indicating the onset of a direct process. In
contrast, temperature-dependent measurements at a fixed field
usually reveal only a weak variation of the relaxation time, or a
rapid disappearance of the y” peak upon heating, in agreement
with our observations. Magnetic dilution experiments**~>%>*
consistently lead to the complete suppression of this relax-
ation channel, while modifications of the thermal contact
between the sample and the cryogenic bath alter its character-
istic time,>® either accelerating or slowing it down. Together,
these findings unambiguously indicate that the LF process
originates from collective effects, involving spin-spin relax-
ation and/or spin-phonon bottleneck phenomena rather than
from intrinsic single-ion dynamics.

Our observations of the LF process are consistent with the
literature. Since no clear temperature dependence could be
extracted for the LF process of our sample, insight into its
origin can only be gathered from its field dependence.
Qualitatively, the relaxation follows a trend consistent with pre-
vious reports. At low fields, the relaxation progressively slows
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Fig. 5 Magnetic relaxation time versus temperature: at 4 kOe (a) and 8
kOe (b), where the HF process is thermally activated. Red dashed lines
indicate the simulations performed with a shared temperature exponent
n = 1.69, while blue dashed lines indicate the simulations performed
with n = 2.12 at 4 kOe and n = 1.27 at 8 kOe, as described in main text.

down up to 8.5 kOe, reflecting a suppression of the QTM.
Upon further increasing the field, the process accelerates,
reaching a minimum relaxation time around 12.5 kOe, and
subsequently slows again at higher fields. This non-monotonic
behavior suggests the coexistence and gradual balance
between field-induced suppression of tunneling and the onset
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of a direct mechanism. Therefore, we have attempted a fit
using a combination of the two processes:

1 Bl

_ m
—TBZI_IZ-FD-T-H

TLF

The best fit delivered the following parameters: B; = 8(2)
s, B,=7(6)10"%0e™*, D=1.5(7.0010>s " 0e "K', m=0.4
(5). Our fit (straight lines in Fig. 4b) replicates well the overall
trend but fails to reproduce the fine structure, consistent with
the relatively large uncertainties in the best-fit parameters.*>°

By contrast, the HF relaxation process is intrinsic and
system-dependent, reflecting the specific dynamics of each
compound. It can appear even in the absence of an external
magnetic field,”®*® if quantum tunneling is sufficiently
quenched by local anisotropy. In strongly anisotropic systems,
its behavior has been described by a two-phonon Orbach
mechanism involving excitation to the first crystal field
level,>"*® or by a combination of Orbach and Raman pathways
at higher temperatures.®® In quasi-isotropic systems, where the
crystal field splitting is small, the HF relaxation has instead
been attributed to a phonon-bottleneck process,*®:*%5%:5
which effectively mimics a low exponent Raman law (n =~ 2).
The field dependence of this process is generally weak and
monotonic, and its persistence upon magnetic dilution con-
firms its single-ion nature.

The HF relaxation process can be analyzed through its
temperature and field dependencies, both of which provide
information on the underlying mechanism. Since increasing
either the magnetic field or the temperature accelerates the
relaxation, the data were modelled using a function that
accounts for both effects, shown in the following equation:

tup '=I+D-T" - H"

The first term indicates a field-independent QTM contri-
bution, while the second term corresponds to a Raman-modi-
fied direct process. As a matter of fact, in a fixed magnetic
field it resembles a Raman relaxation (tgaman - & 7”) while in
a fixed temperature it follows a direct dependence (tpjrece &
H™). A simultaneous fit of the three datasets yielded the follow-
ing best-fit parameters: I" = 14 384(219) s ', D = 1.5(2) 10™* s "
Oe™™ K™, m = 1.89(19), n = 1.69(51). The corresponding fits
are shown in Fig. 4b (black lines) and 5 (dashed red lines).
While the agreement with the experimental field dependence
is satisfactory, noticeable deviations appear in the temperature
dependencies: the relaxation rate is overestimated at 4 kOe
and underestimated at 8 kOe. This behavior indicates that the
temperature exponent n, and thus the effective spin-phonon
coupling, varies with field strength. To test this, the datasets at
4 kOe and 8 kOe were refitted individually using the same
model, fixing I, D and m to the values obtained above and
allowing n to vary freely. The resulting exponents are n = 1.27
(8) at 4 kOe and n = 2.12(11) at 8 kOe. The new simulations
(dashed blue lines in Fig. 5) reproduce the experimental data
accurately, demonstrating the field dependence of the effective
thermal exponent. Additionally, the Raman exponent near 2
supports the interpretation of a phonon-bottleneck®** modi-
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fied direct process as the origin of the observed experimental
behavior. The requirement of a field-dependent temperature
exponent has also been reported for a quasi-isotropic Mn(u)
complex®® and is clearly visible also in the experimental data
of a one-dimensional Co(u) chain.** As for the LF process,
magnetic dilution could unravel the origin of this process.
However, our attempts to synthesize the same compound with
Zn** did not lead to any isostructural complex.

Conclusions

The sulfate-bridged Cu(u) dimer [Cu,(p-SO,)(PAN),(H,0),]
exemplifies how simple inorganic linkers and =-conjugated
ligands can produce unexpectedly rich magnetic behavior.
Structurally, the complex features a distorted square-pyramidal
{N,O;} environment at each Cu center, with the sulfate ion
bridging equatorially to one Cu(u) and apically to the other,
generating non-equivalent ligand fields that impart slight axial
character to the Cu(u) ions. The dimeric molecules engage in
symmetrical interactions via an extensive network of O---H
hydrogen bonds and n-rn stacking contacts, resulting in a
robust 3D supramolecular architecture. Magnetically, the
dimer exhibits an antiferromagnetic Heisenberg coupling of
0.83 cm™". Dynamics measurements displayed a peculiar field-
dependent relaxation consisting of two main processes, one
occurring at low frequency and one at high frequency. The
former is dominated by a field-dependent QTM and direct
mechanisms, while the latter is governed by a phonon-bottle-
neck modified direct process. This rich magnetic relaxation is,
to the best of our knowledge, reported here for the first time
for S = 1/2 dimer. The high-frequency channel shows an unex-
pected temperature dependence at the investigated fields.
These findings broaden the design space for transition-metal
molecular magnets and prompt questions regarding the role
of sulfate bridges and n-conjugated ligands in fine-tuning the
relaxation behavior. Future work will focus on tuning ligand
environments to target compounds that could be magnetically
diluted, and exploring heterometallic analogues to clarify the
origin of these field-dependent processes and assess their
potential in quantum information and low-temperature mag-
netic devices.

Experimental section
Materials and methods

The reagents used were copper pentahydrate
(CuSO4-5H,0, >98.0%), 1-(2-pyridylazo)-2-naphthol “PAN”
(C15H11N30, indicator grade), and ethanol (EtOH, spectro-
scopic grade), all purchased from Sigma-Aldrich and used as
received without further purification.

sulfate

Elemental analysis

Elemental analysis was carried out using a EuroVector EA3100
elemental analyzer (CHNS).
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FT-IR and UV-Vis methods

Spectral measurements were carried out for the PAN ligand
and the synthesized copper complex. Fourier-transform infra-
red (FTIR) spectra were recorded in KBr pellet employing a
Bruker Vertex 70 FT-IR spectrometer equipped with a CO, and
H,O purging system. UV-Vis absorption spectra were
measured in EtOH (107°® M) using a Jasco-550 UV-Vis
spectrophotometer.

Single-crystal X-ray diffraction (SC-XRD)

A thin needle measuring 0.14 x 0.02 x 0.02 mm was mounted
on a Cryoloop and transferred to the goniometer head for
flash cooling at 150 K. X-ray diffraction data were collected
using a Bruker D8 Venture (Bruker AXS) diffractometer
equipped with an IuS 3.0 Incoatec micro-focus source, generat-
ing a monochromatic Cu K, radiation (A = 1.54178 A) and a
Photon II CPAD detector. A hemisphere of data was acquired
up to a maximum 26 of 137°. Data processing, including inte-
gration, absorption correction, and scaling, was carried out
using the SAINT and SADABS software.®” Details of the struc-
ture solution and refinement are available in the SI.

Powder X-ray diffraction (P-XRD)

P-XRD data were collected on a Bruker D8 diffractometer
equipped with a sealed-tube copper X-ray source (A Ky =
1.5406 A) and Bruker LYNXEYE-XE detector. The powder
sample was packed into a 0.5 mm diameter glass capillary,
and data were acquired over a 20 range from 5 to 90°, with a
step size of 0.01° and a scanning rate of 6 s per step.

X-band electron paramagnetic resonance (EPR)

EPR measurements were performed on a ground powder using
an X-band (v ~ 9.4 GHz) Elexsys E500 instrument (Bruker)
equipped with a microwave frequency counter. An Oxford
Instruments ESR900 continuous He flow cryostat was used to
achieve low temperatures. An ER4122SHQE EPR resonator
(Bruker) was used for the measurements.

Magnetic characterization

A Quantum Design Magnetic Properties Measurement System
(MPMS) magnetometer equipped with a Superconducting
Quantum Interference Device (SQUID) was used to perform
both dc and ac magnetic characterization. The high-frequency
ac measurements (100-10000 Hz) were conducted in a
Quantum Design PPMS equipped with ac susceptometry coils.
Temperature- and field-dependent de magnetization measure-
ments were conducted on the Cu(n) complex sample
(32.19 mg) within the temperature range of 2.0-300 K and at
several fields ranging from 0 to 5 T. The sample was wrapped
in Teflon and pressed into a pellet. The molar paramagnetic
susceptibility of the complex was determined by considering
the intrinsic diamagnetic contribution of the compound esti-
mated using Pascal’s constants.®® Experimental results were
modeled using a home-made MATLAB script based on the
EasySpin package.®” The ac susceptibility measurements were
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carried out over a frequency range from 0.16 to 10 000 Hz in a
field (0-20 kOe) and temperature (2.0-10 K) range. The ac sus-
ceptibility data were fitted using an in-house developed
program.®®

Synthesis

CuS0,4-5H,0 (0.5 mmol; 124.8 mg) was dissolved in a mixture
of 10 mL of EtOH and 5 mL of deionized H,O and sub-
sequently stirred at room temperature for 15 minutes. This
solution was then added dropwise to a separately prepared
solution of the PAN ligand (0.5 mmol; 124.6 mg) dissolved in
10 mL of EtOH, maintained at 38 °C under continuous stir-
ring. Upon addition of the copper salt, the reaction mixture
immediately developed a deep red-wine coloration. Stirring
continued for an additional 15 minutes. The resulting solution
was then filtered and allowed to evaporate slowly at ambient
conditions. Over the course of two days, thin brown needle-
like crystals formed as the solvent gradually evaporated. The
isolated crystalline product was obtained in a yield of ~74%.
The synthetic route is illustrated in Scheme 1.
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