Showcasing research from Professor Demir’s laboratory, Department
of Chemistry, Michigan State University, United States.

Magnetic hysteresis in 1D organometallic lanthanide chain compounds
containing 4,4-bipyridine

This study presents the construction of multinuclear compounds
containing highly anisotropic lanthanide building blocks with
relevance for the development of advanced magnetic materials.
Specifically, the slow reaction of CpiLn(BPh,) with 4,4"-bipyridine
afforded {[Cp;Ln(bpy)][BPh,1}, (Ln = Gd, Tb, Dy), constituting the
first crystallographically characterised 1D organometallic network of
lanthanide metallocenium units connected to one another through
organic bridges. The dysprosium congener exhibits open magnetic
hysteresis loops up to 8 K, where the observed slow magnetic relaxation
originates from single-ion effects, as deduced from EPR spectroscopy,
SQUID magnetometry and ab initio calculations.
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The assembly of multinuclear complexes bearing highly anisotropic building blocks remains an attractive
approach to developing advanced functional materials. However, incorporating lanthanide-based
metallocenium moieties, [Cp5Ln]*, into higher-order systems remains a significant synthetic challenge
and their targeted isolation is exceedingly rare. Presented herein are organometallic lanthanide chain
compounds bearing bridging 4,4’-bipyridine ligands, {[Cp,Ln(bpy)][BPh4]}, (where Ln = Gd (1), Tb (2),
Dy (3); Cp* = pentamethylcyclopentadienyl; bpy = 4,4'-bipyridine). This constitutes the first report of
a crystallographically characterised 1D organometallic network of lanthanide metallocenium units
connected to one another through organic bridges. Each metallocenium moiety is ligated by two
bipyridyl ligands, giving rise to zigzag-shaped chains, where tetraphenylborate anions reside in between
the nitrogen ligands. The formation of the compounds from Cp;Ln(BPhA,) and 4,4'-bipyridine is very fast,
leading to an immediate precipitation in the polar solvent THF. Thus, a judicious synthetic route was
developed to ensure crystallisation and pure isolation which involved the use of an H-tube. Dc magnetic
susceptibility measurements for 1-3 allude to the presence of uncoupled lanthanide ions, which is
consistent with the experimental cw-EPR spectrum as well as the calculated magnetic exchange
coupling constant, J, for the gadolinium congener, 1, obtained through broken-symmetry DFT. The
dysprosium analogue, 3, is a single-molecule magnet (SMM) which was confirmed through both out-of-
phase ac magnetic susceptibility signals under a zero applied dc field, indicative of slow magnetic
relaxation, and isothermal, variable-field dc measurements, revealing open magnetic hysteresis loops up
to 8 K. The lack of intra- and interchain magnetic exchange suggests that the origin of single-molecule
magnetism in 3 arises from single-ion anisotropy and crystal field, which is further supported via ab initio
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called metallosupramolecular binding. The dimensionality of
metallopolymers ranges from 0D (e.g., complexes, macrocycles),
1D structures such as nanowires or polymeric network-like
infinite coordination polymers,”” 2D nanosheets,’®'® or 3D
structures, most commonly referred to as porous coordination
polymers (PCPs)*® and metal-organic frameworks (MOFs).*!

Introduction

Metal-containing polymers, named metallopolymers, have
emerged as a promising class of advanced materials with
widespread applications in nanoscience and biomedicine,
owing to the unique physical and chemical properties conferred

by the incorporation of metal centres."® Specifically, meta-
llopolymers with reversible redox behaviour hold significant
promise for applications in electrocatalysis,”"® sensing,'**®
responsive surfaces,'® and as integral components in photonic
crystal displays. A diverse range of different metal ions can be
employed to tune macromolecular properties, including p-, d-,
and f-block metals. Suitable linkages that bind the metal
centres in metallopolymers are heteroorganic donor scaffolds
that can vary from strong dative bonds to weak and labile, non-
covalent coordination interactions that allow for reversible, so-
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Lanthanide (Ln)-containing metallopolymers have received
considerable attention due to the unique luminescent and
paramagnetic properties of Ln ions.*»*® However, the
construction of Ln chain compounds is challenging due to the
less directional 4f metal centres relative to d-block metals.
Notably, organometallic lanthanide chains, where the metal
ions exhibit true metal-carbon interactions and ligation to one
another through organic bridges, remain hitherto elusive.
Homoleptic  organolanthanide coordination polymers,
{(Cp,Ln)(p-Cp)},, (where Cp = cyclopentadienyl, Ln = La, Pr,
Lu),>*?¢ feature short and long metal-Cp interactions, but suffer
from a lack of tunability. In principle, a strategy to devise
organometallic Ln chain compounds is to use both bulky Cp

© 2025 The Author(s). Published by the Royal Society of Chemistry
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ligand scaffolds to accommodate the large Ln™ ijons, and
bridging nitrogen-based ligands. To this end, the highly tune-
able lanthanide metallocenium unit, [Cp5Ln]" is promising as
two Cp" rings engender a high metal coordination number
while leaving open metal sites to enable construction of a 1D
chain through nitrogen donors of another ligand. In addition,
the inclusion of metal ions innate to high magnetic anisotropy
may lead to functional magnetic materials.

Lanthanide ions are particularly exciting in this context as
their unquenched orbital angular momentum and strong spin-
orbit coupling affords large magnetic anisotropies — a prereq-
uisite for the design of single-molecule magnets (SMMs). An
SMM is a molecule that can retain a preferred orientation of the
magnetic moment in the absence of an external magnetic field.
The SMM's property of magnetic memory is appealing for future
technologies in high-density information storage,” quantum
information science,*®*° and spintronics.***> This bulk magnet-
like behaviour observed on a molecular level in SMMs relies on
magnetic relaxation proceeding through discrete energy states
of an energy barrier to spin relaxation. Notably, metallocenium
scaffolds, where two Cp hydrocarbons impart an axial crystal
field onto oblate lanthanide ions, have produced the best
mononuclear SMMs.***” In fact, per judicious design, dyspro-
socenium complexes of this type [Cp5Dy]" (where R = polyalkyl
or trialkylsilyl) led to unparalleled magnitudes of effective spin-
reversal barriers (Uey) and blocking temperatures (Tg), even
exceeding liquid nitrogen temperatures.*®

Adjusting the steric bulk of the bis-Cp scaffold and appro-
priate organic bridges that contain donor atoms may pave the
way to higher nuclearity systems. Those may be innate to large
spin ground states if efficient magnetic exchange coupling
between paramagnetic centres is fostered. The deeply buried 4f-
orbitals of the Ln™ ions require the implementation of strong
magnetic exchange coupling that can be chemically achieved
through direct metal-metal bonds,* radical bridges, and
heavy p-block elements.**

These approaches ushered in various landmark advances
regarding a deeper understanding of magnetic exchange
mechanisms,” fundamental f-element and main group
chemistry, single-molecule magnetism,** and applied
spectroscopy.**°1-53 The assembly of multiple
[CpSLn]" moieties yielded only zero-dimensional molecular
architectures so far.**** To reach higher order systems, bi-
dentate N-donor ligands such as 4,4’-bipyridine (bpy) offer
a unique platform. Bpy may act as a bridge to two metal ions,
while only occupying one metal coordination site which has
been demonstrated in lanthanide-halide and lanthanide-B-di-
ketonate complexes.*** Exposure of the bulky trismetallocenes,
CpsLn (where Ln = Ce, Nd, R = CsH,SiMe;)"®" to 4,4'-bi-
pyridine yielded dinuclear bipyridine-bridged complexes,
(Cp,Ln),(w-bpy), where the formation of an extended poly-
meric network is mitigated by the steric bulk of the tris-Cp
framework.

Herein, the synthesis and characterisation of organometallic
lanthanide chain complexes, {[Cp,Ln(bpy)][BPh,]}, (where Ln
= Gd (1), Tb (2), Dy (3); Cp* = pentamethylcyclopentadienyl;
bpy = 4,4-bipyridine), bearing 4,4’-bipyridine bridges, is
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presented. 1-3 correspond to the first series of organometallic
lanthanide chain compounds comprising bridging bidentate N-
donor ligands, which enable the assembly of the 1D network.
The identities of 1-3 were determined through single-crystal X-
ray diffraction analysis, and revealed 1D layers of lanthanide
metallocenium moieties, each ligated to two 4,4'-bipyridyl
ligands, functioning as bridges to adjacent Ln™ ions. 3 shows
slow magnetic relaxation under zero field, indicative of SMM
behaviour, which is attributed to the single-ion -effect.
Remarkably, 3 exhibits open magnetic hysteresis loops up to 8
K. The synthesis of this series of complexes elicits a new
methodology for implementing organometallic building blocks
of high magnetic anisotropy into well-defined 1D extended
networks. In addition, the nature of redox-active organic
bridges may provide paths in the future to boost exchange
coupling by accessing radical states as a gateway to advanced
magnetic and spintronic materials.

Experimental methods
General information

All manipulations were performed in a nitrogen-filled MBraun
glovebox with an atmosphere of <0.1 ppm O, and <0.1 ppm
H,0. House nitrogen was purified through an MBraun HP-500-
MO-OX gas purifier. Tetrahydrofuran (THF) was refluxed over
potassium for several days and subsequently dried further over
a Na/K alloy. THF was subsequently distilled and transferred to
a nitrogen-filled glovebox. THF was tested for the presence of
water and oxygen in the glovebox by the addition of one drop of
potassium benzophenone radical solution to 2 mL of THF.
Anhydrous gadolinium chloride (GdCl;), terbium chloride
(TbCl;), dysprosium chloride (DyCl;), and allylmagnesium
chloride (2.0 M in THF) were purchased from Sigma-Aldrich and
used as received. 4,4'-Bipyridine (bpy) was purchased from
Sigma-Aldrich and sublimed prior to use. Potassium bi-
s(trimethylsilyl)amide (KN[Si(CH3)3],) was purchased from
Sigma-Aldrich, dissolved in toluene, centrifuged, filtered, and
crystallised at —35 ©°C prior to wuse. 1,2,3,4,5-Penta-
methyleyclopentadiene (HCp*) was purchased from Sigma-
Aldrich and dried over 4 A sieves prior to use. KCp*,”> [HNE;]
[BPh,],” and Cp,Ln(BPhy) (where Ln = Gd, Tb, Dy)’*” were
prepared according to literature procedures. Elemental analysis
was performed at Michigan State University, using a Perki-
nElmer 2400 Series II CHNS/O analyser.

General synthesis of {[Cp,Ln(bpy)][BPhy]},, 1-3. In
a nitrogen-filled glovebox, the lanthanide tetraphenylborate
complex, Cp,Ln(BPh,), was added to a 20 mL scintillation vial
charged with a stir bar, and dissolved in 5 mL of THF, yielding
a clear, pale-coloured solution (Gd = pale yellow-green; Tb =
pale yellow-green; Dy = pale yellow). In a separate 20 mL vial,
4,4'-bipyridine (bpy) was dissolved in 5 mL of THF to give
a clear, colourless solution. Each solution was then carefully
filtered into separate glass tubes which are bridged by a fine
porosity glass frit in the shape of an “H” (see Fig. 1A and S1).
Each side of the H-tube was filled to the same level and was
carefully layered with an additional 5 mL of fresh THF. Each
ground glass joint was sealed air-tight, and the H-tube was
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Ln = Gd (1), Tb (2), Dy (3)

Fig.1 (A) Glassware used for the crystallisation of {[Cp,Ln(bpy)][BPha4]}, (where Ln = Gd (1), Tb (2), and Dy (3)). The glass columns are bridged by
a fine porosity frit, which enables crystallisation of 1-3 via slow diffusion. (B) Polymeric structure of {[Cp,Dy(bpy)][BPh4]},, 3. in a crystal of
{[Cp5Dy(bpy)][BPh4]-3(C4H50)},. H atoms and solvent molecules in the crystal lattice have been omitted for clarity. Green, blue, grey, and
purple spheres represent Dy, N, C, and B atoms, respectively. Select distances (A) and angles (°): Ln—Ccp+: 2.676(10)-2.743(24) (1); 2.633(12)-
2.747(26) (2); 2.649(19)-2.711(21) (3); Ln—-Cnt: 2.423 (1); 2.395 (2); 2.392 (3); Ln—N: 2.488(6) (1), 2.447(7) (2), 2.444(5) (3); Cnt-Ln-Cnt: 131.7 (1),
132.3,(2),133.0 (3); N-Ln—N:91.1(2) (1); 91.5(2) (2), 90.6(2) (3); Ln-Ln-Ln: 91.7(1) (1), 91.3(1) (2), 91.8(1) (3); Ln—=N-N-Ln:180.0(1) (1-3); Ln—-B-Ln—
B: 180.0(1) (1-3) (where B is the boron atom of the (BPh4)~ counteranion); Ln—-Ln—-Ln-Ln: 180.0(1) (1-3).

stored upright at room temperature to allow for the reaction of
the two reagents through slow diffusion. Within five days, the
formation of small, crystalline orange blocks was observed. The
diffusion was left to proceed undisturbed for two weeks yielding
single-crystals suitable for single-crystal X-ray diffraction anal-
ysis. 1, 2, and 3 crystallised with three THF solvent molecules in
the lattice as {{Cp;Ln(bpy)][BPhy4]},-3(C4HgO) (where Ln = Gd
(1), Tb (2), and Dy (3)). The crystals were separated from the
mother liquor, washed three times with 1 mL of fresh THF, and
dried prior to spectroscopic, magnetic, and elemental analysis.

Synthesis of {[Cp,Gd(bpy)][BPhy]},, 1. Masses used:
Cp,Gd(BPh,): 41.0 mg, 0.055 mmol, 1.0 equiv.; 4,4"-bipyridine:
9.1 mg, 0.058 mmol, 1.0 equiv. Crystalline yield: 24% (15.0 mg,
0.013 mmol) as orange, block-shaped crystals. IR (ATR, cm ™ ):
3053w, 2981w, 2903w, 2860w, 1605m, 1580w, 152w, 1478w,
1426m, 1412m, 1381w, 1264w, 1218w, 1181w, 1114w, 1064w,
1031w, 1006m, 910w, 840w, 811m, 744sh, 732s, 704s. Anal. calc.
for C5,H;BN,Gd - 3(C,HgO): C: 70.81; H, 7.38; N, 2.50. Found: C,
70.39; H, 7.15; N, 2.20.

Synthesis of {[Cp,Tb(bpy)|[BPhy]},, 2. Masses used:
Cp,Tb(BPh,): 49.0 mg, 0.065 mmol, 1.0 equiv.; 4,4"-bipyridine:
10.6 mg, 0.068 mmol, 1.0 equiv. Crystalline yield: 53% (39.2 mg,
0.035 mmol) as orange, block-shaped crystals. IR (ATR, cm ™ ):
3053w, 2981w, 2903w, 2860w, 1605m, 1580w, 152w, 1478w,
1426m, 1412m, 1381w, 1264w, 1218w, 1181w, 1114w, 1064w,
1031w, 1006m, 910w, 840w, 811m, 744sh, 732s, 704s. Anal. calc.
for Cs,H5¢BN,Tb-3(C,HgO): C: 70.71; H, 7.37; N, 2.50. Found: C,
70.86; H, 7.48; N, 2.18.

Synthesis of {[Cp;Dy(bpy)|[BPh4]},, 3. Masses used:
Cp,Dy(BPh,): 45.3 mg, 0.060 mmol, 1.0 equiv.; 4,4"-bipyridine:
9.4 mg, 0.060 mmol, 1.0 equiv. Crystalline yield: 36% (24.1 mg,
0.021 mmol) as orange, block-shaped crystals. IR (ATR, cm ™ ):
3051w, 2981w, 2903w, 2859w, 1604m, 1579w, 1477w, 1425m,
1411m, 1380w, 1263w, 1218w, 1181w, 1114w, 1064w, 1030w,
1005m, 837w, 811m, 745sh, 731 s, 702 s. Anal. calc. for Cs,-
H;4BN,Dy-3(C,HgO): C, 70.48; H, 7.35; N, 2.49. Found: C, 70.90;
H, 7.20; N, 1.96.

18618 | Chem. Sci,, 2025, 16, 18616-18631

Single-crystal X-ray diffraction

Orange, block-shaped crystals with dimensions of 0.262 x 0.168
x 0.148 mm?, 0.206 x 0.154 x 0.103 mm?, and 0.228 x 0.153 X
0.13 mm?® for 1, 2, and 3, respectively, were mounted on a nylon
loop using Paratone oil. Data for 1-3 were collected on a XtaLAB
Synergy, Dualflex, HyPix diffractometer equipped with an
Oxford Cryosystems low-temperature device, operating at T =
99.8(9) K, 100.0(1) K, and 100.0(1) for 1, 2, and 3, respectively.
Data for 1 and 2 were measured using w scans with Mo Ka
radiation (microfocus sealed X-ray tube, 50 kV, 1 mA). Data for 3
was collected using w scans and Cu Ka radiation (microfocus
sealed X-ray tube, 50 kV, 1 mA). The total number of runs and
images was based on the strategy calculation from the program
CrysAlisPro (Rigaku, V1.171.41.90a, 2020), which was employed
to retrieve and refine the cell parameters, as well as for data
reduction. A numerical absorption correction based on
Gaussian integration over a multifaceted crystal model empir-
ical absorption correction using spherical harmonics was
implemented in the SCALE3 ABSPACK scaling algorithm. The
structures of 1-3 were solved in the space group C2/c by using
intrinsic phasing with the ShelXL structure solution program.”®
The structures were refined by least squares using version 2018/
2 of XL7® incorporated in Olex2.”” All nonhydrogen atoms were
refined anisotropically. Hydrogen atom positions were calcu-
lated geometrically and refined using the riding model.

Infrared spectroscopy

IR spectra were recorded with an Agilent Cary 630 FTIR spec-
trometer on crushed crystalline solids under an inert nitrogen
atmosphere.

EPR spectroscopy

Continuous wave electron paramagnetic spectroscopy (cw-EPR)
was recorded on a Bruker EMX-plus spectrometer operating at
X-band frequencies. The spectrometer is equipped with
a Bruker ER4119HS probe and a modified Bruker liquid

© 2025 The Author(s). Published by the Royal Society of Chemistry
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nitrogen variable temperature accessory. Undiluted, crushed
crystalline solids were packed into 4 mm OD quartz EPR tubes.
Cw-EPR spectra were collected at 110 K, under 24 dB microwave
attenuation and 0.5 G modulation amplitude, with 9.33 GHz
microwave frequency. All simulations were executed using the
‘pepper’ module of the EasySpin 5.2.36 software package for
Matlab.”

Magnetic susceptibility measurements

Magnetic susceptibility data were collected on a Quantum
Design MPMS3 superconducting quantum interference device
(SQUID) magnetometer. The magnetic samples of 1-3 were
prepared by saturating and covering dried, crushed crystalline
solids (9.0 mg, 1; 21.3 mg, 2; 20.9 mg, 3) with ample molten
eicosane (at 60 °C) to prevent crystallite torquing and to provide
good thermal contact between the sample and the bath. The
samples were sealed in an airtight container and transferred to
the magnetometer. The core diamagnetism was estimated
using Pascal's constants.”

Computational methods

Broken-symmetry calculations of {[Cp,Gd(bpy)][BPh,]},, 1,
were performed with unrestricted density functional theory
(DFT) calculations using ORCA 5.0.3 software®*® with the
uB3LYP functional®** employing the zeroth order regular
approximation (ZORA)* for relativistic treatment. The ZORA-
def2-TZVP basis set was employed for all atoms and the DKH-
def2-TZVPP basis set was used for the treatment of N atoms.*
Segmented all-electron relativistically contracted (SARC) basis
set with quadruple zeta quality SARC2-DKH-QZVP was applied
for the treatment of Gd.*® Where applicable, SARC-ZORA-TZVPP
basis set was used for Y atoms as described in the Computa-
tional insights section.®” The calculations employed the SARC/J
auxiliary basis®*** and the reformulated Grimme's D3 disper-
sion correction with Becke-Johnson damping (D3BJ).” Unop-
timised crystal structure coordinates were used for the broken-
symmetry calculations. The spin density distribution was
generated using the orca_plot module and the VMD program®*
was used for visualisations.

Ab initio calculations

The magnetic properties of {[Cp,Dy(bpy)][BPh4]},, 3, were
calculated via a Complete Active Space Self-Consistent Field
(CASSCF) + N-vValence Electron Perturbation Theory (NEVPT2)
approach using the ORCA 5.0.4 software.**** Calculations were
carried out for a single repeating unit, namely [Cp;Dy(bpy)zf.
Prior to CASSCF calculations, the hydrogen positions were
optimized via DFT methods, using the TPSSh functional and
basis set combinations as described for the CASSCF calcula-
tions below.

Scalar relativistic effects were taken into account via the
Douglas-Kroll approach, where the DKH-def2-SVP basis set was
used for the H atoms,®> DKH-def2-TZVP for the C atoms of the
first coordination sphere and the bpy ligands.” The SARC2-
DKH-QZVP basis set was employed for the Dy atom.** Auxil-
iary basis sets were generated via the autoaux feature.” Tight

© 2025 The Author(s). Published by the Royal Society of Chemistry
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convergence criteria were employed throughout with an energy
convergence tolerance of 1 x 10~7. The computation of Fock
matrices and gradient/Hessian integrals was accelerated by
using the RIJCOSX approximation. The frozen core approxi-
mation was switched off for all calculations. Throughout all
calculations a finer integration grid (defgrid 3) was employed.
The active space comprised the 9 electrons of Dy in seven 4f
orbitals. 21 quintet, 128 triplet, and 130 doublet roots were
considered for the state averaged (SA) CASSCF calculation.
Dynamic correlation effects were introduced into the spin-free
SA-CASSCF wavefunction via strongly contracted NEVPT2 (SC-
NEVPT2).**® The construction of the fourth order reduced
density matrix was simplified via the efficient implementation
(D4step efficient).”>'* Spin-Orbit-Coupling (SOC) effects were
included within the NEVPT2 step via Quasi-Degenerate Pertur-
bation Theory (QDPT) using the mean-field/effective potential
Hamiltonian RI-SOMF(1x)."***** The free-particle Foldy-Wou-
thuysen (fpFW) transformation was carried out in the first step
of the DKH protocol by including the vector potential. Picture
change corrections were included on the second order, as well
as finite nucleus corrections.'* Lastly, the magnetic properties
such as g tensors, crystal field parameters, and the estimated
single-ion anisotropy barrier were calculated via the SINGLE_-
ANISO standalone program.'®

Results and discussion

Synthesis and structural characterisation

The equimolar reaction of Cp,Ln(BPh,) (Ln = Gd, Tb, Dy) and
4,4'-bipyridine (bpy) in THF results in the instant formation of
orange powdery solids, which are insoluble in polar organic
solvents, as well as hydrocarbons such as "hexane, benzene, and
toluene. Thus, a judicious synthetic route was developed to
ensure crystallisation and pure isolation of the new products by
using a so-called H-tube, which consists of two glass columns
that are bridged by a fine porosity glass frit (Fig. 1A and S1, see
Experimental methods for details). The H-tube essentially slows
down the reaction by facilitating the slow diffusion of THF
solutions of Cp,Ln(BPh,) and bpy, allowing the direct growth of
single-crystals. Within the confines of a rigorously air- and
moisture-free nitrogen-filled glovebox, the controlled diffusion
across a glass frit over the course of two weeks at room
temperature yielded orange, block-shaped single-crystals of
{[Cp,Ln(bpy)][BPhy]}, (where Ln = Gd (1), Tb (2), Dy (3)), in
24%, 53%, and 36% crystalline yield for 1-3, respectively (eqn
(1)). Single-crystal X-ray diffraction analysis uncovered iso-
structural lanthanide complexes that crystallise in the mono-
clinic C2/c space group, with asymmetric units composed of
a disordered [Cp*Ln] motif, coordinated by one half of two bpy
ligands (Table S1). In addition, half of a non-coordinating
tetraphenylborate (BPh,)™ anion, as well as the halves of three
non-coordinating THF molecules are present in each asym-
metric unit. Examining the full solid-state structure reveals the
first examples of 1D organometallic lanthanide (Ln) chain
compounds, with the trivalent lanthanide ion ligated by two (1°-
Cp*) rings and two 4,4'-bipyridyl ligands. Importantly, each
bipyridyl ligand forms a bridge between two adjacent [Cp;Ln]+

Chem. Sci., 2025, 16, 18616-18631 | 18619
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moieties, giving rise to zigzag-shaped structures with non-
coordinating (BPh,)~ filling the void of each triangular unit
(Fig. S2, S10 and S18). These zigzag-shaped 1D architectures
pack neatly into layers, where distances between neighbouring
chain layers range from 9.099(1)-15.244(1) A, 8.932(1)-15.354(1)
A, to 8.949(1)-15.364(1) A for 1-3, respectively (Fig. S4-S9, S12-
S17 and $20-525).

Within the lanthanide-based chains, symmetric Ln-N
distances of 2.488(6) A, 2.447(7) A, and 2.444(5) A are observed
for 1-3, respectively, where the change in metal-ligand distance

Ln=Gd (1), Tb (2), Dy (3)

is consistent with the decrease in ionic radii for eight-
coordinate Ln™ ions traversing from Gd™ over Tb™ to Dy'".1%¢
The Ln-N distance is also in agreement with the respective
distances in rare earth (RE) metallocenium moieties bearing
neutral N-donor ligands, such as [Cp,Dy(NH3),][BPh,]*” and
[Cp,Dy(NH;)(THF)][BPhy]."” Notably, 1-3 exhibit long intra-
chain Ln---Ln distances of 12.209(1) A, 12.111(1) A, and
12.063(1) A for 1-3, respectively. The considerable separation
between Ln™" ions, in conjunction with the presence of a closed-

Fig.2 Simplified unit cell depiction of {[Cp,Dy(bpy)][BPha]},, 3.in a crystal of {[Cp3Dy(bpy)][BPh4]-3(C4H;0)}, along the ac plane illustrating
the organisation of the layers with respect to each other. Green and purple spheres represent Dy and B atoms (where B is the boron atom of the
(BPh4)™ counteranion), respectively. The dashed blue lines represent the bridging bipyridyl ligands. N, C, and H atoms, as well as solvent
molecules in the crystal lattice have been omitted for clarity. Distances and angles are given in A and deg.
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shell bridging bipyridyl ligand, precludes strong magnetic
exchange coupling between lanthanide centres.

Similarly, the Cnt-Ln-Cnt angles (where Cnt = Cp* ring
centroid) of 131.7°, 132.3°, and 133.0° for 1-3, respectively,
increase moving from Gd™ to Tb™ to Dy™ suggesting that the
decrease in ionic radii enforces greater axiality of the meta-
llocene framework to compensate for the change in electron-
electron repulsion within the bis(Cp*) scaffold. This is further
evidenced by the decrease in Ln-Cnt distances for 1-3 of 2.423
A, 2.395 A, and 2.392 A, respectively. Notably, the bite angle of 3
is smaller than the one in the ammonia complex as well as the
haloarene adducts of [Cp,Dy(PhX-k'-X)][Al{ OC(CF3),},] (where
X = F, Cl), and
[Cp, Dy(PhF,-k-F, F) (PhF,-k'-F)][Al{OC(CF3),},].** This
decrease in axiality of the bis(Cp*) framework leads to elon-
gated Dy-Cnt distances in 3 by approximately 0.03 A and 0.1 A
compared to the corresponding distances in the ammonia and
haloarene complexes, respectively. The changes in Cnt-Dy
distances and the resulting Cnt-Dy-Cnt angle can be ascribed
to the increased steric bulk of the bpy ligands. However, despite
the differing size of N-donor ligands, the N-Ln-N angles of
91.1(2)°, 91.5(2)°, and 90.6(2)° for 1, 2, and 3, respectively, are
marginally larger than the average angle of 88.2° observed for
[Cp,Dy(NHj3),][BPhy]. Looking down one chain, the Ln-Ln-Ln
angle is 91.7(1)°, 91.3(1)°, and 91.8(1)° for 1-3, respectively,
while the torsion angle between four consecutive Ln™ ions is
exactly 180.0° (Fig. 1 and 2, and Table S2). The planar
arrangement of each chain is further validated by the Ln-B-Ln-
B (where B is the boron atom of the (BPh,)™ counteranion) and
Ln-N-N-Ln dihedral angles, which are also found to be 180.0°
for 1-3 (Fig. 2). To minimize electronic repulsion arising from
close H---H contacts between bipyridyl rings, the coordinating
bipyridyl ligands remain tilted, leading to an angle between the
planar pyridyl rings of 48.7(2)°, 46.2(2)°, and 45.1(2)°, for 1-3,
respectively. The differences in crystallographic distances and
angles, in conjunction with the isostructural nature of 1-3,
result in superimposable vibrational spectra, where the finger-
print regions are dominated by bands associated with the 4,4'-
bipyridyl ligand (Fig. S26-S30).

Magnetic characterisation

To investigate the presence of intra- or interchain magnetic
exchange coupling in 1-3, temperature-dependent molar
magnetic susceptibility (xu7) data were collected on poly-
crystalline samples of 1-3 between 2 and 300 K under 0.1 T, 0.5
T, and 1.0 T applied dc fields (Fig. 3A and S31-S35). Under a 0.1
T applied dc field, the room-temperature y7 values of 8.29,
12.06, and 14.08 cm® K mol ' are consistent with the presence
of uncoupled Ln™ ions (Gd™: 4f” 8S,,,, S =7/2,L =0,/ =7/2,g =
2, XmTeale = 7.88 cm® K mol %, Tb™: 4f® "Fy, § = 3/2,L =3,/ = 6,
2=3/2, XmTeale = 11.82 cm® K mol *; Dy™: 4f°, ®H,5,,, S = 5/2, L
=5,]=15/2, g = 4/3, XpmTeale = 14.17 cm® K mol ) (Fig. 3A). As
the dc field increases, the room temperature x,IT values
decrease to 7.74, 11.85, and 13.79 cm® K mol~* at 0.5 T for 1-3,
respectively, and yield values of 7.65, 11.92, and 13.75 cm® K
mol " at 1.0 T for 1-3, respectively (Fig. S34 and S35). Notably,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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as the temperature is lowered under a 0.1 T field, the x\T values
for 3 remain largely unchanged between 300 K and 105 K, and
gradually decline to 12.81 cm® K mol " at 11 K. At lower
temperatures, the x\7 values begin to rise, peaking at 12.98 cm®
K mol™" at 4.8 K, before precipitously falling to 6.57 cm® K
mol " at 2 K. This significant change in the product of molar
magnetic susceptibility and temperature is an indication for
magnetic blocking due the pinning of the magnetic moment
along the easy axis. The phenomenon of magnetic blocking was
further confirmed through the divergence of field- and zero-
field-cooled magnetic susceptibility data at 4 K (Fig. 3B). By
contrast, the xyT values monitored for 1 and 2 steadily decline
with decreasing temperature reaching 7.28 and 10.50 cm® K
mol " at 5 K, before dropping to 7.06 and 10.15 cm® K mol " at
2 K for 1 and 2, respectively. In sum, 1-3 feature essentially
uncoupled lanthanide ions which is ascribed to the contracted
nature of the Ln™ valence 4f-orbitals that mitigates effective
magnetic exchange coupling when the metals are connected via
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Fig. 3 (A) Variable-temperature dc magnetic susceptibility data for

{[Cp,Ln(bpy)][BPh4]},, where Ln = Gd, 1 (orange diamonds), Tb, 2
(maroon circles), Dy, 3 (green squares), collected under a 0.1 T applied
dc field. (B) Plot of magnetisation vs. temperature for 3 during field-
cooled (blue squares) and zero-field-cooled (red circles) measure-
ments depicting the thermoremanent magnetization. The divergence
at 4 K is indicative of magnetic blocking.
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closed-shell bridging ligands.'® However, pronounced super-
exchange between lanthanide ions has been realised through
exploiting the diffuse valence orbitals innate to heavy p-block
elements such as Bi.*»** The intrachain distances between
adjacent paramagnetic centres exceed 12 A and thus, preclude
dipolar magnetic exchange coupling between Ln™ ions.

Field-dependent magnetisation measurements were con-
ducted between 2 and 10 K from 0-7 T (Fig. S39-5S44). At 2 K, the
nonlinear magnetisation curve monitored for 3 is another
indication of magnetic blocking (Fig. S43). Furthermore, the
highly anisotropic nature of 3 is also validated by the non-
superimposable field-dependent reduced magnetisation
curves (Fig. S44).

To elucidate the dynamic magnetic properties of 2 and 3,
variable-frequency, variable-temperature in-phase (x/) and
out-of-phase (x»”) ac magnetic susceptibility data were
collected for 2 and 3. Indeed, out-of-phase (x»/’) ac magnetic
susceptibility signals emerge from 2 to 39 K under a zero
applied dc field, verifying that 3 exhibits slow magnetic
relaxation (Fig. 4). At temperatures between 2 and 4.8 K, the
out-of-phase (x»") maximum occurs at 1.7 Hz which decreases
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Fig. 4 Variable-temperature, variable-frequency in-phase (xnm') (top)
and out-of-phase (xm”) (bottom) ac magnetic susceptibility data
collected under a zero applied dc field for {[Cp,Dy(bpy)][BPha]},, 3.
from 2 to 39 K. Solid lines indicate the fits to a generalized Debye
model.
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in intensity with raising temperature but remains invariant with
regard to frequency. This temperature-independent behaviour
at lower frequencies is an indication of quantum tunnelling of
the magnetisation (QTM). At temperatures above 4.8 K, the
out-of-phase (x»/") maximum shifts towards higher frequencies,
until it moves beyond the frequency limit of the magnetometer.
This temperature-dependence alludes to the presence of
a thermally activated relaxation process.

By contrast, no out-of-phase signals were observed for 2 at
2 K under a zero applied dc field. Under high fields, only a broad
out-of-phase (xn") peak with a maximum at high frequencies
was monitored, which precluded a thorough investigation of
the temperature dependence of the magnetic relaxation in 2.

For 3, the magnetic relaxation times, 7, were extracted from
fitting Cole-Cole plots employing a generalised Debye model
(Fig. 36 and 37) and were applied to generate an Arrhenius plot
(Fig. 5). This plot features the temperature dependence of t
which reveals detailed insight into the types of magnetic
relaxation pathways operational in 3. For an activation barrier to
spin-reversal to occur, the system must exchange energy with
the lattice (as phonons) to rise to the top of the barrier before
relaxation can set in. This preferred mechanism of spin relax-
ation, the so-called thermally activated Orbach relaxation
process, exhibits an exponential dependence of t upon
temperature. By contrast, a quantum tunnelling process shows
temperature independent 7.

The extracted t values exhibit a pronounced curvature,
suggestive of the magnetic moments in 3 having access to
several spin relaxation pathways which elicit differing temper-
ature dependences to the relaxation times. Thus, a satisfactory
fit of the Arrhenius plot required multiple relaxation processes
to be taken into account, ultimately leading to an accurate value
for the relaxation barrier. The best description of T necessitated
the inclusion of a QTM mechanism, a Raman relaxation

In(/s)

'10 I 1 I ) | ) I I | |
0.1 0.2 0.3 04 0.5
1/ T(1/K)

Fig. 5 Plot of natural log of the relaxation time versus the inverse
temperature for {[Cp; Dy(bpy)][BPh4]},, 3 (temperature range 2 to 39 K).
The black line represents a fit to a Orbach relaxation process, a Raman
relaxation process, and a quantum tunneling pathway, as described in the
main text, affording Ueg = 218.6 cm ™t and 7o = 3.88 x 1078 s. Individual
contributions to these fits are shown in Fig. S38.
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mechanism, and an Orbach relaxation mechanism, according
tot ' =1y -+ CT" + 15 " exp(—Ues/ksT), where Uess denotes
the effective spin-reversal barrier, and 7, the pre-exponential
factor. The best fit yielded a U value of 218.6 cm ! and a 1,
of 3.88 x 10 *s.

The prospects of SMMs in high-density information storage
devices can be benchmarked through long relaxation times and
high blocking temperatures, ideally leading to the observation
of open magnetic hysteresis loops corresponding to the ability
to retain magnetisation in the absence of an applied dc
magnetic field. Here, the opening of the hysteresis is expressed
as coercive field, H., which equates to the reverse field required
to drive the net magnetisation back to zero after having reached
magnetic saturation. Indeed, 3 shows magnetic hysteresis loops
in response to variable-field magnetisation measurements
which were performed between +7 and —7 T, from 2 to 8 K, with
an average sweep rate of 100 Oe s~ (Fig. 6, S46 and S47). The
measured hysteresis loops for 3, depicted between +1 and —1 T,
are open at zero field at temperatures below 8 K, with
a maximum H, of 346 Oe and a remanent magnetisation My of
1.57ug at 2 K. Here, the variable-field magnetisation gradually
falls from high to low fields before precipitously declining close

|
0.0

-1.0 -0.5 0.5 1.0
H(T)
Fig. 6 Variable-field magnetisation (M) data for

{[Cp5Dy(bpy)][BPh4]},, 3. collected from 2 K (blue) to 8 K (red) at an
average sweep rate of 0.01 T s~* (A). Variable-field magnetisation data
for 3 shown only at 2 K (blue) (B).
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to H = 0 Oe. This progression is distinct from a classical
butterfly-shape in that the hysteresis loops stay open below 8 K
considering the sweep rate employed. Nonetheless, the steep
drop in magnetisation originates from rapid relaxation path-
ways operative in the system such as QTM. This is consistent
with the ac magnetic susceptibility data collected in the same
temperature regime under zero dc field, albeit taken on
a different timescale.

By contrast, the Tb complex 2, exhibits superimposable
curves between +7 to —7 T at 1.8 K (Fig. S45). This is in accor-
dance with the rapid magnetic relaxation observed for 2 on the
timescale of ac magnetic susceptibility measurements, where
no SMM behaviour was detected under zero applied dc field.

Intriguingly, the blocking temperature (Tg) of 8 K exceeds
those of the dysprosium-based metallocenium complexes,
[Cp,Dy(NH;),]|[BPh,] (5.8 K) and Cp,Dy(BPh,) (5.3 K), yet 3
exhibits a markedly lower energy barrier to spin-reversal than
327 and 95 cm™’, respectively, observed in the reported exam-
ples. In general, the presence of neutral equatorial ligands is
expected to engender a weaker transverse anisotropy with
respect to anionic ligands, as observed for instance for
{[(Cp,Dy)(n-Al(CH3),NEt;3)][Al(OC(CF3),),]},. 1 This idea,
however, is complicated by the smaller U value experimentally
determined for 3 with respect to the parent Cp,Dy(BPhy)
complex. This trend was also monitored in solvent adducts of
heteroleptic dysprosocenium complexes."**** The larger energy
barrier for the dilammonia) Dy complex can be rationalised
through the greater axiality observed in the [CpZDy(NHs)Z]+
motif compared to both 3 and Cp,Dy(BPh,). An alternative
explanation to the complex magnetic behaviour of 3 may be
found in the context of the neutral N-donor ligands employed.
The higher blocking temperature monitored for 3 may result
from the coordination of two, long, diamagnetic bridging
ligands. The presence of a 4,4’-bipyridine bridge gives rise to
a large Dy---Dy separation of 12.063(1) A. This in turn mitigates
greater contribution from weak dipolar interactions that enable
the onset of rapid relaxation mechanisms such as QTM." In
fact, the shortest Dy---Dy distance in 3 is nearly 125% longer
than that in [Cp, Dy(NH3),][BPh,] (9.597(1) A) and Cp, Dy(BPh,).
(9.902(1) A) (Tables S3 and S4). Importantly, the nature and
number of equatorial ligands can also influence the magnetic
properties of dysprosium-based SMMs.'**1»114115 More specifi-
cally, the enhanced electron donation of bpy with respect to
NH; may engender greater M; state mixing, undercutting the
barrier to spin-reversal in 3. In addition, the weakly coordinated
halobenzene adducts of [Cp,Dy(PhX-k'-X)][Al{OC(CF3),},]
(where X = F, CI) and [Cp,Dy(PhF,-k?-F, F)][Al{OC(CF;),},],
exhibit high blocking temperatures and large Ue values.
However the haloarene complexes feature significantly larger
bite angles, which is known to enhance both the magnetic
anisotropy and the resulting spin relaxation barrier of dyspro-
socenium complexes.!%11>114

Computational insights

The polymeric, zigzag-shaped structures of 1-3 contain trian-
gular repeating units, which may usher in antiferromagnetic
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(AFM) interactions between adjacent Ln™ ions or a network of
spin frustrated ions."® To probe whether such magnetic
phenomena are at play, magnetic exchange pathways between
Gd™ in 1 were examined through broken-symmetry density
functional theory (DFT). Within the crystal structure, two
potential intrachain interactions may exist between adjacent
Gd™ centres. Here, the first pathway corresponds to the inter-
action along the direction of the bpy ligands, where the metal
centres are separated by 12.21 A (Fig. 7A). The second pathway is
along the ¢ axis of the crystallographic lattice, translating into
a17.52 A distance between Gd"" ions (Fig. 7B). To determine the
most favourable spin density arrangement, these two spin
systems were implemented with the spins oriented in an AFM
fashion along each pathway. The computationally-derived
energy values for these two systems hint at the AFM arrange-
ment of spins along the propagated chain direction being
energetically more favourable by 0.604 cm ™', Fig. 7A.

To assess the relative magnitudes of the potential exchange
coupling constant (/) values across the two pathways, two
systems were probed where: (a) one of the peripheral Gd™
centres was replaced by an Y™ ion and (b) the middle Gd™
centre was replaced by an Y™ centre (Fig. 7, S48 and S49). The
spin of one Gd™ centre was flipped in these model systems and
the J values were obtained through the equation J = —(Eys —
Eps)/(Sus® — Sps”), where Eys and Egg are the energies of the high
spin and the broken symmetry states, respectively, and Sus> and
Sgs> correspond to the total spin angular momenta for the high

Fig. 7 The arrangement of three Gd"' centres within the chain
structure of {[CpZGd(bpy)][BPm]}m 1. (A) Calculated spin density of
a Gd" centre in 1, in an antiferromagnetic configuration along the bpy
ligands, separated by a distance of 12.21 A. (B) Calculated spin density
of a peripheral Gd" centre in 1, in an antiferromagnetic configuration
between non-bridging Gd" ions separated by a distance of 17.52 A.
The orange, blue, and grey spheres represent Gd, N, and C atoms,
respectively. Teal and orange surfaces represent the calculated spin
densities. H atoms, solvent molecules in the crystal lattice, and the
[BPh4l™ counteranions have been omitted for clarity. The depiction of
spin density surfaces precludes the visibility of the Gd"" ions. Distances
are given in A.
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spin and broken symmetry states.'” This yields a small J value
of —0.0123 cm™" along the Gd™ ions separated by 12.21 A;
whereas no interaction was monitored computationally
between Gd™ centres along the crystallographic ¢ axis, addi-
tionally supporting that the AFM spin arrangement along the
bpy ligands would be more energetically favourable. This pre-
dicted J value is in agreement with Gd-Gd exchange coupling
monitored for typical dinuclear gadolinium
featuring diamagnetic ligands (|J| < 0.1 cm™*).**

To attain a comprehensive picture of potential exchange
coupling pathways, an additional interchain interaction
between Gd™ ions of neighbouring layers was considered.
Within the crystal structure of 1, the two closest Gd™" centres are
9.099(1) A apart, which is shorter than the smallest intrachain
distance between Gd™ ions along the bpy ligands (Fig. $49).
Thus, broken-symmetry DFT calculations were performed
taking into account two [Cp;Gd(bpy)z]Jr fragments, and the
computed interlayer interaction was energetically favourable by
0.144 cm™" for a ferromagnetic (FM) exchange coupling of
0.0082 cm ™" compared to an AFM interaction. Importantly, this
is smaller than the coupling constant along the chain regardless
of the higher proximity between the Gd™ centres, implying the
interaction of the Gd™ with bpy and Cp* imposes a preference
for coupling along the direction of bpy. However, all these
potential coupling pathways are predicted to have negligible
exchange coupling constants. Thus, for subsequent ab initio
calculations, it is warranted to consider that the magnetic
relaxation of this system is arising solely from single-ion effects.

These results are comparable to the bpy-containing di-
nuclear Gd"™ complex, [(Gd(thd);),(u-bpy)] (Hthd = 2,2,6,6-
tetramethyl-3,5-heptanedione), which exhibits weak ferromag-
netic coupling (J = 0.0491 cm ™). The presence of a diamagnetic
bridging bpy ligand precludes strong magnetic exchange
between the two Gd"' centres."*® Similarly, (Cp,Gd), (u-ind) (ind
= indigo) features a diamagnetic bridging ligand between Gd™
centres, ultimately affording a weak AFM exchange coupling, J
= —0.013 cm™".* Furthermore, an even weaker AFM coupling
with a J of —0.0053(4) cm ™" has been observed in a dinuclear
gadolinium metallocene complex, (Cp,Gd),(pn-'salophen),
comprising a large diamagnetic salophen bridge.”” This
implies that the J values obtained through DFT calculations are
validated in magnitude and propose potential exchange
coupling pathways for 1 that are vanishingly small for experi-
mental determination.

complexes

ADb initio calculations

The slow magnetic relaxation in 3 could in principle arise from
collective single chain magnet (SCM) behaviour or single-
molecule magnet (SMM) behaviour stemming from single-ion
effects enabled through isolated Dy centres. In the case of
SCM behaviour, two potential magnetic exchange pathways may
contribute to slow magnetic relaxation, namely ferromagnetic
intrachain magnetic exchange coupling or interchain dipolar
coupling. The first examples of Ln-based SCMs [Ln(hfac),(-
NITPhOPhH)], (where Ln = Eu, Gd, Tb, Dy, Ho, Er, Yb; hfac =
hexafluoroacetylacetonate; NITPhOPh = 2,4'-benzoxo-4,4,5,5-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (A) Estimated relaxation barrier comprising the four lowest-lying Kramers doublets with relaxation pathways shown for [sz Dy(bpy),
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3’. Solid blue and dashed green lines indicate Orbach relaxation processes, orange dotted lines indicate quantum tunnelling of the magnetisation
(QTM)/thermally activated QTM pathways. Values next to the arrows correspond to the respective transition magnetic moment matrix elements.
The numbers on the right are given for the primary M; state comprising the wave function for each state. (B) Plot of the g-tensor components
calculated for the |£15/2) ground state Kramers doublet of 3'. Colour code: gy (green), g, (blue) and g, (orange) with respective compositions

0.0007 (g,), 0.0027 (g,) and 19.5595 (g.).

tetramethylimidazoline-1-oxyl-3-oxide) contain  nitronyl-
nitroxide radicals leading to slow magnetic relaxation via
Glauber mechanism for the Dy analogue, where the room
temperature x7 values matched a single Ln" ion and a § =1
organic radical."*»"**> By contrast, the x,,7 values of 1-3 at 300 K
are close to the expected ones for isolated Ln™ ions. Notably,
the diamagnetic bpy bridges yield negligible magnetic coupling
and preclude a collective Glauber relaxation mechanism. Thus,
the origin of magnetic relaxation in 3 most likely arises from
single-ion effect due to the presence of essentially uncoupled,
highly anisotropic Dy ions. Indeed, broken-symmetry DFT
calculations on 1 suggest extremely weak, essentially non-
existent, coupling between adjacent Gd™ sites. Furthermore,
the coupling between nearest chains decreases by one order of
magnitude. This effectively eliminates ferromagnetic intrachain
magnetic exchange and interchain dipolar exchange coupling
mechanisms as the origins of the magnetic properties observed
in 3.

To ascertain the origin of SMM behaviour, we conducted
complete active space self-consistent field (CASSCF) calcula-
tions on a model of the repeating unit in 3, namely the
[CpZDy(bpy)z}+ fragment, 3’ (Fig. 8). CASSCF/NEVPT2/QDPT
calculations were carried out using the Orca 5.0.4 program
suite on crystal coordinates, optimised for the hydrogen posi-
tions. The low-lying energy spectrum of 3’ was calculated
considering the first eight Kramers doublets (KD), and transi-
tion dipole moments (TDM) connecting these states were used
to obtain an estimate for the relaxation barrier of a single
repeating unit within 3.

The ground state KD1 anisotropy of the Dy
strictly axial and determined by the bis(Cp*) ligand scaffold
comprising essentially pure My = |+15/2) state and g, = 19.56
with negligible g, and g, components (Fig. 8). Consequently, the
TDM connecting these states is considerably smaller than the
TDM connecting with the first excited KD2. The first KD2 lies

I jon in 3’ is

© 2025 The Author(s). Published by the Royal Society of Chemistry

161 em™ " above the ground KD1 and is of pure M; = |+13/2)
character, with the g tensor still being dominated by the g,
component (16.92) but noticeable g,/g, = 0.03 contributions.
The TDM connecting |—13/2) and |+13/2) states is two orders of
magnitude larger than the one connecting KD1, but still small
enough for the KD2 — KD3 transition to be more likely.
Admixture of excited states becomes substantial for the second
excited KD3 at 320 cm™ ', where the dominant M; = |£11/2)
states are blended with higher-lying excited states such as |9/
2) and |£3/2), giving rise to non-negligible transverse g, = 1.51
and g, = 2.39 contributions, rivalling the g, = 13.42 primary
component. The TDM of KD3 is large enough to shortcut the
relaxation barrier at ~0.7, marking the high end of the esti-
mated relaxation barrier for 3'.

The estimated barrier height of 161-320 cm™' compares
reasonably well to the experimentally obtained barrier of
218.6 cm ™' under a zero Oe applied dc field, given that vibra-
tional effects were not accounted for in this model, and Raman/
QTM processes were not suppressed to yield Ueg.

EPR spectroscopy

Continuous-wave EPR spectroscopy at X-band frequency was
employed to probe the electronic structure of 1. The measure-
ment was conducted on finely ground crystalline solids, and the
obtained spectrum spans almost over a 1 T region with broad
features (Fig. 9). The spin Hamiltonian of such a system with
spin multiplicity larger than half (S > 1/2) can be described by
eqn (2)‘123,124

Hs = gBSB + D[S.> — S(S + /3 + (EID)(S.> — S, (2)
Here, g is the dimensionless g-value, § is the Bohr magneton, B
is the magnitude of the applied magnetic field, D is the axial
zero-field splitting (ZFS) parameter and E is the rhombic ZFS
parameter. The E/D value ranges from 0 to 1/3 depending on if
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Fig. 9 Experimental (blue) and simulated (red) cw-EPR spectrum of
{[Cp,Gd(bpy)][BPh4]},, 1, at 110 K collected on finely ground crys-
talline solids. The experimental spectrum was simulated using the
parameters: S = 7/2, g = 2.0871, D = 0.09186 cm %, £ = 0.02269 cm *
and lwpp = 48.

the system is fully axial or fully rhombic. Understanding these
terms enables unveiling electronic structure properties of the
spin system.

Therefore, the experimental spectrum was simulated using
the ‘pepper’ module of EasySpin. Initially, the first derivative
spectrum of the collected data was used to determine the g-
value of 2.0871 for the simulation. Then, the genetic algorithm
of the esfit function was employed for the determination of D
and E/D terms. Fitting the data, produced D and E values of
0.09186 cm ™" and 0.02269 cm ™", respectively. This leads to an
E/D ratio of 0.247 indicating that the spin system is more
rhombic in nature and agrees with the lower symmetry seen
around the Gd centre in the crystal structure.” Furthermore,
the spin system simulation was carried out assuming no
coupling between the metal centres as evidenced by magnetic
measurements and computational analyses. To validate the
accuracy of the EPR simulation, the first integral of the EPR
spectrum was also simulated using the same parameters
(Fig. S50).

This assessment bears resemblance to the X-band cw-EPR
spectrum of the mononuclear complex, [Gd(H,O)(phen),(-
NCS);]-phen-0.5H,0 (phen = 1,10-phenanthroline) collected
on a polycrystalline sample. This low symmetry molecule has
ZFS parameters of D = 0.092 cm ' and E = 0.0089 cm ', and
exhibits a more axial nature owing to its bicapped-triangular
prism geometry around the metal centre.”” Another compa-
rable system constitutes the dinuclear quinone radical-bridged
Gd complex {Gd[(QMe,) "Cl,(THF);]}, (where QMe, =
tetramethylquinone) where the two Gd™ centres show very weak
antiferromagnetic coupling (Jq_ga = —0.004 cm ™). This seven-
coordinate system exhibits D = 0.122 ecm ' and E =
0.0327 cm ™, affording a more analogous E/D ratio of 0.268,
indicative of a rhombic system.”® Moreover, the eight-
coordinate mononuclear Gd complex Cp,Gd(TIP) (where TIP
= tetraiodopyrrole), featuring a similar coordination geometry

18626 | Chem. Sci., 2025, 16, 18616-18631

View Article Online

Edge Article

to 1, possesses the ZFS parameters D = —0.122 cm " and |E| =
0.037 cm ™" (|E/D| = 0.304), further suggesting that the rhombic
assignment is suitable for such low symmetry systems.'* These
comparisons demonstrate that describing 1 as an uncoupled,
mononuclear system is accurate for the description of its elec-
tronic structure.

Conclusions

The first organometallic lanthanide metallocene 1D networks
containing organic bridging ligands were crystallised and
unambiguously characterised. Single-crystal X-ray diffraction
analysis confirmed the one-dimensional nature of the
lanthanide-based chain compounds with the formula
{[Cp,Ln(bpy)][BPhy]}, (Ln = Gd (1), Tb (2), Dy (3)). The bi-
pyridyl ligands are bound to the metals equatorially and act as
bridges between adjacent metallocenium [Cp;Ln]Jr units, giving
rise to intricate zigzag layers, with the charge-balancing (BPh,)~
anions residing between the bipyridyl ligands. The developed
synthetic route to such unprecedented organometallic polymers
has potential to be highly tuneable, paving the synthetic way to
various crystalline metallopolymers composed of [CpsLn]* and
an organic linker. Pertaining to magnetism, the devised
synthesis corresponds to a new approach to multinuclear one-
dimensional systems bearing highly anisotropic ions. The
substitution of Ln"" ions with redox-active actinides may lead to
intriguing magnetic materials.

Notably, the dysprosium congener, 3, is a zero-field single-
molecule magnet and shows slow magnetic relaxation under
a zero dc field with an effective spin-relaxation barrier of Ues =
218.6 cm . Excitingly, 3 exhibits open magnetic hysteresis
loops at temperatures below 8 K corresponding to real magnetic
memory effect. The origin of single-molecule magnetism in 3
stems solely from the high magnetic anisotropy of the single
Dy ions and the crystal field, rather than a strongly exchange-
coupled system. This is also corroborated by the ab initio
calculations, which predict strong axiality in the ground state
imposed by the bis(Cp*) framework. The predicted relaxation
barrier arising from Dy" ion single-ion effect is in accordance
with the experimental data, further highlighting the negligible
magnetic coupling between neighbouring Ln ions. Cw-EPR
spectroscopic analysis conducted on a solid sample of 1
reflects the vanishing magnetic coupling as observed by
magnetic measurements and computational predictions.
Furthermore, the derived rhombic nature of the electronic
distribution around the metal centres via EPR spectroscopy is in
agreement with the low symmetry exhibited by these
compounds. Intriguingly, the presence of redox-active bridging
ligands, such as 4,4’-bipyridine, offers a promising avenue for
future exploration, particularly through chemical reduction or
oxidation to access compounds containing an open-shell unit.
Such systems may exhibit strong metal-radical coupling,
potentially leading to the formation of giant spin ground states
and novel magnetic behaviours. Thus, the strategy for the
generation of such unprecedented organometallic lanthanide
polymers paves the way to new, highly tuneable magnetic and
spintronic materials.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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