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GENERAL INTRODUCTION

Magnetism has been known to humans for millennia, and for millennia different
interpretations of this phenomenon of attraction between bodies have been given. The same
way as magnetism, the meaning of molecules has evolved from the ancient ages until now,
from this “extremely minute particles” to the complete understanding of this entities today.
The evolution of both has been guided by different discoveries within the ages, until arriving

to a common point, with the understanding that discrete molecules can display magnetism.

This phenomenon has fascinated people ever since the first indications of “magnets”,
which had nothing to do to the ones we found commonly in our fridges as memories of the
different places we have visited. We need to move to the ancient Greece, around 600 B.C.,
where the firsts manifestations of a mineral magnetite called lodestone (containing iron oxide,
FeQs) attracting iron, were given. Actually, the word “magnet’” comes from the greek
“magnetis lithos”, due to its ability to attract (or repulse) other pieces of the same material
and iron. It was in 1600 when the firsts scientific studies took placed, thus stablishing the
relation between magnetism and electricity, and further during the nineteenth and twentieth
centuries that the nature of magnetism was finally understood. Research during these two
centuries were focused in the reaction of molecules under an applied magnetic field, the
correlation between electric and magnetic properties, as well as the origin of the atomic

magnetism.

The evolution of this field is closely linked to the evolution of our civilization. Progress in
magnetism have changed in the last century our way of living. Actually, one of the most
important applications of magnets, from both a social and economic point of view, is the
production and use of electricity. The use of permanent magnets, which exhibit a
magnetization loop that is both wide (maximum coercive field) and high (maximum
magnetization), facilitate the reduction of the size and weight of a device made of them, as it

could be for electric motors or audio speakers.
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The modern understanding in both economics and scientific research, passes through the
size minimization, thus increasing the performance. A step forward, with the apparent
important emergence of the nanoscience, consisted in the development of quantum
mechanics, which provided the tools for describing the magnetic properties in the nano-scale

systems.

During the last twenty years the field of molecular magnetism, and with it the quantum
events, have been extensively studied. Since, the magnetic properties of this permanent
magnets are investigated in coordination clusters, which due to its small size and easy
modulation of the structure, are proposed as exceptional candidates for the future information
processing technologies, such as quantum computing or data storage. This new view of
magnetism is based on the theory of the motion and interactions of electrons in atoms, coming
from the work and theoretical models of Ernest Ising and Werner Heisenberg (also considered

one of the founding fathers of modern quantum mechanics), among others.

This new field is created by the direct collaboration between chemists and physics, that
would work together in order to design and synthesize challenging molecular architectures and
experimentally measure their properties, in order to work out theoretical models needed for
the interpretation of the events appearing in that level, like the coexistence of quantum and

classical phenomen#:?34

As part of this doctoral work, we do not pretend to find nhew amazing structures so that
they are included in the vast library of molecules displaying novel properties between the
classical and the quantum behavior, but to selectively choose some examples existent in the
literature so that we got a greater understanding on these events happening at low
dimensionality. Thus, special appeal is done to paramagnetic molecules (presenting at least
one unpaired electron), so that they can show a slow relaxation of the magnetization at low
temperature, and thus behaving as tiny magnets (also known as single-molecule magnets,

SMM). This manuscript is divided in three different parts:

A first part including Chapter | and II, in which all the fundamental information
needed for the understanding of the following chapters is given.
A second, comprising Chapters IlI-VI, in which the main work is presented: five

different systems have been chosen among the different possibilities existent in the
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literature and their synthesis and magnetic characterization are presented within
the different chapters. Starting from a well-known Dy-based mononuclear complex
from the group, and taking different considerations thereafter (coordination
sphere, polarization effect, electronic distribution of the metal ion, etc) in order to
arrive to a general trend in the understanding of the evolution in the relaxation
mechanisms. In the first chapter, the trend in the relaxation mechanism through
dilution and isotopic enrichment, has been confirmed for a well studied sytem from
the laboratory, thus evidencing the different hyperfine mark between two isotopes
bearing same nuclear spin; Then, the study ofmagnetic properties of a system with
the same environment but different metal ion (Yb and Er) aims to compare the
relaxation mechanisms in ions with opposite electron density distribution.
However, only the study of the first (Yb-based) has beenpossible; In Chapter V, an
Er-based complex behaving as SMM and presenting the QTM regime has been
chosen from the literature, thus withs@s coordinating spehere and opposite
trend in the isotopic behavior; Finally, chapter VI, proposes the study of two
different systems based o Dy, with again an oxygenated coordination sphere and
polarization of the electron density, with the aim to verify the dependence of this
in the isotopic effect tendency and the effect of the polarization on both strategies.
Finally, Chapter VII consists in a summary of the different ideas got from the
previous systems followed by the conclusions and perspectives achieved at the end

of those three years set in the previous six chapters.

1 a) ‘Magnetism-History of Magnetism Science Encyclopedia: _https://science.jrank.org/. b)
“Magnetisni. DISCovering Science. Gale Resed@%96 Reproduced in Discovering Collection. Farmington
Hills, Mich.: Gale Group. Decemb@Q0Q http://galenet.galegroup.com/servlet/DC/ ¢) K. Kharg@he
Intriguing History of Magnetism Youd Like to Read ThrguglSciencetruck 2017
https://sciencestruck.com/history-of-magnetism.

2C. Benelli, and D. Gatteschi, Introduction to Molecular Magnetism: From Transition Metals to
Lanthanides, Wiley-VCH, Weinheim, GermaaL5

3J. Stohr, and H. C. Siegmahtagnetism From Fundamentals to Nanoscale Dynam&jsringer- Verlag,
Berlin Heidelberg2006
4 D. Gatteschi, R. Sessoli, and J. Villdatecular Nanomagnet®xford University Press Inc., New York,

United States2006.
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CHAPTER |

ORIGIN AND BASIS OF MAGNETISM

. MOLECULAR MAGNETISM: General dépects

In nature, atoms in molecules are commonly organized in a way that etectare

associated in pairs. Consequently, due to the balance between the different charges, no
effective magnetic moment can be generated and they are diamagnetic (exceptiorp for O
which is paramagnetic). However, with regard to the magnetic properties in matter, what
really interests us is the possibility of acquiring some systems with at least one unpaired
electron. This unpaired electron can have both spin and orbital motion, which together
generate a magnetic moment associated to it. It is the case of organic radicals, transition metal
ions or the rare earth ions, which possess open-shell moieties, and it is from these open-shells

that the molecular magnetic properties arise.

Molecular magnetism englobes the joint work of chemists, physicists and material science
in order to create coordination magnetic complexes, with potential applications in high-

density data storage, spintronics, and quantum computing.

Magnetic moment and susceptibility:

When studying the magnetic properties of a sample, the induced magnetic moment can
be expressed according two different magnitudes: the magnetizaomives information
about the orientation of the magnetic moments parallel to an applied magnetic fldnd

the magnetic susceptibility, which is the response of the systemHo

Then, if a magnetic complex is placed within a homogenous external magnetie,field

acquires a certain magnetizatioMl, The magnetic susceptibility can be then expressed as:

M/ H (1.1)

WhenH is sufficiently weak, is independent oH, such that there is a linear relationship

between M and . This will be the case during all this work.

M/IH (L1.2)
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Several magnetic effects can be described, depending on the magnetic responséto the
and the temperature dependence. Thus, one can classify the magnetic phenomena into three

main groups:

Diamagnetism:this phenomenon can be found in all materials, as it appears from the

interaction between the motion of the electrons in their orbits aAdA weak magnetic field

is induced in the material so that it repels the magnetic field. One talks about diamagnetism,
when no-other phenomena is present as, if the contrary, this would be counterbalanced. It is
defined by small and negative susceptibility values which are constant with the temperature

and magnetic field.

Paramagnetismthis effect happens in molecules with an unpaired electron. The different

magnetic moments given by the unpaired electrons are randomly orientedggiwirise to a
nil global moment. However, once they are submittedHpthey orientate partly in the
direction of the magnetic field. It is characterized by small but positive susceptibility values,

which are temperature dependent(T)

Collective magnetismresults from the interaction and reorientation of the different

magnetic moments in the material, giving rise to long-range magnetic ordeaird)
maintaining a lowered-energy state. Depending on the different orientation between
neighboring moments we can differentiate between: 1) ferromagnetism, if they align with the
same orientationi1 0); 2) antiferromagnetism, if they align so that they are in opposite sign
than their neighborsNI=0); 3) ferrimagnetism, if they are also arranged with antiparallel-

ordering but with the magnetic moments different for each orientatidv (0).

If we look at the atomic level, we have to deal with quantum mechanics as the system is
considered to be a quantum system, constituted by discrete enefgigs= 1, 2,...). The
magnetic moment of a free atom or ion, also called microscopic magnetization, is originated
from the total electronic spin momentunsj, the orbital momentum of the electrons around
the nucleus (total orbital angular momentuin, and, when submitted to an external magnetic
field, the induced change in the orbital moment. The two first sources give rise to a
paramagnetic response, whether the last results into diamagnetism. Thus, the global
susceptibility can be split into two different terms, a diamagnetig and a paramagnetic

( para) Susceptibility:

10
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dia para (1 ' 3)

where the diamagnetic susceptibility is estimated using an additive method which takes
into account the different atomic susceptibilities and some constitutive corrections. These
tabulated corrections take into account the difference in the diamagnetic character depending
on the type of bonds, and are summarized together with the atomic susceptibilities, in the so-
called Pascal Tables. However, for a faster approximation, when no so accurate value is

needed, one can use the following expression:
ia KM, 10°cmPmol! (1.4)

with Mw, the molecular weight of the compound aRkgda varying factor between 0.4 and

0.5.

Hereafter, all v are assumed to be corrected from the diamagnetic contribution and will
correspond to the paramagnetic part in Equation 1.3. This paramagnetic response, originated
from L andSand tuned by the interaction withl, is associated with the thermally populated
statesE,.. Thus, by applyingi, a splitting of the different energy states in the molecule is
induced (phenomenon known as Zeeman effect), and the variation in the different energies

can be described as the microscopic magnetization:
N E/ H (15)

Consequently, the macroscopic magnetization M becomes the sum of the different
microscopic magnetizations {) of the molecules of the sample, thus weighting the relative
population of the different n levels at a given temperatufeand magnetic fieldH, with the

Boltzmann distribution.

(E,/ Hexp( E / KY
exp(E, /K7

M (1.6)

whereks is the Boltzmann constant and N is Avogadro’s constant, which, withiogthe
emu system units used during this work, the value usedkids 0.695039 cm K! and the

partition function Z is defined by:

11
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Z exp( E, /KT (1.7)

This leads to the following expression for magnetization (Equation 1.8) and susceptibility
(Equation 1.9), which, without any approximation, may be considered as the fundamental
expressions. These correlate the magnetic measurements (macroscopic world) with the

interactions and/ or anisotropy constants of the system (microscopic world).

’InZ
InZ NKT-
(1.8) v

M NKT

(1.9)

Nevertheless, the use of these fundamental formulas is not evident as it requires the

knowledge of all the energy variationg,( f(E)) for all the thermally occupied states. That

is why, in 1932 van Vleck proposed a simplified model taking into account some assumptions
(H/ kT 1, linear approach of Equation 1.1) and following a perturbation method for which

E, could be decomposeds, E” E'H f2 H (...), whereEY is the zero-field energy at

n level and2" the differentit™ order Zeeman coefficients. Hence, applying the definition of the

magnetic susceptibility (Equation 1.2 and 1.5) the van Vleck formula U twder is defined

as:

N (EY/KT2 Byexp( &/ KT
. exp(E9 /K] (1.10)

n

where the calculation of the derivatives is no longer needed, buffle E” and E®)

quantities. Thus, by knowing the eigenvaluég) and eigenfunctions#n> the other two

values are calculated through perturbation theory.

From Curie Law and beyond:

If one consider the simplest case, in which the molecule present a unique paramagnetic
center, two different possibilities can be presented. Depending on the energetic terms
generated from the ligand field effects, the system can have the orbital contribution

guenched, in which the system is only desenbe&bypr, on the contrary, it can exhibit both
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momenta contributions, leading to an interaction betweBrand. known as first order spin-

orbit coupling.
For the former case, in the absence of an external magnetic field23hdstates of spin

are degenerated and this energy level is usually taken as the or@(i)n Q) in order to

facilitate the later calculations. The degeneracy of the different states is then broken when

applying H, and the different Zeeman components are described as:
EE Mg H (1.11)

where Ms is the spin quantum number associated withNg=(-S,-S+1,....,+S) is the
gyromagnetic factor (also called Landé-factor) which in the ideal case of well separated energy
levels (no coupling between the ground-state (GS) and the excited-states (ES)) correspond to
the values of a free electron (g= 2.0023); ands the electron Bohr magneton. Considering

intermediate values of T and H, one can merge Equations 1.11 and 1.10 to obtain:

I\QZZ
MooT

S 1)(1.12)

with the molar magnetic susceptibility varying ag=C/T, with C .

Curie constant. This expression is known as the Curie Law, which is only valid for the case when

N °%S 1) e
k

the molecule does not present any first order spin-orbit coupling For systems with some
spontaneous interaction between adjacent spins, thus causing some ordering at low

temperature, a modified version is needed (Curie-Weiss law, Equation 1.13)

M

C
= (113)

with  the Weiss constant, which is the characteristic ordering temperature and give

information about the character of the interactions.

There are different ways of representing the susceptibility, whether it isv@svs. T or
;j vs.T; the first (Figure 1. 1a) giving a direct insight of the number of single electrons and

thus the C value, and the second (Figure 1. 1b) the character para-/ferro-/antiferro- magnetic

depending on the origin of the x-axis.
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Figure 1. 1. Representation of the molar magnetic susceptibility aydsss. T and b) ,\} vs. T. The slope in the
second gives the value of'C

Until now, only the spirswas considered, however, there is also an angular morhent
which is not always quenched. For those systems, S is not sufficient in order to calculate the
magnetic properties of the ion, but instead the total angular momenfudefinedas] S L
. Thus, the susceptibility expression changes to Equation 1.14, and the Landé-factor does not
coincide anymore with the free electron situation but need to be calculated by (Equation
1.15).

Ng 2
Mo3KT

JJ D(1.14)

S 1) KLY
2J(J 1)

g§ 1.15
5 (1.15)

Magnets, from macro- to micro-: anisotropy and memory effect

The fundamentals presented until now, did not present, at first, any sense of directionality
but they were considered as isolated punctual charges with isotropic properties. In the last
paragraph, we saw that these isolated points were not as much isolated as described before,
but there were some interactions within the paramagnetic center (which gave us the notice
of the total angular momentum). Moreover, with the Curie-Weiss approach, we started to
get some insight of long ordering range, as the different magnetic moments could interact

creating a ferro-/antiferro-/para- magnetic behavior within a certain temperature range.

Besides, only one single center has been considered per molecule, which is the case that
will be studied all along this manuscript, but one can consider the possibility of polynuclear

species, in which different centers interact magnetically. This, can be expressed as exchange-
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interaction, in the Heisenberg — Dirac — Van Vleck model, , which concerns the interaction of

the spins from two different centers through an exchange constant.

An important concept in this field is, the non- isotropic character of the physical properties
of the paramagnetic ions. The magnetic anisotropy is the phenomenon probing that a
molecule can be more easily magnetized along one direction than along another, or in other
words, the required energy for the rotation of the magnetic moment differs on the direction
of the orientation. In a crystal, it can be given by two different sources: the magnetocrystalline
anisotropy (the atomic structure of a crystal introduces preferential directions for the
magnetization) and the shape anisotropy (when a particle is not perfectly spherical, the

demagnetizing field will not be equal for all directions, creating one or more easy axes).

Figure 1. 2. Hysteresis loops of the M vs. H for a hard magnet (left) and softtr{ramgjmig.
This phenomenon influences the spontaneous orientation of the magnetization
(ferromagnetism or ferrimagnetism) in the macroscopic scale, which can be graphically
represented as a hysteresis loop of the magnetization as a functibnTfus, depending on

the coercive field, magnets can be classified as hard or soft.

Hard magnets: determined by a large coercive field. They are permanent
magnets, which means that once magnetized to saturation, they remain in a
magnetized state when the field is removed. They contain anisotropic metals like
cobalt and the rare earths.
Soft magnetic materials have very narrow loops. They are temporary magnets, as
they lose their magnetization as soon as the field is removed.
This memory effect, characteristic of hard magnets, can also be observed at molecular
level, by using paramagnetic units as lanthanides with high magnetic anisotropy, making them
potential candidates for their application as information storage/ processing in quantum

computers.
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Lanthanides and the magnetism behind th&#!

Much research has been done in the latter part of the last century, concerning the
possible applications of rare earth elements (RE) which display numerous interesting and
important properties with respect to their magnetic, optical, and electronic behavior: Their
first applications date from 1891 and 1903, in which the luminescent properties of these
elements were used is mantles for the gas lamps and flint stones; later, in 1942 it was
discovered that by coordinating RE taliketonate, phenolate or salicylate ligands, the metal-
centered luminescence could be triggered by ligand absorption and energy transfer; the use
of some lanthanides (Pr, Eu and Yb) for the elucidation of NMR spectra; and other lanthanides

(Gd) as contrast agents.

Lanthanide atoms, referred to as Ln, are elements presenting an atomic number, Z,
ranging from 57 to 71; they are part of a large family called RE, with the inclusion of Sc (Z=21)
and Y (Z=39). Following the series, the GS is characterized by the progressive filling of 4f shells,
defined by two different electronic configurations: [XeB¥ or [Xe]4f-15d'6s’, where [Xe]
represents the electronic configuration of xenon and n a number from 1 to 14. This influences
the stability of the tripositive cations that are obtained by the loss of the 5d and 6s electrons.
Scandium and yttrium (which do not belong to the Ln series) do not have 4f electrons but they

display similar chemical properties because of their outermost electrons configuration.

Interesting properties are present in these trivalent ions due to their valence-electrons
occupying the well shielded 4f shell, and the obvious dependence of the angular momentum

in the electron density distribution (see Figure 1. 3).
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Figure 1. 3. Radial charge density és a function of the distance from the nucleus, r, of the 5s, 5p, 4f and 5d
orbitals of the G# ion, and the shape of the 4f orbitals.

In the same Figure, it can be observed an example of the radial distribution of the charge
density in a L¥ cation. The 4f orbitals (external shell irft)rmppear to be shielded by the 5d/
5s and, a priori, this relative internal position of the 4f orbitals’{LiXe]4f), favor a greater
isolation from the coordination environment compared to the 3d transition metal series, thus
diminishing the crystal field (CF) interactions. Additionally, a higher nuclear mass is presented
for 4f compared with 3d cations, increasing the strength of the interaction between the
electronic spin and the angular orbital momentum. Consequently, the energy splitting of 4f
ions display a greater contribution of the spin-orbit (SO) coupling than the CF, opposite
behavior to 3d metal centers. This results in sharp transitions when studying the optical
spectra, and the extrapolation of the magnetic properties to those of a free ion, when using

Lr**-based compounds.

Indeed, the energy level structure of the 4f states is determined by the combination of
three different interactions, (Figure 1. 4) and will be described in spectroscopic terms: first,
the electron repulsion split the &fshell into different?S*L states; then, the spin—orbit
coupling, divide the different spectroscopic terms irffoty (with [L-S| J |L+S]) levels
(Russel-Saunders coupling), with the addition of the unquenched total angular momentum;

finally, the crystal field splits the level into the;Multiplet states (with = My  +J).

Further degree of perturbations can be given by the application of the external magnetic
field Zeemaninteractions) or by considering the small interactions between electrons and

nuclei, named hyperfine interactions. Thus, the ground state in lanthanide cations is defined
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by the lowest energy>*L term, presenting the lowest lyingmultiplet. Since, with the

exception of E# and Srd*, the GS is sufficiently separated from the first ES of the same
multiplet, only the ground one is populated at room temperature or below, therefore it can
be considered as the only contribution for the description of the magnetic properties of the

ion.°!

Figure 1. 4. Energetic structure of a lanthanide ion, taking into account fleeedif interactions and the
difference in the strength, evidencing the effect of progressively weaker perturbation. (*) Same effect of break
of the degeneracy itMy multiplets can be also induced by the presence 8f H.

This ground state multiplet can be easily determined through Hund'’s rulesiah three
different conditions need to be fulfilled: $)corresponds to the maximum allowed spin value,
determined by Pauli’'s exclusion principle. 2) Among all the podsiddues, it presents the
maximum allowed angular momentum. 3) For ions in which the number of electrons do not
half-fill the 4f subshell, the total momentumJs|L-S|, whether in the opposite cask|L+S|.

As summarized in Table 1. 1, we can have different valueS, fgrandJ. Using the Russell—-
Saunder Coupling Scherfigl, one can easily calculate the magnetic moment of the ion and
thus the susceptibility. If we take Byas an example, its ground statélis. based or8=5/2,

L=5 and J15/2. By applying the Equations 1.14-1.15 and considdriag being the room
temperature andg= 4/3 and T=14.17 criK mot.
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Table 1. 1. Ground state information of the different’lat room temperature. Extracted from [8].

lon 4f Ground |S L J o) T/ cnm? K
state J=|L-S] mol?t

Cet fl 2Rz 1/2 3 5/2 6/7 0.80

Pt f2 3H, 1 5 4 4/5 1.60

N f3 Hor2 3/2 6 9/2 8/11 1.64

Pm3* 4 Sy 2 6 4 3/5 0.90

Sn#* fo 6Hs/2 5/2 5 5/2 2/7 | 0.09 (0.31)1

EG* 6 = 3 3 0 0 0 (1.5)*

J=|L+S]|

G f7 81 712 0 712 2 7.87

T f8 R 3 3 6 3/2 11.82

Dy fo 5His/2 5/2 5 15/2 4/3 14.17

Ho** f10 Slg 2 6 8 5/4 14.07

Er* fl H15/2 3/2 6 15/2 6/5 11.48

Tt f12 3He 1 5 6 716 7.15

Y f13 2F2 1/2 3 712 8/7 2.57

contribution.

* St and E&* are special cases as they have low-lying excited states (ca. 354nch700
cnr! respectively) which have interactions with the ground state. Consequently, a
approximation is needed to fit experimental values, thus taking into account the Van

better
Vleck

In Figure 1. 5, the differentT are represented for the different trivalent cations,

evidencing the different behavior between both types of lanthanide ions: those with unfilled

half-shell, characterized by low magnetic moments (froft t@ E#*); and those with more

than half-shell filled, characterized by higher magnetic moments (froft B/ I5*).

Figure 1. 5. Tvalues for the different I2h[1%

Lanthanides molecules (mainly from the second category) play an important role in the

field of molecular magnetism, as those trivalent cations with relatively high magnetic moment,
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present an important magnetic anisotropy. This magnetic anisotropy, related with the
symmetry of the orbital components, is determined by the quenching extent of the orbital
moment after the competition of the SO coupling and the CF interactions. Following this idea,
3d metal ions that present largely quenched orbital moments due to the strong crystal-field
interactions, will lead to small anisotropic systems; whereas the lanthanide (4f) ions, due to
their larger spin orbit coupling energy relative to the crystal field, present systems with higher
magnetic anisotropy. This microscopic anisotropy is one of the important pieces in the study
of molecular systems, as it enhances large energy splitting in one direction, which can favor a
slow relaxation of the magnetization and consequent magnetic hysteresis at low temperature,
making them good candidates for Single-Molecule Magnets (SMMs), but also in quantum
computing (QC) if the coherent manipulation of the isolated G$itiplets is possible, as
two-level systems, named qubitd!! Depending on this microscopic anisotropy, the
lanthanides will be roughly split in two different families, which will be introduced in more
detail in the next section: those for which the electron distribution is expanded in a plane
(oblate, this is the case of €ePr*, Nif*, T, Dy** and HE") and those for which the electron

distribution is centered along an axis (prolate, this is the case &f, &f, Tn?* and YB).

ZA
Dy?* Y
M,= 15/2 M,= 7/2
(Oblate) (Prolate)

Figure 1. 6. Representation of two different examples of the categoriesibfanedes depending on their
electronic density shape: oblate fDyor prolate (Y#).
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SNGLE MOLECULE MAGHNETS

The magnetic behavior of single-molecule magnets (SMMs) is characterized by the

presence of slow relaxation of the magnetization at low temperature, which gives rise to a
magnetic memory effect similar to that found in hard magnets, together with quantum tunnel
effects®! The particularity of this behavior is its molecular origin that, not depending on the
long-range ordering between different centers, it is retained even in extremely diluted
systems. This property, present in some coordination molecules, makes them promising
candidates for high-density memory storage, or in quantum computing terms, the

fundamental units of quantum information (qubits§!

Energy barrier and magnetic hysterdsig*

In Single Molecule Magnets, the characteristic magnetic bistability is maintained during a
certain range of temperatures until achieving the so-called blocking temperatgyef(@m
which the magnetization is no longer retained after the removal of the external magnetic field
in the magnetic hysteresis. This, at the same time can be triggered by choosing a proper ion
with a suitable ligand structure, so that the difference between the GS and the first ES (called
hereafter Energy barrier,) is maximized. Different approaches have been investigated with
maximization of the magnetic moment and the achievement of strong anisotropic systems, as
key ingredients for the success in the creation of an energy barrier between the generated

“spin up” and “spin down” sublevels.

In a first time, and marked by the publication of the first SMM compound (i.e.2Mn
acetatd!®), strategies involved the coupling of first-row transition metal ions, which give rise
to large S systems. The absence of orbital angular momentum leads to energy splitting
depending on the spin magnetic moment, and the orientation of the magnetization depends
on the Msquantum number. In that case, the anisotropy (D) is given by the zero-field splitting,
which is the responsible of breaking the degeneracy between the differensiMlevels.
When D is negative, the maximuls = +S become lower in energy than the intermediary
sublevels (Figure 1. 7), thus enhancindor the transition of one orientation (+§1to the

other (My).
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Figure 1. 7. Schematic representation of the splitting of the S = 10 gstatedcf Mn2 into 21 sublevels by ZFS
and the relaxation of the magnetization from the “spin-up”sé\M0) to “spin down” (= 10) state at H =0
and low temperature.

Unfortunately, as this kind of systems with quenchetbes not guarantee the anisotropy
of the magnetization, this lead to further investigations containing 4f elements. When
lanthanides or actinides are used, the obtained systems display high anisotropy, but this is
counter-balanced by their poor coupling behavior. Similar description is given for these
coordinated systems, with the major difference being the definition of the energy-states,

which now are characterized byt

In both 3d and 4f systems the ligands play a fundamental role in determining the final
magnetic properties, making important to reach a comprehensive understanding of the
effects of a crystal field. During this thesis, strong emphasis will be given to lanthanide-based
systems, and transition metal systems will appear only as examples for a better understanding

on the evolution and the origins of these systems.

Mononuclear complexes of lanthanides contain formally all the ingredients to behave as
SMM: large magnetic moments, magnetic anisotropy and a bistable ground state under the
appropriate conditions. However, to trap the magnetic moment in two opposite directions
the anisotropy needs to be axial (Ising type anisotropy). According to this idea, Rinehart and
Lond!®! proposed in 2011 a qualitative, but greatly extended, model in which they stated the
way the electronic density of the ligand need to be placed depending on the electron density

shape of the metal ion.

In a first approximation, if we take into account the two main different families of
electronic density (Figure 1. 6), the ligand need to be optimized so that it is placed in a way

that the overall oblate/ prolate shape distribution is favored, thus minimizing the repulsive
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interactions between the negative charges of the ligand and the electrons of the metal and
maximizing an axial anisotropy. Following this idea, in Figure 1. 8 we can find two general
optimum ligand architectures depending whether the free-ion is oblate (expansion in a plane,
on the left) or prolate (expansion along an axis, on the right): for the first, the crystal field
needs to be concentrated above and below the XY plane (sandwich-type geometry); whereas
for the last, in order to minimize the electron repulsion, an equatorially-coordinating

geometry is required.

Figure 1. 8. Representation of the low- and high-energy configuratiaieg dforbital electron density (blue)
under the effect of emplacement of the ligand electron density (yellow) for a 4f ion of oblate (left) and prolate
(right) electron density. The green arrow indicates the orientation of the spin angular momentum coupled to the
orbital moment. Extracted from ref. [16].

The interaction of the ligand density and the metal ion, CF, leads to the separation of the
different M; states multiplets depending on the affinity or repulsion between both
components. Hence, thil; multiplet bearing less respulsion between the electronic charge
of the metal and the ligand, will be placed lower in energy, thus letting the most unfavorable
states occupy higher energies. For that, we make a rappel to the strong angular momentum
dependence of the different electron configuration (Figure 1. 3); described in last term, by the
different My. This angular dependence is now evidenced in Figure 1. 9, where it can be seen
the difference in shape between the differel; multiplets appertaining to a same
spectroscopic term. The idea then, is to place the electronic distribution of the ligand so that
the difference between the lowest enerdy;and the one after is big enough in order to have

higher anisotropic systems, while the highd&tvalue is preferable.
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Figure 1. 9. Approximations of the angular dependence of the total 4f charge denéitystates composing
the lowest spin—orbit coupled (J) state for each lanthanide. In the absence of a crystal fiejdtatiédifor
each lanthanide ion are degenerate. Extracted from ref. [16].

The careful selection of th#; ground-state is especially important to guarantee the
magnetic bistability, which is crucial for SMMs, where the GS is imperatively a doublet.
Indeed, depending on the number of unpaired electrons the ions can be classified as Kramers
(odd number of unpaired electrons, e.g.)yor non-Kramers (even number of unpaired
electrons, e.g. T), depending on which the possibility of singletispossible. Accordingly,
in the absence ofl, Dy** will always maintain a degenerate ground state whilé*Tdns must

have a strictly axial CF symmetry to do so.

Rdaxation mechanisrif:*314

In general, if a system is induced out-of-equilibrium because of a determined
perturbation, this will tend to a new equilibrium by a relaxation mechanism. In these systems,
the perturbation is mainly a change in the magnetic figldand the characteristic time is

called relaxation time of the magnetization.
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In the absence dfl, if we consider the schematic system in Figure 1. 7, the relaxation of
the magnetization resulted from the transition of the state “up” to the state “down” follows

an exponential dependence with the temperature, defined by the Arrhenius low:
YoJjlexp /T (1.16)

In order to overpass the energy barrier, the thermal eneffyreeds to be enough to
compensate this gap. This gap can be also compensated by applying a magnetic field, which
induces the alignment of the spin in its direction (being the most energetically favorable) thus
stabilizing one state against another (Figure 1. 10). Again, when removing the magnetic field
the degeneracy of both states is recovered and, if the T is sufficiently low, the spin will be

trapped in this new orientation for some period of time.

Figure 1. 10. Influence of the magnetic field in a double well diagram with a@iegnation of the magnetic
moment. At the initial state, if we lower T in absence of H (ZFC, zero-field cooling), the probability of spin is
equal in both sides of the Energy barrier; whereas the orientation is forced by applying a magnetic field.

However, any transition or perturbation of the system does not only includestiergy
exchange within the spin system, but also the interaction with the lattice. Thus, it leads to a
number of different possible relaxation mechanisms when referring to SMMs, which will
contribute differently depending on the working temperature and the presence or not of an
external magnetic field. The complete formula for the relaxation rate of the magnetization is

a sum of the different possible contributing processes is given by equatioR"#8:7

1

lexp— CI" B ATH' (1.17)
0 .
T Raman 1 BEFF Direct

Orbach 111 QTM

25



Chapter I.
Origin and Basis of magnetism

with the different relaxation rates standing for the Orbach, the Raman, the QTM
(Quantum tunneling of the magnetization), and the direct processes, respectively; and the
different parameters (o, , 7, C and A) are found by fitting the experimental data, whereas
n and m exponent are supposed to be tabulated and known valligaring this manuscript,
m will be maintained fixed (m=4, for a Kramers ion) while n will constitute another parameter
(normally between 4 and 9 for a Kramers ions, but recently found that this is maybe not longer

valid with n)[t°:20l

Figure 1. 11. Schematic overview over the different magnetization relaxatioAg#re relaxation) processes
for a double Mground state. The horizontal lines correspond to the different states, with the blue region
corresponding to those of the lattice and the others to the CF levels of the lanthanide ion. Adapted from [13].

Direct processthis is a single phonon process for which the relaxation of the spin (from
up to down) passes by absorbing/ emiting a phonon with the same energy as the difference
between both states, . The -1 from the direct contribution shows a linear dependence with

T and m-exponent dependence Bif

Raman processncludes a two-phonon process in which the spin absorbs the energy

released to a virtual excited state and the relaxation to the GS passes by emisaiaitar
phonon of same energy. This process is strongly dependent with the temperature and do not
show any dependence with the magnetic field. Theoretically, the n factor corresponds to 7 for
the non-Kramers ions and 9 for Kramers ions, but as it will be seen during this manuscript, the

presence of both acoustic and optical phonons could lead to lower values between 124nd 7.

Orbach processs the previous, this is a two-phonon process for which the spin absorbs

a sufficiently energetic phonon to overpass the energy barrier, and the étession for
relaxation. This, as already mentioned, is exponentially dependent with the temperature and

is not sensible to the magnetic field, with greatest efficiency at relatively high temperatures.
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QTM processhis process includes the mixing of the two differeni &5 states, which is
forbidden in Kramers ions because of CF symmetry. However, because of the didtortion
the axial symmetry given by transverse anisotropy, or because of environmental factors (as
for example the presence of dipolar or hyperfine interactions) which add some perturbation
to the system, this is usually efficient and temperature independent. In that case, and as
depicted in equation 1.17, the QTM can be removed by applying a magnetic field which

enhances an energy gap between both GS substates.

In general, if any of the process QTM, direct or Raman is efficient, they will compete with
the Orbach process at a certain temperature region, mostly centered in the low T regime for
which the Orbach is less efficient (the thermal-relaxation process slows down exponentially).
This competition induces a loss in the performance of the SMM, enhancing a faster relaxation,

and need to be suppressed which need to be suppress thereafter.

Evolution from 3d to 4f systems and beyond.

We just celebrated 2§ears from the discovery that coordinated systems could retain the
orientation of their magnetization at low temperature, and behave as little magnets called
Single-Molecule Magnets (SMM¥?22 Thus, during a decade a large number of molecular
clusters based on transition metal ions were characterized in order to investigate their SMM
properties, but not all leading to slow relaxation of their magnetization because of the lack of
axial anisotropy, especial citation to MiF! (with formula: [M#*12Mn?*%( 4 O)( 3, *
N3)s(HL)2(MeCNgJCk 10MeOHMeCN, being 3H= 2,6  bis(hydroxymethyl) 4
methylphenol) in 2006, with a record of S= 83/2 ground spin state but with no anisotropy.

The [Mn2012(CHCOO)s(HO)] complex (Mnl12Ac) (Mmac, 1) constituted the first
reported SMM (Sessadt al., 1993¥* and was firstly synthesized by Lis in 1§80t is formed
by the four internal MA* ions arranged in a cubane M motif and eight MA* ions forming
an external crown (Figure 1. 12). The antiferromagnetic coupling between the different Mn
spins leaded to an overall non-compensation of the individual magnetic moment, with as a
result S= 10. Furthermore, the anisotropy of the Mmesults in a small Zero Field Splitting
(ZFS) generating two degenerated ground spin states separated by an energy barrier, and slow
relaxation of the magnetization could be shown by ac measurements (witb2 K ando =

2.1-107 s) and hysteresis of the magnetization appeared below 2.5 K. Moreover, further
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studies demonstrated from the hysteresis loop of the magnetization, the dependence on the
frequency of field swept, the temperature, and the molecular origin rather than a collective

behavior (experiments on frozen dilutions bfmaintained the opened hysteresis loof3).

Figure 1. 12. Representation of the structuréd ¢i&ft), and temperature dependence of the hysteresis loop of
the magnetization from -3 to 3 T and different temperatures from 1.5 to 2.4 K. Extracted from ref. [24].

Another  paramount example, is the commonly indicated as s Fe
([FeO(OH)(tacnk]Brs(HO» with tacn= 1,4,7-triazcyclononan@) whose first synthesis
dates from 1983 by Wieghardt and coworkéts This compound is formed by controlled
hydrolysis of Fe(tacn)}CIin a mixture of water and pyridine with the addition of sodium
bromide. Different F& coordination sites are characterized in these clusters: thus, the
internal F&* are octahedrally coordinated to two oxides and four hydroxo bridges; Fe3 and
Fe4 are coordinated to three nitrogen atoms of the tacn molecules, two hydroxides and one
oxide ion; and finally, the external Feoordinate three nitrogen atoms and three hydroxides
(Figure 1. 13, left). From the temperature dependence of the magnetic susceptibility, the total
spin is determined to be S=10 which can occur because of the existent frustration between

the Fe centers (in triangle distributiof)!
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Figure 1. 13. Representation of the molecular structutzvath the different arrows corresponding to the spin
structure suggested by susceptibility measurements (left), and hysteresis loops of the magnetization at 0.30 K
and different magnetic field sweep rates. Extracted from ref. [27].

AC measurements lead to= 24.5 K with o= 3.4-1°s and the magnetization showed
magnetic hysteresis at low temperature (0.3 K). For that systenH #veeep rate dependence
of the hysteresis loops (Figure 1. 13, right) was verified, and the resulted shape coincided with
the stepped appearance reported previously fbr These steps corresponded to fast
relaxation processes (referred as thermally assisted QTM), whereas the flat regions
correspond to fields at which the relaxation is slow. This QTM behavior was further evidenced
by magnetic measurements at very low temperatures (0.35 K), for which the relaxation
becomes temperature independent. This was suggested to be attributed by the role of th e

magnetic nuclei present in the clustéH((k1/2),1*N (=1),”®8Br (E3/2), and*®*Fe (1=1/2)).

In this direction, using micro SQUID techniques Wernsdorfer €2@00¥8! were able to
determine the difference in the intrinsic width of the tunnel splitting and the different
relaxation times (Figure 1. 14), betweéhand its isotopic substituted’2(I(**"Fe)=1/2)
analogue, which slightly increased from 0.8 mT to 1.2 mT. This difference was also observed
by partially substituting'H nucleus for a less magnefid deuterium (D, integer spik¥1).

These studies constitute the first example of isotopic enrichment in metal centers for the

study of the quantum effects in the relaxation mechanisms of SMM.
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Figure 1. 14. Isotopic effect on the relaxation of the magnetization anithset, the intrinsic line-width of
the resonant tunneling process. * is defined as the time that needs the magnetization to relax from 1% of the
saturation value and its temperature dependence is studied for three isotopic samplemtfral sample
(green), isotopi€’Fe enrichment (blue), partially deuterated sample (F€iExtracted from ref. [27].

A last example of 3d polynuclear systems that deserves to be mentiondt ifd
(Fe(OCH)s(dpm) with Hdpm= dipivaloylmethane), whose first structure and magnetic
characterization was reported by Barea al. in 199912° Thought the compound exhibits a
smaller ground state S=5, it shows superparamagnetic-like behavior. The crystallographic
structure is formed by four Fe atoms lying on a plane, the inner Fe atom being in the center
of an isosceles triangle. AC measurements on the complex show really low performances of
the relaxation of the magnetization, with a value of only 3.5 K and) of 1.1-1¢fs. The
breakthrough induced by this molecule does not concern its magnetic properties, even if it
involves that simpler systems can display SMM properties, but from the fact that it has been
possible to transfer the derivativ8 onto gold surfaces, thus maintaining the magnetic

bistability, which constitutes a step forward for their applicability as molecular delftgs.

Due to the inefficiency of obtaining both S and D large values in 3d-coordinated systems,
research started to be focused on the possibility that lanthanides, highly anisotropic
molecules, could display slow relaxation of the magnetization. Even though, research in this
field has not been frozen. Instead, recent advances were achieved with low nuclearity and

symmetry structures based on 3d-metal id#?s.

Great progress in the field of molecular magnetism has been achieved in 2003, when
Ishikawaet al. discovered for the first time, mononuclear complexes based on lanthanides
ions that could display SMM properti€8l This revolutionary system is a mononuclear
molecule based on Pb which has been reported in a family of complexes with general

formula (TBA)[LnBE(4), with P&= phthalocyanine and TBAtetrabutylammonium, where
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the Lr#* is embedded by two Pmoieties in a “double-decker” structure (or what we called
previously “sandwich distribution”), and the charge counter-balanced by".TBifis new
system (Figure 1. 15) showed an incredible enhancement of the effective energy barrier,

compared tol, with = 230 crmt.[34

Figure 1. 15. Representation of the molecular structue Bifatoms and counter-ions have been omitted for
clarity. Representation of T/ "T against T for different frequency values. Adapted from ref. [33].

Hundreds of articles concerning lanthanides for their use as SMM have been
published®®:36lin order to analyze them as well as to propose different strategies for the
optimization of the magnetic properti€s! (referred to the CF distributidff], magnetic
dilution38] or/and isotopic enrichmerif®:40.41.42.43] Among them, Dy-based (also ¥p
complexes, are the most exploited systems for their study. Such importance’ot&ipns
comes from the fact that, it usually leads to high energy barriers due to its high magnetic
anisotropy and often large separation between the ground and first excitedeMels.
Furthermore, if we compare it to Pt which also shows large energy barriers, thé*ly a
Kramer ion (it has an odd number of f-electrons), meaning that the bistability of the ground

state cannot be broken by any ligand field symmetry.

The parameter has been largely increased since the firsts values, currently reaching
values of more than 1260 chi**!However, until recently it did not overpass 28K Indeed,
the increase of the energy barrier has been proven during the ages, to not be the solely
parameter that need to be taken into account in order to increase the working temperature,
but also the events shortcutting the barrier need to be suppressed. Indeed, if we look at the
hysteresis loops of the different mononuclear*t.hased SMM systems, a typical butterfly-

shape appears in the hysteresis loops of the magnetization, thus abruptly collapsing at zero
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magnetic field. A motivation for a better understanding of this low temperature quantum
phenomena, bears to the use of two different strategies already mentioned above: whereas
ones make use of the magnetic dilution and isotopic enrichment for the suppression of the
“forbidden” relaxationg?°400d.41,43.4%hthers study the nuclear spin active isotopes in order to

create multiple quantum bits for the quantum processiff§:#1:43.46]

A recent step-change has been carried with the publication of a series ¥f Dy
metallocenium complexes, for which the hysteresis of the magnetization has been preserved
up to 60 K71 and later increased up to 8&*¥, reaching temperatures accessible in the liquid
nitrogen zone and favoring the insertion of this systems into electron or spin devices. First, in
2018 two different groups in Manchester, worked in parallel to publish the study of the
extraordinary properties of a Dy based compound of family general formula
[Ln(CHYHY2][B(GFs)4], with Cpt =1,2,4-tris-terbutilcyclopentadienyb). The idea of this work
was to synthesis the simplest crystallographic structure in order to approximate the system to
a perfect axiality, thus avoiding the transverse components and the undesirable relaxation
phenomena for the information storage, which originately came from the theoretical work of
N. F. Chilton in 2018 Magnetic measurements on this compound lead to open hysteresis at
and below 6K using a sweep rate of 22 O&, swith 83% remnant magnetization and a
coercive field of 20-25 kOe atk?2 when the dynamic properties, the system showedf

1760 K, ando=1.986-10 s.

Figure 1. 16. Representation of the molecular structufe bifatoms and counter-ions have been omitted for
clarity, and magnetic hysteresis®from 2 to 60 K. Extracted from ref. [47]

A little after, at the end of last year, Layfield and coworkers broke abeaireicord with a
slightly modified system [E-Cp®)Dy( 5-Cp*)][B(GFs)s] (6), in which CB™= penta-iso-
propylcyclopentadienyl and Cp*=pentamethylcyclopentadienyl. This presented a larger angle

Cp-Dy-Cp compared & leading to a temperature of 80 K with similar Orbach characteristics.
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As it can be seen in the lasts few pages, much effort has been invested in this field and
great advances have been achieve in only twenty years. However, we are still far from a
complete understanding of such molecular systems. Until now, the understanding acquired
makes us such consider a greater number of factors compared to its beginning (structure,

nuclear moments, interactions...), so that we can go a step closer.

Finally, these mononuclear SMMs (also referred as SIMs, from Single lon Magnets) have
shown to be particularly sensible to changes in the CF (to small changes in the ligand
structure), which means that in specific systems their slow magnetic relaxation effects can be
controlled with structural modulation and an external stimulus (e.g., a magnetic field, light,
solvation/desolvation, etc.) thus inducing switchable molec@syhich could also be of big
appealing for new devices in molecular electronics and spintronics. However, whatever the
possible application, once obtained the best SMM behavior, other considerations will need to
be taken, as it is the robustness of the structure (note that in order to be applied in any device,

the first step is to guarantee its properties in a surface where it can be manipulated).
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CHAPTER I

EXPERIMENTAL TECHNIQUES

This second chapter, which is split into two different sections, aims to explain all the
specific details concerning the experimental techniques used in this work.

In the first section, the synthetic procedures used to obtain the different compounds are
described, along with the the results of infrared (IR) spectroscopy. In the second section, all the
different techniques for the physical and structural characterization of the different complexes
is presented. Special emphasis will be given in the mechanisms and working principals of those

related with the magnetism of the crystals.

|. SYNTHESES
S/nthesis of [Ln(tta]l?)]-GHa

4,5-bis(propyithio)-tetrathiafulvalene-2-(2-pyridyl)benzimidazole-methyl-2-

pyridine: 12

The synthesis of 4,5-bis(propylthio)-tetrathiafulvalene-2-(2-pyridyl)benzimidazole-
methyl-2-pyridine ligandLf) was previously realized by Haiet Douib and Bertrand Lefeuvre,
members of the group specialized in organic chemistry. The procedure, schematically
represented in Figure 2.1, consisted in 6 different steps starting &rgimenylenediamine on
one side, and zincate on the other. As a result, two different compouh@05 mg of pale
orange powder, 28% yield) and (244 mg of bright orange powder, 19% vyield) were

collected®l

Figure 2. 1. Scheme of the different steps for the synthesfs of L
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Lanthanide-bis(aqueous)tris(2-thenoyltrifluoroacetonate), Ln(tta)z-2H.0

In a flask, 2-thenoyltrifluoroacetone (224 mg, 1.010 mmol) was added to 180 mL of
distilled water. The mixture was stirred at 60 °C and adjusted to pH 6-6.5 by dropwise of
NH,OH at 25%. Simultaneously, around 0.126 mmol eOL(with Ln:162163Dy (47.1 mg);
1731174vh and natural Yb (49.7/50/50 mg), aél'6’Er and natural Er (47.9/ 50.5/ 42 mg)) was
dissolved in 130L of concentrated HCI (37%). After 30 min of stirring at 50 °C, the resulting
solution containing Ln&I6HO (0.205 mmol) was diluted with 1 mL of water before being
added to the former. The pH of the solution was adjusted to 7-7.5 during the stirring leading
to a white precipitate of Ln(tta) 2HO which was filtered. Yield&Dy(ttas 2HO: 115 mg (53
%);153Dy(ttay 2HO: 110 mg (51 %)%Er(ttay 2H0: 157.9 mg (73 %); Er(ta2HO: 121 mg
(64 %)167Er(tta 2HO: 121.7 mg (53 %); Yb(ts®H:0: 125 mg (57 %)?°Yb(ttay 2HO: 127.4
mg (58 %)"4Yb(ttay 2HO: 123.5 mg (56 %}

IR:162Dy(tta)s 2HO: 1607(s), 1540(s), 1511(m), 1465(m), 1411(s), 1359(s), 1307(s), 1250(m),
1231(m), 1190(s), 1141(s), 1082(w), 1062(m), 1039(w), 936(m), 861(m), 791m), 769(w),
752(w), 720(m), 684(m), 643(m), 606(w), 583(m), 503(w), 463¢My(ttar 2HO: 1609(s),
1541(s), 1507(m), 1457(m), 1412(s), 1367(s), 1308(s), 1250(s), 1232(m), 1190(s), 1143(s),
1083(w), 1063(m), 1039(w), 936(m), 861(m), 789(m), 770(w), 719(m), 683(m), 644(m),
606(w), 584(m), 503(w), 463(w), 419(WFEr(ttay 2HO: 1605(s), 1541(s), 1512(m), 1465(w),
1411(s), 1359(s),1306(s), 1251(m), 1232(m), 1191(s), 1140(s), 1082(w), 1063(m), 1039(w),
936(m), 861(m), 788(m), 752(w), 713(m), 684(w), 643(m), 606(w), 584(m), 503(w);
Er(ttap 2HO: 1604(s), 1541(s), 1511(m), 1465(w), 1411(s), 1539(m), 1306(s), 1251(m),
1232(m), 1192(s), 1139(s), 1082(w), 1063(m), 1039(w), 936(m), 861(m), 788(m), 752(w),
722(m), 684(m), 644(m), 607(w), 583(m), 503#/Er(tta 2HO: 1604(s), 1541(s), 1508(m),
1465(w), 1411(s), 1359(s), 1306(s), 1251(m); 1232(w), 1191(s), 1139(s), 1080(w), 1063(m),
1039(w), 936(m), 861(w), 788(m), 752(w), 720(w), 713(m), 684(w), 644(m), 605(w), 584(m);
Yb(ttay 2H0O: 1060(s), 1543(s), 1513(m), 1459(m), 1412(s), 1358(s), 1308(s), 1256(m),
1234(m), 1188(s), 1142(s), 1085(w), 1063(m), 1036(w), 1014(w), 936(m), 862(m), 788(m),
772(w), 749(w), 732(m), 718(m), 686(m), 645(m), 607(w), 586(m), SO5RM(ttay 2HO:
1603(s), 1543(s), 1512(m), 1467(w), 1411(s), 1359(s), 1306(s), 1251(m), 1232(m), 1192(s),
1137(s), 1071(w), 1063(m), 1039(w), 937(m), 862(m), 788(m), 769(w), 752(w), 736(m),
713(m), 695(w), 684(w), 643(m), 607w), 584(HYb(ttay 2HO: 1606(s), 1543(s), 1513(m),
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1458(m), 1412(s), 1357(s), 1308(s), 1255(m), 1233(m), 1188(s), 1141(s), 1084(w), 1063(m),
1038(w), 936(m), 862(m), 788(m), 771(w), 750(w), 732(w), 718(m), 685(m), 644(m), 607(w),
585(m), 463(w).

Figure 2. 2. Complexation reaction of Lng0 being Ln#Dy,BYb,%Er and Y.
Complexation of Lanthanide- tris(2-thenoyltrifluoroacetonate)( 4,5-
bis(propylithio)-tetrathiafulvalene-2-(2-pyridyl)benzimidazole-methyl-2-pyridine),
[Ln(tta)s(L9)] CsHd>

[ALn(ta)s(L?)] GHia (16%163Dy): L2 (24.4 mg, 0.04 mmol) arfiln(ttay 2HO (34.5 mg, 0.04
mmol), being A the isotopic number, were first dissolved separately (8 mL.Gb@kich) and
then mixed and stirred during 15 minuteshexane was layered gently to the solution for a
slow diffusion. Red prismatic single crystals were obtained after two weeks of diffusion and
then slow evaporation at room temperature. Yield®Dy. 47.7 mg (83 %) an§Dy. 50.0 mg
(87 %). IR®2Dy. 3092(w), 2962(w), 2929(w), 2853(w), 1630(s), 1603(s), 1539(s), 1504(m),
1479(m), 1454(w), 1413(m), 1354(w), 1309(s), 1247(m), 1231(m), 1182(s), 1141(s), 1058(w),
935(w), 879(w), 858(w), 827(w), 785(m), 750(w), 713(m), 681(w), 641(m), 583(w), 499(w),
463(w); 163Dy: 3905(w), 2963(W), 2925(w), 2868(w), 1627(m), 1601(s), 1540(m), 1505(m),
1478(m), 1452(w), 1413(m), 1355(m), 1312(s), 1248(m), 1231(m), 1183(s), 1138(s), 1058(w),
934(w), 876(w), 857(w), 829(w), 785(w), 777(m), 749(w), 713(w), 683(W), 643(W), 584(w),
495(w).

[ALrv.0sYo.o5(tta)3(L?)] GHia *DY@Y Er@YAYb@Y: A CHCE solution (15 mL) af? (61.0
mg, 0.1 mmol) is added to a &F# solution (10 mL) containing?6Dy(ttay 2HO (3.4 mg,
0.004 mmol) and Y (ttaPHO (75.7 mg, 0.096 mmol) and stirred during 15 minutelsexane
is layered to the solution and red prismatic single crystals were obtained after two weeks of
diffusion and then slow evaporation at room temperature. Same procedure was followed in

order to synthetize the Er and Yb based systems (natural®A8’Er@Y,and natural and
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173174y p@Y, thus with a slightly modified mass values: 42-42.5 md?pf3-3.2 mg of
Ln(tta 2HO and 51.4-51.8 mg of Y(tta2HO. Yield$®Dy@Y 47.7 mg (80 %)**Dy@Y 50.0

mg (85 %Er@Y 69 mg (69%JSEr@Y 70.5 mg (71%ISEr@Y 66.9 mg (67%)b@Y 54.2

mg (54%):3Yb@Y 72.2 mg (72%}/4Yb@Y 70.9 mg (71%). IR2Dy@Y 3084(w), 2962(w),
2930(w), 2859(w), 1630(s), 1602(s), 1539(s), 1506(m), 1478(m), 1412(s), 1355(m), 1311(s),
1244(m), 1129(m), 1184(s), 1140(s), 1059(m), 1008(w), 933(w), 879(W), 855(W)826(w), 784(s),
747(m), 715(m), 681(m), 639(m), 582(m), 495(w), 462(w), 418RPy@Y 3096(w),
2960(w), 2925(w), 2858(w), 1630(s), 1602(s), 1539(s), 1504(m), 1475(m), 1454(w), 1412(s),
1355(w), 1308(s), 1247(m), 1229(m), 1184(s)1138(s), 1058(w), 1010(w), 934(w), 881(w),
856(w), 826(w), 784(m), 748(w), 713(m), 681(w), 640(w), 581(w), 497(w), 4680@Y
3094(w), 2965(w), 2926(w), 2861(w), 1630(s), 1603(s), 1574(m), 1541(s), 1522(m), 1503(m),
1479(m), 1453(w), 1414(s), 1356(m), 1313(s), 1247(m), 1231(s), 1184(s), 1166(w), 1140(s),
1083(w), 1061(m), 1011(w), 935(w), 877(w), 858(w), 828(w), 785(s), 750(m), 714(m), 680(m),
642(m), 582(m), 497(w), 462(WY3Yb@Y 3096(W)2965(w), 2927(w), 2871(w), 1631(m),
1603(s), 1538(m), 1503(m), 1478(m), 1449(w), 1414(m), 1356(w), 1311(s), 1245(m), 1230(m),
1186(m), 1139(s), 1061(w), 934(w), 875(w), 856(w), 830(w), 785(m), 785(m), 750(w), 712(m),
682(w), 642(w), 582(m), 497(w), 465(WYb@Y 3098(w), 2962(w), 2930(w), 2857(w),
1630(m), 1603(s), 1536(m), 1503(m), 1481(m), 1451(w), 1413(m), 1356(w), 1311(s), 1246(m),
1230(m), 1184(s), 1141(s), 1059(w), 935(w), 878(w), 858(w), 828(w), 784(m), 750(w), 712(w),
682(w), 641(w), 584(w), 496(w), 462(WFEr@Y 3095(w), 2968(w), 2927(w), 2869(w),
1630(s), 1603(s), 1539(m), 1504(m), 1478(m), 1450(w), 1413(m), 1356(m), 1311(s), 1246(m),
1231(m), 1185(s), 1141(s), 1060(w), 935(w), 878(w), 856(w), 827(w), 785(m), 748(w), 717(m),
681(w), 641(w), 582(w), 498(WISEr@Y 3097(w), 2961(w), 2927(w), 2868(w), 1631(m),
1631(s), 1604(s), 1573(m), 1505(m), 1478(m), 1455(m), 1414(s), 1356(m), 1311(s), 1245(m),
1230(m), 1186(s), 1141(s), 1061(w), 1014(w), 934(w), 880(w), 857(w), 831(w), 786(m),
749(m), 715(m), 681(m), 640(m), 583(m), 500(w), 457(w).
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Figure 2. 3. Complexation reaction of [Ln@te)] GHua.

Synthesis of NGEr(WOxs)2]-XHO, EW10-XH0

Nag[Br(WsQ1s)2]-xH0 (with x= 35), BFW10-35H0

Nag[*Er(WO1g)2]-xHO (with x= 35)ErWig) samples were prepared following a modified
version of an already published method, as the isotopic enriched precursors are in the oxide
form.[54.55] At first, isotopically enriched EgEHO was formed by dissolving 30 mg of
AERQO3-6H0 (being A= 166 or 1§7in 400 L of 37% HCI during 30 minutes at 80°C with
continuous stirring. This first stage of the synthesis is of paramount importance, as the
polyoxometallates are very sensitives to changes on the pH. Thus, 1 mL of distilled water was
added and the pH was adjusted to 3 with a 3 M NaOH solution. SimultaneougiyONaHO
(15.2 mmol, 5 g) was dissolved in distilled water (10 mL) with continuous stirring, the pH was
adjusted to 7.2 with acetic anhydride, and the resulting solution was heated up to 90 °C. Then,
the former solution was poured dropwise and hold under vigorous stirring for 1 h. The mixture
was filtered rapidly and left to evaporate at room temperature during 2 to 4 dafger this
period, a mixture of different crystal types appeared and a second recrystallization in hot
water (60°C) was needed in order to obtain the desired struc#ysea result, needled-shaped
pale-pink crystals were obtained. YieltWio-35H0: 263 mg (63%);%ErWio-35H0: 217.4
mg (52%)8’ErWio-35H0: 179 mg (43%).

Dehydration and hydration procedures of Nag[Er(Ws0is)2]-xH0

EW10-xHO (with x= 5) was prepared following two different methods. On one side, in
order to warrant the dehydrated state during the magnetic study, the sample was dehydrated

inside the SQUID and PPMS magnetometers. The dehydration process consists in a sequence
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of repeated purges at 300 K during 1 hour. On the other hand, a lab protocol was set consisting

in heating the sample overnight up to 80 °C under vacuum.

Rehydration process of the samples consisted in keeping the dehydrated powder during

1 day in the proximity of some water drops.

Nag[Er(WsO1s)2]-xD-0 (With x= 35)

BEW.10-xD0 (with x= 35) was obtained by collecting 100 mg of needled-shaped pale-pink
crystals, dehydrating them following the protocol stablished in the laboratory. Once the
dehydration finished, the container is filled by argon and deuterated water was added (15
mL). The solution was warm up to 50 °C under stirring during 30 minutes, and left to evaporate
in order to obtain the deuterated crystals. The temperature was set at 30 °C during

crystallization.

S/nthesis obR(ZnL®). complexes

[Zre(LY)ADyCH]-2H0]  ¢Dy(Znk%;) complexes with L'>= N, N’-bis(3-
methoxysalicylidene)phenylene-1,2-diamine and A= 162 and 163, were synthesized following

a modified version of an already published procedéfe.

N, N-bis(3-methoxysalicylidene)phenylene-1,2-diamine, Kbl

3.35 g (22.0 mmol) ob-Vanillin was added to a previously prepared solution of 1.08 g
(20.0 mmol) of 1,2-diaminobenzene in 50 mL of absolute ethanol, and let stirring and reflux
overnight. The solution was cooled to room temperature and the orange crystalline
precipitate was collected and washed with cold ethanol and petroleum ether. The product
HoL'®> was finally evaporated to dryness. Yieldi'>: 2.44g (58%). IR: 3335(w), 3058(w),
3015(w), 2954(w), 2923(w), 2828(w), 1892(w), 1824(w), 1751(w), 1612(s), 1577(s), 1569(s),
1497(m), 1469(s), 1440(s), 1399(m), 1375(m), 1345(w), 1248(s), 1204(s), 1097(m), 1076(m),
1043(w), 972(s), 876(m), 843(m), 824(m), 781(s),734(s), 649(w), 584(w), 538(w), 480(w).
IH-NMR (400 MHz, CREI (ppm) 13.2 (s, 2H), 8.64 (s, 2H), 7.35 (d,1 H, J=5.92), 7.34 (d, 1 H,
J=5.92), 7.22 (d, 1H, J= 5.82), 7.21(d, 1H, J= 5.82), 7.02 (dd, 2H, J=14.32, 1.34 Hz), 6.99 (dd,
2H, J= 14.4, 1.21 Hz), 6.88 (t, 2H, J= 7.90 Hz), 3.91 (s, 6H).
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Figure 2. 4. Synthesis of N, N’-bis(3-methoxysalicylidene)phenylene-1,2-diamine.
Zn (N, N-bis(3-methoxysalicylidene)phenylene-1,2-diamine), ZnL.®

0.845 g (3.85 mmol) of Zn(OA&HO were added to a stirring suspension of ¥ (0.54
g, 2.23 mmol) in absolute ethanol (10 mL) and heated under reflux overnight. A yellow
precipitate appeared which was filtered and washed with absolute ethanol, before dried
under vacuum. Yiel&nl*®: 713.7 mg (72%). IR: 3049(w), 2903(w), 2830(w), 1700(w), 1612(s),
1586(s), 1540(s), 1486(m), 1468(s), 1444(s), 1388(s), 1361(w), 1339(m), 1288(w), 1327(s),
1193(s), 1105(m), 1074(m), 1048(w), 976(m), 931(w), 863(m), 785(m), 736(s), 624(w), 584(w),
558(w), 535(w), 509(w), 420(w).

Figure 2. 5. Coordination reaction of Zn(N, N’-bis(3-methoxysalicylidene)phenyleleriifie).
Complexation of (chloro)dysprosium-Bis(zincate(chloro)(N,N’-bis(3-
methoxysalicylidene)phenylene-1,2-diamine), Dy(ZnL°),

Isotopically enriched Dy§6HO and the analogue Y:@&HO were obtained from the

oxide following the method explained previously.

Dy(ZnE%), and*62163Dy(Znkd),: a”DyC4-6H0 (12-13.1 mg, 0.03 mmol) solution in 10 mL
of methanol was added to a suspension solutio@oE>® (27-28 mg, 0.06 mmol) in the same
volume of acetonitrile. The mixture was first stirred and heated under reflux for 6 h, and then
filtered after cooling it to room temperature. The resulted solution was distributed into
different tubes and crystallization took place by diffusion of diethyl ether in a sealed container.
Yields Dy(Zrib)2: 4 mg (11%):8°Dy(Znkd),: 4.8 mg (13%):3Dy(ZNnk®)2: 4 mg (11%).

IR: Dy(ZnES),: 3053(w), 3029(w), 2974(m), 2940(m), 2881(m), 2839(w), 1735(w), 1613(s),
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1586(m), 1551(m), 1453(s), 1393(m), 1304(m), 1281(m), 1233(s), 1195(s), 1097(m), 1073(m),
1049(m), 969(m), 882(m), 846(m), 782(m), 741(s), 648(w), 631(w), 559(m), 511(m), 445(w);
162Dy(ZnkS),: 3060(w), 3029(w), 2936(w), 2841(w), 1733(w), 1613(s), 1587(m), 1552(m),
1457(s), 1392(m), 1234(s), 1194(s), 1098(m), 1073(w), 969(m), 848(m), 783(m), 742(s),
649(w), 633(w), 559(m), 512(m), 447(WFDy(ZnkS): 3058(w), 3029(w), 2974(w), 2935(w),
2839(w), 1612(s), 1587(m), 1551(m), 1453(s), 1392(m), 1301(w), 1281(m), 1235(s), 1196(s),
1097(m), 1071(m), 1044(w), 968(m), 848(m), 783(m), 742(s), 649(w), 633(w), 560(m), 510(m),
446(w).

ADyb.1Y0.9(Z1%), ADYy@Y (Znt),): a*DyC4-6H:0 (6 mg, 0.015 mmol) and ¥-6HO (43.3-
43.5 mg, 0.14 mmol) solution in methanol (50 mL) was added to a suspension sol@tidiPof
(135 mg, 0.3 mmol) in the same volume of acetonitrile. The mixture was first stirred and
heated under reflux for 6 h, and then filtered after cooling it to room temperature. The
resulted solution was distributed into different tubes and crystallization took place by
diffusion of diethyl ether in a sealed container. Yielby@Y(Znt®,: 29.5 mg
(17.2%)}2Dy@Y (Zn)2: 10.6 mg (6%}53Dy@Y (Zn)2: 30.1 mg (16.9%). IRy@Y (Zntd)y:
3061(w), 3028(w), 2974(m), 2937(w), 2885(w), 2840(w), 1612(s), 1586(s), 1552(s), 1453(s),
1390(s), 1303(m), 1282(s), 1235(s), 1195(s); 1098(m), 1047(s), 968(m), 880(w), 848(m),
783(m), 739(s), 649(w), 634(w), 589(w), 560(m), 511(m), 44FRDY@Y (Znd)2: 3053(w),
3030(w), 2973(m), 2937(m), 2889(m), 2842(w), 1614(s), 1586(s), 1552(s), 1453(s), 1392(s),
1302(m), 1282(s), 1234(s), 1194(s), 1097(m), 1073(m), 1047(m), 881(m), 847(m), 783(m),
742(s), 649(m), 632(w), 586(w), 559(m), 510(m), 4466y @Y (Zntd)2: 3062(w), 3028(w),
2972(m), 2936(m), 2888(m), 2840(w), 1614(s), 1586(s), 1552(s), 1450(s), 1391(s), 1303(m),
1282(s), 1236(s), 1195(s), 1168(m), 1097(s), 1047(s), 968(m), 882(m), 848(m), 782(m), 739(s),
650(m), 632(m), 588(w), 560(m), 512(m), 446(w).

Figure 2. 6. Complexation reaction of [yZn.1%)2].
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