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A relatively unexplored approach in heterometallic chemistry of transition metals and lanthanides has

been developed toward the controlled synthesis of a new family of linear heterotrinuclear Ln(in)—Pd(i)-Ln

(in) complexes with the general formula [Ln,Pd(pao),(NO3)g(MeOH),(H,0),]-[Pd(pao),ls, where Ln"" = Dy'"
(2), Gd" (3), Er'" (4) and Yb'" (5). This strategy was based on the diamagnetic ‘metalloligand’ [Pd(pao).] (1),
where pao™ is the anion of 2-pyridinealdoxime, containing two dangling oximate O-atoms which were

trans to each other and available for binding with oxophilic lanthanide ions. Because of their trans-

configuration, the [Pd(pao),] ‘metalloligand’ was able to direct the binding of two {Ln(NO3)3(MeOH)(H,0)}

units on opposite sites, thus yielding the reported trinuclear {Ln—Pd-Ln} clusters. Complexes 2—5 consti-

tute a new family of trinuclear heterometallic {Ln,Pd} species, and they represent the first examples of a

directional assembly approach towards the coordination of 4f-metal ions. Compounds 2 and 5 exhibit

out-of-phase signals under applied dc fields of 300 and 2000 Oe, respectively, characteristics of the slow

magnetization relaxation, albeit with very small energy barriers for the magnetization reversal. This was
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1. Introduction

More than three decades ago, a significant breakthrough in
the research fields of inorganic chemistry and molecular mag-
netism occurred when researchers discovered that a coordi-
nation complex known as {Mn;,} could retain its magnetiza-
tion for extended periods at liquid helium temperatures. This
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ligands’ method to deliberately prepare heterometallic Pd"-Ln
interesting physicochemical (magnetic, optical, catalytic) properties.

due to the combined onset of fast quantum tunneling and the weak crystal field effects induced by the
coordinated ligands. The combined results highlight the potential of using the 'metal complexes as

" complexes with unique structural and

discovery marked the introduction of Single-Molecule Magnets
(SMMs)," a group of molecules characterized by a large ground
state spin (S) and an Ising-type (or easy-axis) magnetoaniso-
tropy, resulting from a negative zero-field splitting parameter
(D). The combined presence of S and D leads to an effective
energy barrier (Ues) for magnetization reversal. SMMs are
superparamagnetic-type materials, where magnetization
relaxes slowly below a specific blocking temperature (Tg), and
the phenomenon can be observed through the appearance of
out-of-phase (yf;) ac magnetic susceptibility signals and mag-
netic hysteresis loops.” Scientists are currently investigating
SMMs due to their potential applications in quantum comput-
ing, spintronics, magnetic resonance imaging (MRI), and
various other fields of science and technology related to infor-
mation processing and data storage.’

Compelling evidence has highlighted the paramount
importance of single-ion anisotropy in the design of SMMs
with substantial energy barriers for magnetization reversal.* A
pivotal moment in this understanding occurred in 2003 when
researchers recognized SMM behavior in mononuclear

Dalton Trans., 2025, 54, 977-988 | 977


http://rsc.li/dalton
http://orcid.org/0000-0002-8775-5427
http://orcid.org/0000-0002-1280-3199
http://orcid.org/0000-0002-8600-7718
http://orcid.org/0000-0002-9798-9331
https://doi.org/10.1039/d4dt02691h
https://doi.org/10.1039/d4dt02691h
http://crossmark.crossref.org/dialog/?doi=10.1039/d4dt02691h&domain=pdf&date_stamp=2025-01-08
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4dt02691h
https://pubs.rsc.org/en/journals/journal/DT
https://pubs.rsc.org/en/journals/journal/DT?issueid=DT054003

Open Access Article. Published on 25 November 2024. Downloaded on 2/20/2026 4:32:18 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

[Ln™(pc),]” complexes featuring trivalent lanthanide ions
(Ln™ = Tb™ Dy"™; pc*~ = dianion of phthalocyanine).’
Subsequently, significant emphasis was placed on the syn-
thesis and investigation of SMMs based on mononuclear,
dinuclear, and polynuclear Ln™ compounds.® A groundbreak-
ing recent development in this field resulted from the syn-
thesis and study of [(Cp™")Dy(Cp*)]" (Cp™™ = penta-iso-pro-
pylcyclopentadienyl, Cp* = pentamethylcyclopentadienyl). This
complex behaves as an SMM with a record blocking tempera-
ture of 80 K, which is above the landmark temperature of 77 K
(the boiling point of liquid nitrogen).” The SMM behavior
observed in mononuclear Ln"™ complexes is attributed to the
substantial anisotropy of individual ions, arising from strong
spin-orbit coupling and the effects of the coordinated ligands
on the overall crystal field.® The Dy""-based SMMs dominate
the field; the Dy™ is a Kramers ion characterized by an odd
number of 4f electrons and has always a bistable ground
state.” The intrinsic quadrupole moment approximation of
f-orbitals classifies lanthanide ions into oblate, prolate, or
spherical shapes based on their electron density distribution.
This classification makes it easier to introduce anisotropy in
these ions, particularly when compared to transition metals.®
Although f-electrons are deeply embedded in the core shell,
the ligand field can still have a partial influence on their ener-
gies, affecting their magnetic properties. This means that by
adjusting the ligand field, it is possible to explore the magnetic
dynamics by modulating the f-electron cloud."®

In the pursuit of SMMs with enhanced properties, various
attempts have focused on the synthesis of heterometallic com-
pounds featuring both paramagnetic 4f- and diamagnetic 3d-
metal ions, with a particular emphasis on Zn" and low-spin
Co™ ions." The primary objective is the stabilization of the
electronic ground state with the largest 7; and the increase of
the energy gap between the ground and the first excited m;
states of the anisotropic lanthanide ion(s). The presence of
diamagnetic metal ions influences the electron density distri-
bution of coordinating ligands by inducing polarization
effects, thus affecting the strength of the crystal field.''”
Studies have shown that the presence of diamagnetic 3d-metal
ions results in an increased negative charge on the oxygen
donor atoms of the bridging ligands. This leads to larger
energy gaps between the mj; states, resulting in higher Ueg
values and the weakening (or even suppression) of quantum
tunneling of magnetization (QTM) as a relaxation process.'?

The focus has predominantly been on first-row transition
metals (3d), primarily because they are more manageable,
both experimentally and theoretically, compared to their 4d
counterparts. A key distinction between 3d- and the heavier
4d-metal ions is the more extended valence orbitals of the latter.
Among the 4d-block elements, it has been demonstrated that dia-
magnetic transition metal ions, such as the electron-deficient d®
Pd", can donate electron density to a lanthanide center, implying
significant modifications on the magnetic properties of the
resulting heterometallic Pd"/Ln™ compounds.’® Because of the
tendency of the heavy Pd" ion to form square planar geometries,
the coordinated ligands should be able to satisfy these needs and
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facilitate the formation of stable species. A recent search in the
Cambridge Crystallographic Data Centre (CCDC) revealed limited
examples of non-organometallic Pd"/Ln™ coordination com-
pounds. The majority of these involve carboxylate or thiocarboxy-
late ions as ligands, along with structures incorporating phos-
phines, arsenates, and derivatives of pyridine and
pyrimidine.”>'* All of these complexes have been prepared via
self-assembly synthetic routes using metal precursors and
various ligand ‘blends’.

On the other hand, the ‘metal complexes as ligands’ strategy
(often referred to as ‘metalloligands’) has been frequently
employed in heterometallic chemistry of various metal ions."?
This synthetic route offers distinct advantages when compared to
the commonly used self-assembly method. It enables more
precise control over the reaction’s progress and the resulting pro-
ducts. This modular approach facilitates the synthesis of larger
molecules by combining mononuclear or dinuclear complexes
with suitable polynucleating ligands capable of binding with
different metal centers. In this work, the aim was to obtain het-
erotrinuclear Pd"/Ln™ complexes with a particular Ln-Pd-Ln
configuration (Fig. 1), using ‘end-capping’ ligands for the Ln™
ions and a central ‘metalloligand’ with bridging capabilities.

To this direction, mononuclear metal oximate complexes
appear to be promising building blocks.'® Our research group
and others have conducted extensive studies in the field of
coordination chemistry with ligands belonging to the family of
2-pyridyl oximes. These ligands can be described as ‘compart-
mentalized’ due to their affinity for binding ‘soft’ 3d-metal
ions, such as Ni"" and Cu", through their N-donor atoms, and
‘hard’ 4f-metal ions through their O-donor(s), following the
HSAB (Hard and Soft Acids and Bases) model."®"”

In our quest to explore the Pd"/Ln™ chemistry with this
group of ligands, we directed our synthetic efforts toward the
simplest member of the 2-pyridyl oxime family, known as
2-pyridinealdoxime (paoH, Fig. 2). In addition to yielding a
plethora of structurally and magnetically intriguing homome-
tallic 3d- and heterometallic 3d/3d’- and 3d/4f-metal com-
plexes through self-assembly processes,'® paoH has gained
recognition for its exceptional utility as a part of ‘metalloli-
gands’. Upon deprotonation, pao~ ligation seems capable of
stabilizing square planar complexes via the pyridine and

‘metalloligand’

P\
®
@ bridging group

‘end-capping ligands’

Fig. 1 Schematic representation for the targeted synthesis of heterotri-
metallic complexes with the Ln—-Pd-Ln configuration by using the
appropriate ‘metalloligands’ and ‘end-capping’ ligands.

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Structural formula and abbreviation of the organic ligand 2-pyri-
dinealdoxime (paoH) used in this study. The red and blue coloration
illustrates the 'hard’ O- and the 'soft’ N-donor atoms, respectively.

oximate N-atoms, while the unbound, ‘free’ oximate O-atom
would bridge neighboring metal ions.'>*° This observation
made us to suspect that such {Pd(oximate),} species might
have the potential to act as ‘metalloligands’, exploiting the
nucleophilicity of the oximate anion and its ability to coordi-
nate with oxophilic Ln™ ions.

We report herein the high-yield synthesis and use of the
mononuclear [Pd(pao),] (1) ‘metalloligand’, bearing two trans
oximate O-atoms readily available for binding to 4f-metal ions
on opposite sides, for the isolation of a new family of [Ln,Pd
(P20),(NO3)(MeOH),(H,0),]-[Pd(pao),]. (Ln™ = Dy (2), Gd (3),
Er (4), Yb (5)) complexes with a linear Ln-Pd-Ln conformation
and additional co-crystallized [Pd(pao),] units forming supra-
molecular stacks. Complexes 2 and 5 exhibit slow magnetiza-
tion relaxation upon application of an external dc field.

2. Experimental section
a. Materials, physical and spectroscopic measurements

All manipulations were performed under aerobic conditions
using materials (reagent grade) and solvents as received unless
otherwise noted. Elemental analyses (C, H, and N) were per-
formed by the University of Patras microanalytical service.
Infrared (IR) spectra (4000-400 cm™') were recorded in the
solid state using a PerkinElmer 16 PC spectrometer with
samples prepared as KBr pellets. Electrospray ionization (ESI)
mass spectra (MS) were taken on a Bruker HCT Ultra mass
spectrometer from a solution of complex 1 prepared in MeCN.
Variable-temperature direct and alternating current (dc and ac,
respectively) magnetic susceptibility studies were performed at
the temperature range 1.9-300 K using a Quantum Design
MPMS XL-7 SQUID magnetometer equipped with a 7 T
magnet. Diamagnetic corrections were applied to the observed
paramagnetic susceptibility using Pascal’s constants.>"

b. Synthesis of [Pd(pao),] (1)

To a stirred, colorless solution of paoH (0.05 g, 0.30 mmol)
and Et;N (42 pL, 0.30 mmol) in solvent MeOH (15 mL) was
added solid PdCl, (0.03 g, 0.15 mmol). The resulting yellow

This journal is © The Royal Society of Chemistry 2025
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slurry was refluxed for 6 h, during which time all the PdCl,
solid dissolved and the color of the solution remained yellow.
The solution was then filtered, and the filtrate was allowed to
evaporate slowly at room temperature. After two days, X-ray
quality well-formed yellow needle-shaped crystals of 1-2H,0
appeared, and these were collected by filtration, and washed
with cold MeOH (2 x 2 mL) and Et,O (2 x 5 mL). The yield was
90% (based on the organic chelate available). Upon dryness
(under vacuum) the crystalline solid was analyzed as 1. Anal.
cale. for C;,H;(PdN,O, (found values in parentheses): C
41.34% (41.37%), H 2.89% (2.94%) and N 16.07% (16.01%).
Selected IR data (KBr, cm™"): v = 1668 (w), 1603 (m), 1510 (s),
1478 (m), 1424 (w), 1334 (s), 1248 (s), 1177 (m), 1151 (w), 1037
(w), 895 (w) 835 (m), 777 (w), 681 (W), 656 (W), 573 (W), 525 (W),
486 (w), 432 (m).

c. Synthesis of [Dy,Pd(pao),(NO;)s(MeOH),(H,0),]-[Pd
(pao), s (2)

To a stirred, clear yellow solution of the [Pd(pao),] precursor
(0.03 g, 0.10 mmol) in a solvent mixture comprising MeOH/
MeCN (15 mL, 1:2 v/v) was added solid Dy(NO;);-5H,0
(0.09 g, 0.20 mmol). The resulting yellow slurry was refluxed
for 4 h, during which time all solids were dissolved and the
color of the solution turned light orange. The solution was
then filtered, and the filtrate was allowed to evaporate slowly at
room temperature. After four days, X-ray quality orange needle-
shaped crystals of 2 appeared, and these were collected by fil-
tration, washed with cold MeCN (2 x 2 mL) and Et,O (2 x
5 mL), and dried in air. The yield was 30% (based on the total
available Dy). The crystalline solid was analyzed as 2. Anal.
calc. for C¢,He,Dy,PdsN,603, (found values in parentheses): C
29.31% (29.42%), H 2.46% (2.53%) and N 14.34% (14.22%).
Selected IR data (KBr, cm™"): v = 1608 (s), 1517 (m), 1487 (m),
1434 (m), 1384 (s), 1349 (m), 1249 (s), 1182 (m), 1156 (w), 1030
(w), 902 (w) 835 (w), 770 (m), 682 (W), 662 (W), 575 (W), 527 (W),
431 (w).

d. Synthesis of [Gd,Pd(pao),(NO;)s(MeOH),(H,0),]-[Pd

(pao),]4 (3), [Er,Pd(pao),(NO;)s(MeOH),(H,0),]-[Pd(pao),], (4)
and [Yb,Pd(pao),(NO;)s(MeOH),(H,0),]-[Pd(pao),], (5)

X-ray quality crystals of complexes 3-5 were prepared in the
same manner as complex 2 but using Gd(NO;);-5H,0 (0.09 g,
0.20 mmol), Er(NO;);-:5H,O (0.09 g, 0.20 mmol), and Yb
(NO3)3-5H,0 (0.09 g, 0.20 mmol) as the lanthanide sources.
The crystals were collected by filtration, washed with cold
MeCN (2 x 2 mL) and Et,O (2 x 5 mL), and dried under in air;
the yields were: 28% (3), 32% (4), and 25% (5). We have further
confirmed the identities of 3-5 by (i) IR spectroscopic compari-
son with the authentic, single-crystalline sample of 2
(Fig. S27), and (ii) elemental analyses. Anal. calc. for 3 (found
values in parentheses): C 29.44% (29.53%), H 2.47% (2.56%)
and N 14.39% (14.28%). Anal. calc. for 4 (found values in par-
entheses): C 29.20% (29.11%), H 2.45% (2.32%) and N 14.28%
(14.39%). Anal. calc. for 5 (found values in parentheses): C
29.07% (29.19%), H 2.44% (2.54%) and N 14.22% (14.11%).
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e. Single-crystal X-ray crystallography

Yellow single-crystals of complex 1 (0.32 x 0.19 x 0.05 mm) and
orange single-crystals of the family of complexes 2-5 (0.41 x
0.19 x 0.14 mm for 2; 0.45 x 0.08 x 0.07 mm for 3; 0.40 x 0.08 X
0.08 mm for 4; 0.43 x 0.09 x 0.06 mm for 5), were taken directly
from the mother liquor and immediately cooled at 160(2) K.
X-ray diffraction data were collected on a Rigaku R-AXIS
SPIDER Image Plate diffractometer using graphite-monochro-
mated MoKa (A = 0.71073 A) radiation. Data collection (w-
scans) and processing (cell refinement, data reduction, and
empirical absorption correction) were performed using the
CrystalClear program package.”® The structures of 1-5 were
solved by direct methods using SHELXS ver. 2013/1,>> and
refined by full-matrix least-squares techniques on F> with
SHELXL ver. 2014/6.>* All H atoms in the structures of 1-5
were introduced at calculated positions and refined as riding
on their respective bonded atoms. All non-H atoms were
refined anisotropically. It is important to mention that, in all
structures, the ligand pao™ is disordered over two positions.
Specifically in 1, the pao™ ligand occupies two positions with
occupancies 0.581(5) and 0.489(5), respectively. In the struc-
tures of 2-5, the pao~ ligand in the {Ln,Pd} heterometallic
unit also occupies two positions with occupancies 0.705(5) and
0.295(5) in 2, 0.707(8) and 0.293(8) in 3, 0.635(7) and 0.365(7)
in 4, and 0.60(1) and 0.40(1) in 5. Moreover, in the structures
of 2-5, the coordinated pao™ ligand to one of the [Pd(pao),]
units, defined by Pd2, also occupies two positions with occu-
pancies 0.544(4) and 0.456(5) in 2, 0.537(7) and 0.463(7) in 3,
0.560(6) and 0.440(6) in 4, and 0.553(9) and 0.447(9) in 5. The
discussion of the above disordered parts of the structures 1-5
is important for the comprehensive structural analysis and
description of the supramolecular properties of these com-
plexes (vide infra).

Various figures of all structures were created, using
Diamond 3 and Mercury software packages.”” The unit cell
parameters, structure solution, and refinement details of the
monomeric 1 and the heterometallic complexes 2-5 are sum-
marized in Table S1.} Further crystallographic details of com-
pounds 1-5 can be found in the corresponding CIF files pro-
vided in the ESL{

3. Results and discussion
a. Synthetic comments and IR spectra

The most challenging step towards the preparation of the tar-
geted heterometallic compounds has been the synthesis of a
suitable ‘metalloligand’ which would bear free O-binding sites
and simultaneously retain its solid-state structure in solution.
Square planar palladium(n) complexes (d®, diamagnetic)
bearing chelating ligands are both thermodynamically stable
and kinetically inert, rendering themselves as ideal ‘metalloli-
gands’ and fruitful building blocks for the synthesis of new
compounds with interesting architectures and properties.
Hence, from the reaction between PdCl,, paoH and Et;N in a
1:2:2 molar ratio, in solvent MeOH, under refluxing con-
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ditions to enhance the solubility of the PdCl, starting material,
we came across the yellow crystalline mononuclear compound
[Pd(pao),] (1) in excellent yields (~90%). The general for-
mation of 1 is summarized by the following stoichiometric

eqn (1):
PACl, + 2pacH + 2Et;N "= [Pd(pao),] + 2(Et;NH)Cl (1)

Positive (+) ion ES-MS studies were conducted to investigate
the stability of 1 in MeCN, a solvent which is widely used for the
synthesis of heterometallic transition metal/lanthanide com-
plexes.™* Indeed, complex 1 proved to preserve its structure in
solution with a single, high-intensity ion signal located at 349.6
mjz and corresponding to the single-charged [Pd(pao)(paoH)]"
species (Fig. 3). The trans-arrangement of the free oximate
O-atoms prompted us to carry out structure-directing reactions of
1 with two equivalents of different lanthanide(m) precursors,
aiming at the preparation of {Ln-Pd-Ln} compounds.

Indeed, from the 1:2 general reaction between 1 and Ln
(NO5)3:5H,0 (Ln™ = Dy"™, Gd™, Er™, Yb™) in MeOH/MeCN
under refluxing conditions, an orange-colored solution was
obtained, from which orange crystals of the mixed-complex
[Ln,Pd(pao),(NO;)s(MeOH),(H,0),]-[Pd(pao),]s (Ln = Dy™ (2);
Gd"™ (3); Er'™ (4); Yb™ (5)) were formed in yields ranging from
25-35% depending on the lanthanide ion. The general for-
mation of complexes 2-5 is summarized by the following stoi-
chiometric eqn (2).

5[Pd(pao),] + 2Ln(NO;), - 5H,0 + 2MeOH

I\I\/gg [anPd(PaO)z(N03)6(M30H)z(HZO)Z} : [Pd(pao)zh

+ 8H,0
Ln™ = Dy(2); Gd(3); Er(4); Yb(5)
(2)

Complexes 2-5 are stable and crystalline solids at room
temperature and non-sensitive toward air and moisture. It is
noteworthy to mention that in our hands it has not been poss-
ible to isolate the same crystalline compounds 2-5 from one-
pot reactions between PdX, (X~ = various anions), Ln

349.6
2e+7 A
¢ [Pd(pac)(paoH)]*
S 2e+7 A
S
>
%)
S 1et7 4
IS
5e+6 -
A N

150 200 250 300 350 400 450 500 550

m/z

Fig. 3 Positive ion ES-MS spectrum of 1 in MeCN.

This journal is © The Royal Society of Chemistry 2025
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(NO3)3-5H,0 and ligand paoH, under different conditions, sol-
vents and external bases. It appears that the heterometallic
complexes 2-5 can only be prepared in pure and crystalline
forms by using complex 1 as the ‘metalloligand’ and Ln
(NO,)35H,0 as a dual provider of Ln™ ions and NO;~ ancillary
groups (vide infra). For the preparation of 2-5, the choice of
the reaction solvent mixture has been proved crucial for their
crystallization and the formation of single-crystals; in the
absence of either MeOH or MeCN, we have been unable to
identify any heterometallic compound, contrariwise homome-
tallic [PdCl,(paoH),] complex was readily formed.”
Surprisingly, the heterometallic complexes 2-5 co-crystallize
with four monomeric [Pd(pao),] units (vide infra); that has
been chemically unexpected given the fact that the crystalline
2-5 can be obtained only through the 1:2 reactions between
the corresponding ‘metalloligand’ and the lanthanide precur-
sors. When the stoichiometric 5:2 reactions between [Pd
(pao),] and Ln(NO;);-5H,0 were carried out, the ‘metalloli-
gand’ has been the sole isolated product in all cases and by all
chemical means. It is likely that the supramolecular packing
of [Pd(pao),] units facilitates the stabilization of the crystal
lattice and eventually the formation of the mixed heterometal-
licchomometallic complexes.

The IR spectra of complexes 1-5 are presented in Fig. S1
and S2.f Complexes 2-5 are isostructural, and therefore only
the IR spectrum of 2 will be discussed as a representative
example. The presence of coordinated aqua and methanol
ligands is confirmed by the appearance of a broad IR band
centered at 3382 cm™'; the broad character of this band is
indicative of hydrogen bonding interactions, as it turned out
later by crystallographic studies. The IR spectrum of 2 shows
the characteristic bands of bidentate chelating nitrato ligands.
The bands at 1487 and 1249 cm™" are assigned to the v4(4,)
[Y(N=0)] and v5(B,)[vas(NO,)] modes,”” the former probably
overlapped with an aromatic stretch. The large separation
(238 em™") of the two stretching nitrato modes indicates the
bidentate character of these groups.?” The spectrum exhibits a
medium intensity band at 1384 cm™', characteristic of the
v3(E"[ra(NO)] mode of the ionic nitrate with Dy, symmetry.””
Such species do not exist in the crystal structure of the neutral
compound 2. This is not unusual in IR spectroscopy of coordi-
nation compounds, and it can be rationalized in terms of a
partial replacement of nitrato groups by bromides from the
excess KBr that was used for the preparation of the IR pellet,
thus producing ionic nitrates (KNO;);*® this solid-state replace-
ment is facilitated by the employed hydraulic pressure. The IR
spectrum of complex 2 also revealed the in-plane deformation
band of the 2-pyridyl ring of the pao™ ligands in the range
~770-682 cm™', thus confirming the participation of the
ring’s nitrogen atom in coordination.”® Several bands appear
in 1609 cm™ and in the ~1517-1349 cm ™" range, assigned to
contributions from the ¥(C=N) vibrations and the stretching
vibrations of the aromatic rings of pao™ groups, respectively.
The (N-O) band of the oximate group is situated at 1156 cm™*
and can be attributed to the increased presence of double
bond character (N=O) in the electronic structure of the

This journal is © The Royal Society of Chemistry 2025
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oximate group, resulting from the deprotonation and coordi-
nation of the oximate O-atom. As a result, the »(NO) vibration
shifts to higher wavenumbers in the complexes that include
deprotonated and coordinated oximate groups in comparison
to the unbound, neutral ligands.*°

b. Description of structures

Due to the similarities in the crystal structures of complexes
2-5, only the structural features of heterometallic 2 will be dis-
cussed in detail as a representative example. Selected intera-
tomic distances and angles for complexes 1 and 2 are listed in
Tables S2 and S3,1 respectively. Complexes 2-5 are crystal
lattice solvate-free, while compound 1 crystallizes with two
H,O solvate molecules.

Complex 1 crystallizes in the centrosymmetric space group
P2,/a. The asymmetric unit of 1 contains half of the [Pd
(pao),]-2H,0 units. The complex possesses a center of sym-
metry and the Pd atoms are located at the center of symmetry
(Fig. 4a). The pao™ ligands are disordered over two orientations
(Fig. S31). The Pd" ion is four-coordinate in a square planar
environment consisting of four N-atoms derived from the two
bidentate chelating pao™ ligands (Fig. 4a), as confirmed by the
Pd"-N bond distances and the N-Pd-N bond angles
(Table S2%). The two coordinated pao~ ligands are trans to
each other. Both disordered sites of the pao™ ligands display
the same coordination mode around the Pd" center.

In the structure of 1-2H,0, intramolecular and inter-
molecular hydrogen bonds are observed (Fig. S3 and
Table S51) for both orientations A and B of the coordinated
pao~ ligands. The [Pd(pao),]-2H,O complexes with pao~
ligands in orientation A form chains along ¢ axis through C5A-
H5A--01A"  hydrogen bonding interactions (Fig. S4a,
Table S5, symmetry code (ii): x, y, z — 1), while those in orien-
tation B form similar H bonds through the C1B-H1B..-O1B™
interactions (Fig. S4b, Table S5,1 symmetry code (iii): —x, —y +

@ e oxi ,
free’ oximate arm
e NIA 2~
\J\_/ NIA o
O1A'
(b)
03
05
06
08

Fig. 4 Partially labeled representation of the molecular structures of (a)
the ‘metalloligand” 1 and (b) the heterotrinuclear {Dy,Pd
(pao)2(NOz)g(MeOH),(H,0),} unit of complex 2. All H atoms are omitted
for clarity. Color scheme: Pd", magenta; Dy"', yellow; O, red; N, blue; C,
gray. Symmetry operation for the primed atoms: (): —x,2 -y, 2 — zfor 1
and (): —x, -y, 1 — z for 2.
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2, —z + 1). The stacking of coordination compounds through
phenyl-chelate ring interactions is observed in several square
planar transition metal complexes.>® Fig. S5t represents the
stacking of complexes along a-axis with the distance of the
average planes of neighboring complexes being 3.37(1) A for
orientation A, a result that indicates that the pyridine rings
favor also this type of stacking. Hence, the [Pd(pao),] square
planar complexes belong to fraction-2 of five-member chelat-
ing ring with fused 6-membered aromatic rings, i.e. the pyri-
dine rings in this case.’’® A parameter used to characterize
this type of stacking is the difference of the distance of the cen-
troids of the two pyridine rings with the distance of the cen-
troid of the pyridine ring with the centroid of the chelate ring,
represented by the symbol 4 (A = 0.736(1) A). This positive
value of A indicates a phenyl-chelate interaction type;*'*
however, in the case of 1 this interaction is a phenyl-metal type
(inset of Fig. S5, for orientations A and B). For orientation B,
the distance of the average planes is 3.62(7) A and A value is
0.912(1) A. The complexes stacked along a-axis interact
through C5A-H5A:--O1A or C1B-H1B:---:O1B hydrogen bonds,
thus forming layers parallel to the [010] planes which lie at the
bottom or top (and in the middle) of the cell (Fig. S61). Among
these layers, zig-zag chains of lattice water molecules are
formed through O1W-H1WB.---O1W" hydrogen bonds
(Table S5, symmetry code: (vi): x + 1/2, =y + 3/2, z), which also
assist in building the 3-D architecture of the structure; these
interaction serve to further link complexes belonging to neigh-
boring layers through the O1W-H1WA:--O1A (or C1B-
H1B---O1B) hydrogen bonds (Table S57).

Compounds 2-5 crystalize in the triclinic P1 centro-
symmetric space group; given that all four structures are iso-
morphous, only the structure of 2 (Fig. 4b) will be described in
detail. The asymmetric unit of the cell contains half of the
formula unit {[Dy,Pd(pao),(NO3)s(MeOH),(H,0),]-[Pd*
(pao), ], [Pd**(pao),],}, where Pd, Pd* and Pd** represent sym-
metry-independent Pd" atoms and they correspond to the
atoms labeled as Pd1, Pd2 and Pd3, respectively, in the follow-
ing discussion. Thus, the structure of 2 included three types of
complexes and they will be described separately. The structure
of the complex [Dy,Pd(pao),(NOs)s(MeOH),(H,0),] (24) is
shown in Fig. 4b and S7a.t Pd1 atom is located at a center of
symmetry and the pao™ ligands are also disordered as in 1.
Pd2 and Pd3 occupy the same coordination environment as in
1, thus forming square planar co-complexes 2B and 2C,
respectively, within the structure of 2. Although, Pd2 occupies
a general position, the two symmetry-independent pao~ che-
lates are disordered over positions “A” and “B” (Fig. S7bt). On
the other hand, Pd3 also occupies a general position albeit in
this case the two symmetry-independent pao~ ligands are
ordered (Fig. S7ct).

The heterotrinuclear centrosymmetric {Dy,Pd} unit can be
described as a perfectly linear array of two external Dy™ (Dy1,
Dy1’) and a central Pd" ions (Dy1-Pd1-Dy1’ angle = 180°),
linked together through the oximate O-atoms (O14A, O1A') of
the {Pd(pao),} ‘metalloligand’. Thus, the pao™ ligands act as
tridentate chelating and bridging, adopting the n':n'm*:p
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coordination mode, with the ‘hard’ oximate O-atoms binding
to the oxophilic Dy™ atoms. Peripheral ligation about the two
symmetry-related Dy"" atoms is provided by six bidentate che-
lating NO;~ groups, and two terminally bound aqua (O1W,
O1W’), and two monodentate MeOH (O1M, O1M’) solvate
molecules. The intramolecular Dy1---Dyl’ separation in 2 is
10.560 A, presaging negligible magnetic interactions between
the paramagnetic centers.

The Dy1 (and its symmetry-related Dy1’') atom is bound to
nine O-donor atoms. One of them (O1A) belongs to the depro-
tonated oximate groups of the {Pd(pao),} subunit, six oxygen
atoms (02, 03, 05, 06, 08, 09) belong to the three bidentate
chelating nitrato groups, while the remaining two oxygen
atoms belong to the terminal MeOH (O1M) and H,0 (O1W)
molecules. The Dy-O1A bond (2.282 A) is the shortest among
all Dy-O bond lengths (Table S37), in accordance with similar
separations in Dy-Ogyimate complexes.®® The coordination geo-
metry of Dyl center was determined by the Continuous Shape
Measures (CShM) approach of the SHAPE program,** which
allows one to numerically evaluate by how much a particular
polyhedron deviates from the ideal shape (Table S4t). Thus,
the coordination geometry of Dyl (and Dy1’) in 2 (Fig. 5) can
be described as distorted muffin (CShM value = 2.43) with the
second closest polyhedron being that of capped square anti-
prism (CShM value = 2.57). The basal trigonal plane of the
muffin is formed by 05, 06, and O8 atoms, while the equator-
ial pentagonal plane is made of O1M, 02, 09, O1W, and O3,
and the oximate O1A atom occupies the vertex of the muffin.

From a supramolecular perspective, there are hydrogen
bonding interactions between the dangling oximate O-atoms
as acceptors (O21A and 041) of the [Pd(pao),] co-crystallized
units and the O-H groups of the coordinated MeOH and H,0O
molecules as donors. Their dimensions are: O1W---021A =
2.629 A, O1W---041 = 2.598 A and O1M--O11A = 2.603 A.
These interactions serve to hold together the trinuclear
{Dy,Pd} cluster with the [Pd(pao),] units. Further inter-

Fig. 5 The distorted muffin coordination polyhedron of Dyl (and Dyl
in 2 with the corresponding atom labeling. The white thin lines define

the vertices of the ideal polyhedron. Color scheme: Dy", yellow; O, red.

This journal is © The Royal Society of Chemistry 2025
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molecular hydrogen bonds between molecules belonging to
neighboring stacks of pentads stabilize the 3-D supramolecu-
lar structure of 2.

In the crystal lattice, complexes 2A, 2B and 2C are stacked
in groups of five as shown in Fig. 6, along the [101] direction.
Complex 2A is located at the middle of the stack and since the
{Dy,Pd} unit possesses a center of symmetry, 2B and 2C, which
are placed below and above the central unit, are also related by
center of symmetry and indicated by Pd2, Pd3 and Pd2’, Pd3’
in Fig. 6. The stacking of complexes extends along both direc-
tions of [101] through their overlap with Pd3” and Pd3"" con-
taining complexes that belong to neighboring pentads (Fig. 6).
The planar {Pd(pao),} units within 2 belong also to fraction-2
as in the case of 1. The type of stacking between 2A and 2B,
and 2B and 2C, are of phenyl-chelate interaction (Fig. 6, right)
with A values of 0.433(1) and 0.906(1) A, respectively.*’* The
angle between the planes of 2A and 2B is 1.3(3)° and between
2B and 2C is 2.0(2)°. The distance of Pd1 from the mean plane
of 2B is 3.297(1) A and that of Pd2 from 2C is 3.264(1) A.
Complexes containing Pd3 and Pd3"" atoms are centrosymme-
trically-related, and they overlap in a pyridine-metal interaction
with a A value of 1.061(1) A and a distance of 3.351(4) A along
the planes.

Finally, complexes 2-5 represent rare examples of discrete,
non-polymeric, heterometallic compounds with a Ln™-M"-
Ln™ linear conformation,*® and they constitute the only family
of linear {Ln,Pd} complexes reported to date. The only other
related example is the complex [Dy,Pd{(py),CNO},(hfac)e],
where (py),CNOH is the ligand di-2-pyridyl ketoxime and
hfacH is 1,1,1,5,5,5-hexafluoropentane-2,4-dione, reported by
Okazawa, Ishida and coworkers.** In that case, the terminal
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Dy™ ions are 8-coordinate with distorted square antiprismatic
geometries.

c. Magnetic studies

Direct current (dc) magnetic susceptibility (yy) data on analyti-
cally pure, microcrystalline samples of 2-5 were collected in
the 2-300 K temperature range under an applied magnetic
field of 0.1 T. The data are plotted as yy7T products vs. T in
Fig. 7. From a magnetism perspective, complexes 2-5 can be
viewed as “homodinuclear” lanthanide(III) species, provided
that square planar Pd(II) is diamagnetic. Note that the very
long intramolecular Ln---Ln distances in 2-5 preclude the con-
sideration of any significant magnetic interactions between
the metal centers. The room temperature y,,T values for com-
pounds 2 (28.32 cm® K mol™), 3 (15.38 cm® K mol™), 4
(22.31 cm® K mol™) and 5 (5.05 cm® K mol ™) are in excellent
agreement with the expected values of 28.34, 15.76, 22.96 and
5.14 cm® K mol ™", for two Dy™ (°H,s,,, free ion; S = 5/2, L = 5,
g7 =4/3; ymT = 14.17 em® K mol "), GA™ (®S,,, free ion; S = 7/2,
L=0,g =2; ymT =7.88 cm® K mol™"), Er'™ (*I,5,, free ion; S =
3/2, L =6, g = 6/5; yuT = 11.48 cm® K mol™') and Yb™ (°F;,,
free ion; S = 1/2, L = 3, g = 8/7; ymT = 2.57 cm® K mol ") nonin-
teracting ions, respectively.>® Upon cooling, the y\T products
of complexes 2, 4 and 5 decrease slowly in the 300-50 K temp-
erature range and then more rapidly reaching the values of
23.39 (2), 13.31 (4) and 3.22 (5) cm® K mol ™" at 2.0 K, while the
amT product of the isotropic complex 3 remains almost con-
stant at the entire temperature regime. The observed decrease
of the y\T products is mostly due to the depopulation of the
m; sublevels of the ground J state of the anisotropic Ln™
ions.*® The yuT versus T data for 3 were fit to an isotropic 1-/

Pd3™
Fig. 6 (left) Group of five complexes featuring Pd1, Pd2, Pd3 and their centrosymmetric analogues, Pd2’ and Pd3’, stacked along the [101] crystallo-
graphic direction. (right) Representations of the overlap of complexes 2A, 2b and 2C with each other. Symmetry codes (): —x, =y, 1 - z; ("): 1+ x, y, 1

+2z("):=1-x, -y -z
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Fig. 7 Plots of ymT vs. T for complexes 2-5 in a 0.1 T dc field. The solid
pink line is the fit of the data for the isotropic Gd"'-analogue; see the
text for the fit parameters.

model that accounts for the long pathway Gd---Gd interaction
(solid line in Fig. 7). The best-fit parameters were: J = —0.0012
(3) em™ and g = 1.98(2), thus corroborating the negligible
magnetic interactions between the metal centers.

The field dependence of the magnetization at 1.9, 3 and
5 K, for the magnetically more prominent complexes 2, 4 and
5, shows a relatively rapid increase at low fields without reach-
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ing saturation at ~7 T, which indicates the presence of mag-
netic anisotropy (Fig. 8). Furthermore, the magnetization
values of 2, 4 and 5 at 7 T are ~10, 12 and 2.5Nug, respectively,
much lower than the expected values for two (n = 2) Dy"™ (Mg/
Nug = ngJ = 20Nug), Er"™ (Mg/Nug = ngj = 18Nug) and Yb™ (Ms/
Nug = ngy = 8Nug) ions, which is due to crystal field effects that
induce magnetic anisotropy. For complex 3, the magnetization
value at 7 T is 13.7Nug, very close to the theoretical value for
two isotropic Gd™ ions (Ms/Nug = ngyJ = 14Nug) (Fig. S81).

The presence of anisotropic Ln™ atoms prompted us to
explore the magnetic dynamics of compounds 2, 4 and 5,
which comprise either oblate (Dy™) or prolate (Er'™, Yb™)
metal ions with dissimilar distribution of the f-electron
density. Our goal was to determine whether these compounds
exhibit (or not) slow relaxation of magnetization due to the
electrostatic interactions of the crystal field (CF) with the
oblate/prolate type electron density of the lanthanide ions.
According to this electrostatic model, the oblate ions, having a
strong axial CF below and above the xy basal plane, stabilize
the largest m; and maximize the uniaxial anisotropy. However,
the prolate ions favor the equatorial coordination geometry to
minimize the charge repulsion with the axial electron density.

Hence, we initially conducted alternating current (ac) mag-
netic susceptibility measurements without an applied dc field,
using a 3.5 G ac field oscillating at various frequencies within
the temperature range of 2-40 K. One common observation
across all compounds was the total absence of frequency

10 4 (2 =3
12 (,,.«r)’:'jw
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8 10
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o 64 o 7
z z
= S 6
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Fig. 8 Plots of magnetization (M) vs. field (H) for complexes 2, 4 and 5 at three different low temperatures. The solid lines are guides for the eye only.
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dependent signals in the out-of-phase (y#) susceptibilities vs.
T plots. However, by analyzing the dc field dependence of the
xv at 997 Hz and 1.9 K for compounds 2 (Fig. S91) and 5
(Fig. S107), we were able to identify dc fields of 300 and 2000
Oe, which could be suitable (optimum fields) for quenching
the operative quantum tunnelling of the magnetization (QTM),
a relaxation pathway responsible for the fast magnetization
reversal of SMMs at low temperatures. Therefore, we carried
out ac studies in the presence of the external dc fields.

Indeed, the appearance of frequency dependent tails of ac
signals, in the out-of-phase (yf;) susceptibilities vs. T plots for
2 (Fig. 9a) under a 300 Oe applied dc field, at temperatures
below ~6 K, indicates the onset of magnetization relaxation
and weak SMM behavior. These tails of y4; signals suggest that
QTM is still the dominant relaxation mechanism, implying a
small effective energy barrier (Ues). Given the absence of peaks
in the y; vs. T plots, we determined the SMM parameters by
assuming that the magnetization relaxation follows a Debye
process with only one characteristic time, allowing us to apply

View Article Online
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the Kramers-Kronig equations,*”*® resulting in the combined
eqn (3), where o is the angular frequency, 7, is the pre-expo-
nential factor, and kg is the Boltzmann’s constant.

In(y"/x') = In(wzo) + Uesr /ke T (3)

Using eqn (3), we derived the best-fit parameters for com-
pound 2 (Fig. 9b), which gave: U = ~6.9(1) K and 7, = 1.6(1) x
107® s. These values are consistent with the expected pro-
perties of a fast-relaxing SMM."" The resulting energy barrier is
quite small, indicating that a thermally assisted Orbach
process is unlikely to be the operative mechanism for the mag-
netization reversal in 2.%°

Under a 2000 Oe applied dc field, complex 5 displays fre-
quency dependent in-phase (yy) (Fig. S111) and out-of-phase

%) (Fig. 10a) signals below 3.0 K, thus suggesting the pres-
ence of slow relaxation of the magnetization consistent with a
field-induced SMM behavior.*’ The Cole-Cole plots of 5 were
fitted at the low temperature regime using a generalized Debye
model (Fig. S12t), and the obtained a parameters were found
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Fig. 9

(a) Temperature dependence of the out-of-phase (yi) ac magnetic susceptibility under a 300 Oe applied dc field for complex 2, measured

in a 3.5 G ac field oscillating at the indicated frequencies. The solid lines are guides only. (b) Debye plots of complex 2 for the indicated ac frequen-
cies. The solid lines correspond to the fit of the data by applying the Kramers—Kronig eqn (3).
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(a) Frequency dependence of the out-of-phase (ym) ac magnetic susceptibility under a 2000 Oe applied dc field for complex 5, measured

in a 3.5 G ac field over the temperature range 1.9-3.5 K. Solid lines represent fits to the data in the frequency range 10-1500 Hz. (b) Arrhenius-type
plot of In(z) vs. 1/T for complex 5, under a 2000 Oe applied dc field. The solid red line corresponds to the fit of the data by applying eqn (4).
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in the range of 0.08-0.13, indicating a relatively narrow distri-
bution of relaxation times, which agrees with the presence of
one predominant relaxation processes.*® To determine the
temperature dependence of relaxation times (7) and construct
an Arrhenius-type plot, we fitted the data including only the
Orbach relaxation mechanism (Fig. 10b); no reasonable values
were obtained by fitting the data including Raman and QTM
relaxation processes. The data in the temperature range of 1.9
to 3.0 K were analyzed using the following eqn (4):

77t =10 exp(—Uese/ksT) (4)

where 77! defines the relaxation rate and the term 7, ' exp
(—=Uesi/kgT) corresponds to the Orbach process, in which z, is
the pre-exponential factor, kg7 is the thermal energy, and Ues
is the effective energy barrier for the magnetization reversal.
As the thermally assisted Orbach process dominates, the relax-
ation time has an exponential dependence on temperature
(linear region), giving a U.g value of ~6.0 K as well as a 7,
value of 1.9 x 107> s.

Although there are many {Yb,} complexes exhibiting field-
induced relaxation of magnetization,*’ complex 5 is the first
example of a slow-relaxing magnetic species in which the Yb™
ions are separated by such a long-distance spacer, ie. the
‘metalloligand’ {Pd(pao),}.

4. Conclusions

In summary, this work has demonstrated the effectiveness of
the ‘metal complexes as ligands’ approach as a successful
route for the controlled synthesis of new heterometallic Pd"/
Ln™ complexes with targeted nuclearities and topologies. By
utilizing the [Pd(pao),] building block (pao™ = anion of 2-pyri-
dinealdoxime), we unveiled the coordination of the two dan-
gling, trans oximate, O-atoms of pao~ ligands with various
Ln™ jons, which led to a new family of linear compounds with
the general formula [Ln,Pd(pao),(NO;)s(MeOH),(H,0),]-[Pd
(pao),]s, where Ln™ = Dy (2), Gd (3), Er (4), Yb (5). Compounds
2-5 constitute the only family of {Ln,Pd} molecular species
reported to date. Apart from their structural (and supramolecu-
lar) interest, compounds 2 and 5 also display field-induced
slow magnetization relaxation under applied dc fields of 300
and 2000 Oe, respectively. However, this is accompanied by
relatively low energy barriers for the magnetization reversal
due to the fast tunneling mechanism and the weak crystal
field effects from the coordinated ligands which constitute the
‘muffin’-like polyhedron of the Ln™ ions.

We are currently trying to expand this synthetic route to
various {Pd(oximate),} ‘metalloligands’ with either trans or cis
unbound oximate O-atoms in an attempt to direct not only the
nuclearity (trimers or dimers) and dimensionality (0-D or 1/
2-D) of the resulting heterometallic products but also the
coordination of the negatively charged oximate O-atoms
towards the desired axial or equatorial site (depending on the
oblate or prolate Ln" ion).
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