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Abstract 

The project developed in this thesis is to provide a suitable framework 
to further develop an emerging research area in nanoscience that deals with 
the chemical design of molecular systems exhibiting interesting magnetic 
phenomena. In particular, it focuses on the setting up, application and 
benchmarking of a theoretical and computational framework for the 
inexpensive rationalisation and prediction of new f-element molecular 
nanomagnets. These systems are amongst the most complex entities in 
molecular magnetism, exhibiting slow relaxation of the magnetisation and 
magnetic hysteresis at low temperatures. They have been proposed as 
promising candidates for the development of high-density magnetic 
memories, magnetic refrigeration, quantum computing devices and for 
several applications in molecular spintronics. 

The first part of this thesis describes the development of the 
theoretical framework. The main tool of this project, the computational 
package SIMPRE, is presented in Chapter 2, providing some practical 
information about its organisation and usage. Chapter 3 consists in a 
preliminary attempt to rationalise the conditions that a lanthanoid-based 
magnetic molecule needs to satisfy to act as a single-ion magnet (SIM) 
using the original point charge electrostatic model. The inherent drawbacks 
of the PCEM are overcome in Chapter 4, where two effective electrostatic 
approaches that include covalent effects, the Radial Effective Charge (REC) 
and the Lone Pair Effective Charge (LPEC) models, are presented. 

The second part deals with the application of these effective 
electrostatic models to a series of lanthanide homoleptic coordination 
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compounds. In Chapter 5, a simultaneous systematic study of four 
isostructural families coordinated by halogen atoms using spectroscopic 
information permits an estimation of the REC parameters by relating them 
to chemical concepts such as Pauling electronegativity and the coordination 
number. This simplifies the task of obtaining an initial set of CFPs for 
phenomenological fittings. Chapter 6 extends the application of the REC 
model to systems coordinated by oxygen-donor ligands. These include five 
octa-coordinated polyoxometalate (POM) complexes with interest in 
molecular magnetism and quantum computing and a high-symmetry 
oxydiacetate family, where the capabilities of the model are benchmarked 
owing to the available photoluminiscence spectra. Furthermore, the model 
is used to interpret the properties of two layered dysprosium hydroxides 
and played a key role in the rational design of the first example of metal-
organic framework having lanthanide SIMs as nodes. In Chapter 7, the 
LPEC model is used to model the magnetic and spectroscopic properties of 
the first SIM reported in the literature, based on phthalocyaninato ligands, 
where the electron density is not pointing directly to the lanthanoid. Two 
complexes coordinated to pyrazolyl-based ligands are also analysed in 
terms of the REC model on that chapter, which completes the trilogy 
presented in this part of the thesis.              

The final part of the work is centred on the current challenges of the 
developed framework. Chapter 8 discusses the capabilities of both the 
program and the REC model to deal with the understanding of uranium 
SIMs, and introduces the use of the CONDON package to complement the 
limitations of the first. A second challenge –the modelling of magnetic 
molecular anisotropy– is addressed in Chapter 9 using an organometallic 
SIM as model system. Subsequently, the REC model is used to investigate 
the treatment of heteroleptic complexes coordinated by oxygen and 
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nitrogen atoms. The determination of the chemical structure at different 
temperatures allows to quantify, for the first time, the influence of the 
thermal evolution of the molecular structure in the electronic structure and 
magnetic anisotropy. Finally, Chapter 11 provides a few insights for the 
rational design of molecular spin qubits based on mononuclear lanthanide 
and uranium complexes. Through two examples, the chapter also describes 
the main features that make POM complexes particularly interesting for 
quantum information purposes.    
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Cp*  pentamethylcyclopentadiene anion (C5Me5) 
CSD  Cambridge Structural Database 
D  uniaxial anisotropy parameter 
dc  direct current 
DFT  Density Functional Theory 
Dh  horizontal displacement  
din  internal distance between atoms placed in the same plane 
dme  dimethoxyethane 



 
Abbreviations and symbols  

xvi 
 

DOTA  1,4,7,10-tetraazacyclododecane-N,N’,N’’,N’’’-tetraacetate 
dpp  distance between the upper and lower planes  
dppz  dipyridophenazine 
dpq  dipyridoquinoxaline 
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crystal field parameters 
ECM  Effective Charge Model 
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sublevels 

F  scale factor 
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i.e.  id est (that is) 
ICMol  Instituto de Ciencia Molecular 
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INS  inelastic neutron scattering 
ITO  irreducible tensor operators 
J  total angular momentum 
L  total orbital angular momentum 
LAPACK Linear Algebra PACKage 
LLHs  layered lanthanide hydroxides   
LPEC  Lone-Pair Effective Charge 
MCD  magnetic circular dichroism 
MJ  Angular momentum quantum number associated with Jz 
mnt  maleonitriledithiolate 
MOF  metal organic framework 
MRAM magnetoresistive random-access memory 
MS  spin quantum number associated with Sz  
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-) 
Ph.D.  Philosophiæ doctor (Doctor of Philosophy degree) 
phen  phenanthroline 
phen  phenomenological 
pinene-bpy 4,5-pinene bipyridine 
pkq  prefactor in the tesseral harmonics 
POM  polyoxometalate 
qubit  quantum bit 
R0 smallest among the distances metal-ligand in the Simple 

Overlap Model  
RASSCF Restricted Active Space Self-Consistent Field 
RASSI  Restricted Active Space State Interaction 
Re  real 
REC  Radial Effective Charge 
Reff  effective distance 
Ref.  reference 

{Ri, θ i, ϕ i} spherical coordinates 
<rk>  expectation value of the radius 
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S  total spin angular momentum 
SIM  Single-ion magnet 
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SQUID Superconducting Quantum Interference Device 
STNO  spin-transfer nano-oscillators 
SWAP  quantum gate that swaps two quantum bits 
tacn  1,4,7-triazacyclononane 
tBu  tert-butyl 
terpy   terpyridine 
tfpb  4,4,4-trifluoro-1-phenyl-1,3-butandionate  
theo  theoretical 
THF  tetrahydrofuran 
TIP  temperature independent paramagnetism 
Tp  trispyrazolylborate 
TpMe2  hydrotris(3,5-dimethylpyrazolyl) 
tta  2-thenoyltrifluoroacetone 
TTF  tetrathiafulvalene 
T1  spin-lattice relaxation time 
T2  spin-spin relaxation time 
Ueff  effective barrier 
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1.1 Magnetic molecular materials 
 
Magnetochemistry is the branch of chemistry concerned with the 

synthesis and study of substances that exhibit interesting magnetic 
phenomena.1 The main subject of this discipline is precisely the relation 
between the magnetic and the structural and chemical properties of these 
materials. As magnetochemists focused on molecular systems, 
magnetochemistry gradually evolved into an interdisciplinary field namely 
molecular magnetism.2,3 This field combines the efforts from organic and 
inorganic chemists, solid-state physicists and theoretical researchers, and 
aims at the design, synthesis and characterisation of the magnetic 
properties of molecular-based materials. Both magnetochemistry and 
molecular magnetism combine experimental measurements with model 
Hamiltonians in order to rationalise the magnetic behaviour of molecule-
based materials.4 Such procedures are intended to obtain an approximation 
to their electronic structures, in the case of ions or molecules, or to their 
band structures, in the case of extended solids. 

1
2 
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One of the pioneers who moved magnetochemistry into molecular 
magnetism was the French scientist Olivier Kahn. He rejuvenated areas like 
spin crossover and created a new language that combines the languages of 
chemistry and physics. Such a language has been extensively utilised in 
theoretical modelling of molecular-based magnets. From the extensive 
work from his group, one can highlight the development of ferromagnetic 
Cu2+-VO2+ dinuclear complexes, Cu2+-Mn2+ bimetallic chains that order 
ferrimagnetically via supramolecular interactions and room temperature 
Fe2+-triazole spin crossover chains with hysteresis.5–8 Apart from that, this 
excellent scientist was especially committed to the promotion of proficient 
young researchers. This was recognised by the community through the 
creation of the Olivier Kahn International Award (OKIA) in 2006.9 The 
OKIA award recognises every year a young scientist who has completed 
his/her Ph.D. within the last decade.  

The development of the emerging field of molecular magnetism has 
been really fast.10 The current trends in the field are mainly focused on two 
main classes of materials: molecular nanomagnets and multifunctional 
magnetic materials.11 In this section of the thesis we are going to briefly 
introduce these two main topics. As the developed Ph.D. thesis is framed 
within molecular nanomagnetism, the subsection 1.1.1 will be appropiately 
more extense in order to provide a better comprehension of the type of 
molecules that we will later be analysing throughout this dissertation.   

 
1.1.1 Nanomagnetism 

 
For more than two decades single-molecule magnets (SMMs) have been a 
hot topic in molecular magnetism due to their rich physical behaviour.12 By 
definition, a SMM is a molecule that displays magnetic bistability 
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generated by an energy barrier to magnetisation reversal. These systems 
are amongst the most complex magnetic entities, exhibiting slow relaxation 
of the magnetisation and magnetic hysteresis loops at liquid-helium 
temperatures. The superparamagnetic blocking gives rise to a magnetic 
memory effect similar to that encountered in hard magnets, together with 
quantum phenomena like quantum tunnelling of the magnetisation,13,14 
quantum coherence15 or quantum interference16. Unlike conventional bulk 
magnets, the magnetic properties have a molecular origin. This means that 
collective long-range magnetic ordering of magnetic moments is not 
necessary for bistability and the characteristic molecular magnetic 
behaviour appears even at high dilutions in a diamagnetic matrix.17 

The first generation of SMMs was based on polynuclear magnetic 
complexes with strong magnetic coupling between d-transition metal ions. 
In these clusters governed by magnetic exchange, a small number of 
paramagnetic transition metal ions are connected through linkers such as F-

, Cl-, OH-, OCH3
-, RCOO- or O2-. The first and most renowned example is a 

molecule formed by twelve manganese nuclei18 that form a magnetic 
cluster with general formula [Mn12O12(O2CMe)16(H2O)4]  (in short: Mn12).19,20 
The cluster is composed by eight Mn3+ ions (S = 2) which in the ground 
state have their spins oriented in a parallel fashion, and four Mn4+ ions (S = 
3/2), whose spins are also parallel (Figure 1.1). These two spin moieties 
have an antiparallel orientation, giving a total giant spin of S = 10 for the 
ground state. The classical projections of S are quantised into 21 permitted 
states (2S+1) corresponding to Sz from –S to +S. The spin reversal can occur 
either by passing through all those permitted states –thermally assisted– or 
by quantum tunnelling between quasidegenerate states placed on the 
opposite sides of the barrier.13 This tunnelling mechanism for the relaxation 
of the magnetisation is responsible of the characteristic steps at regular field 
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intervals registered in 1995 in the hysteresis curve of Mn12 (quantum 
tunnelling of the magnetisation).21,22 Transitions between spin microstates 

induced by phonons are limited to ΔMs = ±1, ±2.23–25 The uniaxial 
anisotropy, characterised by a negative D value, splits the ground state in 
such a way that the Ms = ±10 doublet becomes the ground spin state of the 
molecule. This results in Ising-type magnetic anisotropy. The rest of 
sublevels are occupying the excited states as the |Ms| component 
decreases, as illustrated in Figure 1.1 (right).26–28  

 
Figure 1.1:  (left) Molecular structure, Mn3+ (gold) and Mn2+ (green); (right) energy level 

scheme showing the two-wells of [Mn12O12(O2CMe)16(H2O)4].  

 
The research work devoted to the understanding of the magnetic 

properties of Mn12 concluded into two main requirements that served to 
guide the synthesis of molecules exhibiting SMM behaviour. The first one 
was to design a cluster with a high total spin S. For a long time, scientists 
were looking for increasingly larger nuclearities29–32 in an attempt to 
increase the spin state of the cluster by coupling many magnetic ions. The 
second requirement was having a remarkable negative D in the cluster in 
order to stabilise the highest MS sublevel.33 The combination of both 
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requirements was intended to increase the superparamagnetic barrier.12 
Nevertheless, the success of this approach has been very limited and 
nowadays Mn12 is still among the transition-metal clusters exhibiting the 
highest effective barriers (ca. 45-50 cm-1). In fact, it has theoretically been 
shown that for fundamental reasons, achieving a high spin of the ground 
state in high-nuclearity clusters is in contradiction with achieving a large 
magnetic anisotropy.34 

Three years after the discovery of single-magnetic behaviour in Mn12, 
an octanuclear iron complex [Fe8O2(OH)12(tacn)6]8+ (known as Fe8), where 
tacn = 1,4,7-triazacyclononane, was also found to exhibit such a 
behaviour.35,36 Since then, this system has attracted numerous studies, 
mainly by the physics community.37–39 Subsequently, a rising number of 
lower nuclearity systems were reported to exhibit slow relaxation of the 
magnetisation, as for example, the tetranuclear complex 
[Mn4(O2CMe)2(pdmH)6](ClO4)2.40,41 Other examples included a 
polyoxometalate acting as a template to encapsulate a transition metal 
cluster, including iron(II) ions,42 or even further mixed-valence manganese 
species.43 In both cases the barriers obtained were close to 10 cm-1. More 
recently, polynuclear clusters formed by lanthanoid ions have also been 
synthesised and characterised.44–47 These complexes do present effective 
barriers of approximately 100 cm-1 and show hysteresis up to 8 K in the best 
case. In this context, Dy3 triangles were also rationalised to understand the 
cooperative blocking phenomena and their slow magnetic relaxation.47–49 

An important breakthrough in molecular magnetism was the 
discovery of a new approach for the design of SMMs.50 This new way of 
thinking, proposed by Ishikawa and his co-workers,51 consisted in the 
development of minimalistic nanomagnets based on coordination 
complexes with a central lanthanide ion as the source of magnetic 
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anisotropy. This type of compounds are known as mononuclear SMMs or 
single-ion magnets (SIMs).52 In contrast to the first generation of SMMs, 
whose properties rely on the ability of exchange interactions to stabilise 
anisotropic high spin states, the magnetic properties of SIMs depend 
primarily on the single ion anisotropy resulting from the combination of 
spin-orbit coupling and ligand field.53 Hence, these two variables play a key 
role in the creation of a thermal barrier which slows down the 
magnetisation reversal.54 The first examples of SIMs were the Tb3+ and Dy3+ 
derivatives of the family of bis(phthalocyaninato) lanthanoid complexes 
with ‘double-decker’ structure, in short LnPc2 (Figure 1.2(a)). In this family, 
the magnetic center is surrounded by eight nitrogen atoms in a pseudo-
axial crystal field of D4d symmetry (Figure 1.2(c)). The square antiprismatic 
D4d CF induced by the two moieties of phthalocyaninato ligands around the 
rare earth splits its ground magnetic state, characterised by the total 
angular momentum, J, in ±MJ sublevels. In some cases this leads to a 
sublevel scheme in which the levels with the higher |MJ| values are 
stabilised with respect to the levels with the lower |MJ| values. According 
to Ishikawa’s description,55 the ground magnetic doublet of the Tb 
derivative corresponds to that with the maximum MJ value (= ±6) and is 
separated from the first excited level (MJ = ±5) by more than 300 cm-1. 
Phthalocyaninato-lanthanoid complexes have been extensively studied and 
a large amount of analogues were fabricated with the goal of increasing the 
blocking temperature.56 A particular successful example derived from this 
family keeps the thermal barrier record for a single-ion magnet (652 cm-1) 
up to the time of this writing.57 

Recognising that the coordination environment around the magnetic 
cation plays a key role to obtain SMM behaviour,58 the concept of SIMs 
could be extended to different ligands other than phthalocyaninato ligands 
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in 2008, when researchers from our group reported the second family of 
SIMs (Figure 1.2(b)).59 Thus, slow relaxation of the magnetisation could be 
achieved in a family of polyoxometalates encapsulating lanthanoid ions 
with a sandwich-type structure similar to that of LnPc2. This Lindqvist-type 
family has the general formula Na9[Ln(W5O18)2] (in short, LnW10), 
displaying a square-antiprismatic D4d symmetry.60 The most promising 
candidate for this series was the Er derivative (Ueff = 38.5 cm-1, close to that 
observed in Mn12, Ueff ≈ 50 cm-1), whereas in the preceding family such 
behaviour was more remarkable in [TbPc2]-. 

 
Figure 1.2:  Representation of the two first families of SIMs: (a) phthalocyaninato-based 

SIMs [LnPc2]-; (b) polyoxometalate-based SIMs of general formula 
[Ln(W5O18)2]9-; (c) view of the square antiprismatic coordination sphere 
around the lanthanide ion in [LnPc2]-. Hydrogens are omitted for clarity. 

 
 The reason for this difference was assumed to lie on the different 

distortion of the square antiprismatic site, which is compressed in the 
second family, in contrast with the axially elongated [LnPc2]- (Figure 1.2). 
The interplanar distance of the ErW10 compound (dpp = 2.47 Å), which was 
calculated as the distance between the upper and lower planes containing 
the four oxygen atoms, is considerably smaller than the one of TbPc2 (dpp = 
2.76 Å). As we will discuss throughout this dissertation, these differences in 
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the coordination environment (oblate vs. prolate) have severe consequences 
in the energy level structures.61 The magnetic relaxation process was 
observed to happen faster in the LnW10 analogues in comparison with the 
phthalocyaninato-based series, which was attributed to the fact that the 
Stark sublevels are more compressed at lower energies.58  

The experimental studies of the first series of POM-based SIMs were 

extended to the Keggin-type series K13[Ln(β2-SiW11O39)2] (in short, LnW22).62 
This permitted the analysis of the effects produced by a more distorted 
antiprismatic environment over the spin relaxation processes. A few years 
later, a third family of mononuclear lanthanide SMMs based on 
polyoxometalates was also synthesised and characterised by our group.63 

The molecule, which is based on the well-known Preyssler anion, is 

formulated as K12[LnP5W30O110]· nH2O (in short, LnW30) and presents an 

unusual C5 axial symmetry (see Figure 1.3).64 The 5-fold geometry gives rise 
to large off-diagonal anisotropy parameters. The spin dynamics, mainly at 
low temperatures, is dominated by fast tunnelling processes and strongly 
affected by hyperfine interactions.65  

 

 

 

Figure 1.3:  (left) Molecular structure of the [LnP5W30O110]12- anion; (right) schematic view 
showing the 5-fold coordination environment around the lanthanide ion. 
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Among the advantages that polyoxometalate chemistry offers for the 
design of molecular nanomagnets one can remark that: (i) the geometry 
around the magnetic ion is not restricted to D4d, they can provide different 
rigid and highly symmetrical coordination environments; (ii) the 
diamagnetic polyoxometalate framework protects the lanthanide; and, (iii) 
they can in principle be prepared as nuclear spin-free systems, which is 
interesting to minimise decoherence when designing a POM-based spin 
qubit.58   

Since the discovery of SMM behaviour in ErW10, the impact of this 
class of molecular nanomagnets has been dramatically increased and now 
hundreds of SIMs have been reported.66 These SIMs have shown very 
different coordination environments and different types of coordinated 
ligands.67 Some relevant examples are the organometallic double-decker 
Er3+ compound68,69 (Figure 1.4(a)) and the acetylacetonate lanthanoid 
complexes (Figure 1.4(b)),70,71 both studied by the group of Prof. Song Gao, 
as well as the Na[Dy(DOTA)(H2O)]·4H2O complex, (Figure 1.4(c)) where 
H4DOTA = 1, 4, 7, 10-tetraazacyclododecane-N, N’, N’’, N’’’-tetraacetic 
acid, reported by Prof. Roberta Sessoli et al.72 Beyond the routine magnetic 
characterisation, the molecular magnetic easy axis of 
Na[Dy(DOTA)(H2O)]·4H2O was determined by single crystal X-ray 
diffraction. The combination of these experimental results with ab initio 
theoretical calculations lead to evidence the significant impact that the 
capping coordinated molecule of water has over the calculated anisotropy 
axis.73,74 The manipulation of the hydrogen atoms of the water molecule 
around the C4 axis envisaged the large effects that minor modifications may 
have over magnetic anisotropy. This means that one must be very careful 
when assuming that the easy axis of magnetisation is oriented along the 
same direction as the molecular (pseudo-)symmetry axis using simple 
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magneto-structural correlations.66 Nevertheless, this is still a topic under 
discussion, as it was contradicted in a more recent work (2013) where the 
same rotation of the apical water molecule using ab initio calculations was 
performed by Chilton et al. finding no dependence on the orientation of the 
ground state anisotropy axis.75   

 
Figure 1.4:  Molecular structures of the lanthanide-based SIMs: (a) Cp*ErCOT; (b) 

[Dy(acac)3(phen)]; (c) [Dy(DOTA)(H2O)]-. Hydrogens are omitted for clarity. 
 
On the other hand, the concept of SIMs is not limited to molecular 

materials. In fact, the first mononuclear lanthanide system displaying slow 
relaxation of the magnetisation was reported by Barbara et al. in the doped 
crystal LiY0.998Ho0.002F4, observing a staircase-like hysteresis loop that was 
attributed to a nuclear spin driven quantum relaxation.76 Also, the 
isostructural series of lanthanide-substituted scheelites of general formula 
Ca(1-x)ErxWO4 exhibited coherent Rabi oscillations –quantum oscillations 
that result from the coherent absorption of photons driven by an 
electromagnetic wave–, which are indicative of high quantum coherence, 
behaving as a spin qubit.77  

More recently it has been shown that mononuclear d-transition metals 
can also display SMM behaviour; these SIMs are beyond of the scope of this 
thesis, which is focused in f-element complexes. The origin of SMM 
behaviour in cobalt(II) ions with non-uniaxial anisotropy has been 
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investigated, being attributed to time-reversal symmetry that blocks direct 
spin–phonon processes independently of the sign of the magnetic 
anisotropy.78 Examples of the most quoted cases of mononuclear d-
transition complexes include the Fe-pyrrolide molecules,79 a two-coordinate 
complex of iron(I) [Fe(C(SiMe3)3)2]− that exhibits an effective spin-reversal 
barrier of Ueff = 226 cm−1,80 a Co(SPh)4 salt,81 and for example, the recently 
investigated (PPh4)2[Cu(mnt)2] that shows an extraordinary potential for 
quantum computing presenting room temperature quantum coherence (~ 1 

µs) with a coherence time at low temperatures of ~10 µs.82 
Currently, the obtention of new molecules with larger energy barriers 

and the understanding of the quantum tunnelling processes are the two 
major challenges in molecular nanomagnetism.17 In this context, actinoid-
based SIMs are attracting a growing attention and their study is considered 
an emerging topic.83 In fact, due to higher spin-orbit coupling and higher 
exposure of the f-electrons to the surroundings, actinides exhibit larger 
magnetocrystalline anisotropy, stronger spin–orbit coupling interactions 
and enhanced exchange interactions. As the J-ground state splitting caused 
by the crystal field is expected to be higher, they can be considered to be 
better candidates to provide SIMs than lanthanides. Those features are 
related to the 5f electrons, which are more extended than the 4f electrons on 
lanthanoids and interact more with the electrons of the ligands.  

Although some examples have been reported in the last few years, 
SIMs based on actinides are still scarce and mainly restricted to U3+ 
species.84 The Long group published the first two examples of uranium-
based SIMs. The first one was measured in 2009 in a 
diphenylbis(pyrazolylborate) uranium(III) complex formulated as 
U(Ph2BPz2)3,85 previously isolated in 1999 by Santos et al.86 A year later, a 
second example of the same family was reported in the 
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dihydrobis(pyrazolylborate) derivative U(H2BPz2)3
87 (Figure 1.5) and the list 

was extended with the discovery of SMM behaviour in the UTp3 complex 
(Tp- = trispyrazolylborate).88 Independently, Almeida et al. reported two 
further examples closely related of U3+ SIMs: the cationic complex 
[U(TpMe2)2(bipy)]+, where TpMe2=hydrotris(3,5-dimethylpyrazolyl),89 its 
precursor [U(TpMe2)2I],90  first prepared and characterised by Takats et al.,91 
and the [U(TpMe2)2(bipy*)] complex, which contains a radical ligand.92 In this 
context, we performed the first attempt to rationalise the magnetic 
properties of these related complexes.93 A few months later, the first 
uranium(V) SIM, based in triamidoamine, was published.94 In this thesis, 
we will be focused on the modelling of uranium nanomagnets in Chapter 8.   

 

 

Figure 1.5:  (left) Molecular structure of the U(H2BPz2)3; (right) eclipsed view highlighting 
the trigonal prismatic coordination environment around U3+. Hydrogens are 
not considered for clarity. 

 
Other actinoid-based SMMs that are not going to be treated in this 

dissertation are a mononuclear complex based on neptunium, [Np(COT)2] 
(COT = C8H8

2−),95 and two polynuclear complexes: the trimetallic cluster 
{NpVIO2Cl2}{NpVO2Cl(THF)3}2,96 also known as Np3, and the delocalised 

arene-bridged diuranium SMM of formula [(U(BIPMTMSH)(I))2(µ-η6:η6-
C6H5CH3)], where BIPMTMS = C(PPh2NSiMe3)2.97 
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1.1.2 Multifunctional materials 
 
The interest in the design and development of novel materials that 
simultaneously combine different properties has increased for the past 
three decades. This has been motivated by the creation of future systems 
with a new level of functionality, adaptability, sustainability, higher 
efficiency and cost reduction. Multidisciplinary studies towards this 
direction have lead to materials that can be especially engineered to 
intimately incorporate electrical conductivity, magnetism and optical 
properties, together with other functionalities as mechanical properties and 
power generation. Often, the combination of these multiple capabilities in a 
particular material offers advantages beyond the sum of their individual 
physical properties. Their industrial applications include nowadays 
sensors, renewable energies, medicine, nanoelectronics, advanced defense, 
and automotive and aerospace technologies.98  

In this context, materials chemistry plays a key role in the design and 
fabrication of these next-generation materials. The many possibilities of 
tuning the physical properties of the systems à la carte via conventional 
chemical synthesis make this molecular approach a promising way to 
obtain the targeted materials. One particular case of multifunctional 
materials are the multifunctional magnetic materials, which are those that 
combine magnetism with at least a second property. Multifunctional 
magnetic materials based on molecules offer a great potential for 
technological applications because they can present features that have 
traditionally been considered exclusive of solid-state materials. These 
characteristics include the combination of cooperative magnetism with 
conductivity, superconductivity or ferroelectricity.11  
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A particularly attractive class of multifunctional magnetic materials 
are the switching magnetic materials. These are characterised by the 
possibility of modifying the magnetic properties by the application of 
external stimuli such as light, pressure or temperature. The most known 
examples are molecular spin-crossover compounds99,100 and 3D magnets 
based on Prussian Blue derivatives.101,102 Another relevant property that can 
coexist with magnetic entities is that of chirality, which combined with 
ferromagnetism may lead to magneto-chiral dichroism (MCD).103–105 

In recent years, the development of a molecular building block 
approach, which relies on the combination of different molecular entities 
carrying specific functionalities into an extended molecule-based solid, has 
proven to be a very effective synthetic route.101,106,107 This has marked a 
turning point in the research of multifunctional materials. A particular class 
of materials following this approach are the dual-function materials. These 
hybrid materials are often prepared by combining inorganic and organic 
components, each of them with a different property, which can be 
incorporated into the final product. Relevant examples of such hybrid 
materials are the magnetic molecular conductors. Typically, these hybrids 
combine anionic inorganic building blocks showing ferromagnetism with a 
cationic organic conducting network, typically based on donor 
tetrathiafulvalene (TTF) or their derivatives.108,106  

Another class of hybrid materials is constituted by those that 
incorporate a molecular unit into a solid-extended host. A successful 
example of that was reported by our group in a system formed by layered 
TaS2 (superconductor) with intercalated SMMs109 (Figure 1.6) or spin-
crossover molecules.110 This hybrid approach may be useful to investigate 
the influence of these SMMs on the properties of the material. For example, 
owing to their advantageous chemical, structural and electronic features 
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that make them suitable as spin qubits, mononuclear f-block complexes 
based on POMs are an attractive option to design the molecular part of 
such hybrid analogues.58 Further analysis of the vortex dynamics of hybrid 
materials combining superconducting surfaces with molecular magnetism 
will be necessary to bring light to the possible vortex pinning character of 
these nanomagnets.111,112 In addition, superconducting substrates have been 
reported as prime candidates for spin manipulation, increasing the lifetime 
due to the depletion of electronic states around the Fermi level in the 
superconductor.113 Hence, we can envisage that superconducting surfaces 
will play a key role in the design of systems where spin dynamics can be 
controlled. This will enable surface-state spintronics114,115 and quantum 
devices116 based on the above-mentioned hybrid materials. 

 
Figure 1.6:  (left) Representation of the restacked material formed by [TaS2]-0.33 and 

[Ni0.66Al0.33(OH)2]+0.33, superconducting and magnetic layers respectively; 
(right) structural representation ascribed to the powder patterns observed in 
the hybrid material [Mn4(OAc)2(pdmH)6]0.15[TaS2]. 

 
A different approach to enhance multifunctionality towards 

lanthanoid-based materials is that based on the incorporation of these 
lanthanide complexes into metal-organic frameworks (Ln-MOFs). The 
performance of these structures as multifunctional systems has been 
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reviewed by Rocha et al.117 Ln-MOFs can combine light emission with 
several properties such as microporosity, magnetism, chirality, molecule 
and ion sensing, catalysis and activity as multimodal imaging contrast 
agents. These materials are suitable to show synergy between these 
properties, such as the coupling between photoluminescence and 
magnetism. A particular class of Ln-MOFs are those based on bimetallic 
oxalate complexes, where the intrinsic magnetism of the MOF is combined 
with additional properties provided by different organic/inorganic 
functional cations.118 Also, it is worth to mention the work of Schmitt and 
co-workers based on a highly augmented trivalent holmium-based MOF 
whose tridimensional network structure gives rise to porosity after 
desolvation.119 In that recent work, the authors outlined a synthetic 
approach intended to tune the photophysical properties of the framework 
to obtain ligand-sensitised near-infrared (NIR) and visible light emitters in 
the Eu, Nd and Sm homologous cations.  

In this context, we are going to present a lanthanide-based MOF 
formed by nodes that display SMM behaviour in section 6.6 of this thesis. 
That work, reported in 2014, opened the possibility of incorporating non-
innocent POMs that would yield multifunctional MOFs in which the 
properties of the polyoxometalate can be combined with those of the 
lanthanoid framework.120 
 

1.2 Theoretical modelling 
 

The rapid development and growing interest in f-block SIMs over the past 
twelve years has been possible thanks to the advances in the experimental 
and theoretical techniques.17 Such advances have motivated a high volume 
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of research and a steady output of publications, including the work to be 
described in this dissertation. As a result, the theory that was developed for 
trivalent lanthanide ions embedded in solid-state matrices or in highly 
symmetric inorganic crystal environments,121 required the expansion to a 
new theoretical paradigm in order to investigate the properties of these 
low-symmetry entities with interest in molecular magnetism. Also, the 
theoretical methods used in molecular magnetism, specialised in transition 
metal clusters, had to be adapted to deal with the large number of 
parameters required in these molecules. This has given rise to new software 
packages and simple models, as we will describe in chapters 2 and 4. 
Throughout this process, the theoretical framework has allowed the 
identification of the key factors that are needed to guide the efforts for the 
synthesis of these molecules with magnetisation blocking and to facilitate 
the interpretation of their magnetic properties.53,122   

To put this in perspective, let us recall that the theoretical analysis of 
classical molecular clusters evolved from the study of a reduced number of 
exchange-coupled transition metal ions, considering special spin 
topologies, to the development of the generalised spin Hamiltonian123,124 
intended to deal with high nuclearity systems.125 Research towards this 
direction resulted in the development of the computational package 
MAGPACK, which has had a great impact in the field.126 In general, the 
discovery of novel derivatives with SMM behaviour was focused on the 
optimisation of a large ground state spin S and a large negative zero field 
splitting (ZFS) parameter D as main factors.27 These studies considered: (i) 
the importance of isolating the ground spin S from the first excited state 
S*,127 creating a strong negative uniaxial anisotropy (D < 0), and (ii) the 
influence of the transverse anisotropy term E and higher-order terms in the 
spin-Hamiltonian as an origin of the magnetisation tunnelling.128 As 
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mentioned in 1.1, the inherent difficulties to optimise simultaneously these 
two requirements were also discussed.34 Thus, the key point was to 
understand the intricate relations between the molecular structures and 
these parameters.129  

In contrast, the magnetic properties of lanthanide SIMs depend 
primarily on the anisotropy of a single ion.53,61 This in turn results from a 
strong spin-orbit coupling and an adequate ligand field. Thus, the design of 
new coordination complexes capable of displaying SMM properties 
requires the development and use of predictive theoretical models using 
their geometric structures.122 For that there are mainly two options that 
have been proven to be useful for modelling the properties of lanthanide 
coordination compounds, namely the CF electrostatic approaches, which 
consider a point-charge distribution around the central ion, and ab initio 
calculations based on the complete active space self-consistent field 
(CASSCF). 

The present section briefly describes the main features of both 
approximations. As this Ph.D. thesis is focused on the development of 
computational tools and models for the inexpensive rationalisation and 
prediction of novel SIMs, we will be centred on the development of the 
point-charge electrostatic approach adding the necessary covalent 
corrections. 

 
1.2.1  Crystal field approaches 

 
The unique spectroscopic and magnetic properties of lanthanide ions have 
excited researchers for decades.130 These systems present more complex 
spectra than those of transition metals, which are usually characterised by a 
few broad bands. In this context, CF theory is essential to analyse and 
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simulate the energy level schemes of f-element complexes,131  providing an 
accuracy level of about 10 cm-1.132–134 CF theory describes the perturbation of 
the electron cloud of the central ion produced by a surrounding charge 
distribution which breaks the orbital states degeneracies.121 This quantum 
mechanical theory was first developed in 1929 by Hans Bethe.135 In this 
section we aim to provide an overview of this theory. The crystal field 
Hamiltonian (HCF) may be defined as: 

 
(1.1) 

where V(ri) is the potential, caused by a time-independent charge 

distribution  ρ(R), that the electron feels; e is the elementary charge; R and ri 
are the position vectors of a general point of the environment and the 

electron respectively, and  ∂τ is a volume element. The summation runs 
over all the electrons i of the central metal ion. The integral acts over the 
entire space.  

There are several alternatives to parameterise the CF Hamiltonian 
presented in Equation 1.1. The main differences between them are related 
to the normalisation of tensor operators or the combinations applied by 
them. These parameterisations can be splitted into two types: those related 
to tesseral harmonics (whose parameters are always real) and those related 
to spherical harmonics (whose parameters are in general complex 
numbers). In this context, two different formalisms to calculate the matrix 
elements of HCF are available in the literature, namely the formalisms of 
Stevens and Wybourne.136,137 The former notation uses tesseral-tensor 
operators, whereas the latter applies spherical-tensor operators. 

According to Stevens formalism,136 proposed in 1952, the electrostatic 
potential around the lanthanide ion for a given J-multiplet can be expressed 

HCF = −e V (ri )
i=1

n

∑ = −e ρ(R)
R − ri

∫
i=1

n

∑ ∂τ
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by a sum of equivalent angular momentum operators, the extended Stevens 

operators :138 

 
(1.2) 

 
where k (for f-elements, k = 2, 4, 6) is the order (also called rank or 

degree) and q is the operator range, that varies between k and –k. The 

Stevens operator equivalents  are defined by Ryabov in terms of the 

angular momentum operators J± and Jz (see Table 2.2),139 where the 

components  and correspond to the ESOs with q ≥ 0 and q < 0 

respectively. Note that all the Stevens CFPs  are real,140 whereas the 

matrix elements of (q < 0) are imaginary. ak are the tabulated α, β and γ  

Stevens coefficients136 for k = 2, 4, 6, respectively, which depend on the 
number of f electrons. <rk> are the corrected expectation values of the 

radius. The symmetry elements of the , and are the same as those 

for the tesseral harmonics , and . These are linear combinations of 

the spherical harmonics in the form: and 

.141 

This formalism has been especially successful when dealing with 
individual electronic terms such as the ground 2S+1LJ multiplet in lanthanide 
trivalent ions. In this case, the CF splitting is typically one order of 
magnitude smaller than that of the spin–orbit coupling (as can be seen in 
Figure 1.7). Hence, one can consider the effects of the excited states 
practically negligible over the ground 2S+1LJ multiplet. As long as we are 
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interested in the theoretical modelling of the magnetic properties of 
lanthanide SIMs, the Stevens formalism is suitable because there is no need 
to take into account the effects of the excited J multiplets. This formalism 
has been dominant in EPR studies.142 This situation differs when we are 
interested in optical properties, where the more general formalism of 
Wybourne that naturally takes into account excited states dominates.143 

 
Figure 1.7:  Schematic representation of the approximate sizes of the corresponding 

energy splittings in a lanthanide system.17 

 
The parameterisation by Wybourne formalism can be expressed using 

the following equation, which is consistent with the CF parameterisations 
adopted by Görller-Walrand and Binnemans144: 
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(1.3) 

where Bkq are the CFPs in Wybourne notation, which are in general 
complex (with the exception of Bk0). Their real and imaginary parts are 

expressed as ReBkq and ImBkq respectively. , and  are the 

corresponding irreducible-tensor operators, which belong to the class of the 
spherical-tensor operators. The principal disadvantage of this formalism is 
that one has to deal with imaginary CFPs because their operators are not 
Hermitian. The tensor operators are related to the spherical harmonics by: 

 
(1.4) 

 

The existence of different parameter notations and the inconsistent 

use of the phase convention between and  have caused confusion in 

researchers interested in CF theory.141 Also, the CFPs depend of the 
coordinate system, requiring the development of conventions to choose the 
proper reference framework. In this sense, one needs to remark the work of 
C. Rudowicz and co-workers who have identified and corrected the pitfalls 
of a large amount of articles with the aim of standarising the CFPs 
according to the prevailing conventions.140,145–148 This is very important to 
enable the comparison between different sets of parameters.  

The calculation of the CF splitting can be performed by 
diagonalisation of the corresponding CF matrix. For that, one needs to 

determine the non-vanishing CFPs (  or Bkq, depending on the employed 

formalism). This is a non-trivial task with only a few alternatives 
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nowadays. The first approach to deal with this, which has been broadly 
used by spectroscopists, is the extraction of phenomenological CFPs from a 
direct fit of UV/visible spectroscopic experimental data. Although not 
predictive, this method has permitted the reproduction of the spectroscopic 
energy level scheme with great accuracy using a small set of parameters in 
high-symmetry systems. Useful information of lower lying magnetic levels 
can also be obtained from the far infrared (FIR) or from inelastic neutron 
scattering spectra (INS). Experimental advances in the field aiming to 
address this issue include the high resolution luminescence spectroscopic 
method, which has been applied to determine the fine electronic structures 
of lanthanide complexes.73,149 Also, thermodynamic techniques, especially 
those based in single-crystal measurements,73 including torque 
magnetometry,150 can provide useful information about molecular 
anisotropy at different temperatures in order to obtain a reliable set of 
CFPs.  

This phenomenological approach was adapted by Ishikawa et al. 
when modelling the LnPc2 family for the first time.55 In the absence of 
UV/visible spectroscopic data, the authors proposed a model to determine 
the CFPs of a set of isostructural lanthanide compounds. This method 
consists in the simultaneous fit of the temperature dependence of powder 
magnetic susceptibilies and 1H NMR spectra, thus ensuring the correct 
orientation of the anisotropy axis, for the Tb, Dy, Ho, Tm and Yb 
derivatives. The molecular geometry was assumed to be strictly D4d, i.e. the 
two Pc rings placed parallel and staggered 45º with respect to each other. 
This allowed the simplification of the CF Hamiltonian to only the three 
diagonal CFPs per derivative, being expressed as: 

. In order to further limit the parameter space, HCF (J ) =B2
0O2

0 + B4
0O4

0 + B6
0O6

0
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a key restriction was imposed, defining each parameter as a linear function 
of the number of f electrons, n: 

 (1.5) 

 
where n0 was fixed to 10.5, the mean value of n for the lanthanide ions 

included in the collective fit. This procedure was able to describe the static 
magnetic properties of the family. It was later applied to the series LnW10, 

LnW22 and LnW30 relying merely on  χT data.62,63 This could provide an 
estimation of the CFPs, energy levels and wave functions of these three 
lanthanide polyoxometalate families with some of their derivatives 
exhibiting SMM behaviour. It is now widely recognised that a major 
shortcoming of this approach was to assume a linear dependence of the 
diagonal parameters on the number of f-electrons, which conveniently but 
arbitrarily restricts the degrees of freedom. Crucially, this sometimes 
results in unphysical evolution of the parameters, e.g. a change of the sign 
of the second-order aniosotropy parameter for a given coordination 
geometry. 

From the computational point of view, a substantial advance was the 
development of the CONDON program by Kögerler et al.,151 which uses the 
full Hamiltonian and determines the phenomenological CFPs from a fitting 
of the magnetic susceptibility data and/or energy levels.152 However, when 
dealing with molecular systems, this strategy requires the determination of 
a large number of CFPs, resulting in overparameterisation. Low-symmetry 
is clearly the bottleneck of the phenomenological approach. For example, in 
Ci symmetry the number of parameters to be determined is as high as 27, 
which makes their determination meaningless. Furthermore, in these cases, 
the idealisation of the chemical structure is often unreasonable. Since such 

Ak
q rk (n) = ak

q + bk
q (n − n0 )
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procedures involve a function of many variables which have to be fitted, 
starting from a good trial set of CFPs is necessary in order to reach good 
convergence with a minimum of error. 

A different strategy that involves the direct calculation of CFPs using 
very simple equations that relate the molecular structure with these 
parameters was proposed in the first third of the past century. The simplest 
procedure is based on the point charge electrostatic model (PCEM), 
subsequently improved by several semi-empirical models. These models, 
while very useful for quick predictions of the properties and for obtaining 
an initial set of CFPs, also need parameterisation to take into account 
covalency to provide a more realistic description of the observed properties 
of the system. We discuss here the differences between the most important 
of electrostatic models: 

- The Point Charge Electrostatic Model (PCEM)135 is the simplest 
approximation. The model parameterises the electrostatic field generated 
by the charge distribution around the metallic centre as a sum of Coulomb 
fields created by point charges placed at the crystallographic atomic 
positions. In its simplest form, it only considers the first coordination 
sphere. The value of the point charges is assumed to be that of the formal 
charges of the coordinated atoms, e.g. Zi = 1 for F-, Cl-, OH-, or Zi = 2 for O2-. 
The fundamental equations which determine the CFPs in the PCEM will be 
described with more detail in the next chapter (Equations 2.1). The model 
completely disregards covalency and it can only be considered as a rough 
approximation for ionic systems, predicting the correct sign of the 
parameters in these complexes. When comparing with the experimental 
values, the CFPs calculated by PCEM are considerably overestimated for k 
= 2, reasonable for k = 4 and greatly underestimated for k = 6.131 
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- The Effective Charge Model (ECM)153 has offered more promising 
results (see for example the work of Klokishner et al.).154,155 It has been able 
to reproduce sets of CFPs in many cases, being a more limited 
approximation in systems with a higher covalent character. The model 
reproduces the covalent effects by changing both the position and the 
magnitude of the charges. The ECM includes as effective charges all atoms 
that are placed in a 100 Å radius sphere.  

- The Simple Overlap Model (SOM)156–158 was designed to deal within 
4f 4f transitions in lanthanide complexes. The developers of the model 
used the PCEM as a starting point and suggested the delocalisation of the 
charge density between the lanthanide ion and the nearest neighbour 
atoms. The SOM postulates: (i) the potential energy of the 4f electrons is 
produced by charges uniformly distributed over small regions located 
around the middle distance between the lanthanide ion and the ligands, 
and (ii) the total charge in each region is proportional to the magnitude of 
the total orbital overlap between the lanthanide-ligand pair. As a major 
advantage compared with ECM, SOM only needs to consider the first 
coordination sphere and does not include free parameters. The input 

distance ri is related to the crystallographic distance Ri by ri = Ri·(1± ρj)/2 

with ρj = 0.05·(R0/Rµ)3.5, where ρj is the overlap between a 4f orbital and the 

valence orbitals of the ligand, and R0 and Rµ are the smallest among the 
distances metal-ligand and the metal-ligand distance for each donor atom, 
respectively. The effective charges Zi are related to a tabulated charge gi by 

Zi = |gi|·ρi , they are very similar to the ones of ECM.158  
- The Angular Overlap Model (AOM)159 is a general method that 

includes specific parameters to describe the interaction between the 
lanthanoid ion and the ligand. These parameters are directly linked with 

↔
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the  σ, π, δ and ϕ-bonding character of the ligands. The model discriminates 
the angular part and the electrostatic effects. According to their postulates, 
(i) the energies of the f-orbitals are determined as a perturbation that is 
proportional to the squares of the metal-ligand overlap integrals. (ii) the 
perturbation matrix generated by an apical ligand is diagonal if the basis of 
the f-orbitals is defined from a coordinate system xyz, and (iii) the 
contributions from different ligands are additive. Like SOM, it allows to 
classify the ligands in terms of their relative covalence, and allows an 
interpretation of the CF parameters in terms of the nature of the ligands 
and their coordinates. Note that the three previous models all shared the 
signs of the CFPs established by PCEM. However, in the AOM the signs of 
the CFPs depend on an angular paramater. This is an advantage of this 
approach, which can be considered more versatile, allowing the 
rationalisation of systems with rigid polyhapto ligands.  

The models that we are going to introduce in this dissertation are 
framed within this type of CF models derived from the PCEM. All of them 
are relatively easy to apply, as they only require crystallographic positions 
as input. These approaches are necessarily oversimplified, leaving a large 
part of the physics out of the picture. However, they can produce a 
reasonable magnitude order in the CFPs calculation and a key advantage is 
that they have an inexpensive computational cost. This is of crucial 
importance, if we keep in mind there is no general and realistic solution to 
deal with low-symmetry real complexes. Thus, there is a value in effective 
electrostatic models which reduce the degrees of freedom for the 
simulation of a 4fN configuration energy level scheme. 
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1.2.2 First principles 
 

Post Hartree-Fock multi-configurational calculations have for some years 
been the default option for the theoretical characterisation of lanthanide 
SIMs, as first principles methods are expected to be more exact compared 
with the more intuitive electrostatic methods. These calculations are 
commonly called ab initio, which is a Latin term that translates as ‘from the 
beginning’, meaning in this case ‘from the first principles’. Unlike semi-
empirical methods, the ab initio approach does not use experimental data to 
be fitted. Thus, their results are derived from the fundamental constants 
introduced by the applied quantum physical laws. The great strength of 
this computationally expensive approach is the possibility of progressively 
and objectively improving the quality of the method. The systematic 
procedure of increasing the quality of the basis set, enlarging the 
embedding and the active space -within reason- and, most importantly, 
including more correlation effects,160 should consistently produce a 
convergent set of results.   

The most broadly employed ab initio multi-configurational approach 
in lanthanides is based on the complete active space self-consistent field 
(CASSCF).161–163 Nowadays, CASSCF is implemented in several 
computational packages such as MOLCAS (the most used in molecular 
magnetism),164 Gaussian,165 Orca166 and MOLPRO167. The basics of this 
approach lies in the splitting of the molecular orbitals into three main 
classes when building the CASSCF wave function. These are the inactive 
(double-occupied), active space and virtual (empty) blocks. The method 
computes a full configuration-interaction (full-CI) in the active space, 
within the mean field created by the inactive block. Based on this 
variational approach, the wave function is written as a linear combination 
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of all possible configurations (Slater determinants). The energy 
minimisation procedure is self-consistent with the coefficients of the 
configuration state functions and the molecular orbitals. The description of 
electronic near-degeneracies and excited states makes the model adequate 
to estimate ligand-field states in lanthanoid SIMs. The bottleneck of this 
approach is the increase of the computational cost which is proportional to 
the number of Slater determinants created by a particular subspace. 
Between the attemps to restrict the set of these functions, one can mention 
the restricted active space self-consistent field (RASSCF) method that 
reduces the number of electrons in specific active spaces.168 On the other 
hand, CASSCF wave functions take only into account the static correlation. 
Dynamical correlation energy, which is necessary to obtain accurate results, 
may be calculated using the perturbative method CASPT2.169 This approach 
provides a second-order perturbation on the CASSCF input states. 

In molecular magnetism, the standard procedure when studying 
trivalent lanthanoid complexes using the ab initio approach is the 
CASSCF/RASSI-SO method. It is based on the restricted active space state 
interaction (RASSI),170 which is included in the MOLCAS package164 and 
considers spin-orbit coupling as non-perturbately. The active space 
includes all f-electrons and the seven 4f orbitals. The spin-orbit interaction 
is considered according to the Douglas-Kroll-Hess Hamiltonian in the 
mean-field approximation, which accounts for relativistic effects.171 The 
energy levels are calculated after diagonalising the spin-orbit coupling 
using the CASSCF wave functions that have previously been optimised for 
each spin. As in lanthanides the spin-orbit is an order of magnitude larger 
than the CF effect, one needs to optimise and include the maximum 
number of CASSCF spin states as possible in the spin-orbit diagonalisation. 
This is a consequence of the fact that this procedure applies spin-orbit 
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coupling after, rather than before, the ligand field. With this regard, the 
best possible calculation concerning this limitation is the CASSCF 
optimisation of every Russell-Saunders state and their inclusion in the 
diagonalisation matrix. Because it is a computationally demanding method, 
the calculation of the maximum number of spin states originated by the 4fN 
configuration needs the application of state-averaged CASSCF. Within this 
strategy the energy average of the demanded configuration-interaction 
roots is minimised by molecular orbital optimisation. An interesting review 
concerning the extraction of the magnetic Hamiltonian by different 
computational methods has been reported by Guihéry et al.172  

In a second step, experts in the CASSCF/RASSI-SO method who deal 
with the modelling of lanthanide SIMs use the SINGLE_ANISO program.173 
This routine permits to compute the static magnetic properties (van Vleck 
susceptibility tensor and function, molar magnetisation vector and 
function) and the 27 CFPs. The CFPs are determined by a descomposition 
of the CF matrix in irreducible tensor operators (ITOs) and in extended 
Stevens operators working in the ground 2S+1LJ multiplet. In the meanwhile, 
the projections of the total angular momentum with respect to the reference 
coordinate frame are also calculated.   

In spite of the great popularity of this approach –one can find near a 
hundred of relevant results from Web of Science concerning the application 
of MOLCAS in f-element molecular magnetism–, and its success in the 
prediction of magnetic molecular anisotropy, Kögerler et al. recently 
pointed out the main issues derived from the application of 
CASSCF/RASSI-SO and how their results are interpreted in lanthanide and 
actinide systems.152 That work also remarked the better performance of full 
vs. effective models in the description of the observables. Benchmarking of 
ab initio correlated methods goes back to a pioneering paper of Hirao et 
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al.,174 where it was shown that CASSCF wavefunctions overestimate 
Coulomb repulsion, while ligand field restricted active spaces 
underestimate the CF splitting. Other articles using high-quality 
spectroscopic measurements have encountered some deviations between ab 
initio calculations and experimental data in the low-lying energy levels.175–

177 In a few examples, semi-empirical scale factors have been employed to 
bridge this gap,176,177 which were attributed to either the thermal evolution 
of the molecular structures upon temperature variation, the limited size of 
the employed basis sets or unaccounted dynamical correlation. In this 
context, Mulak and Gajek concluded that “nowadays except the passive-
phenomenological description of the crystal field effect we have at our 
disposal no effective crystal field theory based on reliable microscopic 
model which would be enough rigorous and simultaneously useful and 
handy for experimentalists”, emphasising the great challenges that still 
exist in the study of f-element coordination complexes.178 A full assessment 
of the accuracy of both effective and ab initio methods remains an open 
problem and will require systematic further efforts from both the 
experimental and theoretical side. In section 6.4 and Chapter 9 of this 
thesis, we will come back to these relevant issues, benchmarking the 
capabilities of the models and analysing the effects of the thermal-
dependent structural effects over the energy levels.  
 

1.3 Applications 
 
Since the discovery of the first SMM in the early 1990s,20 molecular 
nanomagnets have been proposed as promising candidates for the 
development of high-density magnetic memories,179 magnetic 
refrigeration180 and several applications in molecular spintronics,181 



1. Introduction to f-block molecular nanomagnets 

34 
 

nanotechnology182 and quantum computing devices183. These molecular 
entities combine the macroscale properties of classical magnets with the 
quantum ones arising from their nanoscale size. In this section we are going 
to overview the potential applications of these systems in nanomagnetism, 
in particular in quantum computing and molecular spintronics. 
 

1.3.1  Quantum computing 
 
One of the most encouraging potential applications of SMMs and SIMs is 
their integration as the building blocks of quantum computers. Quantum 
computing is a new paradigm in computer science based on the explicit use 
of quantum-mechanical phenomena to implement logic operations for the 
purposes of information technology.184 The key difference when compared 
to conventional computers is that rather than store information in one of 
the two definite states ‘0’ or ‘1’, the basic units of a quantum computer are 
quantum bits (qubits) which can be a superposition of the basis states. A 
qubit is a quantum two-level system that may be represented as a linear 

combination of and : , where  α y β are probability 

amplitudes and can be complex numbers.  
As of the end of this thesis, the design of a real quantum computer is 

still in an embryonic stage. In recent years, a load of effort has been 
expended on finding physical systems to build such computers by applying 
the famous quantum circuit model of quantum logic gates established by 
DiVincenzo.185 Since then, several alternative approximations to quantum 
computation have arisen.186,187 The requirements are apparently simple. 
According to DiVincenzo, we need: (i) to initialise the qubit to a pure state, 
(ii) to perform any one-qubit gate, (iii) to prepare a superposition of states, 

0 1 ψ =α 0 + β 1
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(iv) to read the final state with a projective measurement, and it is 
indispensable (v) to have a sufficiently long decoherence time. This is why 
most works focus precisely on the experimental determination and 
theoretical rationalisation of relaxation times and the design of strategies 
for minimising decoherence.188 

 Qubits may be embodied in a large variety of physical and chemical 
systems.17 For many years, physicists have suggested a large range of 
quantum bits, such as trapped ions or trapped atoms,189–192 photons in 
quantum optical cavities,193,194 quantum dots195,196 and superconducting 
quantum interference devices (SQUIDs).197–199 Each of them has its strenghts 
and weaknesses.116 More recently, condensed matter systems have 
demonstrated a great suitability, entangling spin qubits separated by three 
metres,200 or showing room-temperature entanglement with storage times 
of the order of 1 ms.201 These exceptional results have been reported using 
nitrogen-vacancy (NV) defects in a diamond matrix, which –in contrast 
with trapped atoms or photons in cavities– are systems in the domain of 
chemistry and materials science.202  

In parallel, the ‘bottom-up’ approach based on chemical design was 
proposed, experiencing a fast development of the field of molecular spin 
qubits. This has been covered by several reviews covering both theoretical 
and experimental results.39,186,203–205 The chemical approach is centred on the 
study of individual spin qubits and their use as model systems for the 
implementation of quantum gates. Still, experimental results are in a very 
preliminary stage compared with the above-mentioned hardware 
candidates proposed by the physics community. The final goal is the 
organisation of these molecular spin qubits to aim for scalability.206,207 The 
main advantage that molecules present as hardware types to build up a 
quantum computer is that they can be tailored to give the targeted physical 
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behaviour. In this context, molecular nanomagnets are very attractive 
candidates. At low temperatures, SMMs function as an effective S = 1/2, i.e. 
a single qubit. Recently, it has been demonstrated that SMMs acting as 
single qubits can achieve strong and ultrastrong coupling regimes with 
superconducting circuits.208 Furthermore, the main strategies for the 
implementation of quantum algorithms in such nanomagnets were 
described by Ardavan et al.205 These propositions were followed by 
experiments utilising pulsed ESR techniques, showing that the phase 
relaxation times in at least some molecular magnets are long enough to 
permit multiple qubit operations. These operations can also take place via 
EPR pulses. Also, Landau-Zener transitions to enhance spin coherent 
manipulation in SMMs were discussed from a theoretical angle.209 
Interesting examples about the deployment of SMMs in quantum 
computing have been performed in Cr7M heterometallic wheels (T2 = 3.8 

µs), with M = Ni and Mn, where phase-coherence relaxation is dominated 
by the coupling of the d electron spin to protons within the molecule.205 
Other examples of spin qubit candidates based on magnetic clusters 

include the antiferromagnetic V15 POM (T2 = 0.1 µs) and Fe8 (T2 = 0.5 µs at 
1.2 K).210–213 The evolution of molecular spin qubits is rising very fast thanks 
to the design of increasingly coherent transition metal complexes. This is 
achieved, among other strategies, by employing ligands that are nuclear 
spin free and as rigid as possible. In this context, it has been demonstrated 
that the organic semiconductor copper phthalocyanine can provide T2 times 

as long as 2.6 µs at 5 K and 1 µs at 80 K, just above the boiling point of 
liquid-nitrogen, being an excellent candidate for quantum information 
processing.214 A spectacular success of this strategy was the Cu(II) 
monomer (PPh4)2[Cu(mnt)2] by the group of prof. van Slageren with 
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decoherence times in the order of decades of microseconds in the right 
conditions. again the (PPh4)2[Cu(mnt)2] complex, which shows an 
extraordinary potential for these purposes.82 During the final stage of this 
thesis, we have witnessed yet another significant breakthrough: a CS2 
solution of [V(C8S8)3]2−, where neither the ligands nor the solvent present 
nuclear spins, displayed T2 times aproaching the millisecond.215 This has 
changed the playing field by introducing "solubility in CS2" as an extra 
requirement to obtain new records in coherent molecular spin qubits. The 
molecular structures of the Cr7M wheel and the (PPh4)2[Cu(mnt)2] complex 
are shown in Figure 1.8, whereas the evolution of T1 and T2 vs. temperature 
for different spin qubits is plotted in Figure 1.9. 

 

 

    Figure 1.8:  Molecular structure of: (left) the Cr7M heterometallic wheel; (right) 
(PPh4)2[Cu(mnt)2] . 

 
On the same direction, several studies have been developed 

considering lanthanide single-ion magnets. Indeed, there exist full 
quantum computing proposals, including interactions between spin qubits 
in solid-state, which would also be applicable to a molecular crystal of 
lanthanoid SIMs.216 We can mention the determination of coherence times 
and the observation of Rabi oscillations in HoxY(1-x)LiF4

77 and the discovery 
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of qubits based on Er3+ diluted in a single crystalline matrix of CaWO4, 
isomorphic with YLiF4.217 

 
Figure 1.9:  Relaxation times T1 (circles) and T2 (squares) for different solid state spin 

qubit candidates, including magnetic molecules, versus temperature. Long T2 
times i.e. coherent systems, are difficult to achieve at high temperatures, but 
lately both chemistry and solid-state physics have been making quick 
progress. 

 
From a molecular perspective, the study of the mechanism of spin-

lattice relaxation of Er3+ ions encapsulated in polyoxometalate clusters was 
also considered.218 As the interaction with nuclear spins is a major source of 
decoherence for electron spins, such polyoxometalate-based molecules are 
in a privileged position to function as model spin qubits for sophisticated 
experiments aiming to address fundamental problems in quantum 
computing.219 Also of great interest for quantum computing is the case of 
HoW10, where a very effective way to eliminate decoherence based on 
atomic clock transitions, at which the quantum spin dynamics become 
protected against dipolar decoherence, has recently been discovered 
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(Coronado, E. & Hill, S. et al., Nature. In press). Continuing with lanthanide 
POM-based complexes for quantum information, the trivalent gadolinium 
ion of both the series LnW10 and LnW30 was investigated. In this thesis 
(Chapter 11) we describe the main characteristics of the GdW30 SIM,220 in 
which the number of coherent rotations was increased by a factor of 10 by 
matching the Rabi frequency with the frequency of the proton.221 In the 
same chapter, we theoretically discuss the possibilities of HoPd12 as a 
molecular spin qubit.222 In these systems, it is essential to understand the 
CF splitting and especially the quantum tunnelling splitting. In that sense, 
both the computational and theoretical tools developed throughout this 
Ph.D. work are intended to help in the understanding and further 
development of this molecular approach for quantum information 
purposes. 

Beyond single-qubit systems, several works have been focused on the 
synthesis and characterisation of molecular architectures which can 
embody more than one qubit. Many of these structures do possess weakly 
coupled electron spins.223–225 An attractive research line focuses on the 
preparation of actual entanglement, what means the existence of non-trivial 
superpositions between more than one qubit. The full process of 
initialisation, gating and readout would be a fundamental task to apply to 
the entangled qubits in the next decades. So far, universal single-qubit 
gates applying a time-dependent magnetic field on the spin cluster have 
been developed on a simpler and more feasible scheme. Molecular clusters 
with two Tb3+ ions showed the capability to implement a C-NOT quantum 
logic gate, which also provided a method to realise a SWAP gate in the 
same cluster (Figure 1.10).226 Later on, an introduction to the requirements 
for a coordination compound to act as a two-qubit quantum gate was 
proposed in a tutorial review published by Aromí et al.225 In that work two 
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successful synthetic chemical strategies were presented, preparing a family 
of asymmetric dinuclear lanthanide complexes with weak magnetic 
coupling in which most of the analogues satisfy the requirements to act as 
2-qubit C-NOT or SWAP quantum gates. This was latterly extended to treat 
heterometallic [LnLn’] complexes,227 where the individual qubit properties 
of the lanthanide ions could be investigated by fabricating derivatives 
where one of the two centres (Ln or Ln’) is a diamagnetic ion. Evidence for 
a proper definition of qubit states at low temperatures for each individual 
ion of the [Tb2] and [CeEr] analogues could be obtained and magnetic 
coupling was also determined. 

 
Figure 1.10: An EPR pulse can reverse the orientation of the magnetic moment of a Tb3+ 

ion, provided its neighbour is pointing ‘‘up’’. This selective switching is 
equivalent to the quantum logic gate Controlled-NOT (C-NOT).  

 
1.3.2  Molecular spintronics 

 
Spintronics (spin-based electronics) is a relatively new research field whose 
main goal is the active manipulation of the electron spin degrees of 
freedom in solid-state systems for carrying information.114 The origin of this 
area goes back to the discovery of the “giant magnetoresistive” (GMR) 
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effect independently by Fert and Grünberg in the late 1980s.228,229 Unlike the 
conventional electronic devices, which rely on the electrons motion and 
their charge, spintronic devices also aims at controlling the electron spin 
states. This additional degree of freedom is expected to improve the speed 
and storage capacity with respect to electronic devices. Spintronic systems 
have experienced a fast development and currently are used in a range of 
applications. These include read-heads devices, non-volatile magnetic 
memories (MRAM),230,231 spin-transfer nano-oscillators (STNOs)232 and 
quantum bits in a quantum computer.233 These systems, based on inorganic 
metals and semiconductors, are considered the first real application of 
nanotechnology. 

At present, the evolution of molecular electronics and molecular 
magnetism has led to the emergence of molecular spintronics,234,235 which 
combines the ideas and concepts developed in spintronics with the singular 
possibilities offered by molecular electronics and molecular magnetism. 
This field can be divided into two major areas: molecule-based spintronics, 
commonly known as organic spintronics (especially by the physics 
community), and single-molecule spintronics.236 The first one relies on the 
fabrication of novel devices that replace inorganic metals and 
semiconductors by molecular-based materials with the aim of enhancing 
the properties of conventional spintronics devices and reducing their price. 
The second intends to study individual magnetic molecules as main 
components of nanospintronic devices. This approach has a series of 
advantages, such as: (1) the possibility of designing devices at a molecular-
scale limit, (2) the use of organic molecules (weak spin-orbit and hyperfine 
interactions) that can preserve their spin over times and distances much 
longer than in conventional semiconductor systems, and (3) the formation 
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of self-organised nanostructures based on previously designed molecules 
that are in addition easy to manipulate. 

In the early stages of spintronics, molecules were used as model 
systems to study and determine the underlying mechanisms at a 
fundamental level.125 Within this regard, POMs were suggested as 
interesting model systems due to their advantageous chemical, structural 
and electronic features.125,58 In particular, mixed-valence POMs were 
investigated in order to understand the possibilities that these systems offer 
for electrical control of the spin state.237,238 Subsequently, ambitious projects 
from a theoretical point of view were conducted on electrically switchable 
magnetic POMs: [PMo12O40(VO)2]q- (Figure 1.11),239,240 
[PMo12O40{Ni(phen)2(H2O)}2] and K2Na6[GeV14O40]10H2O (in short, V14).241–243 
These included multiconfigurational studies involving big matrices, DFT 
calculations and vibronic coupling. Although most of the work developed 
until now remains theoretical, these theoretical advances pave the way for 
developing experimental realisations of these proposals.244 

 
Figure 1.11: (left) Proposed setup to implement two-qubit gates onto [PMo12O40(VO)2]q-; 

(right) during  τgate the voltage is Vg,on and the Keggin structure hosts an extra 
electron, which induces a rapid exchange of the vanadyl spins. 
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In 2008, Bogani and Wernsdorfer reported an excellent progress article 
where the challenges in single-molecule spintronics were outlined.245 The 
authors proposed three different schemes to build up spintronic devices 
with one or a few molecules. These are: (1) a molecular spin-transistor, 
where a magnetic molecule is embedded between two non-magnetic 
electrodes, (2) a molecular spin-valve, which is similar to the former but 
containing at least two magnetic elements, and (3) molecular multidot 
devices, based on a controlled number of molecules or multiple centres 
inside the molecule. The proposed building-blocks for these devices were 
individual SMMs such as Mn12,246 Co(TerPy)2

247 and the divanadium 

molecule [(N,N’,N’’-trimethyl-1,4,7-triazacyclononane)2V2(CN)4(µ-C4N4)].248 
Unfortunately, the practical construction of these SMM-based spintronic 
devices was not achievable due to several shortcomings within these 
particular molecular systems.  

More recently, the performance of a SIM combined with an organic 
radical to design such spintronic devices has been conceived in order to 
overcome the obstacles presented by the above-mentioned SMMs.249 
Groundbreaking results have been obtained with the neutral trivalent 
terbium complex [TbPc2

0].33,250–252 Beyond its robust character and the high 
anisotropy barrier, the advantages that this nanomagnet does possess are: 
(i) the conjugated structures of the phthalocyaninato ligands with a 
delocalised S = 1/2 radical, (ii) the flat ‘double-decker’ structure, showing 
uniaxial anisotropy that favours the absorption of the molecule on surfaces, 
and (iii) the sublimability under UHV conditions.253 In addition, the 
presence of the molecule in the junctions can be identified owing to the 
strong couplings between the electron and the nuclear spins in the TbPc2 
complexes. These characteristics permitted the practical achievement of the 
molecular schemes proposed a decade ago through the fabrication of 
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spintronics devices such as spin transistor, spin valve and spin resonator. 
They are fabricated using new hybrid devices based on carbon nanotubes 
coupled to a molecule of bis(phthalocyaninato) terbium(III) SIM.254,255 This 
was inspired by the successful encapsulation of Mn12 in carbon nanotubes, 
yielding this type of hybrid nanostructures that combine the SMM 
properties of the guest molecules with the functional properties of the host 
nanotube.256 Also, magnetic bistability of individual iron(III) SMMs grafted 
to carbon nanotubes has been reported.257 

Other examples of lanthanide complexes with interest in molecular 
spintronics include NdPc2 adsorbed on Cu(100), whose 4f orbitals can be 
directly accessed by scanning tunnelling microscopy, contributing to 
charge transport.258 On the other hand, systems incorporating a radical, 
which can be interesting in the future for these purposes, are those based 
on the nitronyl nitroxide (NIT) ligand,259,260 as for example the 
{Ln(hfac)3(NIT-R)n} analogues.261–263 A related interesting compound is the 
terbium derivative of [Ln(NIT-pic)3], which is coordinated by the radical 
NIT-picolinate, and also exhibits slow relaxation of the magnetisation.264  

Nevertheless, in spite of the success obtained using the TbPc2 

analogue,265 there are still very important challenges to be overcome. These 
include the design of SMMs with higher operating temperatures at which 
magnetic phenomena occur, the further exploration of the behaviour of 
SMMs deposited on surfaces, as most of the molecules are very fragile and 
react with the metallic surface, the study of the ability of SMMs to retain 
their magnetic properties when they are linked to electrodes, and finally 
the creation of specific and reproducible contacts between the molecule and 
the surface. 
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The first objective of this thesis was the development of a computational 
package intended to calculate the spectroscopic and magnetic properties of 
lanthanide complexes using their chemical structures. At the beginning of 
this project, only a few examples of SIMs had been reported (see section 
1.1.1 for details).52 Hence, a general requirement in molecular magnetism 
was the setting up of a software package capable to rationalise the 
conditions that could favour slow relaxation of the magnetisation.  

The first families of SIMs had been studied using an effective crystal 
field Hamiltonian, where the phenomenological ligand field parameters 
were extracted by simultaneous optimisation of static magnetic 
susceptibility and 1H-NMR paramagnetic shift data.55 To avoid 
overparameterisation, this approach makes two key simplifications: (1) the 
chemical structure is idealised, determining which CFPs are non-negligible 
in terms of the point group of the idealised molecule, and (2) each ligand-
field parameter is treated as a linear function of the atomic number of the 
lanthanoid. Because the actual molecular structure is not taken into account 
in such a phenomenological ligand field model, its predictive power is in 
general limited. To overcome this problem, a different approximation 
introducing the real structure as an input was needed. As starting point, 
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Development of the 
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the point-charge electrostatic model (PCEM) was chosen due to its 
simplicity and versatility.135 The main advantage of this model is that it 
permits the estimation of the CFPs using the chemical structure in an 
inexpensive way. An additional advantage is that it can be deeply 
improved by adding minor modifications, overcoming most limitations of 
the initial model, in order to provide an initial set of CFPs for further 
explanations using the full Hamiltonian.131,266 

In this chapter, the developed software package is presented and 
described, exemplifying its use. The program, called SIMPRE (Single-Ion 
Magnet PREdiction),267,268 has been completely written in standard portable 
Fortran 77. It is important to remark that SIMPRE is the main tool of this 
thesis and that has been applied to the vast majority of examples presented 
herein.  

 
Figure 2.1:  Logo of the freely distributable SIMPRE Computational Package: designed by 

Dr. Salvador Cardona-Serra. 
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2.1 Methods 
 

As introduced above, SIMPRE uses an additive CF model, where the 
contributions of each ligand are taken into account separately. The oldest 
and simplest model of this kind is the point charge electrostatic model 
(PCEM) introduced by Bethe in 1929.135 Within this model, the CFPs can be 
calculated placing formal charges of the coordinated atoms in the atomic 
coordinates of the system. However, this approach does not take into 
account covalence effects and does not offer reliable sets of CFPs capable to 
predict and reproduce the observed magnetic and spectroscopic 
properties.121 These limitations could subsequently be improved by 
developing several related semi-empirical models.156–159,269 

In the program, the environment in which the spin carrier is 
surrounded is represented by the CF potential, which is built from 
spherical harmonics. The Russell-Saunders (or LS) coupling scheme is 
adopted, where spin-spin coupling > orbit-orbit coupling > spin-orbit 
coupling. Such an approximation, widely used in the description of the 
magnetic properties of lanthanide compounds,270 neglects excited 
multiplets and inter-multiplet interactions. A comparison between the 
results of the ground multiplet CF splitting obtained with the full 
Hamiltonian versus the ones using the LS coupling scheme in the complex 
Er(trensal) showed differences in the energy scheme of less than 2 cm-1 in 
each level. 268 These slight differences, that are accompanied by a too high 
computational cost when using the full Hamiltonian approach, justify the 
assumption that has been taken in the development of the package, which 
is compatible with the main goal of SIMPRE: the prediction of new 
derivatives as simple, and computationally inexpensive, as possible.   
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The CF Hamiltonian is applied to the total angular momentum 
components of a given centre and resolved after deriving the CFPs of the 
ground J-multiplet. The code parameterises the electric field effect 
produced by the surrounding ligands, acting over the central ion, by using 
the CF Hamiltonian expressed in terms of the Extended Stevens Operators 
(ESOs) (see Chapter 1, Equation 1.2).138 According to the Stevens 

formalism136 the CFPs are expressed as Bk
q = akAk

q rk . In SIMPRE, the 

expectation values <rk> have been corrected by the product <rk>cal·(1-σk), 

taking into account the Sternheimer shielding parameters (σk) of the 4f 
electronic shell.271 All this tabulated coefficients are reported in Table 2.1. 
They are introduced as constants in the subroutine LANTA of the main 
code.   
 

Table 2.1:   Stevens operators ( α, β, γ), expectation value of rk and Sternheimer shielding 

parameters (σk) for the series of lanthanoids included in the package. 
 

Ion  α  β  γ  <r2>cal <r4>cal <r6>cal   σ 2 σ 4 σ 6 

Ce3+ -5.71·10-2 6.35·10-3 0 1.456 5.437 42.26 0.515 0.0138 -0.0301 

Pr3+ -2.10·10-2 -7.35·10-4 6.10·10-5 1.327 4.537 32.65 0.515 0.0138 -0.0301 

Nd3+ -6.43·10-3 -2.91·10-4 -3.80·10-5 1.222 3.875 26.12 0.518 0.0130 -0.0310 

Pm3+ 7.71·10-3 4.08·10-4 6.08·10-5 1.135 3.366 21.46 0.519 0.0109 -0.0314 

Sm3+ 4.13·10-2 2.50·10-3 0 1.061 2.964 17.99 0.519 0.0077 -0.0317 

Tb3+ -1.01·10-2 1.22·10-4 -1.12·10-6 0.893 2.163 11.75 0.523 -0.0107 -0.0318 

Dy3+ -6.35·10-3 -5.92·10-5 1.04·10-6 0.849 1.977 10.44 0.527 -0.0199 -0.0316 

Ho3+ -2.22·10-3 -3.33·10-5 -1.29·10-6 0.810 1.816 9.345 0.534 -0.0306 -0.0313 

Er3+ 2.54·10-3 4.44·10-5 2.07·10-6 0.773 1.677 8.431 0.544 -0.0427 -0.0310 

Tm3+ 1.01·10-2 1.63·10-4 -5.61·10-6 0.740 1.555 7.659 0.554 -0.0567 -0.0306 

Yb3+ 3.18·10-2 -1.73·10-3 1.48·10-4 0.710 1.448 7.003 0.571 -0.0725 -0.0300 



Development of the theoretical framework 

51 
  

Regarding the notation of the CFPs, as mentioned in the preceding 
chapter, there are numerous parameterisation schemes for the effective HCF 
and it is essential to be consistent with the prevailing conventions reported 
in the literature to avoid confusion.268 Interesting works that clarify the 
notations of these conventions are those of Mulak and Gajek,178,272 
Hutchings273 and Rudowicz.147,148 ESOs were chosen due to its adequacy to 
the L-S coupling scheme programmed into the software.17 The definitions 

of operators are consistent with Hutchings, Mulak and Gajek and 

Stevens, but for clarity all the definitions of the positive and negative 
operator ranges (q) of the Stevens operators are reported with their explicit 
forms in Table 2.2.  
 

Table 2.2:   Explicit list of the extended Stevens operators  used in the SIMPRE 
computational package, X = J(J+1). 
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The  CF parameters, presented in Chapter 1 (Equation 1.2), are 

determined by the following relations268,274,275:                       
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4 + J−
4 )(11Jz

2 − X − 38)+ (11Jz
2 − X − 38)(J+

4 + J−
4 )]

O6
−4 ≡O6

4 (s) = −i
4
[(J+

4 − J−
4 )(11Jz

2 − X − 38)+ (11Jz
2 − X − 38)(J+

4 − J−
4 )]

O6
5 ≡O6

5 (c) = 1
4
[(J+

5 + J−
5 )Jz + Jz (J+

5 + J−
5 )]

O6
−5 ≡O6

5 (s) = −i
4
[(J+

5 − J−
5 )Jz + Jz (J+

5 − J−
5 )]

O6
6 ≡O6

6 (c) = 1
2
[(J+

6 + J−
6 )]

O6
−6 ≡O6

6 (s) = −i
2
[(J+

6 − J−
6 )]

Ak
q
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 (2.1a) 

q < 0 (2.1b) 

q > 0 (2.1c) 

  where Ri, θi and ϕi are the effective polar coordinates of the point 
charges, and Zi is the effective point charge, associated to the i-th donor 
atom with the lanthanoid at the origin. N is the number of ligands; e is the 
electron charge, Zkq are the tesseral harmonics expressed in terms of the 
polar coordinates for the i-th donor atom and pkq are the prefactors of the 
spherical harmonics. 

From the relations141 between the ESOs and Wybourne operators, the 
Stevens CFPs and the Wybourne CFPs are obtained via the following 
conversion relations274: 

,  for q <0,  for q <0       (2.2) 
 

 The conversion factors  between the Stevens CFPs and the 

Wybourne CFPs can be found in Table 2.3. 141  
 

Table 2.3:  Conversion factors  λkq for the relation in the expressions 2.2. 

  

λk0Ak
0 rk = Bk0 λkqAk

q rk = ReBkq λk|q|Ak
q rk = ImBk|q|

λkq

    q 
k  

0 1 2 3 4 5 6 

2 2 1/ √6 2/ √6     

4 8 2/ √5 4/ √10 2/ √35 8/ √70   

6 16 8/ √42 16/ √105 8/ √105 16/3 √14 8/3 √77 16/ √231 

Ak
0 = 4π

2k +1
Zie

2

Ri
k+1

i=1

N

∑ Zk0 (θi ,ϕi )pkq

Ak
q = 4π

2k +1
Zie

2

Ri
k+1

i=1

N

∑ Zc
kq (θi ,ϕi )pkq

Ak
q = 4π

2k +1
Zie

2

Ri
k+1

i=1

N

∑ Z s
k|q| (θi ,ϕi )pk|q|
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The non-negligible CFPs are determined by the symmetry of the 
molecule. Often, the assumed point group symmetry only takes into 
account the first coordination sphere. In SIMPRE, it is a general procedure 
to calculate the CFPs using the first coordination sphere of real structures, 
yielding the full set of CFPs. The ground J multiplet energy level scheme is 
calculated by the diagonalisation of the Hamiltonian. 

To calculate the magnetic properties, SIMPRE introduces the 
interaction between the electron spin and an external magnetic field along 

the z-direction via a Zeeman term : 

 (2.3) 

  

where gJ is the Landé g-factor for the ground J-multiplet,  µB is the 
Bohr magneton, BZ is the external magnetic field along the z-direction and 

is the z-component of the total electronic angular momentum operator. 

Once we have the eigenvalues of the system at different magnetic 
fields or temperatures, one can evaluate the partition function Z and the 
different thermodynamic poperties of the system, such as magnetisation 
and magnetic susceptibility by the following fundamental definitions2,276: 

 
 

(2.4) 

 
 

(2.5) 

 

ĤZEE

Ĵz

M = NkT ∂lnZ
∂H

χ = ∂M
∂H

⎛
⎝⎜

⎞
⎠⎟ H→0

ĤZEE = gJµBBz ·Ĵz
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2.2 Organisation of the code 
 

The organisation of the whole program is shown as a schematic chart in 
Figure 2.2. It can be briefly described as follows: The main program starts 
by calling the READ subroutine, which reads the include files simpre.par 
and simpre.dat. The information of both files is verified and the program 
proceeds to initialise a large common block area containing the data needed 
to run a calculation. The file simpre.par contains the options yes or no that 
the user switches for the calculation, e.g. calculation of the magnetisation. 
simpre.dat contains the basic data: magnetic centre, cartesian or spherical 
coordinates, effective charges and conditions for the calculation of the 
magnetisation and magnetic susceptibility.  

In subsequent steps the main program calls ROTA, BKQ and ENER, 
which together solve the Hamiltonian problem. Subroutine ENER creates 
the main output file (simpre.out) containing in a schematic way all the 
information concerning the system definition, the errors and warnings 
generated at the different steps of the initialisation process. Last but not 
least, if the corresponding option is activated in simpre.par, SUS and MAG 
are called to calculate the magnetic susceptibility and the magnetisation. 
The rest of this subsection analyses this scheme with more detail.  

At the beginning the program accepts as main input simpre.par, where 
the user specifies the following points:   

- the dimension of the full energy matrix 
- the units of the output CFPs and energy levels: kelvin (K), 

millielectronvolts (meV) or wavenumbers (cm-1) 

- spherical (R, θ, ϕ) or cartesian (x,y,z) input coordinates 
- the use of the Sternheimer shielding parameters (yes/no) 
- rotation for a compact ground-state wave function (yes/no) 
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- calculation of the magnetic susceptibility (yes/no) 
- calculation of the magnetisation (yes/no) 
- eigenvalues reported in the output file (yes/no) 
- the maximum number of charges 
 

 

 

Figure 2.2:  General organisation of the SIMPRE package showing the different 
subroutines. 

 
In the second external input file, called simpre.dat, the user may define: 
- the lanthanide ion code   
- the number of coordinated charges  
- the coordinates (either cartesian or spherical) and the charge value 

of each atom in the first coordination sphere 
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- if the user wants to calculate the magnetic susceptibility: the 
conditions (range of temperatures, magnetic field and number of 
points) for the calculation of the temperature-dependent magnetic 
susceptibility. 

- if the user wants to calculate the magnetisation: the conditions 
(temperature, maximum value of the magnetic field, field 
increment and the number of angles in the integration procedure) 
for the calculation of the magnetisation.    

 
After the initialisation process, the main program enters in ROTA, 

which may be used to determine the most compact description of the 
ground state wave function according to the charge distribution introduced 
as an input. If the corresponding option has been activated in simpre.par, 
ROTA performs rotations around the Euler angles277 (see Figure 2.3 and 
Expressions 2.6) and in each step calls BKQ and ENER.  

 

 

 

Figure 2.3:    Euler angles (Image by Lionel Brits /CC BY 3.0). 
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 Each set of coordinates (x,y,z) are calculated from the input 
coordinates (X,Y,Z) using the following expressions142: 

 

(2.6a) 
(2.6b) 
(2.6c) 

 

where  α, β and γ  are the Euler angles represented in Figure 2.3. 
Subsequently, BKQ calculates the CFPs, and ENER determines the 

wave functions and wave vectors of each energy level for each set of 
coordinates. The matrix Hamiltonian is diagonalised by a standard 
subroutine ZHPEV of the LAPACK Mathematical Library.278 

The criterion for ROTA is the following: the selected orientation will 
be the one that results in the purest wave function, measured by the 
addition of the highest squared coefficient for each energy level. Of course, 
the orientation of the coordinate axis is rather arbitrary and it certainly does 
not alter the calculated averages properties. So, this step can be skipped for 

certain applications, e.g. when calculating the  χT product of a powder 
sample, or if the desired orientation is known beforehand. For example, for 
ideal or nearly ideal systems, an external program may be used to orient 
the molecule, so that the z axis is aligned with the main symmetry axis. At 
this point it is important to stress that the state basis depends on the 
orientation. Thus, a random orientation produces in general a higher 
number of parameters and more complicated wave functions, and is thus 
not suited for meaningful comparisons.    

If the magnetic properties of the lanthanoid complex are to be 
evaluated, the corresponding options have to be marked in simpre.par. As a 

X = x(cosα ·cosβ ·cosγ − sinα ·sinγ )+ y(−cosα ·cosβ ·sinγ − sinα ·cosγ )+ z(cosα ·sinβ )
Y = x(sinα ·cosβ ·cosγ + cosα ·sinγ )+ y(−sinα ·cosβ ·sinγ + cosα ·cosγ )+ z(sinα ·sinβ )
Z = x(−sinβ ·cosγ )+ y(sinβ ·sinγ )+ z(cosβ )
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consequence, the different subroutines associated to these properties are 
called from ENE. These subroutines are MAG and SUS and they calculate 
magnetisation and magnetic susceptibility, respectively. To calculate the 
magnetisation and the susceptibility a new evaluation of the energy matrix 
that includes the additional interaction of the system with the external field 
(Zeeman effect) is required. This new contribution is evaluated in the 
secondary subroutine ZEE (not included in the diagram). To obtain a 
proper evaluation of these properties for powder samples, MAG and SUS 
subroutines assure a correct integration of the properties over the different 
orientations of the external magnetic field. SIMPRE returns from SUS and 
MAG different output files containing the evaluated properties in a column 
text type format that allows an easy plot for graphic package: sus.out and 
mag.out. 

Regardless of whether or not sus.out and mag.out are produced, an 
execution of SIMPRE will generate at least one output file, namely 
simpre.out. Such file contains the result of the final coordinates and the 
diagonalisation of the Hamiltonian problem, i.e. the basis function set and 
the list of eigenvalues and eigenvectors. Additionally, it may include 
different messages of warnings and errors to help checking the coherence 
in the system definition, resulting in a guide to follow the different steps in 
the calculation.    

Throughout the progress of this Ph.D. thesis, several patched versions 
of the package have also been developed to solve concrete problems. These 
versions include the determination of the easy axis orientation, the 
evolution of the energy level scheme under an applied magnetic field, the 
simulation of single-crystal rotations and the fitting of experimental data 
such as magnetic susceptibility or spectroscopic energy levels.  
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2.3 Application to an ideal cube 
 

In this subsection, the application of the program to an ideal cube (LnX8) is 
described. This particular geometry is attractive from a theoretical point of 
view, due to its high symmetry. Many of the coordination polyhedra for 
octa-coordinated systems can be considered as derived from a distorted 
cube. Hence, the spherical coordinates of eight identical charges (Zi = 1) 
placed on the vertices of an ideal cube are introduced in simpre.dat. The 
distance between the lanthanide and the donor atoms (X) is fixed to 2.5 Å. 
The lanthanide ion is located at the origin of the system of coordinates. The 
coordinate axes coincide with the fourfold rotation axes, making the 
directions x, y and z equivalent. The input coordinates are reported in Table 
2.4 as follows:  

 
Table 2.4:   Spherical coordinates (Ri, θi, ϕi) and charges (Zi) for the ligands in a cube (Oh). 
 

 Ri /  Å θ i / °  ϕ i /°  Zi 

1 2.5 54.7356103 45 1 
2 2.5 54.7356103 135 1 
3 2.5 54.7356103 225 1 
4 2.5 54.7356103 315 1 
5 2.5 125.2643897 45 1 
6 2.5 125.2643897 135 1 
7 2.5 125.2643897 225 1 
8 2.5 125.2643897 315 1 

 
In simpre.par ROTA is switched off, since we are only interested in the 

CFPs, energy levels, magnetisation and magnetic susceptibility in this first 
calculation. The program is run under these conditions and the procedure 
is repeated six times, specifying in simpre.par the six later lanthanoids: Tb, 
Dy, Ho, Er, Tm, Yb. 
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Tables 2.5 and 2.6 contain a summary of the results reported in 
simpre.out. The cubic symmetry eliminates second order contributions, so 

the only terms that survive are the diagonal parameters ,  and the 

extradiagonal ones , . The expressions for the non-negligible CFPs, 

deduced from Equations 2.1, are the following: 
 

A4
0 r4 = − 7

18
Ze2

r4

R5  (2.7a) 

A4
4 r4 = − 35

18
Ze2

r4

R5
 (2.7b) 

A6
0 r6 = 2

9
Ze2

r6

R7  
(2.7c) 

A6
4 r6 = − 42

9
Ze2

r6

R7  
(2.7d) 

 

Due to this special symmetry, there are two fixed relations: one for the 

fourth rank parameters, / = 5 and, another for the sixth rank ones, /

= -21. Both relations are independent of the metal and of the metal-

ligand distance. 121  

Of course, the smooth progression of the  parameters produces a 

more complex evolution of , since the latter include the Stevens 

coefficients. The downward trend of the absolute value of from TbX8 to 

YbX8 is easy to explain according to the values of <rk> and (1-σk) reported 
in Table 2.1.  
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Table 2.5:   CFPs expressed as  for the series Ln = Tb, Dy, Ho, Er, Tm and Yb. 

 
 
Table 2.6:  Energy level scheme (in cm-1) of the series of lanthanides included in SIMPRE 

for the ideal cubic structure with R=2.5 Å and Zi = 1 

 
In Table 2.6, we can appreciate the ground multiplet CF splitting of 

this series of lanthanoids surrounded by a perfect cube. We may observe 
that, as is well-known, in cubic symmetry the non-Kramers ions present 
degeneracies one, two and three while the states of the Kramers ions are 

Ak
q < rk >

 TbX8 DyX8 HoX8 ErX8 TmX8 YbX8 

 -79.2856 -73.1274 -67.8768 -63.4173 -59.5933 -56.3224 

 -396.4280 -365.6368 -339.3842 -317.0867 -297.9667 -281.6122 

 5.6286 5.0001 4.4744 4.0356 3.66465 3.3488 

 -118.2014 -105.0028 -93.9623 -84.7475 -76.9576 -70.3251 

TbX8 DyX8 HoX8 ErX8 TmX8 YbX8 
0 0 0 0 0 0 
0 0 0 0 5 0 
5 0 0 10 5 135 
5 0 4 10 5 135 
5 31 4 10 7 135 

17 31 11 10 7 135 
102 31 11 23 110 182 
102 31 11 23 110 182 
102 36 82 92 110  
120 36 82 92 121  
120 138 82 92 121  
120 138 95 92 121  
137 142 95 104 137  

 142 102 104   
 142 102 104   
 142 102 104   
  111    

A4
0 < r4 >

A4
4 < r4 >

A6
0 < r6 >

A6
4 < r6 >
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either doubly or four times degenerated. The largest gap with the first 
excited state (135 cm-1) and the largest CF splitting (about 182 cm-1) have 
been found for the Yb derivative. The near-degeneracy at low temperature 
observed in the calculated Stark sublevels of HoX8 indicates the possibility 
of obtaining a favourable situation to study quantum coherence in 
lanthanide complexes displaying near-cubic symmetry. We will perform 
this kind of analysis in the last chapter of this thesis (see Section 11.2 for 
details).     

As an example, the magnetic properties for the second-half series of 
lanthanoids (from Tb3+ to Yb3+) were calculated. Figure 2.4 shows the 
magnetisation between 0 and 5 T with the temperature fixed at 2 K and the 
temperature-dependent magnetic susceptibility between 2 and 300 K under 
a magnetic field of 0.1 T.  
 

  
Figure 2.4:   (left) Temperature-dependent magnetic susceptibility between 2 and 300 K; 

(right) magnetisation between 0 and 5 T of the series of lanthanides for the 
ideal cubic structure with R=2.5 Å and Zi = 1. Dy (red), Ho (blue), Tb (pink), 
Er (green), Tm (black) and Yb (orange). 
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2.4 Conclusions 
 

In this chapter, the main tool of this thesis has been presented: the SIMPRE 
computational package. This software package allows the calculation of the 
CFPs, energy levels and eigenvectors of mononuclear rare earth complexes. 
The user can either select as a magnetic centre one of the lanthanoids Ce, 
Pr, Nd, Pm, Sm, Tb, Dy, Ho, Er, Tm and Yb, or introduce the coefficients of 
a different rare earth ion. The program is based on a point charge 
electrostatic model to estimate the parameters of a general effective crystal 
field Hamiltonian. This approach is compatible with a series of related semi-
empirical models. SIMPRE is designed as a tool to obtain a prediction of 
some static and dynamic magnetic properties for a given molecular 
structure, to guide the experimental effort before performing any 
sophisticated characterisation. This program also restricts the parameter 
space once experimental data are available, and this allows for physically 
meaningful fits. 

The package has been used in preliminary attempts to rationalise the 
conditions a mononuclear rare earth molecule needs to meet to act as a 
nanomagnet, as we will see in the next chapter. It has also been applied to a 
large variety of lanthanide (and even actinide) complexes. 
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As described in the introduction of this thesis, the design of single-molecule 
magnets is a major challenge in the field of molecular magnetism. Until a 
decade ago, the known recipes to achieve magnetisation blocking at low 
temperatures were mainly based on applying two rules: the first one was to 
design a polymetallic molecule with a high spin ground state (S), generally 
by coupling as many magnetic ions as possible in the same magnetic 
cluster. The second condition was a compelling negative zero-field splitting 
(D) in order to stabilise the highest MS sublevel leading to an energy barrier 
(U) for the magnetisation reversal.20 The ultimate source of the 
magnetisation blocking, however, is the anisotropy of the single ion. It is 
the sum of multiple individual anisotropies, via magnetic exchange, that 
created a giant anisotropic spin. 

In 2003, a second generation of SMMs came out, in which a 
mononuclear lanthanide complex was sufficient to exhibit slow relaxation 
of the magnetisation and magnetic hysteresis.51 The discovery by Ishikawa 
et al. of such a behaviour in the series (NBu4)[Ln(Pc)2] (Pc2- = 
phthalocyaninato anion, Ln = Tb3+, Dy3+) opened the door for obtaining 
new derivatives based on mononuclear rare earth coordination 
compounds.52 This new approximation, using a single lanthanide complex 
as the sole source of high spin and anisotropy, was extremely efficient.66

3 
 

Rational design of 
single-ion magnets 
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The real explosion of the field, however, only started five years after this 
seminal discovery when our group reported the second example of 
mononuclear lanthanide SMM: the erbium derivative of the family of 
polyoxometalates [Ln(W5O18)2]9- (in short, LnW10).59 Despite the different 
type of ligands in these two families of SIMs, both exhibit the same 
coordination number (CN) around the central ion and a slightly distorted 
D4d coordination symmetry, i.e. the magnetic centre is sandwiched between 
two square moieties that are staggered with a torsion angle of 
approximately 45º. This was known to be almost equivalent to a cylindric 
or pseudo-axial coordination environment, which at that time was thought 
to be the requirement of SIM behaviour. 

Despite this similarity, a clear difference between the two families is 
obvious if one pays attention to which lanthanoid ion gives the targeted 
behaviour in each case. In the Ishikawa example, Tb3+ is the magnetic ion 
with the highest blocking temperature and largest energy barrier in the 
family, whereas in the second series, the Er3+ derivative was the most 
promising candidate. Preliminary studies about this question were focused 
in the opposite sign of the Stevens coefficient α (α<0 for Tb3+ and α>0 for 
Er3+),62 which implies that for a given coordination geometry, terbium and 
erbium are expected to show opposite magnetic behaviour. This can be 
related with the fact that the distance between the coordinating oxygen 
planes (LnW10) is shorter than the distance between the nitrogen planes in 
the series (NBu4)[Ln(Pc)2]. Thus, it seems that the more compressed 
situation in the polyanion favours the stabilisation of the MJ = ±13/2 in the 
erbium ion, whereas the phthalocyaninate sandwich, which can be 
considered axially elongated, is an adequate environment for the terbium 
ion to show the reported behaviour (MJ = ±6).  
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At this point, it is important to remark that this kind of hand-waving 
magneto-structural reasoning can be made in f-element mononuclear 
complexes because the electronic spectrum and thus the magnetic 
properties are depending primarily on the magnetic anisotropy that results 
from the CF splitting. To improve on that, a quantitative methodology 
based on the analysis of the interaction between the lanthanide ion and the 
coordination environment of these systems was needed to be developed. 
Research along this line resulted in a basic guide to synthetic chemists 
aiming at the discovery of new SIM derivatives,122 and allowed us to give 
the first insights to rationalise the observed properties. Nevertheless, one 
should be aware that the model that was used at the beginning of this work 
is inherently limited and this guide has to be understood just as a first foray 
into the theoretical design of this class of complexes. In the following 
chapters, we are going to develop new strategies that will be applied to 
different f-block complexes with the aim of addressing the rational design 
and modelling of these systems.      

An initially accepted guideline, supported by the previous knowledge 
of the SMM phenomenon, is that a mononuclear lanthanoid coordination 
complex will exhibit slow relaxation of the magnetisation if the ligand field 
splits the ground state of the lanthanoid, J, in such a way that the ground-
state magnetic doublet has a dominant contribution of a high MJ value, 
±MJ.52 In this context, Long et al. remarked that double degeneracy is 
indispensable because the ground state bistability defines the properties of 
these magnetic entities.61 Similar to transition metal SMMs, the second 
requirement will be to have the ground doublet well separated in energy 
from the first excited state through which a rapid relaxation is possible. 
Such a splitting will be determined by several factors including the ion 
itself, the charge distribution around the rare earth and the distortion of the 
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coordination environment. Nonetheless, simple magneto-structural 
correlations between the most common f-element coordination 
environments, CFPs and their magnetic properties were developed and 
they are reported in the present chapter.  

 

3.1 Influence of the lanthanide 
 

Lanthanides share many common characteristics. These include 
coordination numbers greater than six (usually eight or nine), a tendency 
for lanthanide contraction across the series which limits the CN, the 
adoption of the +3 oxidation state, the very small CF effects and the 
preference to form complexes with more electronegative elements (such as 
O or F) as donor atoms. Nevertheless there are important differences in 
their magnetism to take into account when rationalising their magnetic 
properties.  

The first attempts to rationalise the magnetic behaviour of the free 
lanthanide ions have been recently summarised by Sorace et al.17 These start 
with the work of Hund,279 who could obtain a remarkable agreement 
between predictions using old quantum theory with the measured room 
temperature magnetic moment, with the exception of Eu3+ and Sm3+ 

derivatives. Subsequently, Laporte280 included the contribution of excited 
multiplets for these ions but still was unable to correctly estimate the 
magnetic properties at room temperature for these two ions. Second-order 
effects introduced by Van Vleck could finally explain the magnetic 
behaviour for all the metals of the series.281,282   

Concerning the rational design of SIMs, the first condition to be 
satisfied by a molecule with a lanthanoid as a magnetic centre is to possess 
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a high-MJ ground-state doublet. For that, a large J value is recommended. 
The values of the total angular momenta J, as well as L and S, of the 
lanthanide tripositive ions are reported in Table 3.1. One may observe that 
the ions of the second half of the lanthanoid series do present negative 
spin−orbit coupling, thus stabilising the states with maximum J values. 
According to this, Ho3+, Dy3+, Er3+, Tb3+ and Tm3+ will be the best choices as 
magnetic ions, with Nd3+, Pr3+, Pm3+and Yb3+ coming next.122  
 
Table 3.1:   Relevant magnetic information for free Ln3+ ions and Stevens coeficients sign. 
 

Ion Ground multiplet S L J  α   β  γ  

Ce3+  2F5/2  1/2 3 5/2 - + 0 

Pr3+  3H4  1 5 4 - - + 

Nd3+  4I9/2  3/2 6 9/2 - - - 

Pm3+  5I4  2 6 4 + + + 

Sm3+  6H5/2  5/2 5 5/2 + + 0 

Eu3+  7F0  3 3 0 0 0 0 

Gd3+  8S7/2  7/2 0 7/2 0 0 0 

Tb3+  7F6  3 3 6 - + - 

Dy3+  6H15/2  5/2 5 15/2 - - + 

Ho3+  5I8  2 6 8 - - - 

Er3+  4I15/2  3/2 6 15/2 + + + 

Tm3+  3H6  1 5 6 + + - 

Yb3+  2F7/2  1/2 3 7/2 + - + 
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For each lanthanoid, the J states can be described mathematically by 
the quadrupole moment of the f-electron charge cloud, which is either 
prolate (axially elongated), oblate (equatorially expanded), or isotropic 
(spherical). The shapes of these electrostatic charge distributions were 
calculated using the total angular momentum quantum number (J), the 

Stevens coefficient of second order (α) and the radius of the 4f-shell 
squared <r2> (see Figure 3.1).61  

 
Figure 3.1:   Quadrupole approximations of the 4f-shell electron distribution for Ln3+ as 

reported by Long et al.61 

 

These quadrupole approximations are directly related to the second 
order Stevens coefficient: the sign of these coefficients (reported in Table 
3.1) is determining the shapes.142 It is obvious, then, that lanthanide ions 
with a negative second order Stevens coefficient present an equatorially 
expanded quadrupole moment, whereas the ones with a positive one are 
showing an axially elongated f-electron charge distribution. The different 

shapes of the 4f-shell electron distribution (as well as the sign of α) provide 
a simple way to get an intuitive idea of which coordination sphere is more 
adequate to stabilise a major contribution of a high MJ value in the ground 
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doublet. This key question is analysed with a few quantitative examples in 
the following section.  

   

3.2 Influence of the coordination sphere 
 

When a lanthanide ion is placed in a ligand environment with symmetry 
lower than spherical, the degeneracies of its partly filled 4f orbital states are 
broken due to the electrostatic field produced by the surrounding charge 
distributions of the ligands. The result is the splitting of the 2J+1 
degeneracy of the free ion states. The effect of the coordinating ligands over 
the magnetic properties of lanthanides becomes important at low 
temperatures, as the ground multiplets are split by an amount comparable 
to thermal energy. As a consequence, depopulation of the sublevels occurs, 
and deviation from the Curie law283 is observed.  

Regarding the question of choosing the most adequate coordination 
sphere to obtain SMM behaviour, it is always recommended to have highly 
symmetric axial sites in systems where all the coordinated atoms are 
similar. This is because they often provide the most favourable situation to 
have pure MJ wave functions. On the other hand, the level splitting 
produced by strong diagonal terms can avoid the mixture with low MJ 
states even for non ideal geometries. If the high-rank parameters are not 
taken into account, one can expect that α-negative lanthanoids (Tb3+, Dy3+, 
Ho3+, Pr3+, and Nd3+) will stabilise a high-MJ ground-state doublet when 
they are in an axially elongated coordination environment, whereas α-
positive lanthanoids (Er3+, Tm3+, and Yb3+) will need equatorial or axially 
compressed coordination environments to achieve this. This can be better 
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illustrated after carrying out the following simple calculations, placing Dy3+ 
(oblate) and Er3+ (prolate) as magnetic centres: 

 
- a linear molecule LnX2, where Ln = Dy3+, Er3+. 

 
In this first example, the two charges introduced in the program (Zi = 

1) are contained in the z axis (! = 0º and 180º) at a distance of 2.5 Å between 
the electrostatic charges and the central ion. The coordination environment 
is perfectly axial, thus favouring SMM behaviour in lanthanide ions with 
an equatorially expanded 4f electronic distribution. This is the case of Dy3+ 
(Figure 3.2 (left)), which shows a ground state composed by MJ = ±15/2 
with a barrier for the reversal of the magnetisation of about 900 cm-1. This 
ideal situation almost exactly inverted for the Er3+ example, which presents 
an easy plane with a ground doublet formed by MJ = ±1/2 (Figure 3.2 
(right)) with the main difference being the energy scale. In both ideal 

examples the second-rank CF parameter  is governing the CF splitting 

with calculated values of -5.30 and +1.86 cm-1 for Dy and Er, respectively. 

 
Figure 3.2:  Calculated ground multiplet energy levels and main MJ contributions to the 

wave functions in z for the linear ideal system DyX2 (left) and ErX2 (right) 
with Ri = 2.5 Å and Zi = 1. 
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- a square-planar molecule LnX4, where Ln = Dy3+, Er3+. 

 
The second example presented herein consists of a lanthanide ion 

compressed into an ideal square-planar crystal field. In this case, the 
lanthanide is coordinated by four electrostatic charges that are located in 
the edges of a square contained in the xy plane, i.e. ! = 90º. This equatorial 
charge distribution results in a ground doublet determined by MJ = ±15/2 
in the erbium derivative (Figure 3.3 (right)). In contrast, for the Dy 
analogue the situation is completely different, with a ground doublet 

characterised by MJ = ±1/2 (Figure 3.3 (left)). The calculated values of  

are 5.30 and -1.86 cm-1 for Dy and Er respectively, i.e. the same value of the 
second-rank parameters in the example (a) but with the opposite sign. The 
total splitting of the ground multiplet in the Er3+ example is about 330 cm-1.  

Owing to the presence of the extradiagonal CF parameters  and  

the wave functions are not pure. This results in contributions of about 3% 
of MJ = ±1/2 in the third excited doublet. If we compare the energy level 
scheme of the ErX4 example (Figure 3.3 (right)) with the calculated one for 
ErX2 (Figure 3.2 (right)), one can notice the difference between the two 
inverse shapes: in the case of DyX2 the distribution of ground state MJ 
contributions is practically an inversion of the U shape of ErX2. This 
situation is different for ErX4, which presents a more triangular shape with 
the two Kramers doublets that are higher in energy more separated to the 
rest of energy doublets. This points out the importance of having the full 
set of CFPs determined, as all of them are playing a role in the energy levels 
distribution. Of course, it will be impossible to have an accurate 
determination of them in systems will low symmetry due to the 
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overparameterisation problem, but an approximation can be found using 
geometrical considerations.                  

 
Figure 3.3:  Calculated ground multiplet energy levels and main MJ contributions to the 

wave functions in z for the square-planar ideal system DyX4 (left) and ErX4 
(right) with Ri = 2.5 Å and Zi = 1. 

 

These results may also be easily understood when observing the 
shapes of the quadrupole approximations of the 4f electron distributions in 
Figure 3.1. An oblate quadrupole f-electron charge distribution will present 
a more pronounced repulsion in an equatorially expanded crystal field, 
preferring a coordination sphere similar to the linear molecule of the first 
example (! = 0º), with the electron density near the z axis. In the case of 
prolate ions as erbium, the tendency to stabilise a high MJ value in the 
ground doublet will appear for ligands located at ! = 90º as in the second 
example.  

Lanthanides form compounds with a greater diversity in coordination 
polyhedra than the d-block transition metals, with the most observed 
coordination numbers being 8 and 9,284 although many systems with a 
lower or higher CN are known.285,286 Symmetry around the cation 
determines the non-vanishing CF parameters, which are listed in function 
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of the different coordination polyhedra in Table 3.2. In the vast majority of 

these ideal polyhedra, assuming strictly ionic bonding, plays a dominant 

role determining the height of the barrier. This parameter in Stevens 

notation is related to the  parameter by the following expression: 

. Thus, for the obtention of a SIM,  will require α < 0, 

because  is positive when the charge distribution is axially elongated, or 

α > 0 for a compressed environment, because in this case  is negative. In 

Table 3.2 other particular symmetries where  does not dominate (e.g., 

tetrahedral, octahedral or icosahedral symmetry) are also listed. In these 

examples the higher-order  parameter usually dominates the CF 

splitting. In these cases, β-positive lanthanoids (Tb3+, Er3+, and Tm3+) should 
have ligands on the z axis and/or on the xy plane, whereas β-negative 
lanthanoids (Pr3+, Nd3+, Dy3+, Ho3+, and Yb3+) should have them placed at 
polar angles (!) of around 50 and 60° in order to favour the stabilisation of 
the medium-to-high MJ compared with the lowest MJ states.  
 
Table 3.2:   Coordination polyhedra and point group symmetry for coordination 

numbers (CN), 6-12. Non-forbidden CFPs that a group of point charges may 
contribute collectively. 

Polyhedron Symmetry CN CFPs 

Octahedron (Oct) Oh 6  

Trigonal prism (TP) D3h 6  

Trigonal antiprism (TAP) D3d 6  

Tetragonal bipyramid (TBP) D4h 6  

Capped trigonal prism (CTP) C2v 7  

Monocapped octahedron (MO) C3v 7  

End-capped trigonal prism (ETP) C3v 7  

Cube Oh 8  
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Square prism (SP) D4h 8  

Square antiprism (SAP) D4d 8  

Dodecahedron (Dod) D2d 8  

Bicapped octahedron (BOct) C2v 8  

Bicapped trigonal prism (BTP) C2v 8  

End-bicapped trigonal prism (EBTP) D3h 8  

End-bicapped trigonal antiprism (EBTAP) D3d 8  

Hexagonal bipyramid (HBP) D6h 8  

Tricapped trigonal prism (TTP) D3h 9  

Monocapped square antiprism (MSAP) C4v 9  

Bicapped square antiprism (BSAP) D4d 10  

Tetracapped trigonal prism (FTP) C3v 10  

Pentagonal antiprism (PAP) D5d 10  

Pentagonal prism (PP) D4h 10  

Bicapped square prism (BSP) D4h 10  

Pentacapped trigonal prism (PTP) D3h 11  

Monocapped pentagonal prism (MPP) C5v 11  

Monocapped pentagonal antiprism (MPAP) C5v 11  

Icosahedron Ih 12  

Cuboctahedron Oh 12  

Truncated tetrahedron Td 12  

Hexagonal prism (HP) D6h 12  

Hexagonal antiprism (HAP) D6d 12  

Bicapped pentagonal prism (BPP) D5h 12  

Anticuboctahedron D3h 12  

 

In the following section, the influence of the coordination 
environment on the splitting of the J ground multiplet in three of the most 
common coordination environments in lanthanide complexes, namely, the 
square antiprism, triangular dodecahedron, and trigonal prism, is 
discussed in detail. The effect of these CF environments and some general 
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guidelines for the choice of the most adequate geometry are provided. The 
approximation obtained by applying the PCEM to the ideal structures is 
more reasonable for homoleptic compounds, and may provide an initial 
quantitative guess before the experimental work starts. The modelling of 
the properties of the real systems will need more complex first principles 
calculations or the use of semi-empirical models accompanied by 
experimental techniques as we will see along this dissertation.   
 

3.2.1 Square antiprismatic versus cubic geometry 
 

In this subsection, a comparison between the square antiprismatic 
geometry (D4d ideal symmetry) and the cubic geometry (Oh ideal symmetry) 
is developed. As examples of both octa-coordinated symmetries, two 
families of POMs are selected, where all the coordinated atoms are almost 
equivalent. Good examples of ideal geometries are: in the case of square 
antiprism, the series [Ln(W5O18)2]9−,59 and for the cubic structure the family 
of polyoxopalladates [LnPd12(AsPh)8O32]5− reported by Kortz et al.287 The 
chemical structures are shown in Figure 3.4. Comparing the experimental 
magnetic data measured in these two families, it is intriguing that whereas 
some derivatives of the polyoxowolframate series could exhibit SMM 
behaviour, all the derivatives of the second family showed a fast spin 
relaxation at low temperatures.222 This may indicate that D4d symmetry is 
more suitable for the design of SIMs than the Oh symmetry is. Let us now 
discuss and rationalise the origin of such a difference in the observed 
behaviours using the crystal structures. In the erbium derivative of 
[Ln(W5O18)2]9−, the ratio between the interplanar distance dpp = 2.47(1) Å, 
calculated as the distance between the upper and lower planes containing 
the four oxygen atoms, and the average distance between the four 
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neighbouring oxygen atoms placed in each plane, din = 2.86(5) Å, reveals an 
axial compression of the square antiprism. Within this geometry, the main 

CF parameters to be considered are , , and , i.e. those allowed by 

an ideal D4d system (see Table 3.2), but in the real example the slight 

distortion of the site will also make appear non-negligible values for ,  

and . The sign of  is positive in Tb3+, Dy3+, and Ho3+and negative for 

Er3+. In general, the sign of  for a given lanthanoid complex is 

determined by the combination of the axial (! < 54.7°) or equatorial 
character (! > 54.7°) of the sites, as defined by the ligand position. In fact, at 
! = arccos[(1/3)-2] ≈ 54.7°, which corresponds to an axially non-distorted 
antiprism (defined by din = dpp) or to a perfect cube, the point charge is 

placed on a node ( = 0, as Z20(arccos[(1/3)-2], ϕi) = 0) and contributes to  

and (see Expression 2.1a). 

 
Figure 3.4:  Schematic structure of two different POM complexes with interesting 

coordination symmetry, (a) [Ln(W5O18)2]9- and (b) [LnPd12(AsPh)8O32]5-, and 
their coordination polyhedra: (c) square antiprism and (d) cube.  
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In order to test the effect of the cubic symmetry over the ground state 
wave functions, calculations using the PCEM on the erbium derivative of 
the [LnPd12(AsPh)8O32]5− series were performed. Electrostatic charges of 
Zi=2 were placed in the crystallographic positions. Results show a mixed 
ground-state doublet, with the most important contribution being MJ = 

±1/2, followed by ∓ 15/2, ∓ 7/2, and ±9/2. The first 4-fold degenerate 
excited state is located at 13.1 cm−1, where the majority of the MJ values are 
contributing to the wave function. This extensive mixing of the sublevels 
yields a fast quantum tunnelling of the magnetisation and, in addition, the 
high presence of ±1/2 (52%) in the ground state explains why this molecule 
does not display SMM behaviour. Owing to the well-known relations for 

cubic symmetry,  = 5 and  = −21, this system is defined only 

by two CF parameters, and . The absence of  reduces the 

possibilities of using a different lanthanoid (e.g., Tb3+, Dy3+, or Ho3+) to 
obtain a higher barrier and/or stabilise a high MJ value in the ground state. 
This explains why D4d symmetry (axially elongated for Tb3+, Dy3+, or Ho3+ or 
equatorially compressed for Er3+) is much more favourable than cubic (Oh) 
symmetry, as the later symmetry does not satisfy the general criteria to 
obtain slow relaxation of the magnetisation. This system will be revisited in 
Chapter 6, where the spectroscopic and magnetic properties of the second-
half lanthanide derivatives will be analysed in terms of effective 
electrostatic models.  

This conclusion can be better illustrated by performing a magneto-
structural study in which the D4d symmetry is taken as a distorted case of 
the Oh symmetry when the two squares are staggered rather than eclipsed. 
This situation is defined by the torsion angle between the upper and lower 

squares, ϕ, which goes from 0° in the Oh symmetry to 45° in the D4d 
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symmetry (see Figure 3.5). To perform this calculation, the coordinates of 
the four point charges forming the upper square are rotated with respect to 
those of the lower square around the z axis in the Dy derivative. While 
rotating the planes, typical distortions of the D4d symmetry are obtained by 

slightly deviating  ϕ from 45°. In this procedure, the crystal field parameters 

 and  are invariant with respect to the torsion angle. Additionally,  

and  are different than zero, except for ϕ  = 45°, and they evolve as a 

function of ϕ. Thus, the exact cancelation of these two parameters occurs 
for ideal square-antiprismatic symmetry, while the maximum values are 
reached for the cubic structure. In conclusion, one can anticipate that for an 
ideal D4d symmetry the wave functions can be described by pure ±MJ 

values, while for an Oh symmetry, the presence of the parameters  and 

 will result in an extensive mixing of functions with different MJ values: 

in particular, those that differ by four units.  
 

 

Figure 3.5:  Magneto-structural correlation of (left) and , and (right) 

and with ϕ, which is the torsion angle that describes the 

rotation of a cube from Oh (ϕ = 0°) to D4d (ϕ = 45°) symmetries.    
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On the other hand, as we have explained before, in these particular 

examples with θ = 54.7°,  is cancelled. In general, this second-rank 

parameter plays a remarkable role for creating a gap between the ground-
state doublet and the excited states. Thus, it seems that the possibility of 
having an energy barrier will only appear if the antiprism is axially 
distorted (elongated or compressed) and will determine which lanthanide 
ion is the most adequate. The distortion of the real structures can be 
analyzed using the SHAPE package288 developed by Álvarez et al.  
 

3.2.2 Triangular dodecahedron 
 

Another common lanthanide coordination environment is the triangular 
dodecahedron, which presents D2d symmetry, closely related to S4 (Figure 
3.6). In this case, two very nice examples are found in the solid-state salts 
LiHoxY1−xF4 and ErxCa1−xWO4, with a CN of 8 around the lanthanoid ion.77,217 
Both of them show a scheelite structure with tetragonal distortion from the 
cubic symmetry. This arises from the displacement of two opposite edges 
in opposite directions, leading to a symmetry reduction from Oh to S4. In 

this case, the presence of non-negligible extradiagonal parameters  and 

 yields an extensive mixture of MJ. Indeed, both CFPs are one and two 

orders of magnitude larger than the corresponding diagonal terms (  and 

), respectively,289 resulting in ratios that are even higher than those of 

cubic geometry. This means that in general the triangular dodecahedron, 
similarly to cubic environments, does not seem to be ideal for generating 
SMM behaviour.  
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Figure 3.6:  Schematic structure of a triangular dodecahedron site with D2d symmetry. 

 
3.2.3 Trigonal prism 

 
Trigonal prismatic molecular geometry describes the shape of compounds 
where six ligands are arranged around a central atom, defining the vertices 
of a triangular prism (Figure 3.7). Such a point group is also very common 
in lanthanoid coordination chemistry, either bare or with up to three 
vertices in the centre of the rectangular faces. It has to be remarked that, in 
general, these complexes show low-symmetry highly distorted geometries 
(often seen as distorted D4d complexes), which are not easy to model.  

In any case, if one intends to approach this problem as a rational 
design process, one should first take into account that an ideal trigonal 

prism (D3h symmetry) can only present , , , and  terms (Table 

3.2). The presence of the extradiagonal CF parameter  means mixing 

between MJ values differing by ±6. It is crucial to note that this will produce 
direct tunnelling only for doublets that involve states with MJ = ±3 or ±6, 
and even in these cases, the compound may show slow relaxation of the 

magnetisation if  is large enough. This also indicates that an ideal D3h 

coordination symmetry may be as good as a pseudoaxial one for getting 
SMM behaviour for half-integer spins like Nd3+, Sm3+, Dy3+, Er3+, and Yb3+ 
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because it is not possible to have direct mixing between +MJ and -MJ values. 
In fact, even though actinoids cannot be precisely described by the 
Russell−Saunders scheme like lanthanoids, due to the mixing with excited J 
states, examples of U3+ (J = 9 /2) in this coordination environment have also 
been reported exhibiting SMM properties (see Chapter 1, section 1.1). Such 
examples will be discussed with more detail in Chapter 8.    

 

Figure 3.7:  Schematic structure of a trigonal prism site with near D3h symmetry. 

 

3.3 Conclusions 
 

The initial approach presented in this chapter, applying the old Point 
Charge Electrostatic Model with the SIMPRE package, provided some 
insights to take into account for the rational design of lanthanide SIMs. In 
this chapter we have observed that the energy level splitting of the ground 
J manifold depends mainly on the lanthanide ion, the charge distribution 
symmetry and the distortion of the coordination environment. As far as the 
lanthanide is concerned, both the ground state J and the Stevens 

coefficients ( α, β and γ) are fixed and are specific for each lanthanide. The 
sign of these coefficients determines which kind of charge distribution 
around the central ion is desired to obtain slow relaxation of the 
magnetisation. Symmetry and distortion of the coordination site decide 
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which crystal field terms are active and thus the mixing conditions between 
the MJ sublevels. Taking into account these factors, the main rules that need 
to be known for the design of this kind of nanomagnets can be summarised 
as follows.  

Lanthanide-based SIMs –as most SMMs-  require (a) a high MJ ground 
state, (b) an energy barrier leading to slow thermal relaxation, and (c) low 
mixing in the ground doublet wave functions, to minimise fast quantum 
tunnelling processes. In the simplest case, this can be achieved with an 
ideal pseudoaxial symmetry such as D4d, C5h, D6d, or any symmetry of order 
six or higher (such as, for example, in organometallic sandwich-type 
complexes). Notice that the chemical inequivalence of the ligands or 
chelating groups needs to be taken into account because it will usually 
lower the overall symmetry. In any symmetry, the most suitable case is 
achieved when the absolute value of the second-order uniaxial anisotropy, 

accounted for by the parameter, is maximised. 

Not all of the molecular symmetries are equally suited for favouring 
SMM behaviour. For example, in the case of octacoordinated complexes, 
the simplest cases are the antiprismatic D4d symmetry and the cubic Oh 
symmetry. However, as the cubic coordination lacks second-order uniaxial 

anisotropy, , this geometry is not well suited to exhibit a large energy 

barrier for the magnetisation reversal. On the contrary, an axially distorted 

D4d symmetry typically shows high  values (either positive or negative), 

and this is why it has provided the first examples of mononuclear 
lanthanide SMMs. Axially elongated sites with electron density near the 
symmetry axis are favourable for Tb3+, Dy3+, and Ho3+, as exemplified by 
LnPc2, while axially compressed sites with electron density near the basal 
plane are favourable for Er3+, as exemplified by POMs. 
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In addition to a thermal barrier, quantum tunnelling should be 
minimal for a slow relaxation of the magnetisation. Tunnelling is caused by 
the presence of an extensive mixture of MJ values in the ground-state;  
extradiagonal terms and the nature of the ground doublet are critical in this 
context (additionally, phonons allow transitions with ∆MJ = ±1). If the two 
wave functions do not present any overlap, relaxation through tunnelling is 
forbidden. 

To sum up, in this chapter it has been shown that the major electronic 
features that determine the spin dynamics of SIMs based on lanthanoids 
can be correlated with the local coordination environment around the f-
metal ion. By using a simple point-charge model, a quick estimation of the 
splitting of the ground state, J, of the lanthanoid into MJ sublevels can serve 
at least as starting point to guide the adequacy of choosing a particular 
lanthanide ion for a particular geometry. This simple approach proposes 
general magneto-structural correlations and pieces of advice for the 
discovery of new derivatives, after examining three of the most common 
lanthanoid geometries: square antiprism, trigonal prism, and triangular 
dodecahedron. However, due to the inherent limitations of the PCEM, the 
problem of a realistic description of the magnetic and spectroscopic 
properties of rare earth SIMs cannot be addressed in this chapter. The 
development of semi-empirical models and their application to real systems 
is reported in the following chapters, offering a more complete and well-
tested tool for the future rational design of these interesting systems. 
Finally, note that many rare earth SIMs will also be useful as spin qubits; 
this will be discussed in Chapter 11. 
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In the previous chapter, initial considerations for the rational design of 
lanthanide SIMs have been presented. Although the model employed is 
attractive because of its simplicity and is helpful in predicting the sign of 
the CFPs, one need to be aware that the PCEM is only a crude 
approximation if one aims to describe the properties of f-block 
mononuclear complexes.121 It is well known that the agreement between the 
calculated CFP values obtained by PCEM and the CFPs fitted from 
spectroscopic data is very poor.144,290 Usually the second order term 
predicted by PCEM is too large, whereas the fourth- and sixth- order terms 
are considerably smaller in comparison to the phenomenological ones.291 
For a more realistic description of f-bock complexes one needs to take into 
account the character of the ligand and the magnetic and spectroscopic 
information that can be measured experimentally. Thus, a main question at 
this point is: can we overcome the limitations of the PCEM keeping its 
simplicity?  

According to studies along this direction (e.g. Newman),292,293 the 
overall two-electron interactions can be parameterised in the same manner 
as a classical, one-electron point charge electrostatic potential or 
approximated to it with quite fair accuracy. This means that there exist 
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possibilities of improving the PCEM which would not be in conflict with 
quantum mechanical principles.  

To overcome the difficulties arising from the simplifications of the 
point charge model, two new effective electrostatic models are proposed in 
this Ph.D. thesis, and concretely presented in this chapter. Such effective 
electrostatic models depend on the bond character and the donor atoms: a 

Radial Effective Charge (REC) model, for compounds coordinated by  σ-
type bonding, as for example compounds coordinated by halogen or 
oxygen atoms due to their spherical character, and a Lone Pair Covalent 

Effective Charge (LPEC) model in the case of  π-bonding systems, where the 
lone pair is not pointing directly to the metal ion, as occurring, for example, 
in aromatic rings coordinated to an f-element.294 

 

4.1 Radial Effective Charge (REC) model 
 

The Radial Effective Charge (REC) approach is based on a modification of 
the classical point charge electrostatic model. The main aim of the proposed 
approach is to remove the main drawbacks of the PCEM by introducing 
two essential changes. First, the formal charges are replaced by effective 

charges (Zeff) attributed to the electron charge of the  σ-type metal-ligand 
bonding, thus Zi = Zeff. Secondly, the metal-ligand distance from the crystal 
structure is replaced by an effective distance (Reff), which is smaller than the 
real metal–ligand distance. For that, a radial displacement vector (Dr), also 
known as covalent correction, is defined, in which the effective distance is 
varied: Ri = Reff = ri - Dr, being ri the original crystallographic position (see 
Figure 4.1). This allows to simulate the position of the electron charge 
maximum with respect to the metal origin, accounting for the effect of 
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covalent electron sharing. At the same time, the charge value (Zi) is scanned 
in order to achieve the minimum deviation between calculated and 
experimental data (magnetic susceptibility, magnetisation and/or energy 

level scheme), whereas θ and φ remain constant. The displacement of the 
point charge has remarkable consequences in the values of the second-, 
fourth- and sixth- rank CFPs, correcting the deviations encountered in the 
PCEM. This model provides improved ratios between the different rank 
CFPs when compared with the phenomenological ones extracted from 
spectroscopy as we will see in the following chapter. Within this 
approximation, we are able to keep both the physics of the system and the 
simplicity of the PCEM, adding its chemical nature. As reported in the 
work entitled ‘Modeling the properties of lanthanoid single-ion magnets 
using an effective point-charge approach’ in 2012, in this model the crystal 
field potential is generated by electrons that are participating in the 
chemical bonds.294 

 
Figure 4.1:  Electronic pair of a ligand X oriented towards the nucleus of a trivalent 

lanthanoid cation. The effective charge is located between the lanthanoid and 
the donor atom at Reff  = ri-Dr. 

 
As an example of the effects of the charge displacement, the evolution 

of the CFP values in a perfect D4d system, varying the effective distance 
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from 2.5 Å to 1 Å, is reported. The input coordinates are displayed in Table 
4.1 as follows: 

 
Table 4.1:   Spherical coordinates (Reff, θi, ϕi) and effective charges (Zi) for the ligands in a 

perfect D4d system. Reff is varied between 2.5 and 1 Å. 
 

 Reff /  Å θ i / °  ϕ i /°  Zi 

1 2.5 - 1 57 0 1 
2 2.5 - 1 57 90 1 
3 2.5 - 1 57 180 1 
4 2.5 - 1 57 270 1 
5 2.5 - 1 123 45 1 
6 2.5 - 1 123 135 1 
7 2.5 - 1 123 225 1 
8 2.5 - 1 123 315 1 

  

In Figure 4.2 (left) one can observe that at 2.5 Å,  >  > 

. As Dr is increasing (i.e. Reff decreasing), the value of  is 

incremented faster with respect to the growth of , overtaking it at 

about 1.5 Å. This different increase of the higher rank CFP is more accused 

in the case of , which passes if Reff < 1.1 Å. Of course, in a real 

study –fitting experimental data– as soon as Dr increases, Zi would 
decrease. Logically, the CFP values presented in this example will give 
unreasonably high CF splittings. Figure 4.2 (right) is showing the relative 

ratio between the different diagonal CFPs: the blue line is equal to ( /

), the green line ( / ) and the red one represents ( /

).  

A2
0 r2 A4

0 r4

A6
0 r6 A4

0 r4

A2
0 r2

A6
0 r6 A2

0 r2

A2
0 r2

A6
0 r6 A4

0 r4 A6
0 r6 A2

0 r2

A4
0 r4



Development of the theoretical framework 

91 
  

  

Figure 4.2:   (left) Evolution of the values of  (red),  (blue) and  

(green); (right) ratio ( / ) (blue), ( / ) (green) and 

( / ) (red). 

 
The horizontal black line in Figure 4.2 (right) plot marks the relation 

, which means that both CFPs are identical. As commented 

above, the two crosses appear at 1.5 Å, between  and , and at 

1.1 Å, between and . 

The evolution of the CFPs with Reff is easily explained if one pays 

attention to Equation 2.1a, where ,  and  . The CFPs 

are thus inversely proportional to the effective distance to the k+1 power, 
increasing their value as Reff diminishes, being more pronounced this 

increment in the case of , followed by , due to their higher exponents. 

The two simple assumptions of the REC model presented herein 
improve significantly one of the main inherent limitations of the PCEM 
reported in the literature: the underestimation of the four- and sixth- rank 
CFPs. The improvement of the PCEM makes necessary the use of two 
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parameters for each kind of ligand, making the model especially promising 
for homoleptic complexes coordinated by halogen or oxygen atoms.    

     

4.2 Lone-Pair Effective Charge (LPEC) model 
 

The second effective electrostatic model that is presented here is more 

adequate for systems with π-coordinating bond, where the spin 
polarisations of the negative charges are not individually shifted along the 
ligand-metal vector, but integrally along the normal of the aromatic plane. 
Thus, for a more realistic description of these systems, it is necessary to 
define a new displacement vector. This vector can be named horizontal (Dh)  

or vertical (Dv) displacement, depending on the orientation of the  π cloud. 
In the case of LnPc2 (see Chapter 7, section 7.1), the chemical structure 
forces the lone pair to point to the centre of the perpendicular to the 
lanthanide plane defined by four nitrogen atoms.294 Thus, for that family of 
lanthanide-based SIMs, two vectors (Dh and Dr) should be applied to the 
original position of each nitrogen atom in order to determine the position 
of the effective centre of charge (Figure 4.3). Vector Dr simulates the 
attraction of the lone pair by the lanthanoid cation. Note that this latter 
displacement reflects, like in the REC model, the effective charge resulting 
from the sharing of the ligand electron density by the lanthanide ion. This 
correction does possess physical sense due to the fact that the nearest part 
of the electron cloud to the lanthanoid induces a more marked effect than 
the areas placed further away. A schematic representation of the 
orientation of the electronic pair in a lanthanide ion linked to a nitrogen 
atom in LnPc2 is plotted in Figure 4.3. 
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Figure 4.3:  Orientation of a lone pair of a nitrogen donor atom that is not pointing 

directly towards the lanthanoid cation. 

 
As commented above, this effect is especially easy to observe in the 

double-decker bisphthalocyaninato complexes, by the position of the nuclei 
of nitrogen. PCEM or REC models could never explain the negative sign of 

 obtained by a fit of the magnetic susceptibility data. This would change 

the resulting energy level scheme, making more complicated the 
compatibility of the ground state wave function with the SMM behaviour 
shown by the Tb3+ complex. However, when considering the direction in 

which the nitrogen lone pairs point, the  term changes in sign naturally. 

Then, an LPEC fit in TbPc2 situates the effective charge on the other side of 

the node as we will see in section 7.1. This change in the sign of the 

second order uniaxial anisotropy does have dramatic consequences for the 
magnetic energy level scheme and ground state wave functions, making 
them compatible to the experimentally observed behaviour. Using the real 
structure, with only three LPEC parameters the full CF Hamiltonian is 
produced. The model, once the effective distances and charges are 
calculated and introduced in SIMPRE, provides the whole set of diagonal 
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and extradiagonal parameters as an output. Thus, tunnelling splittings and 
minor MJ contributions can be directly obtained. 

Finally, it is worth to mention that a derived model from REC and 
LPEC was recently proposed by Jiang et al. to determine the quantised axis 
of lanthanide complexes.295 These authors provided an inexpensive 
electrostatic model to provide an estimation of the easy axis orientation 
based on charge displacement, the approach also depends on the nature of 

the coordination  σ- or π-bonds. The main objective of that work has been to 
overcome the drawbacks of the classical electrostatic model, adding minor 
covalent corrections, in order to improve the determination of magnetic 
anisotropy of this type of complexes.  

 

4.3 Conclusions 
 

The predictive power of the Radial Effective Charge and the Lone-Pair 
Effective Charge models is due to the possibility of associating to each type 
of ligands with a reduced set of effective parameters (two or three). These 
parameters are specific of the ligands and therefore can be used for many 
lanthanoid complexes. Series of analogous compounds, such as those 
provided by POM chemistry, as we will see in Chapter 6, are of special 
interest for the goal of building a general reusable library of ligands for the 
rational design of magnets based on lanthanoid complexes. In order to 
obtain a trustable library upon which one can firmly found further work, 
the desiderata are17: 

(1) A high quality of the experimental data to be fitted, e.g. magnetic 

data (χT vs. T curves) and spectroscopic data, in order to obtain an accurate 
picture of the energy level scheme. 



Development of the theoretical framework 

95 
  

(2) Systematic studies: simultaneous fits of a series. In this case, a 
handful of parameters can be used to reproduce the experimental 
behaviour of a large quantity of compounds. This reduces the possibilities 
of numerical artifacts and also the propagation of experimental errors into 
the final parameters.  

(3) The use of homoleptic compounds, where all coordinating atoms 
are as chemically indistinguishable as possible. Indeed, with heteroleptic 
complexes it can easily be the case that the error in the parameterisation of 
the effect of a type of ligand can be compensated and thus shadowed by 
another error in the parameterisation of a different ligand, resulting in 
flawed parameters for both of them. We will attack this problem in chapter 
10, analysing the challenges and perspectives of this approach when 
dealing with complexes with different atoms coordinated to the lanthanide. 

(4) Finally, the REC model will almost always be more trustable than 
the LPEC model, as it is simpler. Of course, in complexes where the effect 
of the lone pair is crucial, e.g. in the case of the phthalocyaninate 
sandwiches or systems with aromatic rings, REC has to be abandoned in 
favour of LPEC. 

The REC and LPEC models presented in this chapter, as well as the 
computational package described in Chapter 2, are the foundations of this 
Ph.D. thesis. In the following part of this dissertation, these models will be 
applied using the SIMPRE package to understand the ligand field and the 
properties of different families of lanthanoid SIMs. This will complete the 
initial attempt for the rational design of single-ion magnets that we have 
presented in Chapter 3, distinguishing between different type of ligands 
and pointing out the current challenges of this kind of approaches.
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In this chapter, a systematic application of the REC model to different series 
of the later lanthanide ions in crystal hosts is performed. The four families 
that have been chosen for this analysis are halogenide metal complexes in 
which the ligands are either fluoride or chloride anions. The spectroscopic 
studies and the CFPs determination carried out a few decades ago on these 
systems121 serve as a benchmark to test whether it is possible to obtain 

reliable Dr and Zi parameters that describe the crystal field effects of these 

halogen donor atoms. Moreover, we aspire to extract some insight on Dr 

and Zi that can be extrapolated for non-halogenide complexes.296 
The general formulas of the studied lanthanide ions in crystal hosts 

are: LiYF4:Ln3+ (coordination number = 8), LaCl3:Ln3+ (coordination number 
= 9) and Cs2NaYCl6:Ln3+ (coordination number = 6), where Ln = Tb, Dy, Ho, 
Er and Tm, and the isostructural hexacoordinated family, Cs2NaYF6:Ln3+, in 
which only the data of Ho and Er compounds are used in the fit. In general, 
lanthanides adopt coordination numbers greater than 6, usually 8-9.297 
Thus, the coordination environment of the selected examples is in principle 
adequate to extract useful information that can serve for predictions in 
other homoleptic lanthanide-based compounds.  
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The strategy proposed in this chapter is based on the fitting of high-
quality spectroscopic data using modified versions of the SIMPRE package 
that integrate two nested loops that explore the parameter space for Dr and 
Zi. In fact, two different procedures will be applied, as described below, 
fitting either the energy levels or the spectroscopic set of CFPs. These 
strategies based on spectroscopic information should be considered as the 
“gold standard”, as they provide more reliable parameters compared with 
fitting of less informative magnetic experimental data. Unfortunately, it 
cannot be of general application, as most of the complexes of interest in 
molecular magnetism have not yet been fully characterised by 
spectroscopy.  

The first procedure consists in the fitting of the ground multiplet 
energy level scheme for each lanthanoid in a given series using the 
available spectroscopic data for these sublevels. The description of the 
effect of the ligating atom in the whole family requires the collective fit of 
all metal complexes in the same coordination environment as a second step. 
This is carried out in a homemade code that searches for the best 
combination of Dr and Zi and thus achieves the collective minimum 
deviation between calculated and experimental data.  

The second procedure involves the direct fitting of the 
phenomenological CFPs of each lanthanide complex. These 
phenomenological CFPs were extracted by spectroscopy, using 
photoluminescence measurements on all the excited J states of the 
compounds.298–304 Hence, it is interesting to compare the results of our CFPs 
calculations using a model that uses only the ground J energy level 
schemes with the phenomenological CFPs. This offers a good opportunity 
to benchmark the capabilities of the REC model in the understanding of the 
properties of these complexes.  
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In the fitting of the spectroscopic energy levels, the quantity to be 

minimised is the relative error EΔ which is defined as: 

  
(5.1) 

 

where  Δexp,i and  Δtheo,i are the experimental and theoretical energy 
values, respectively, and n is the number of points considered in the fit. 
When fitting CFPs, the quantity to be minimised is the absolute error EBkq  
which is defined as follows: 

  
(5.2) 

 

 

where Bkq,phen  and Bkq,theo are phenomenological CFPs (fitted from all the 
available spectroscopic information using the full Hamiltonian) and the 
theoretical CFPs (also in Wybourne notation) as calculated by the REC 
model, respectively.  

 

5.1 Fluorides 
 

To determine the REC parameters that simulate the ligand field effects of 
the fluorine atoms, the series of lanthanide crystal hosts Cs2NaYF6:Ln3+ and 
LiYF4:Ln3+ are considered. Lanthanide ions in a hexafluoroelpasolite lattice 
(Cs2NaYF6:Ln3+) occupy a high symmetry (Oh) site.302–304 In this structure, 
each lanthanoid ion is coordinated to six F- ions, and each has a second 
coordination sphere comprised of eight Cs+ ions located at the vertices of a 
regular cube and a third coordination sphere comprised of six Na+ ions 

EBkq =
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occupying the vertices of a regular octahedron. In LiYF4:Ln3+, which 

crystallises in the tetragonal scheelite structure, the trivalent lanthanide 

ions substitute for trivalent yttrium with S4 point symmetry. In practice, it 
has been found that the 4fN energy level structures in these systems could 
be effectively modelled by a HCF of D2d symmetry.305 The coordination 
environment for each family is illustrated in Figure 5.1:  
  

 

Figure 5.1:  (left) An asymmetric unit of Cs2NaYF6:Er3+, showing the relative positions of 
Er (magenta, octahedral), F (green), Na (violet), Cs (pink); (right) coordination 
environment around the Ho ion (blue) in LiYF4:Ho3+, F (green). 

 

As one can observe, the rare earth is coordinated by six and eight 
fluorine atoms respectively. Because of that, an independent collective fit 
for each family is performed. This allows us to analyse the effects of the 
coordination number over the parameters of the REC model.  

After applying the fitting procedures described above to every 
particular system, the Dr and Zi values with the minimum relative error for 
the fluorine atoms are plotted in Figure 5.2. The dispersion of the circles 
that represent each individual fit in Cs2NaYF6:Ln3+ are distributed between 
0.46 and 0.68 Å for Dr, and 0.46 and 1.00 for Zi. This situation is different in 
the case of LiYF4:Ln3+, where Dr varies between 0.68 and 0.95 Å, and the 
effective charge varies between 0.14 and 0.25. In the second family the 

C4h
6
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effective charges are smaller but they are placed closer to the lanthanoid.  
The collective fit of each series is represented by a black cross (Dr = 0.51 Å 
and Zi = 0.85, for Cs2NaYF6:Ln3+; Dr =  0.84 Å and Zi = 0.17, for LiYF4:Ln3+). 
For each coordination number, there is a coincidence of the parameter 
range for the individual fits of the energy levels, for individual fits of the 
phenomenological CFPs and, naturally, for the collective fit. The 
differences in the REC parameters depending on the coordination number 
will be deeply analysed in section 5.4.  

 

 

Figure 5.2:   Dispersion of the Dr and Zi values obtained by fitting: (1) the experimental 
energy levels (circles) and, (2) phenomenological CFPs (open circles) of: 
Cs2NaYF6:Ln3+ (right: purple) and LiYF4:Ln3+(left: green). The black cross 
represents the collective fit of energy levels solution for each family. 

	  

Note that due to the smaller number of ground multiplet energy 
levels reported for the Cs2NaYF6:Tm3+derivative,304 only the information of 
the Ho and Er complexes has been included in the collective fit. This means 
that the quantitative information is of limited value if one aims to extract 
further conclusions. However, a qualitative comparison with the trends 
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observed in LiYF4:Ln3+, where the collective fit takes into account all the 
information determined in the Tb-Tm  complexes,299 reflects a smaller radial 
displacement and a larger effective charge in the hexacoordinated systems. 

A summary of these results is reported in Table 5.1. The REC 
parameters extracted in the elpasolite family using the energy levels 
information show drastic variations compared with the ones obtained by 
fitting the CFPs. This situation is different for the lanthanide ions in the 
scheelite structure and can be attributed to the larger number of CFPs in the 
second case. In general, this individual effect is corrected by the collective 
fit, where the evolution of the CFPs along isostructural lanthanide 
complexes has to be taken into account. Again, the results on Cs2NaYF6:Ln3+ 
are to be trusted less, because the collective fit is only considering 
information from the two derivatives that presented full spectroscopic 
information. 

 
Table 5.1:  Systematic Dr and Zi  calculation from fitting of the experimental ground 

multiplet energy levels and the reported CFPs for the 8 complexes 
coordinated by fluorides studied in this section. 

 

	  
Ln3+	  

Energy	  levels	  
individual	  fit	  	   CFPs	  individual	  fit	  	  

Dr	   Zi	   Dr	   Zi	  
	  

Cs2NaYF6:Ln3+	  	  
Ho3+	   0.68	   0.46	   0.51	   0.66	  
Er3+	   0.46	   1.00	   0.62	   0.60	  
Tm3+	   0.52	   0.99	   0.60	   0.64	  

Collective	   0.51	   0.85	   -‐	   -‐	  
	  
	  

LiYF4:Ln3+	  	  

Tb3+	   0.68	   0.22	   0.90	   0.25	  
Dy3+	   0.87	   0.14	   0.95	   0.15	  
Ho3+	   0.86	   0.20	   0.81	   0.22	  
Er3+	   0.83	   0.19	   0.88	   0.21	  
Tm3+	   0.81	   0.20	   0.83	   0.21	  

Collective	   0.84	   0.17	   -‐	   -‐	  
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The REC parameters obtained for each family are applied to the first 
coordination sphere using the crystallographic positions. This allows the 
obtaining of the following set of energy level schemes, plotted using green 
horizontal lines in Figure 5.3. The resulting ligand field splitting is 
compared with the experimental energy levels for each metal (red 
horizontal lines).299,300,302–304 The question mark appears when a particular 
energy level could not be accessed by photoluminescence. As one can 
observe, the agreement is excellent for both families, providing a simple 
picture of the potential of the REC model to reproduce and simulate the 
observables of this kind of homoleptic compounds coordinated by 
halogens. The understanding of the obtained REC parameters using this 
systematic approach will allow the inexpensive prediction of new 
derivatives. In the following section, we are extending the interpretation of 
the spectroscopic observables based on the REC model to two families of 
lanthanoids coordinated by chlorine atoms.         	  

	   	  
Figure 5.3:   Experimental ground multiplet energy levels (red) and calculated ones using 

the collective fitting value for Dr and Zi (green) in Cs2NaYF6:Ln3+ (left) and 
LiYF4:Ln3+ (right); non-determined levels are marked with the question mark. 
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5.2 Chlorides 
 

Following the same procedure, we determine the REC parameters that best 
reproduce the ligand field effects of chlorine atoms coordinated to the later 
lanthanides in two different crystal host lattices. The first family that is 
presented herein is isostructural with Cs2NaYF6:Ln3+, i.e. a perfect 
octahedron coordinated by chlorides: Cs2NaYCl6:Ln3+.301 This allows a 
comparison between these two isostructural positions occupied by two 
different anions. The second family is a classical host for trivalent 
lanthanides, whose optical spectroscopic properties have been studied in 
detail. LaCl3 crystallises in the hexagonal space group P63/m with C3h point 
symmetry for the La3+ site.298  

The Dr and Zi values with the minimum relative error for the chlorine 
atoms coordinated to each lanthanoid are represented in Figure 5.4. The 
dispersion of the circles that represent each individual fit in Cs2NaYCl6:Ln3+ 

are dispersed across a larger area: between 0.45 and 1.49 Å for Dr, and 
between 0.04 and 0.99 for Zi,, with a clear inverse relation between Dr and 
Zi. Despite that, the collective solution for the family (Dr = 0.86 Å and Zi = 
0.36) provides a result that is close to the individual fits of Dr and Zi 
obtained from the phenomenological CFPs determined by Richardson et 
al.,306 which display a much smaller dispersion (red open circles in Figure 
5.4). 

In the case of LaCl3:Ln3+, the obtained Dr values are placed between 
1.16 and 1.30 Å, with the effective charges varying between 0.12 and 0.18. 
The collective fit of this family is represented by a black cross in Figure 5.4 
(Dr = 1.25 Å and Zi = 0.14). Again, the collective fit of the energy levels is 
very close to the individual fits of CFPs. Furthermore, as in section 5.1, 
there are clear differences between the REC parameters determined for 
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each families, which permits to intuit a direct relation with the coordination 
number.  

 

 
Figure 5.4:   Dispersion of the Dr and Zi values obtained by fitting: (1) the experimental 

energy levels (circles) and, (2) the phenomenological CFPs (open circles) of the 
family Cs2NaYCl6:Ln3+ (red) and LaCl3:Ln3+ (blue). The black cross represents 
the collective fit of energy levels solution for this family.  

  

A summary of the parameter set determined for the different families 
that have been modelled in this section is reported in Table 5.2. It is 
interesting to notice that in both families, the parameters are presenting 
larger variations between the different ions when they are extracted from 
the Stark sublevels. This is clearly seen in the elpasolite family, due to the 
low number of CFPs allowed by the octahedral symmetry. This means that 
the REC model used for an individual fit can sometimes satisfy the 
description of the ground multiplet MJ sublevels via a set of CFPs that does 
not coincide with the ones determined using information from the whole 
set of excited states. In contrast, the collective solution takes advantage of 
the implicit evolution of the CFPs along the series of later lanthanides using 
the equations presented in Chapter 2, offering a more adequate description 
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of the ligand field effects of the donor atom (chlorine in this case), as well as 
a good starting point for further phenomenological fittings.   
 
Table 5.2:  Systematic Dr and Zi  calculation from fitting of the experimental ground 

multiplet energy levels and the reported CFPs for the 10 complexes 
coordinated by chlorides studied in this section. 

 

	  
Ln3+	  

Energy	  levels	  
individual	  fit	  	  

CFPs	  individual	  
fit	  	  

Dr	   Zi	   Dr	   Zi	  
	  
	  

Cs2NaYCl6:Ln3+	  	  

Tb3+	   0.45	   0.99	   0.74	   0.57	  
Dy3+	   0.73	   0.53	   0.68	   0.57	  
Ho3+	   0.98	   0.23	   0.92	   0.38	  
Er3+	   0.85	   0.39	   0.96	   0.33	  
Tm3+	   1.49	   0.04	   0.95	   0.35	  

Collective	   0.86	   0.36	   -‐	   -‐	  
	  
	  

LaCl3:Ln3+	  	  

Tb3+	   1.16	   0.14	   1.32	   0.10	  
Dy3+	   1.23	   0.13	   1.27	   0.13	  
Ho3+	   1.20	   0.18	   1.26	   0.15	  
Er3+	   1.30	   0.12	   1.26	   0.14	  
Tm3+	   1.29	   0.15	   1.26	   0.15	  

Collective	   1.25	   0.14	   -‐	   -‐	  
 
Analogously to the results reported for fluorides, the Stark sublevels 

of each compound are calculated using the collective REC parameters of 
each family. The calculated energy level scheme is plotted together with the 
observed optical transitions measured at low temperature in Figure 5.5. For 
visual simplicity, in the plot we are not distinguishing between singlets, 
doublets, triplets or quadruplets.  
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Figure 5.5:   Experimental ground multiplet energy levels (red) and calculated ones using 

the collective fitting value for Dr and Zi (green) in Cs2NaYCl6:Ln3+ (left) and 

LaCl9:Ln3+ (right); non-determined levels are marked with the question mark.	  

 
This picture remarks the capacity of this simple model to describe the 

spectroscopic properties of a set of ground multiplet energy levels for these 
two families of lanthanide complexes coordinated by chlorine atoms. As 
the error is weighted inversely to the level energy (Equation 5.1), the 
agreement between theory and experiment is particularly good for the 
lower excited states. The distribution of these levels and the total crystal 
field splitting is also reproduced. 

To put the potential of the REC model in perspective, it is useful to 
compare a selected example with the crystal-field energy levels that can be 
obtained using the PCEM. For that, we chose the Er derivative of the 
Cs2NaYCl6:Ln3+ series, where all the Stark sublevels are spectroscopically 
determined and most of them are placed under 100 cm-1. The ground state 
has quadruple degeneracy and the first excited doublet is located at 25 cm-1. 
The total crystal field splitting is of 284 cm-1.  

The calculations using the PCEM were performed using the atomic 
coordinates: a perfect octahedron of six point charges placed at 2.57 Å of 
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the lanthanoid. The value of the charges where set to 1, according to the 
formal charge of chlorides. This resulted in B40 = 476.8 cm-1 and B60 = 21.8 
cm-1, which are clearly different to the CFPs obtained with the REC model 
for this complex using the collective fit (B40 = 1380.0 cm-1 and B60 = 140.8 cm-

1) and the phenomenological CFPs determined by Tanner (B40 = 1492 cm-1 
and B60 = 163 cm-1).301 The effects of the two parameters of the REC model 
over the basis of the PCEM yield a ratio B40/B60 (REC) = 9.8, which is pretty 
similar to the phenomenological fit, B40/B60 (FIT) = 9.15, especially if we 
compare with the one obtained by the PCEM, B40/B60 (FIT) = 21.9. Of 
course, the difference in the ratio B40/B60  between the PCEM and the 
phenomenological determination has severe consequences in the energy 
level scheme. The PCEM predicts and scheme formed by 4+4+2+2+4 
energy levels. On the contrary, the experiment and the REC model indicate 
a 4+2+4+2+4 scheme, as it is illustrated in Figure 5.6:           

 
 
 

 

Figure 5.6:  Experimental (red) and theoretical ground multiplet energy level scheme 
calculated by the REC model (green) and the PCEM (blue) for Cs2NaYCl6:Er3+. 

 



Application of the effective electrostatic models to lanthanide homoleptic complexes  

111 
 

5.3 Comparison between calculated CFPs and 
phenomenological CFPs 

	  

Now, we can move on to perform a comparison between (a) the crystal 
field parameters calculated in the SIMPRE package, using the real 
structures and the REC parameters determined by the collective fits 
reported in this chapter, and (b) the phenomenological crystal field 
parameters used by spectroscopists in previous works, which fit all the 
available spectroscopic data.298–302 When applying the REC model, the CFPs 
are varied indirectly because they result from the effective coordinates that 
are modified according to the model. Thus, for each set of coordinates, a set 
of CFPs emerges as an output. Differently, the non-negligible CFPs for each 
point group, which are extracted by the spectroscopists, are scanned 
directly in order to obtain the set that describes better the data. As in the 
REC approach the information from excited states is not considered, it is 
necessary to compare the results with each set of phenomenological CFPs. 

The evolution of the B20, B40 and B60 CFPs in Wybourne notation for 
each family of compounds are plotted in Figures 5.7-5.9. Note that for the 
two trivalent lanthanide elpasolite lattices B20 is equal to 0, due to the 
octahedral symmetry, which cancels this term. As one can observe, the 
calculated CFPs using the REC model are in the same magnitude order that 
the ones extracted directly from the experiment and the agreement is, in 
general, very good. This reflects that this strategy overcomes the inherent 
limitations of the PCEM, obtaining a set of CFPs compatible with the 
phenomenological ones, and in particular obtains the correct ratios between 
CFPs. Furthermore, this comparison demonstrates the potential of the REC 
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model for the obtaining of an initial set of CFPs that can be used for a 
fitting of the energy level scheme including excited states.               

	  
Figure 5.7:  Phenomenological (crosses) and calculated B20 (open circles) in Wybourne 

notation, using the collective fitting value for Dr and Zi, in LiYF4: Ln3+ (green) 
and LaCl3:Ln3+ (blue). 

 

 
Figure 5.8:  Phenomenological (crosses) and calculated B40 (open circles) in Wybourne 

notation, using the collective fitting value for Dr and Zi, in Cs2NaYF6:Ln3+ 

(purple), LiYF4:Ln3+ (green), Cs2NaYCl6:Ln3+ (red) and LaCl3:Ln3+ (blue). 
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Figure 5.9:   Phenomenological (crosses) and calculated B60 (open circles) in Wybourne 

notation, using the collective fitting value for Dr and Zi, in Cs2NaYF6:Ln3+ 

(purple), LiYF4:Ln3+ (green), Cs2NaYCl6:Ln3+ (red) and LaCl3:Ln3+ (blue). 

 

5.4 Relation of the REC parameters with Pauling 
electronegativity and coordination number 

 
The results of every individual fit, taken together with the collective fits for 
each family, reveal at first glance some trends that can be related both with 
the Pauling electronegativities of the ligands and with the coordination 
numbers (see Figure 5.10). For instance, for a given coordination number 
(CN), e.g. CN=6, Dr is higher for the ligand with a lower electronegativity 
(ECl < EF). Additionally, for a given donor atom, Dr is higher for a higher 
coordination number. This is verified both for F- and Cl-. This means that as 
far as the coordination number increases, the effective charges are placed 
closer to the lanthanoid. On the other hand, a more electronegative donor 
atom requires a weaker covalent correction, and thus the effective charge 
will be less displaced from the crystallographic position of the ligand. 
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Figure 5.10: Dr and Zi parameters obtained for each CFPs individual fit (open circles), 
collective fitting of the energy levels (cross) for the families Cs2NaYCl6:Ln3+  

(red), LiYF4:Ln3+  (green), LaCl3:Ln3+  (blue) and Cs2NaYF6:Ln3+  (purple). 

 
If the REC model is to be used as a predictive starting point as stated 

above, one needs to go beyond these qualitative arguments and search for 
an empirical mathematical relation. We found that the collective fits of the 
different families studied in this chapter are compatible with the following 
approximate relation296 between the radial displacement (Dr), the 
coordination number (CN), the valence of the metal (VM) and the Pauling 
electronegativities of the ligand and of the metal (EL and EM, respectively): 
  

(5.3) 

 

Table 5.3 allows a comparison between the approximation offered by 
Equation 5.3 and the collective fit of the ground multiplet energy level 
scheme of each family. Also, in Table 5.3, the averages of the Dr obtained 

Dr ≈
CN
VM

⎛
⎝⎜

⎞
⎠⎟
· 1
EM (EL − EM )
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within the individual fits of the four families, based on ground multiplet 
energy levels and crystal field parameters, are reported. 

 
Table 5.3 Dr (Å) estimated either from Equation 5.3, by a collective fit of each family or 

as an average of the individual fits of the energy levels and of the CFPs. (*): 
see text. 

 
As can be observed, the agreement is reasonable for the four families. 

Note that for the Cs2NaYF6:Ln3+ family, marked with (*) in Table 5.3, the 
collective fit uses only the data of Ho3+ and Er3+,302,303 and this value is 
expected to change if more derivatives are taken into account.   

Regarding the obtained effective charges of these complexes, an 
inverse proportional relation respect to the Dr values may be observed in 
both fluoride and chloride-based families (Figure 5.11). As we will see 
through the results presented in this Ph.D. thesis, this is indeed a general 
trend in all the systems fitted using this model: as far as the effective charge 
is getting closer to the lanthanoid ion, its value decreases (Figures 5.2 and 
5.4). The reason for this is obvious: if a solution is already in the right 
parameter region, pushing the charges closer to the metals and 
simultaneously rising their effective values will produce a completely 
incorrect total crystal field splitting. In Figure 5.11, we have plotted the 
individual Dr and Zi values obtained when fitting the ground multiplet 
sublevels, the ones obtained when fitting the CFPs directly and the lowest 

 Eq. 5.3 Collective fit Fit energy levels (ave.) Fit CFPs (ave.) 

Cs2NaYF6:Ln3+ 0.6 0.51 (*) 0.57 (*) 0.57 (*) 

LiYF4:Ln3+ 0.8 0.84 0.8 0.88 

Cs2NaYCl6:Ln3+ 0.85 0.86 0.90 0.85 

LaCl3:Ln3+ 1.28 1.25 1.24 1.27 
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relative error combination that describes the ground multiplet energy 
levels of the whole series. As an approximation, the following relation can 
be extracted: 

fX,CN = Dr · Zi (5.4) 
 

where f is a factor which depends on the coordination number and on 
the coordinated atom (X).  

The resulting values of fX,CN are calculated using the REC parameters 
of the collective fit. Such values are: fF,6 (CN=6) = 0.434, fF,8 (CN=8) = 0.144, 
fCl,6 (CN=6) = 0.311 and fCl,8 (CN=9) = 0.169. For the two pairs of families 
coordinated by fluorides and chlorides, the relations Zi = fF /Dr and Zi = fCl 
/Dr are calculated keeping the averaged fF = (fF,6+fF,8)/2 and fCl = (fCl,6+fCl,9)/2 
constant. These functions are represented by the dashed black lines in 
Figure 5.11. They are an approximation of the inverse relation empirically 
determined that exist between the two parameters of the REC model. 

	   	  
Figure 5.11:   Radial displacement (Dr) and effective charge (Zi) values obtained fitting the 

ground multiplet energy levels (circles) and CFPs (open circles); (left) 
Cs2NaYF6:Ln3+ (purple) and LiYF4

3+ (green); (right) Cs2NaYCl6:Ln3+ (red) and 
LaCl3:Ln3+ (blue). Collective fit (black cross). Function Zi = fX/Dr. 
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Assuming the relations 5.3 and 5.4 presented in this chapter are not 
specific for fluorine and chlorine, they would allow an initial estimation of 
the CFPs, energy levels, magnetic and optical properties for homoleptic 
later lanthanide complexes when working in absence of experimental 
data.296 In principle, we will assume that they should work better for 
ligands with a marked ionic character. Moreover, they can be especially 
useful to obtain an initial trial of CFPs for spectroscopic studies in f-element 
complexes using the full Hamiltonian. Also, the calculated REC parameters 
can be used as inexpensive initial values for Dr and Zi in the fitting 
procedures when modelling the properties, either spectroscopic or 
thermodynamic, of this kind of systems. 

For perspective, it is worth to compare the approximations presented 
in Equations 5.3 and 5.4 with previous efforts by other researchers towards 
the same direction. There are several similarities between the estimation of 
the effective charge by Zolnierek in 1984, where a modified point-charge 
model was presented, and the present one.307 In both approaches, the 
effective charge: 

(a) is directly proportional to the valence of the metal 
(b) is inversely proportional to the number of ligands 
(c) goes to zero as the electronegativity of the ligand approaches 

the electronegativity of the metal 
(d) can be written as a negative number plus a term that 

depends linearly on the electronegativity of the ligand.  
Furthermore, in a recent work by Tanner et al.,308 (c) is exactly true and 

(d) is approximately true if one considers small differences in 
electronegativity, as one then can look at the linear approximation of a 
negative Gaussian function. As Ref. 308 considers a constant radius 
depending only on the metal ion, it also supports the proportionality 
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between the radial displacement and coordination number. This means that 
crystallographic radii increase with the coordination number, thus a rising 
radial displacement is needed to compensate for this if an invariant 
effective radius is to be obtained.   

 

5.5 Conclusions 
 

In this chapter, 18 different compounds where a lanthanide is coordinated 
by halides have been modelled. The collective fit using two parameters for 
each of the four families have provided a good reproduction of the 
measured energy levels in all cases. The comparison with the PCEM in the 
study of Cs2NaYCl6:Er3+ shows how the covalent correction and the 
attributed effective charge can improve significantly the description of the 
properties of a lanthanide complex. The CFPs calculated using the 
collective fit of the REC parameters to the Stark sublevels are also in a 
reasonable agreement with the ones extracted by a fitting of the REC 
parameters to the phenomenological CFPs. This systematic study 
demonstrates that one can keep the simplicity of the electrostatic model but 
reproducing experimental properties with a fair accuracy.     

The collective study of the four isostructural families has allowed the 
extraction of two approximative equations that permit an estimate of the 
Radial Effective Charge model parameters by relating them to chemical 
concepts such as Pauling electronegativity and the coordination number. 
The parameters obtained with these equations are expected to be a very 
useful tool to address the widespread need for an inexpensive estimation of 
a starting parameter set in more sophisticated CF determinations, as well as 
a route for an inexpensive qualitative prediction of the magnetic properties 
of f-block compounds.  



Application of the effective electrostatic models to lanthanide homoleptic complexes  

119 
 

Of course, one expects that the calculated REC parameters will be 
closer to the actual ones in complexes coordinated by ionic donor atoms 
(like halides) with coordination numbers between six and nine, being less 
exact for oxygen donor atoms and offering worse predictions for complexes 
coordinated by nitrogens or organometallic compounds. It is also 
important to note that the compounds presented in this chapter are all 
homoleptic. Thus, an open problem is to deal with heteroleptic complexes 
(as will be described in Chapter 10). However, in any case, the 
aforementioned equations offer a starting point for a more accurate 
description of these systems.  
  



  

 
  

 
 
  



    

121 
 

 

 

 

 

 

 

 

In this part of the thesis, we are going to continue with the application of 
the Radial Effective Charge model to mononuclear lanthanide homoleptic 
complexes. In this case, we will describe the properties of different families 
of lanthanide compounds coordinated by oxygen atoms. This is a relevant 
test of the REC model, since stable rare earth compounds coordinated by 
oxygen-donor ligands are very common in coordination chemistry, 
trivalent ions being “hard” acceptors.309 Unlike the systems presented in the 
previous chapter, for most of the examples described here there is no high-
quality spectroscopic information available up to now. Thus, for their 
rationalisation, we are forced to be restricted to magnetic susceptibility 
experimental data. The employed procedure will aim to predict the 
magnetic properties of similar derivatives of the same families and to get 
some clues for the discovery of new complexes with SMM behaviour. To 
facilitate this task, the parameters obtained throughout the work will be 
integrated in the general library of ligands developed during this thesis, 
that parameterises the most common ligands in terms of the REC model.310     

The first three subsections (6.1, 6.2 and 6.3) will deal with eight-
coordinated polyoxometalate (POM) compounds. As potentially nuclear 
spin free systems offering different rigid and highly symmetrical 
coordination environments, POMs are in a nearly unique position for the 
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design of both SIMs and model spin 1/2 systems (spin qubits), minimising 
decoherence and unwanted relaxation processes.58 In these examples, the 
REC parameters are extracted by a collective fitting of the magnetic 
properties of derivatives with a similar oxo-based coordination 
environment. In 6.4, we will proceed with the analysis of a nine-
coordinated oxydiacetate family, where the analysis of existing 
spectroscopic data stimulated the synthesis of the Er and Dy derivatives, 
obtaining field-induced slow relaxation of the magnetisation in both of 
them. The experimental data will enable the benchmarking of the 
capabilities of the REC model in systems coordinated by oxygen donor 
atoms. We will also include ab initio calculations in the description of these 
oxydiacetate-based compounds, critically discussing the limitations of each 
approach. The subsection 6.5 will include the study of two layered 
dysprosium hydroxides, revealing single-molecule magnetic behaviour 
with slow relaxation processes ascribed to the different Dy sites.311 This 
investigation puts into evidence the evolution from to single ion towards 
2D and 3D interaction effects between dysprosium ions. Before the 
conclusions, this chapter will include the description of the first example of 
a metal-organic framework (MOF) having as nodes lanthanoid SIMs.120 The 
synthesis of this SIM-MOF was guided by rational design using the 
SIMPRE computational package and the REC model.       

 

6.1 Polyoxowolframates: series LnW10 and LnW22 
 

The characterisation of LnW10 and LnW22 permitted the description of the 
magnetic behaviour of the first two families of lanthanoid POM-based SIMs 
reported in the literature.59,31262 In particular, the erbium derivative of the 
series LnW10 was the second example of a mononuclear SMM. The 
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magnetic theoretical characterisation offered useful additional information 
about the Stark sublevels and ground multiplet wave functions.  

Regarding the chemical structures, in both families the lanthanoid 
metal is encapsulated between two monolacunary polyoxometalate anions 
that act as tetradentate ligands. They present a square antiprismatic 
environment around the Ln3+ centre, with a near D4d symmetry (Figure 6.1). 
In complexes [Ln(W5O18)2]9- (short: LnW10, where Ln = Tb, Dy, Ho and Er, 
each anionic moiety is twisted 44-45º with respect to the other, whereas in 

[Ln( β2-SiW11O39)2]13- (short: LnW22, where Ln = Tb, Dy, Ho, Er, Tm and Yb, 
they display a more pronounced distortion, with a rotation angle between 
the two moieties of about 41º.  

To quantify the deviation of both real structures from the ideal square 
antiprism, the SHAPE software was used, where a Continuous Shape 
Measure SP is mathematically defined in a way that is independent of the 
size and orientation of the system.288 By definition, the resulting value of SP 
is zero when the real coordinates of the metal site (problem structure, P) 
show exactly the desired ideal shape. Then, SP increases with the degree of 
distortion of the structure. According to the manual of the program, values 
below 0.1 represent chemically insignificant distortions in the structure. 
Values larger than 3 mean important distortions, with the highest possible 
values in the order of 40. Using the corresponding idealised D4d square 
antiprism as target structure, one obtains values of SP = 0.047 for the Er 
derivative of the family LnW10 and SP = 0.122 for ErW22. In both cases we 
have used the atomic coordinates of the erbium derivatives. Here it is 
important to note that although these calculated SP values mean chemically 
insignificant structural distortions in ErW10 and slight distortions in ErW22, 
the non-exact ideality of the structures yield all possible terms of the CF 
Hamiltonian. This occurs because the CFPs, calculated with the expressions 
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2.1, cannot be cancelled if the chemical structure deviates (even a few 
degrees) from the point group. These distortions from the point group 
symmetry are the responsible of the mixing in the wave functions.122 
Moreover, they can generate non-negligible tunnelling splitting in the non-
Kramers derivatives. For example, a variation of only 3º in the twist angle 
can signify a difference of an order of magnitude between the HoW10 and 
HoW22 tunnelling splittings.  

 
Figure 6.1:  (a) Molecular structure of [Ln(W5O18)2]9-; (b) view of its square antiprismatic 

coordination sphere, φ is the skew angle; (c) molecular structure of the series 

[Ln( β2-SiW11O39)2]13-. 

 
As we may observe in Figure 6.1, a well-defined magnetic axis is 

expected for the different derivatives because of the near pseudo-axial 
symmetry of the compounds. Thus, in the calculations our coordinate 
system was referred aligned with the main symmetry axis of the square 
antiprism. As the eight oxygen atoms are chemically equivalent, a 
simultaneous fit of the magnetic susceptibility data of LnW10 and LnW22 
from 2 to 280 K was performed. This substantially reduces the parameter 
space and allows an interpretation of the ligand field effects of 
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polyoxowolframates. A satisfactory fitting of the χT product was obtained 
when Dr = 0.895 Å and Zi = 0.105 with a relative error of E = 3.56·10-3. The 
validity of these two REC parameters can be tested with the prediction of 
the magnetic susceptibility of TmW22 and YbW22, which are described 
successfully with the same two parameters. As one can see, the agreement 
between the model and all the experimental data is excellent (Figure 6.2), 
even for the Tm3+ and Yb3+ derivatives which have been described with the 
same parameters and were not included in the collective fit.  

  
Figure 6.2:  Fitting of the experimental  χT product of the series of  (left) [Ln(W5O18)2]9-  and 

(right) [Ln( β2-SiW11O39)2]13- using the REC model: Dy (l), Ho (n), Tb (p), Er 

(q), Tm(Ê) and Yb (®).  Markers: experimental data; solid line: theoretical fit 
for Dy-Er and prediction for Tm and Yb. 

 
The energy level schemes and ground state descriptions of the ten 

lanthanide-based polyoxowolframate complexes modelled in this chapter 
are reported in Figures 6.3 and 6.4. It is remarkable the difference between 
the most compact description of the Tb and Er derivatives in both families. 
In the case of Tb, a diamagnetic ground state (98% of MJ = 0) is obtained, 

whereas a 99% and 98% contribution of a high MJ value (±13/2) in ErW10 
and ErW22 explains the SMM behaviour exhibited by both analogues. The 
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measurement of the tunnelling splitting of the HoW10 by Hill et al.,313 with a 
value of 0.3 cm-1, permitted to study the more probable distortions at low 
temperatures which are compatible with this value. 

 
Figure 6.3:  Energy level scheme and main contributions to the wave function for the 

ground and first excited states for [Ln(W5O18)2]9-  

 

 
Figure 6.4:  Energy level scheme and main contributions to the wave function for the 

ground and first excited states for [Ln( β2-SiW11O39)2]13- 
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To have a closer look, the energy level schemes and main 
contributions to the wave functions of compounds ErW10 and YbW22 are 
shown in Figure 6.5. One may observe the high contribution of a high MJ in 
both cases (99% of ±13/2 and 97% of ±5/2 for ErW10 and YbW22 
respectively), which are compatible with the SMM behaviour reported in 
the work of AlDamen et al.62 It is worth to mention that in the case of ErW10 
the calculated first excited state yields at 16 cm-1, whereas the experimental 
one, which was determined by EPR and specific heat, is located at 17 cm-

1.218 This description improved the previous explanation62 of the CF 
splitting of the ErW10 compound, where the first excited level (with a main 

contribution of ±1/2) was placed at 2 cm-1.   
In a second step, the possibility of having novel SIMs in other 

derivatives of these two series was explored. The SIMPRE package was 
acting as a spyglass and the most promising results were identified for 
NdW10.314 Then, the real structure of the Nd derivative and the REC 
parameters obtained in the study of both polyoxowolframate families were 
combined to obtain a prediction of the energy level scheme and the 
contributions to the wave functions (Figure 6.5). The theoretical 
calculations describe a ground state with 95% of contribution of MJ = ±5/2, 
which is very similar to the mononuclear SMM YbW22. Furthermore, the 
main MJ contribution to the ground state wave function of NdW10 coincides 
with the one of the first Nd-based single-ion magnet reported by Long et al. 
in 2012.88 This encouraged us to prepare the sample and measure its 
properties. With this objective, we had a meeting at the end of 2013 with 
Yan Duan, a Ph.D. student at ICMol with experience in the synthesis of 
polyoxometalates. She proceeded with the synthesis and magnetic 
characterisation of this derivative.   



6. Lanthanide complexes coordinated by oxygen atoms 

128 
  

 

Figure 6.5:  Energy level schemes and main MJ contributions for ErW10, NdW10 and 
YbW22. Note that all levels are Kramers doublets.   

 
The magnetic measurements were performed by José M. Martínez 

Agudo on previously ground crystals of NdW10 in the range 2-300 K with 
an applied field of 1000 Oe. Alternate current (ac) data were collected in the 
range 2-15 K with an applied alternating field at different frequencies in the 
range 1500 – 10000 Hz, detecting a maximum that was varying with the 
frequency. 

The temperature dependence of the χT was successfully predicted.310 
The results of this thermodynamic property are plotted and compared with 
the experimental results in Figure 6.6. An almost perfect agreement may be 
found between the prediction and the experiment, showing the great 
possibilities that this strategy can provide to the community by checking 
new candidates with interesting properties. 
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Figure 6.6:  χT product of NdW10. Circles: experimental data, solid line: theoretical 

prediction using the REC model. 

 
The ac magnetic properties reveal the typical features associated with 

SMM behaviour for a system with some mixture and thus the possibility of 
avoided hyperfine crossings and quantum tunnelling (Figure 6.7). Thus, in 

the absence of a dc field there is a weak frequency-dependent signal in χ’’ 

but no clear χ’ signal. When applying an external field of 1000 Oe, the 

system is taken beyond the hyperfine crossing region and as a result both χ’ 

and χ’’ show strong frequency dependencies, which indicate the presence 
of a slow relaxation process involving an energy barrier for the reversal of 

the magnetisation. Depending on the frequency of the applied ac field, χ’ 

presents a maximum between 6.8 and 7.9 K, while χ’’ has also a maximum 
between 5.9 and 6.9 K for 1500 and 10000 Hz, respectively (Figure 6.7 
(right)).  
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Figure 6.7:  In-phase (top) and out-of-phase (down) dynamic susceptibility of NdW10: 

without an external field (left), and with an applied field of 1000 Oe (right). 
The frequencies are shown in the legend. 

 

Analyses of the frequency dependence of the χ’’ peaks through an 
Arrhenius plot allowed the estimation of the magnetisation-relaxation 
parameters in this system (Figure 6.8).310 The best fitting affords a barrier 

height (Ueff) of 51.4 cm-1 with a pre-exponential factor (τ0) of 3.55·10-10 s. 

Given the good insulation of the Nd3+ ions provided by the diamagnetic 

polyoxowolframate framework (the shortest Nd–Nd distance is 11.221 Å), 

the slow relaxation process exhibited by the complex should be considered 
as a single-molecule property. 
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Figure 6.8:  Relaxation-time fitting to the Arrhenius law in the 1500-10000 Hz interval for 

NdW10. 

 

6.2 Polyoxomolybdates: series LnMo16 and LnMo10   
 

The chemical similarity of the coordination environment of the two families 
of polyoxowolframates rationalised in the preceding section motivated us 
to study the magnetic properties of polyoxomolybdates encapsulating 
lanthanides.315 An interesting aspect compared with the series LnW10 and 
LnW22 is the possibility of making them more easily reducible by one or 
more electrons, allowing the coexistence of localised f electrons with a 
number of delocalised d electrons. As has already been demonstrated with 
transition metal ions, this kind of systems are unique model systems which 
favour the appearance of novel phenomena and possibilities in 
nanotechnology.316  

The first family under study was prepared by Dr. Salvador Cardona-
Serra and Yan Duan, supervised by Dr. Carlos Giménez-Saiz, by reacting 
[(n-C4H9)4N]4[Mo8O26] with lanthanide nitrate salts. The rare earths metals, 

which are highly oxophilic, were connecting two [ β-Mo8O26]4- moieties to 
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produce a new family of polyoxomolybdate-based mononuclear single-
molecule magnets formulated as [Ln(Mo8O26)2]5- (with Ln = Tb, Ho, Dy, Er, 
Yb and Tm) (Figure 6.9). One example of this kind, encapsulating a 
diamagnetic ion (La3+), had previously been reported by Ozeki, Yagasaki et 
al.,315 demonstrating the synthetic feasibility of this proposal. Unlike the 
previous series of heteropolyoxowolframates, this new series of 
heteropolyoxomolybdates is soluble in organic solvents. This means that 
besides the possibility of reduction, the change in the main metal of the 
polyoxometalate opens new paths for processability. This will allow the 
preparation of hybrid materials that may combine both SMM behaviour 
and other properties like conductivity, optical activity and spin-
crossover.317,318  

 

 

Figure 6.9:  (left) Molecular structure of [Er(Mo8O26)2]5- and (right) projection of the first 

coordination sphere showing the square antiprismatic coordination site. φ is 
the skew angle. 

  
According to the results from X-ray diffraction measurements, this 

family of compounds crystallise in two different space groups: monoclinic 
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(P21/c) for Tb3+ and orthorhombic (Pbca) for the rest of the series. Because of 
the rigidity of the polyoxometalate, this difference in the crystallography is 
in practice not noticeable in the vicinity of lanthanide ion: in all cases, the 
structure exhibits the presence of a lanthanide ion sandwiched between 

two [β-Mo8O26]4- units. The octamolybdate unit is composed of two Mo4O13 
subunits stacked together by relatively elongated molybden-oxygen bonds. 
The lanthanide ions which are bonded to the terminal oxygen atoms of the 
two octamolybdate units show eight-fold square antiprismatic coordination 
(Figure 6.9).  

Magnetic static and dynamic measurements were performed in fresh 
powdered samples of LnMo16. Those data were measured (by José M. 
Martínez-Agudo) between 2 and 280 K under an applied magnetic field of 
1000 G with a commercial magnetometer equipped with a SQUID sensor.  
The four magnetic susceptibility curves of the Tb, Dy, Ho and Er 
polyanions were used to carry out a simultaneous fit based on the REC 
model. This procedure provided the two parameters that describe the 
ligand field effects of these eight chemically equivalent polyoxomolybdate 

ligands. The most satisfactory agreement with the experimental χT product 
was obtained when Dr = 0.72 Å and Zi = 0.253. If we compare with the 
obtained parameters for the heteropolyoxowolframate family,310 the radial 
displacement is smaller in this case. This means that the effective point 
charge needs a smaller covalent correction to produce an adequate relation 
between the CFPs that describe the experimental data. This difference can 
be related to the different Pauling electronegativity of the Mo and W atoms 
(2.16 and 2.36 respectively). The larger difference in EM between Mo (2.16) 
and O (3.44) enhances the ionic character of oxygen as a donor atom to the 
lanthanide, decreasing the covalent character of the coordination bond, 
which results in smaller corrections: smaller Dr and larger Zi. On the 
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contrary, a smaller difference in electronegativity between W (2.36) and O 
(3.44) diminishes the ionic character of oxygen as a donor atom to the 
lanthanide, increasing the covalent character of the coordination bond, 
which results in larger corrections: higher Dr and lower Zi. 

As done in LnW10 and LnW22, the validity of the determined collective 
two parameters is tested with the application of them to the real 
coordinates of the Tm and Yb derivatives and comparison with the 
experimental results. The predicted magnetic behaviour shows an excellent 
agreement with the experimental data (Figure 6.10).   

 
Figure 6.10:  Fitting of the experimental product of the series [Ln(Mo8O26)2]5- using the REC 

model: Dy (red), Ho (blue), Tb (blue), Er (green), Tm (black), Yb (orange). 
Markers give experimental data, and the solid lines theoretical fits for Tb-Er 
and predictions for Tm and Yb. 

 
The resulting energy levels are reported in Figure 6.11. A general 

trend for this family compared with the previous POM-based ones is the 
slightly larger crystal field splitting observed. This has to be understood as 
a more pronounced effect of the ligands as the average Ln-O distance is 
practically identical between ErW10 and ErMo16 (2.367(7) Å and 2.367(3) Å). 
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Figure 6.11:  Energy level scheme and main contributions to the wave function of the 

ground state for [Ln(Mo8O26)2]5- . 

 
Ac measurements have been collected in the range 2-12 K with an 

applied alternating field of 3.95 Oe at different frequencies in the range 1-
10000 Hz. In the case of the LnMo16 family, the Er and Ho derivative show 
frequency dependent out-of-phase signals at very low temperatures. In 
neither complex a clear peak is observed even applying an external field of 
1000 Oe. This feature is a characteristic of the fast relaxation process that 
take place at low temperatures. In any other derivative, there appears no 
increase in the out-of-phase signal down to 2 K (Proust, A., Coronado, E. et 
al. In preparation).  

Subsequently, another series of mono-lanthanide containing 
polyoxomolybdates was synthesised by the group of Anna Proust in Paris.  
For that, they used the hybrid lacunary Lindqvist-type pentamolybdate 
[Mo5O13(OMe)4(NNC6H4-p-NO2)]3- as ligand.319 The advantage of this 
approach is that the substitution of organic ligands in the POM opens an 
avenue for chemical functionalisation, and thus is a promising advance 
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towards functional molecule-based nanostructures. The coordination 
environment of the lanthanide in the thus prepared 
[Ln{Mo5O13(OMe)4(NNC6H4-p-NO2}2]3- species (from now on: LnMo10, 
where Ln = Tb, Dy, Ho, Er, Yb and Nd) is very close to that observed in the 
previously reported [Ln(W5O18)2]9-, although polyoxomolybdate 
frameworks are known to be more flexible than polyoxowolframates. The 
chemical structures of the Tb, Ho and Er derivatives were also determined 
by X-ray. The crystal structures show the lanthanoid ion coordinated by 
eight oxygen atoms that are bonded to molybdene atoms. The POM 
complex is formed by two anionic [Mo5O13(OMe)4(NNC6H4-p-NO2)]3- 
moieties sandwiching the magnetic centre (Figure 6.12). These anionic 
clusters are surrounded by tetrabutylammonium cations, thus balancing 
the total charge of the system. Each anionic moiety is twisted around 44º 
(TbMo10), 39º (HoMo10) and 40º (ErMo10) with respect to the other. In the 
case of the LnMo16 family, the skew angle is about 40º for the Tb analogue 
and 44º for the Dy-Yb derivatives. As the ideal D4d skew angle is 45º, the 
coordination site may be roughly described, as in previously studied cases, 
as slightly distorted square-antiprismatic. In a more detailed comparison 
with the families of polyoxowolframates exhibiting SMM behaviour, the 

skew angle φ of TbMo10, DyMo16, HoMo16, ErMo16, TmMo16 and TmMo16 is 
comparable with the measured one for ErW10 (44.2º), whereas the Ho and 
Er derivatives of LnMo10, as well as TbMo16, are more distorted, being 
comparable with the ErW22 derivative (41.4º). It is clear that there is so far 
no fine chemical control on the skew angle, which depends on a number of 
subtle crystal packing interactions. 
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Figure 6.12:   Structure of the (TBA)3[{Mo5O13(OCH3)4(N2C6H4-p-NO2)}2Tb] POM. 

 
At the time of our first contact with this family, we had not yet 

investigated the LnMo16 derivatives with the REC model, and thus a quick 
first estimation of the possibility of obtaining SMM behaviour in some of 
the derivatives of this series was performed. Then, we used the REC model 
introducing the available crystal structures of the Tb, Ho and Er derivatives 
as input in SIMPRE, applying the two REC parameters (Dr = 0.895 Å and Zi 
= 0.105) determined in 6.1 for the heterooxopolywolframate complexes. The 
prediction of the properties for the different derivatives illustrated the 
possibility of having SMM behaviour in the Dy derivative (95% of MJ = 
±11/2). This was confirmed after the magnetic characterisation, where slow 
relaxation of the magnetisation in the Dy and Yb derivatives from the ac 
measurements was observed (Proust, A., Coronado, E. et al. In preparation).  

Owing to the chemical similarity of the two families of 
polyoxomolybdates presented in this section, especially in the coordination 
environment and the kind of oxygen donor atoms, the parameters Dr = 0.72 
A and Zi = 0.253 obtained in the study of LnMo16 were applied. This 
allowed the calculation of the CFPs, energy levels, wave functions and 
magnetic properties of this new family of polyoxomolybdates. The result of 

the  χT product prediction is presented in Figure 6.13. 
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Figure 6.13:   Experimental (circles) and predicted (solid lines) χT product of the series 

LnMo10: Tb (pink), Dy (red), Ho (blue), Er (green), Yb (orange), Nd (sky blue) 
from 2 to 300 K. 

 

One can observe that the agreement between the prediction and the 
experiment is excellent for the Tb, Ho and Nd derivatives, and the 
calculations reproduce quite well the magnetic susceptibility temperature 
dependence of Dy, Er and Yb. The calculated energy level scheme and the 
magnetisation of the different compounds are represented in Figure 6.14 
and Figure 6.15, respectively.  

 
Figure 6.14:  Calculated energy levels of the series LnMo10.   
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Figure 6.15:  Experimental (circles) and predicted (solid lines) field dependence 

magnetisation of LnMo10 at 2K (red) and 5 K (in blue) from 0 to 5 T.  

 
The main deviation between experiment and theory is encountered 

for the Dy analogue in this case. This can be due to the proximity of the first 
excited state –about 10 cm-1 according to the prediction–, which can be 
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located at lower energy, contributing to the magnetisation at 2 K and 5 K 
under a magnetic field stronger than 1 T.  

For a deeper analysis of the compounds exhibiting SMM behaviour in 
both families, in Figure 6.16, the Stark sublevels of the HoMo16 and ErMo16 
derivatives are plotted and commented below.  

 
Figure 6.16: Energy level scheme and main contributions to the ground state wave 

function for the Ho and Er derivatives of LnMo16. 

 
Regarding the lower states wave functions, one can observe that in the 

case of the HoMo16 the ground state is defined by a mixture of 47% of |+4> 
and 47% of |-4>. In this case, the crystal field operators correlate the 
projection of the moment and its inverse, thus concluding that in absence of 
an external magnetic field this wave function prevents the system to get 
blocked. Nevertheless when a transversal external field is applied, the 
purity of the MJ = +4 and MJ = -4 is recovered and the route to relaxation 
becomes more tough so the single molecule blocking is permitted. For 
ErMo16 the wave function for the ground state appears to be MJ = 
0.78|±1/2> + 0.12|±13/2> with a two very near states above it (at about 1.6 
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and 3.7 cm-1). Those are described by MJ = 0.78|±15/2> –marked in red in 
Figure 6.16– and MJ = 0.74|±13/2> + 0.15|±15/2> respectively. The low 
energy difference between the ground and the first excited state (and even 
the second) is definitively below the precision of the method. Also, thermal 
effects over the chemical structure can slightly affect the energy level 
description, becoming significant at this level of proximity of the energy 
levels. So one can suggest, according to the experimental results, that the 
Kramers doublet described by 78% of ±15/2 is the actual ground doublet. 
Within this assumption, the ground wave function would show a high MJ 
projection compatible with a single ion magnet property. The calculated 
energy level scheme of DyMo10 and YbMo10 (Figure 6.17) are represented as 
follows. 

 
Figure 6.17:  Calculated energy levels of the Dy and Yb derivatives of LnMo10. 

 
According to the REC prediction, DyMo10 possesses a ground state 

dominated by MJ = ±11/2 (87%) with an excited state of MJ = 0.87|±9/2>, 
which is placed at about 10 cm-1 above it. Such scheme is compatible with 
the observed SMM behaviour. One can notice that in this example all the MJ 
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states are bunched below 100 cm-1 with the exception of the highest MJ = 
15/2 which is located at 350 cm-1. In the case of YbMo10, the level scheme is 
quite clear and the possibility of relating the ground-state wave function MJ 
= 97% of |±5/2> with the single-molecule property. The rest of the energy 
levels appear at 220 cm-1 above it, starting with the MJ = 0.97|±3/2>. The 
absence of mixing provides a quasi-pure MJ function without a clear path to 
invert its moment, thus the system can be blocked at low temperatures. 

Now, it is worth to compare the results of a particular lanthanide ion 
placed in the different families of POMs that we have theoretically 
characterised until this point. For that, we will focus in the erbium 
analogue because its crystal structure has been determined for ErW10, 
ErW22, ErMo16 and ErMo10. Regarding the lowest energy levels, we found a 
ground state characterised by ±13/2 in both heteroxopolywolframates, and 
a first excited state dominated by ±1/2 (placed at ~16 cm-1 in ErW10 and 11 
cm-1 in ErW22). In contrast, this picture is totally different in the case of 
ErMo10, where the ground doublet is dominated by ±1/2 (96%) and the first 
excited state (located at about 18 cm-1) presents 96% of ±15/2. In this family 
the best candidate is the Dy analogue due to the more axial coordination 
environment. The explanation of such a different behaviour can be 
attributed to the slight differences in the first coordination sphere. The 
interplanar distance, dpp, was measured to be 2.46 Å in ErW10, 2.48 Å in 
ErW22 and 2.61 Å in ErMo10, presenting a more favourable coordination 
environment –to exhibit SMM behaviour using erbium as a magnetic ion– 
in the case of the two series of polyoxowolframates. ErMo16 shows an 
intermediate situation, having dpp = 2.55 Å and a skew angle comparable to 
that of ErW10. As we have mentioned above, according to our calculations 
ErMo16 has three Kramers doublets very close in energy, two of them 
dominated by high MJ values and one dominated by ±1/2. 
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6.3 Polyoxopalladates: the series LnPd12   
 

The next series of lanthanide ions coordinated by oxygens that has been 
investigated in this thesis is a family of cubic heteropolyoxopalladate-based 
complexes.287 These polyanions were prepared by the group of Prof. Ulrich 
Kortz in Jacobs University and present the general formula 
[LnPd12(AsPh)8O32]5- (in short: LnPd12), where Ln = Tb, Dy, Ho, Er and Tm. 
They consist of a cuboid framework of twelve Pd2+ ions with eight 
phenylarsonate heterogroups located at the vertices and a central guest ion 
Ln. The molecule is very attractive from the point of view of the symmetry 
as it presents exact Oh symmetry with the eight oxygen atoms being 
chemically equivalent (Figure 6.18), all coordinated to the Ln and three Pd2+ 
atoms each. This is a very unusual situation since due to steric reasons two 
squares of atoms coordinating a spherical lanthanide tend to be more stable 
close to a skew angle of 45º. Additionally, changing the main metal 
comparing with previous series (Pd instead of W or Mo) allows us to study 
the influence of atoms beyond the first coordination sphere. 

The family has been magnetically characterised by Naresh Dalal and 
co-workers in Florida State University and theoretically described in this 
Ph.D. thesis using the REC model.222 In the meanwhile, the 
polyoxopalladate oxygen atoms are parameterised and added to the 
general library of ligands. Subsequently, the calculated CFPs will be used 
as input for a second fitting via a phenomenological crystal field approach 
using the full Hamiltonian in the CONDON package.151 The high symmetry 
of the compounds provides only two non-vanishing crystal field 
parameters (CFPs) B40 and B60. This situation is highly beneficial to perform 
a phenomenological fit, allowing to obtain a more accurate description of 
the ground state of the derivatives of the family.  
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Figure 6.18:  Ball and stick representation of LnPd12. Color code: Ln (violet), O (red), Pd 
(blue), C (black), As (yellow) and H (pink). 

 
The cubic symmetry also results in highly degenerate energy levels. 

This lack of anisotropy allows us to explore the breaking of degeneracy by 
reducing the symmetry around the lanthanide, or through the application 
of a magnetic field in a non-Kramers magnetic ion, such as Ho3+, on the 
quantum coherence of the molecular spin qubit. This systematic study will 
be explained in Chapter 11, where a quantitative and inexpensive estimate 
of decoherence times in this family of cubic polyoxopalladates is described. 
In any case, this requires as a first step an understanding of the 
unperturbed system, which follows. 

The magnetic susceptibility data of the series from 2 to 300 K have 
been simultaneously fit using the two parameters of the REC model in 

SIMPRE. A satisfactory fitting of the  χT product is obtained when Dr = 0.8 

Å and Zi = 0.197, with a relative error of E = 3.02·10-3. Theoretical and 

experimental curves are represented in Figure 6.19. The two parameters, 
although similar to the ones obtained for the LnW10 and LnW22 families in 
section 6.1 (Dr = 0.895 Å and Zi = 0.105) and for LnMo16 in 6.2 (Dr = 0.72 Å 
and Zi = 0.235), show small differences. Again, this can be attributed to the 
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different electronegativity of the neighbour atoms: wolfram (2.36), 
palladium (2.20) and molybden (2.16). An intermediate electronegativity is 
translated into an intermediate need for covalent correction and 
consequently into intermediate REC parameters. 

   
 

 
Figure 6.19:  Fitting of the experimental "T product of the series of LnPd12 using the REC 

model: Dy (red), Ho (blue), Tb (violet), Er (green), Tm (black). Open circles 
stand for experimental data and solid lines represent theoretical fit of TbPd12, 
DyPd12, HoPd12 and ErPd12 and prediction for TmPd12. 

 
The calculated CFPs, energy level schemes and magnetic properties 

for DyPd12 (Figure 6.20) and HoPd12 (Figure 6.21) are reported as an 
example. The energy level scheme and the magnetic susceptibility curves 
have been calculated by three different procedures: (i) calculated by the 
REC model (parameters from the collective fit) in the SIMPRE package 
using the Russell-Saunders approximation; (ii) calculated using the 
obtained CFPs in the CONDON package (full-Hamiltonian); and (iii) 
calculated from the individual fit of CFPs (phenomenological B40 and B60). 
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In all three cases the magnetic susceptibility is well reproduced. The CFPs 
determined by the REC are close to the ones extracted from the fit. This 
emphasises the adequacy of using simple models as the REC one to define 
an initial set of CFPs that will allow the description of the system with 
accuracy.    
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Figure 6.20:  (left) Comparison of the χT value of DyPd12 for powder from experiment 
(circles), REC model assuming Russell-Saunders scheme (red line), REC 
model using the full Hamiltonian (blue line) and phenomenological fit using 
the full Hamiltonian (green line); (right) energy levels of DyPd12 calculated by 
the three differentes procedures (in cm-1).    

 
In both examples, the largest absolute difference between the three 

approaches is found in the most excited level within the ground J multiplet. 
In DyPd12 there are important differences at lower temperatures, making 
more difficult the full interpretation of the spectroscopic properties of the 
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system. This picture is different in HoPd12, where there is an exact 
coincidence between the collective fit of the REC model and the 
phenomenological determination under 2 cm-1 (Figure 6.21). The rich 
structure at low temperature of this complex makes it promising to perform 
a set of calculations that will investigate its possibilities as spin qubits. 
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Figure 6.21:  (left) Comparison of the χT value of HoPd12 for powder from experiment 
(circles), REC model assuming Russell-Saunders scheme (red line), REC 
model using the full Hamiltonian (blue line) and phenomenological fit using 
the full Hamiltonian (green line); (right) energy levels of HoPd12 calculated by 
the three differentes procedures indicated above.    

 
Finally, the magnetisation curves of the Dy and Ho derivatives 

measured at 5 K are represented in Figure 6.22, showing a reasonable 
agreement with the experiment. The ground doublet of DyPd12 is 
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composed by a mixture of 40%|±13/2> + 34%|±5/2> + 20%| 3/2> + 

6%| 11/2> and the first excited sublevel is a quadruplet at 0.8 cm-1. For 

the same orientation, the wave function of the ground doublet is composed 

by 27%|±6> + 23%|±2> + 23%| 2> + 27%| 6> in HoPd12, having a 

triplet at about 2 cm-1. A transversal magnetic field or the distortion of the 
cubic symmetry unbreaks the degeneracy of the system.           
 

  
 

Figure 6.22:  Experimental (markers) and calculated with the REC model in the SIMPRE 
package (solid line) magnetisation of DyPd12 (left) and HoPd12 (right) at 5 K 
with an applied magnetic field varying between 0 and 5 T. 

 

6.4 Oxydiacetate: the series LnODA 

 
The tris-terdentate coordination complexes formed by the chelation of the 
three oxydiacetate ligands to a trivalent lanthanide ion have been studied 
extensively.133,320–323 Such studies have been useful to elicit information 
about the effects of ligand structural complexity on the details of Ln3+(4fN) 
electronic state structure and optical properties. The series have the general 
formula Na5[Ln(oda)3](H2O)6(BF4)2, where Ln = Tb, Dy, Ho and Er and oda 
= oxydiacetate (C4H4O5

2-), in short LnODA.324 In these complexes, each 
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oxydiacetate ligand is coordinated to the lanthanide ion via two negatively 
charged oxygen atoms (one from each of the two carboxylate moieties in 
oda) and a neutral ether oxygen atom. The crystal structure can be refined 
in one of the Sohncke space groups (R32).325 It has been reported324 that the 
formation of hydrogen bonds involving BF4

- anions could be essential in the 
packing of the homo-chiral complexes, resulting in the spontaneous 
resolution. The coordination geometry around the lanthanide ion is 
practically identical for both DyODA and ErODA. It may be described as 
slightly distorted tricapped trigonal prismatic (of D3 symmetry). The upper 
and lower triangles are defined by carboxylate oxygen atoms and the 
capping positions (perpendicular to the near-C3 symmetry axis) occupied 
by ether oxygen atoms (Figure 6.23). Thus, the coordination environment is 
not clearly axial nor equatorial,61 being necessary to perform structure-
based theoretical calculations to know which lanthanide ion is a better 
candidate to exhibit SMM behaviour.   
 

 
Figure 6.23: Vertical view of the three-blade-propeller molecular structure of 

Na5[Dy(oda)3](H2O)6(BF4)2 that emphasises the near-C3 symmetry axis. The 
erbium derivative is isostructural. 
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The syntheses of the Dy and Er derivatives were proposed by the 
Ph.D. candidate because the ground doublet wave functions (previously 
calculated: 9/2 for DyODA and 15/2 for ErODA)133,321 indicated the 
possibility of enhancing slow relaxation of the magnetisation in both 
complexes, in spite of the particular coordination environment of the 
complexes. These ground state wave functions were calculated using the 
CFPs of the phenomenological fit and the full Hamiltonian. The measured 
spectroscopic data in both compounds made them ideal to use as 
benchmark systems to test and compare the capabilities of our model.  

Dealing with the modelling of this family with the REC model, we 
decided to test the possibilities beyond halogen atoms of the semi-empirical 
equations presented in Chapter 5 in the description of the Stark sublevels of 
the Dy and Er derivatives. This semi-empirical strategy allowed us to obtain 
a quick estimation of the energy levels and magnetic properties in the 
absence of any parameter, just utilising the previous knowledge in the 
study of the properties of lanthanide compounds coordinated by halogens. 
The availability of spectroscopic energy levels for the whole crystal field 
splitting in the case of DyODA and for most of the sublevels of ErODA 
gave us the opportunity to test the predictive power of the developed tools 
beyond the halides. Secondly, we followed the usual procedure using the 
energy levels of the Tb, Dy, Ho and Er derivatives and proceeding with the 
collective fit, giving priority to the lower-lying energy levels, i.e. accounting 
for the relative error instead of the absolute one.  

On the other hand, for the same above-mentioned reason (availability 
of spectroscopic information beyond magnetic characterisation), we 
included an electronic structure ab initio study173 performed by Roser 
Morales from the group of Prof. Eliseo Ruiz in the University of Barcelona. 
They carried out post Hartree-Fock calculations based on the relativistic 
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quantum chemistry method CASSCF+RASSI implemented in the MOLCAS 
8.0 software package for the both compounds of interest.164 CASSCF 
calculations were performed for three different multiplicities (sextet, 
quartet and doublet) for the Dy complex, and two multiplicities (quartet 
and doublet) for the Er complex. 21, 128 and 98 states for the sextet, quartet 
and doublet calculations of the Dy complex were included. Whereas for the 
Er derivative, 35 and 112 states for the quartet and doublet calculations 
were taken into account. Furthermore, CASPT2 calculations were 
performed in order to allow richer comparison between different models 
and experimental data.169 CASPT2 calculations of the ground state 
multiplicities included 21 states for the sextet of Dy and 13 states for the 
quartet of Er. The effect of spin-orbit coupling on the basis of the converged 
wave functions obtained in the previous step (CASSCF or CASPT2) was 
added by the Restricted Active Space State Interaction (RASSI) method. 
Spin Hamiltonian parameters (such as g factors) were calculated from the 
wave functions resulting after the state interaction step employing the 
SINGLE_ANISO program, implemented in MOLCAS 8.0. The employed 
basis set has the following contractions: Dy [9s8p6d4f3g2h]; Er 
[9s8p6d4f3g2h]; O close [4s3p2d1f]; O distant [3s2p]; C [3s2p]; H [2s]. The 
structure of the model was extracted from the corresponding X-ray 
structure without any ligand simplification. 

Regarding the experimental part, Yan Duan proceeded with the 
synthesis of the Dy and Er derivatives and the diluted samples of both 
compounds (Y(1-x)Ln(x) with x=0.01 for Dy, x=0.05 for Er). José M. Martínez 
recorded the magnetic data, performing dc susceptibility measurements for 
the pure and diluted samples of both compounds under an applied field of 

0.1 T. In the pure compound, the χT values at 300 K are near the expected 

values for the 4I15/2 and 6H15/2 multiplets of Er3+ (11.27 (exp.) vs. 11.48 emu·
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K/mol) and Dy3+ (14.08 (exp.) vs. 14.17 emu·K/mol). To avoid dipolar 

interactions that are not included in the theoretical model, the experimental 

χT products of the diluted samples of DyODA and ErODA are to be 
compared with the theoretical results. In both cases the temperature-
dependent magnetic susceptibility gradually decreases upon cooling due to 
depopulation of the electronic fine structure, reaching values close to 6 
emu·K/mol (Figure 6.24). 

  
Figure 6.24:  Comparison of the  χmT product for the magnetically diluted powder samples 

of Y0.99Dy0.01ODA (left) and Y0.95Er0.05ODA (right) at H = 1000 Oe. Red open 
circles: exp.; blue solid line: REC prediction, green solid line: CASSCF, green 
dashed line: CASPT2. 

 
It can be observed that the overall shape of both experimental curves 

is in general well reproduced by all three methods (REC prediction, 
CASSCF and CASPT2 results), being the experimental results closer to the 
predicted ones using the REC model. It is remarkable that the electrostatic 

method (blue solid line) reproduces the  χT curves with an almost excellent 
agreement with the experiment (red open circles) in both cases. In the case 

of the ab initio calculated  χT product there is no improvement between 
CASSCF and CASPT2, being almost equivalent in the Dy derivative. There 
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are noticeable differences between CASSCF (green solid line) and CASPT2 
(green dashed line) in the Er example (Figure 6.24 (right)), where CASPT2 
seems to reproduce better the magnetic behaviour below 100 K, while at 
higher temperatures CASSCF is closer to the experiment. Dynamic 
correlation contribution seems to be more important for the erbium system, 
probably for the larger electron repulsion due to the presence of two extra 
electrons in the f orbitals in comparison with the Dy complex. Anyway, 
CASSCF method provides reasonable values, as expected taking into 
account the relatively large ionic character of the metal-ligand interactions. 

In particular, CASPT2 calculations predict a  χT value of 11.03 emu·K/mol, 
which may indicate a total CF splitting larger than the one obtained by the 
CASSCF method. The better agreement of the electrostatic calculation 
allows us to think that, in these two particular examples, the energy level 
scheme should also be better reproduced by the semi-empirical method.  

For both compounds, ac susceptibility measurements were performed 
above 2 K. In both cases, they reveal the typical features associated with the 
SMM behaviour for a system with some mixture of MJ components 
enabling the possibility of presenting avoided hyperfine crossings and 
quantum tunnelling. Hence, in the absence of a dc field there is a weak 

frequency-dependent signal in  χ′′ but no clear χ′ signal. The system is taken 
beyond the hyperfine crossing region after applying an external field of 

1000 Oe. As a result, both χ′ and χ′′ show strong frequency dependencies. 
This indicates the presence of a slow relaxation process involving an energy 
barrier for the reversal of the magnetisation. In the Dy derivative, a 

maximum is detected between 2.5 and 3.0 K in χ′ (Figure 6.25 (top, left)), 

which is frequency dependent. In χ′′, the maximum could not be observed 
in the measurements carried out between 2 and 10 K (Figure 6.25 (down, 
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left)). The upward trend from 4 K to 2 K permits to expect that the position 
of the maximum should appear between 1 and 2 K, but this is outside our 
operating range.  

  

  
Figure 6.25:  In-phase (top) and out-of-phase (down) dynamic susceptibility of DyODA 

(left) and ErODA (right) under an applied dc field of 1000 Oe at the 
frequencies shown in the legend. 

 
On the other hand, the magnetic properties of ErODA reveal the 

typical features associated with SMM behaviour. Thus, both χ′ and χ′′ 
under an applied magnetic field of 1000 Oe (Figure 6.25 (right)) show 
strong frequency dependencies, which indicates the presence of a slow 
relaxation process involving an energy barrier for the reversal of the 
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magnetisation. Depending on the frequency of the applied ac field, χ′ 

presents a maximum between 4.3 and 4.9 K, while χ′′ has also a maximum 
between 3.5 and 4.2 K for 1500 and 10000 Hz, respectively (Figure 6.25 
(right, down)). 

In references 133 and 321, a large number of energy levels were 
located and assigned for both members of the LnODA family (65 for Er, 152 
for Dy) by a combination of spectroscopic techniques, which in both studies 
consisted of optical absorption (unpolarised, linearly and circularly 
polarised), and was also extended to optical emission  (also including all 
polarisations) for DyODA. Fits assumed a trigonal CF symmetry, thus in 
each case six CF parameters (B20, B40, B60, B43, B63 and B66) were varied in 
order to find a complete description of the experimental properties. In both 
derivatives, the root-mean-square deviation between the fit and the 
experimental data is below 10 cm-1 for the whole spectrum, and below 7 cm-

1 for the ground J manifold, so this is the expected accuracy for the missing 
experimental levels in the case of the erbium derivative. Note that this 
accuracy is maintained for energies in the tens of thousands of cm-1, 
accounting for the power of this approach and justifying its use as 
benchmark or "gold standard" to judge the quality of theoretical 
calculations when not all the experimental energy levels are available. 

In Figure 6.26, we compare these reference data with different sets of 
theoretical energy levels using the real structures of both complexes, by 
three different strategies. We have to stress that, in this case, the application 
of the REC model does not rely on any free fitting parameters: we used 
Equation 5.3 (Chapter 5), the relation f = Zi·Dr and previous results on 
polyoxowolframate oxygen-based ligands (Chapter 6, section 6.1) to obtain 
an effective distance of Dr ≈ 1.1 Å and an effective charge of Zi ≈ 0.085. Such 
a procedure has been described in Chapter 5.  
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Figure 6.26:  Crystal field energy level scheme of the ground J multiplet of DyODA. Thin 

red lines: experimental optical spectrum. Thick lines: spectroscopic fit, 
CASSCF/CASPT2 energies including spin-orbit effects and REC model 
prediction, as indicated at the axis (details in the text). 

 
The experimental energy level scheme of DyODA can be described as 

a bunching of levels in three groups 3+3+2, where each group has a width 
of about 50 cm-1 and there is a gap with no levels of about 80 cm-1 between 
every two groups.321 This 3+3+2 description is well reproduced by the semi-
empirical REC prediction. In contrast, both CASSCF and CASPT2 respond 
rather to a 5+1+2 scheme, that is, the fourth and fifth energy levels, that 
experimentally are found near 150 cm-1, are predicted to be about a 50% 
lower in energy, around 75 cm-1. The total energy level splitting, of about 
320 cm-1, is adequately reproduced by all methods. The CASPT2 method 
improves CASSCF results for the low-lying state energies, which are crucial 
for the theoretical determination of the anisotropy barriers. On the other 
hand, the prediction provided by the REC model using Equation 5.3 offers 
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a remarkable reproduction of the scheme, as confirmed in the correct 

prediction of the χT product. In addition, one can observe that following 
this methodology the total CF splitting is perfectly determined and the 
scheme 3+3+2 is also obtained. In this particular case, this predictive 
electrostatic approach results in a very satisfactory description of the 
energy levels. 

In the case of the Er derivative, five of the eight CF Kramers doublets 
split out of the 4I15/2 (ground) multiplet were reported.133 Taking the 
spectroscopic fit as a reference for the whole set of levels (black thick line in 
Figure 6.27), a slightly different 2+3+3 bunching is observed, with bunches 
that are at the same time increasingly wider (40, 70 and 110 cm-1) and more 
separated than in the Dy case (over 100 cm-1 for each of the inter-bunch 
separation). In this case, the CASSCF calculation qualitatively predicts the 
2+3+3 bunches, but underestimates all energies, so that in general the 
CASSCF levels are situated in the energies between the experimentally 
found energy bunches. Interestingly, while in this case an overall increase 
in CASSCF energies of about 50% that would improve the agreement, the 
factor would be of the order of 400% if only the first excited state is 
considered, highlighting the risk of using these type of factors with partial 

information. As reflected in the χT curve (Figure 6.24 (right)) in the case of 
CASPT2 the difference between the calculated energy levels with respect to 
CASSCF is striking, but also pretty far from the experimental result with no 
clear improvement. In this case, a 1+6+2 bunching is found with a total 
splitting of about 740 cm-1, which is a 68% higher than the results of the 
phenomenological fit (441 cm-1). Such a total splitting seems unreasonable 

and is key to understand the deviation of the χT product respect to the 
experiment (see Figure 6.24 (right), green dashed line). On the other hand, 
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the REC prediction is not as accurate as the one calculated in DyODA, but 
still respects the 2+3+2 scheme. The total splitting calculated by the REC 
model is very close to the one calculated with the phenomenological fit and 
thus is expected to be close to the actual energy levels. 

 
Figure 6.27:  Crystal field energy level scheme of the ground J multiplet of ErODA. Thin 

red lines: experimental optical spectrum. Thick lines: fit, CASSCF/CASPT2 
energies including spin-orbit effects and REC model prediction, as indicated 
at the axis (details in the text). 

  
After the analysis of these two particular examples, one can critically 

review general limitations of ab initio calculations and the electrostatic 
approach presented in this thesis. For clarity, one can briefly enumerate the 
limitations of each approach, and then go into some detail. In this regard, 
Complete Active Space ab initio calculations: 

(1) consider a single complex (the results should be compared with 
those obtained with magnetically dilute samples), 
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(2) apply perturbations in the wrong order, in CASPT2 both dynamic 
correlation and spin-orbit effect are included perturbatively.  

(3) are limited by large computacional requirements. 
Even when more than a single metal is considered, dipolar 

interactions within the crystals are also outside the scope of this approach. 
More crucially, the fact that the SINGLE_ANISO procedure applies spin-
orbit coupling after, rather than before, the ligand field, has fundamental, 
limiting consequences in the accuracy of the method that have not yet been 
adequately evaluated. On top of that, there are the non-fundamental limits 
posed by large computational requirements, especially in the case of the 
CASPT2 method. Because it is a computationally demanding method, it can 
happen that the end results have not converged, that is, that using a larger 
basis set, active space or contraction would produce results that are closer 
to the experimental data. Again, an extra theoretical effort will eventually 
overcome (2), but it will require programming new calculation procedures. 
However, electronic structure methods provide several useful pieces of 
information (g components, energy of the states, probability of the different 
spin relaxation mechanism between states and so on) and tools for the 
understanding of the magnetic properties (electrostatic potential of the 
ligands, shape of the electron density). 

The semi-empirical REC model considers:  
(1) a single metal, 
(2) the first coordination sphere  
(3) the ground J multiplet 
(4) it is a parametric (semi-empirical) method that often relies on low-

quality data (powder  χT) data and assumes parameters are re-usable. 
As it considers a single metal, this method is inappropriate for cluster-

type complexes. Limiting the point charges to the first coordination sphere 
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can have severe consequences for the prediction of the easy axis of 
magnetisation, while limiting the treatment to the ground J means the 
upper levels, even within the ground J, are less well described, and their 
energies are often overestimated. Being semi-empirical means there is no 
systematic method to obtain more accurate CF parameters, other than 
fitting higher-quality (spectroscopic) experimental data. That includes the 
risk of assuming that parameters extracted from a compound can be used 
on a different one. Some of these points can be improved by some extra 
theoretical effort. For example (3), is solved by considering the full single-
ion Hamiltonian, while (4) is continuously being improved as the number 
of examples studied by this method grow, which provide a better 
understanding of the adequate parameterisation of each kind of ligand.310   

Finally, as expected, the spectroscopic fit offers a perfect description of 
the measured levels. Nevertheless, it is important to point out that such a 
phenomenological approach can only be carried out after the energy level 
scheme is properly determined and it is only adequate when the symmetry 
of coordination environment is comparable to a point group, thus reducing 
the number of CF parameters. In real molecules, when 27 crystal field 
parameters are non-negligible, models based on the prediction of the 
properties from the real structure, such as the two approaches that have 
been compared and discussed here are necessary.152  
 

6.5 Hydroxide: a layered lanthanide hydroxide 
 

The particular combination of properties that can be achieved by inserting a 
diversity of anions in between the host inorganic layers have revitalised the 
interest in layered metal hydroxides. These lamellar hosts offer a broad 
range of possibilities,326,327 such as introducing a stimulus responsive 
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molecule that control the physical properties of the host.328,329 In this 
context, a particular class of materials are the so-called layered lanthanide 
hydroxides (LLHs),326 which are compounds with a general chemical 
formula of Ln2(OH)5A·nH2O. In these compounds A represents interlayer 
anions such as Cl-, NO3

-, Br-, etc. and n is 1.5–1.8. The unit cell of these 
materials contains three crystallographic distinct lanthanide sites, with two 
different Ln coordination environments, as can be seen in Figure 6.28. The 
three crystallographic sites are labelled as Ln1, Ln2 and Ln3. 

 
Figure 6.28:  Ln8(OH)20Cl4·nH2O crystal structure viewed along the c axis (left) and along 

the b axis (centre) and schematic representation of the LDyH-2,6-NDC 
structure viewed along the b axis (right). Ln ions are depicted as purple, 
hydroxyls as gray, water molecules as blue, chloride ions as green, and carbon 
as gray balls. The 8-fold dodecahedron and 9-fold monocapped square 
antiprism are in light green and purple, respectively. (adapted by L.C. Pereira 
from Ref. 311). 

 
One of the lanthanide ions (Ln1) presents an 8-fold coordination, 

[Ln(OH)7(H2O)], in a dodecahedron environment and the other two Ln ions 
(Ln2 and Ln3) present a 9-fold coordination, [Ln(OH)8(H2O)], forming a 
monocapped square antiprism coordination geometry with the capping 
position occupied by the water molecule. The crystal structure is built up 

LDyH LDyH-2,6-NDC
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along the c-axis via an alternating stacking of the host layer, composed of 
edge-shared [Ln(OH)7(H2O)] and [Ln(OH)8(H2O)] polyhedra, with each 

hydroxyl acting as a µ3-bridge connecting the lanthanide centres and the 
anions which are intercalated between the layers ensuring charge 
neutrality.330 

The small anions A in these structures can be easily replaced by more 
bulky ones, following an intercalation process that preserves the layered 
structure.331 The compositional flexibility of such materials, where the 
identity of both cation and anion can be controlled to target a specific 
application, makes them extremely appealing for different possible 
applications, and studies have focused mainly on their optical 
properties.332–338 The magnetic properties of these lanthanide compounds 
are also potentially interesting, but have been a lot more neglected in spite 
their potential namely for providing SMM behaviour with large anisotropy 
barriers56 and high blocking temperatures46. 

With the aim of distinguishing between the different contributions, 
the group of Prof. Manuel Almeida prepared a dilution of the compound 
LDyH in the diamagnetic Y analogous matrix, and intercalated with 2,6-
naphthalene dicarboxylate anions (LDyH-2,6-NDC). The first show the 
behaviour of the single Dy ions, while the intercalated material is expected 
to reveal the effects of isolated layer (purely 2-D) interactions.  

The magnetic properties of these layered dysprosium hydroxides, 
both diluted in the diamagnetic Y analogous matrix (LYH:0.04Dy), and 
intercalated with 2,6-naphtalene dicarboxylate anions (LDyH-2,6-NDC) 
were measured. Both diluted and intercalated materials presented a perfect 
overlapping of zero-field-cooled (ZFC) and field-cooled (FC) magnetisation 
curves with no indication of any ordering down to 2 K.311  This was also 
previously described for the undiluted compound (LDyH= 
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Dy8(OH)20Cl4·6H2O) that had been reported in 2013.339 As may be seen in 

Figure 6.29, the room temperature µeff values for Dy atom for LYH:0.04Dy 
and LDyH-2,6-NDC are comparable to that of the pure LDyH compound 

and close to the expected value of 10.6 µB/Dy for one non-interacting Dy3+ 
ion (S= 5/2, L= 5, J= 15/2, 6H15/2, and g= 4/3). It can be observed that in all 

compounds there is a gradual decrease of µeff upon cooling, with no signs in 
the diluted compound of the sharp maxima observed in the pure LDyH. A 
reminiscence of this peak is observed in intercalated material as a small 
anomaly. 

 
Figure 6.29:  Effective magnetic moment of the dysprosium compounds in the temperature 

range from 5 to 300 K obtained under a magnetic field of 100 G. 
 
In order to understand the single-ion effects, the Radial Effective 

Charge model was applied to the three different lanthanide centres of 
LYH:0.04Dy using the two REC parameters presented in 6.1 (Dr = 0.895 Å 
and Zi = 0.105) and the software package developed in the thesis. The 
theoretical calculations clearly indicated a different energy level scheme 
and ground state wave functions for each magnetic centre, especially 
between the two different coordination of the Dy ions, as can be observed 
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in Figure 6.30. This is compatible with the two different relaxation 
processes that had been encountered experimentally, which may be 
attributed to the different coordination environments. The two semi-
empirical REC parameters could provide an estimation of the ligand field 
effects of every oxygen atom coordinating each magnetic centre. In this case 
a collective fit taking into account other derivatives with the same crystal 
structure was not possible to carry out, as all the experimental work was 
based in the Dy centres. However, the polyoxowolframate-based 
corrections offered reasonable results for the purpose of understanding the 
magnetic properties. Such corrections seem reasonable according to the 
similar character of the hydroxides and the oxygen donor atoms in 
molecular metal oxide clusters. 

 
Figure 6.30:  Calculated ground multiplet crystal field splitting illustrating the Kramers 

doublets for the three different Dy centres. 
 
The averaging of the contributions of all three different Dy centres, 

allowed to estimate the magnetisation curves expected for the diluted 
sample at different temperatures. The results were found in surprising 
good agreement with experimental data, as may be observed in Figure 6.31. 
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As the shape of the curves was practically coincident with the theoretical 
prediction, a scale factor of +1.0885 was applied to the experimental data 
for better agreement which can be translated into a 0.037 of Dy instead of 
0.04 after the dilution procedure.  

 
 
Figure 6.31:  Experimental (symbols) and predicted average (lines) magnetisation M versus 

field H of LYH:0.04Dy at 1.7 K (black), 3.3 K (red), 5 K (blue) and 10 K (green).  
 

The same two parameters offered a fair reproduction of the 

experimental χT product, where, in addition to the above mentioned 

correction scale factor 1.088, a TIP correction of  7.2·10-3 emu/mol was 

introduced (Figure 6.32). 
These calculations show, as expected, that the ground doublet is 

different for the different crystallographic sites, being composed by 0.76 
|±13/2>, 0.98 |±15/2> and 0.99 |±15/2>, with the gz values equal to 16.2, 
19.79 and 19.91 for Dy1, Dy2 and Dy3 respectively. The results are 
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compatible with the observed SMM behaviour that present two relaxation 
processes corresponding to the 8- and 9-fold coordinated Dy ions.  

 

Figure 6.32:  Experimental (symbols) and predicted (lines)  χT product versus temperature 

of LYH:0.04Dy. The dashed lines show the  χT product of each individual 
magnetic centre. 

 
In order to test the effect of the water molecule of each centre, which is 

chemically different from all the coordinated OH- and differs more from 
the polyoxowolframate atoms, the program was run again without 
considering the water molecule at all (i.e. assuming an effective charge 
Zi=0). Results showed that, in this case, the absolute effect of the water 
molecule is very limited in terms of removing the water molecule from the 
input file did not yield significant differences concerning magnetic 
properties, energy levels, wave functions and easy axis orientations. 

Concerning the magnetic easy axis orientation of each centre, it was 
found again that they are very similar in the case of Dy2 and Dy3, but 
almost perpendicular to Dy1. The easy axis of Dy2 and Dy3 are along the b-

axis corresponding to the slightly zigzagging line (α = 170º), connecting 

these ions in the crystal structure. It should be noted that even in the 
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absence of ferromagnetic superexchange, this alignment of the easy axes is 
expected to promote a ferromagnetic coupling via dipolar interaction 
within these spin chains. In contrast, the easy axis of Dy1 is perpendicular 
to the ab plane. This alignment favours ferromagnetic coupling via dipolar 
interaction between spin chains of different layers, possibly explaining the 
slower decrease of effective magnetic moment upon cooling of the non-
diluted material as shown in Figure 6.29. Because of the ferromagnetic 
superexchange, the near-perpendicular orientation of the easy axes 
between Dy1 chains and Dy2-Dy3 chains should favour a strongly canted 
arrangement of magnetic moments with an overall ferromagnetic coupling, 
both within and between the layers. Such canting arrangement is also 
denoted by the previously described two-step shape of the low 
temperature magnetisation curve for the undiluted compound.339 

The magnetisation dynamics of both complexes were probed by using 
ac susceptibility measurements at low temperatures with an ac field of 5 G 
at different frequency values. The LYH:0.04Dy presents strong frequency-
dependent signals below 6 K under both zero (Figure 6.33 (a,b)) and 1000 G 
(Figure 6.33 (c,d)) static magnetic fields, with the appearance of two 

resolved maxima in both real, χ’, and imaginary, χ’’, components of 
susceptibility at 1000 G. The intensities of the signals increase with 
decreasing temperature and frequency. Such performance clearly indicates 
slow relaxation of the magnetisation due to single ion effects originating 
from two relaxation processes. As we have shown according to the 
theoretical calculations, these two relaxation processes are most likely 
associated with the two different types of coordination of the Dy ions in the 
structure. The process at lower temperatures with a more intense ac 
susceptibility could therefore be ascribed to the [Dy(OH)8(H2O)] 
polyhedron (corresponding to 2/3 of the total Dy3+ ions), and the higher 



6. Lanthanide complexes coordinated by oxygen atoms 

168 
  

temperature one with weaker ac susceptibility would then be associated 
with [Dy(OH)7(H2O)] (corresponding to 1/3 of the total Dy3+ ions). It 
should be noted that in the pure Dy compound only one relaxation process 
was observed.339 The absence of two processes of relaxation in the 
nondiluted LDyH compound is probably due to the ferromagnetic 
interactions between the Dy ions. 

 

 
Figure 6.33:  Temperature dependence of the real (χ’, left) and imaginary (χ’’, right) 

components of the ac susceptibility for LYH:0.04Dy under different static 
fields: (top) B = 0 G and (bottom) B = 1000 G, measured at different ac 
frequencies. 
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6.6 N,N’-dioxide: a SIM metal-organic framework  
 

In this section we present the rational design of a family of metal-organic 
frameworks (MOFs) in which the nodes are formed by mononuclear 
lanthanide SIMs.120 The proposed family has the general formula 
[Ln(bipyNO)4](TfO)3⋅xsolvent (Ln = Tb, Dy, Ho, Er; bipyNO = 4,4’-
bypyridyl-N,N’-dioxide; TfO = triflate), in which the lanthanoid centres 
have an square antiprismatic coordination environment suitable for SMM 
behaviour.340–342  

This system lies between two major areas within the field of 
coordination chemistry that are currently attracting much interest: the 
development of SMMs and MOFs.343,344 The combination of both fields, that 
is, the formation of SMM-MOFs has been largely pursued to develop new 
types of molecular magnetic materials. In addition, the conjunction of 
accessible pores in which different guest species can be stored with the 
magnetic bi-stability provided by the SMMs would result in a dynamic 
magnetic coordination polymer.328 This could add further functionalities in 
the hybrid material through the incorporation of different guest species 
into the cavities.  

An inspection of the Cambridge Structural Database (CSD) by Dr. 
Guillermo Mínguez revealed the presence of 73 crystal structures 
containing Ln and bipyNO, but only six of them were found to have eight-
coordinated nodes with only bipyNO as ligands, the others containing a 
mixture of ligands and/or coordinated solvent molecules. These six crystal 
structures present suitable coordination environments for SMM behaviour, 
that is, a square-antiprismatic coordination of eight oxygen atoms, 
although an appropiate lanthanoid centre needs to be chosen for magnetic 
purposes.340–342  For that, the chemical structures of the different complexes 
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were introduced in the SIMPRE package by the Ph.D. candidate. The REC 
parameters of the families LnW10 and LnW22 were utilised for this purpose, 
as they are the only oxygen-donor atoms that had been modelled at that 
time. Such predictions marked the Dy derivative as the most promising one 
for the design of a SIM-MOF, envisaging the possibility of obtaining such 
behaviour in the Tb and Er derivativaes. However, to obtain a set of more 
accurate calculations by a collective fit of magnetic susceptibility data, 
Christoph Gamer synthesised at the ICMol the four derivatives of the 3D 
MOFs IXEDUK and IXEFAS (see CSD).120 The coordination environment 
around the Ln and the view of the eight bipyNO ligands are reported in 
Figure 6.34.    

 

 

 

Figure 6.34:  (left) View of the eight bipyNO ligands that form bridges between lanthanoid 
centres. Only one of the three crystallographically independent Ln is shown; 
Hydrogen atoms are removed for clarity. Key: Ln (blue), C (black), N (blue) 
and O (red); (right) Near square antiprismatic coordination environment of 
the Dy3+ centres. 
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Due to the collapse of the crystals upon removal of the solvent 
molecules, the magnetic measurements have been performed immersing 60 
mg of crystals in methanol. Static dc magnetic measurements of the Tb-Er 

derivatives are shown in Figure 6.35. The observed drop of χT at low 
temperature results primarily from the depopulation of the highest crystal-
field levels, as commonly seen on anisotropic lanthanide ions, although 
some contribution from weak dipolar coupling between the lanthanoid 
centres could be present. This interaction has been discarded by examining 

the isotropic Gd analogue, which shows a constant χT value for all 
temperatures. 

 
Figure 6.35:  Fitting of the experimental χT product of Tb(bipyNO)4, Dy(bipyNO)4, 

Ho(bipyNO)4 and Er(bipyNO)4 using the REC model. Open circles: 
experimental data; solid line: theoretical fit from 10 to 150 K. 

 

As can be seen in Figure 6.35, the χT curves are successfully 
reproduced until 10 K. A satisfactory simultaneous fit of the four curves 

(χT from 10 to 150 K) is achieved when Dr = 0.926 Å and Zi = 0.073, having 
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a relative error of E = 2.1·10–4. The energy diagrams with the main 
contributions to the wave functions for the ground states of the three Dy 
centres (linear combination of MJ states) of [Dy(bipyNO)4](TfO)3 are shown 
in Figure 6.36. The lowest Kramers doublets for these systems correspond 
to a mixture between MJ = |±15/2> and MJ = |±13/2>. The first excited 
doublet is in the vicinity of 20 cm–1 in all three cases, and is dominated by 
MJ = |±5/2>, MJ = |±3/2> and MJ = |±7/2>. Such description is 
compatible with slow relaxation of the magnetisation. Similarly, these 
calculations also show a predominant contribution of high MJ values for the 
Tb and Er derivatives which also favours SMM behaviour (see Figure 6.37), 
albeit in the case of [Ho(bipyNO)4](TfO)3 the ground state is formed by a 

heavy mixture of different MJ values (±5, ±3, 3, 5) which difficults this 

phenomena (see Ref. 120).  

 
Figure 6.36:  Energy level scheme and main MJ contributions to the ground state for three 

different Dy centres in [Dy(bipyNO)4](TfO)3.  
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Figure 6.37:  Energy level scheme and main MJ contributions to the ground state for three 

different Dy centres in [Tb(bipyNO)4](TfO)3 and [Er(bipyNO)4](TfO)3.  

 
The theoretical calculation of the magnetisation for each Dy centre has 

also been calculated (Figure 6.38). The average of the three calculations is 
shown below. This result confirms the Ising-type nature (lager contribution 

of ±15/2 and ±13/2) of this mononuclear SMM. 

 
Figure 6.38:  Magnetisation of [Dy(bipyNO)4](TfO)3 at 2 K. Open circles: experimental data; 

solid line: calculated values. 
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Dynamic magnetic measurements (ac) in the absence of an external 

field show the presence of an out-of-phase signal, χ’’, that is frequency-
dependent for the Dy derivative, although no maximum is observed, 
possibly due to the presence of a fast relaxation of the magnetisation 
through a quantum tunnelling mechanism. This fast tunnelling can be 
easily removed with the application of an external field that drives the 
levels away from the hyperfine avoided crossing region.345–347 Thus, ac 
measurements performed in the presence of a small external dc field of 1000 

G, both χ’ and χ’’ show a slower relaxation, and a maximum which is 
frequency dependent is observed (Figure 6.39). In addition, these maxima 
are further displaced to higher temperatures by increasing the external dc 
field to 2000 and 10000 G. The possibility of using a magnetic diluted 
sample to suppress the zero-field tunnelling of the magnetisation was 
unsuccessful, since ac susceptibility studies using a MOF with a Dy/Y 
molar ratio of 1:10 show a similar behaviour to [Dy(bipyNO)4](TfO)3. 

Analyses of the frequency dependence of the χ’’ peaks through an 
Arrhenius plot permit estimation of the magnetisation-relaxation 
parameters in this system. Best fittings afforded a barrier height (Ueff/kB) of 

17.9 K with a pre-exponential factor (τ0) of 1.86 x 10–7 s with an applied 

external field of 1000 G. Upon increasing the external field, these values 
become physically meaningless. 
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Figure 6.39:  In-phase (left) and out-of-phase (right) dynamic susceptibility of 2 under 

different external dc magnetic fields (from top to bottom: 0, 2000 and 10000 G). 
Solid lines are included to guide the eyes. 
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Finally, we note that in addition to the interest of these magnetic 
frameworks in molecular magnetism, the dispersion of the POMs inside the 
big cavities provided by this porous structure leads to solids in which the 
polyoxometalates present an extraordinary surface area (Figure 6.40). This 
feature would facilitate the access of chemicals inside the framework and 
the interaction with POMs, making these POM-MOFs of interest in those 
applications in which the surface is a requirement (heterogeneous catalysis, 
for example).348 

 
Figure 6.40:  Crystal structure of [Dy(bipyNO)4](TfO)3-POM, showing the presence of the 

POMs in the pores. Dy atoms shown in blue, the organic ligands in grey and 
the POMs in purple. 

 

6.7 Conclusions 
 

In the previous chapter, we demonstrated the capabilities of the REC model 
and the SIMPRE computational package to reproduce the spectroscopic 
properties of lanthanide coordination compounds with halogens as donor 
atoms. Moreover, this served to obtain two semi-empirical equations that 
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offer an initial inexpensive prediction of the magnetic properties of new 
derivatives. 

The works collected in the present chapter demonstrate that the REC 
model and the SIMPRE computational package are adequate for oxygen 
donor atoms. This is done by studying eight different families of complexes 
(LnW10, LnW22, LnMo16, LnMo10, LnPd12, LnODA, Ln2(OH)5A·nH2O and 
Ln(bipyNO)4) with the same model. It is important to remark that 
demonstrating the validity of our approach for oxygen is a crucial point of 
the thesis. Lanthanide ions have a very high affinity for oxygen and thus 
complexes where the ligand coordinates by oxygen are by far the most 
numerous. 

The first two families coordinated by oxygen atoms that have been 
analysed in this chapter were chosen due to their historical relevance. In 
particular, the family LnW10 is the second family of mononuclear SMMs. It 
was studied in 2008 due to their D4d symmetry,59 similar to the Ishikawa 
derivatives.51 The process of revisiting this family via a more quantitative 
theoretical modelling has allowed the prediction of the second 
neodymium-based SIM.  

In a second step, due to the similar chemical structures of the 
heteropolyoxowolframate (LnW10 and LnW22) and the 
heteropolyoxomolybdate (LnMo10 and LnMo16) series, the later were 
proposed as interesting systems for experimental characterisation and 
theoretical study. In the first inspection using the REC parameters of the 
former families, some of the derivatives were signalled as good candidates 
to enhance slow relaxation of the magnetisation. Subsequently, this could 
be demonstrated experimentally in collaboration with researchers from the 
ICMol and the University of Pierre and Marie Curie in Paris. The 
theoretical study allowed us to explore the evolution of the properties and 
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the REC parameters between these structures that have different 
neighbours in the second coordination sphere. The efforts presented in this 
chapter could add two new families of POM-based mononuclear single-
molecule magnets to the growing family of coordination compounds 
exhibiting slow relaxation of the magnetisation. 

In the third section, the family of polyoxopalladates, which present a 
cubic coordination environment was magnetically and theoretically 
characterised. The lack of anisotropy makes these systems unsuitable as 
SMMs. However, the cubic symmetry results in an extraordinarily rich 
energy level structure at low temperatures. This study of the LnPd12 family 
will be completed in Chapter 11 due to the potential of the Ho derivative to 
build a molecular spin qubit.  

In spite of their historical importance, polyoxometalates are just a 
particular case within oxygen-donor coordination. In this aspect, it is 
particularly interesting to study the carboxylate ligand due to their great 
importance in coordination chemistry. In this study the litmus test is the 
determination of the spectroscopic energy levels of the LnODA series, 
where the spectra has been determined by photoluminescence. As we have 
seen, our theoretical model, when evaluated by this benchmark study, 
offers better results than the ab initio methods. This is shocking, considering 
ab initio methods in this case are computationally more expensive by at 
least six orders of magnitude: each single calculation with MOLCAS takes 
hours vs. milliseconds with SIMPRE. 

Finally, we have explored other ligands that coordinate lanthanides 
via an oxygen atom, namely hydroxides and N-oxides. At the same time, 
we have increased the dimensionality of the targeted system. In 6.5 we 
have studied layered systems helping in the understanding of the evolution 
of the magnetic interactions with growing dimensionality. In 6.6 we have 
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predicted the magnetic behaviour of the first ordered SIM structure within 
a metal-organic framework.   

 The natural step to be taken in the next chapter, is the exploration of 
the next donor atom in terms of practical relevance, and the first one in 
historical importance: the nitrogen. It is not obvious that the present 
approach can offer reliable results in homoleptic systems coordinated by 
nitrogen atoms as we are going further away from the ionic bonding. Thus, 
in the next chapter we will be exploring a more challenging situation, 
where covalent effects are playing a key role and need to be accounted. 
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The next step in the process of modelisation of different homoleptic 
lanthanoid coordination complexes is the study of systems coordinated by 
nitrogen atoms with interest in molecular magnetism. This means 
advancing up a steeper path in the description provided by these effective 
electrostatic approaches, as we are progressively moving from more ionic 
to more covalent coordination compounds.  

In this chapter, the Lone Pair Effective Charge (LPEC) model, 
described in Chapter 4 (section 4.2), is applied for the first time in this 
dissertation. In the Ishikawa series, the trivalent cation is sandwiched 
between two moieties of phthalocyaninato ligands.51 The rigid, planar 
structure of the phthalocyanine molecule determines the direction of the 
lone pair of the nitrogen donor atoms. As the electron density is not 
pointing towards the central ion, the LPEC correction over the REC model 
is necessary to simulate the crystal field effect.294 To complete this study, we 
will take advantage of the spectroscopic data measured by Prof. Joris van 
Slageren and co-workers.176  

It is important to remark that the LPEC model is not always required 
to model nitrogen donors. The seventh chapter of the thesis includes the 
description of the first neodymium-based single-ion magnet, which is 
based on pyrazolyl ligands. This study is extended to a similar example 
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based on dysprosium that is also coordinated by pyrazolyl ligands and 
shows slow relaxation of the magnetisation. In both cases there is no need 
to apply the LPEC model as the electron density points toward the 
lanthanide: these systems are modelled by the two parameters of the REC 
model.  
 

7.1 Phthalocyaninato ligands 
 

At this point we are going to navigate into the properties of the first family 
of mononuclear lanthanide ions exhibiting SMM behaviour, which was 
reported by Ishikawa et al. in 2003.51 This family presents the general 
formula (Nbu4)+[LnPc2]-·2 dmf (in short: LnPc2, where Ln = Tb, Dy, Ho, Er; 
dmf = N,N-dimethylformamide), with a ‘double-decker’ structure and 
phthalocyaninato anions as ligands (Figure 7.1). That seminal work 
inspired a plethora of more complicated derivatives, e.g. triple-deckers,349 
oxidised double-deckers for enhanced magnetic anisotropy350 or substituted 
double-deckers for processability,351 among others. We chose this example 
because its large historical relevance in the field of molecular 
nanomagnetism. This family of complexes crystallises in the space group 

, where the inversion centre is between two molecules. Hence the site 
symmetry is C1. Describing the crystal field by means of the crystal field 
Hamiltonian up to 27 CFPs could be included. Nevertheless, the idealised 
symmetry is very close to D4d. 

As in this family the electron lone pair of nitrogen is not located along 
the radial Ln-N direction, it is necessary to include the horizontal 
displacement (Dh) vector (defined in Chapter 4, section 4.2).294 Both vectors, 
Dh and Dr, were applied to the original position of each nitrogen nucleus, 

P1
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determining the position of the effective centre of charge. Vector Dh is in the 
plane NCC containing the ligand atom N and its two covalently bonded C 
atoms. This vector is also parallel to the bisection of the NCC angle, and the 
resulting effective distance after applying such a displacement simulates 
the effective position of the centre of charge of a lone pair. For nitrogen lone 
pairs, the centre of charge is expected to be at a distance between 0.5 and 
1.0 Å apart from the nucleus, but the effective "size" of this electron cloud 
can easily be more than three times larger.352 As described in Chapter 4, 
vector Dr is applied to the effective distance once applied Dh. Note that Dr 
reflects, like in the REC model, the effective charge resulting from the 
sharing of the ligand electron density by the lanthanide ion. This correction 
does possess physical sense due to the fact that the nearest part of the 
electron cloud to the lanthanoid induces a more marked effect than the 
areas placed further away.   

  
Figure 7.1:  (left) Crystal structure of [LnPc2]-; (right) first coordination sphere around the 

lanthanide and lone-pair representation.  

 
Then, we performed a semi-empirical study of the crystal field splitting 

of the later lanthanoid analogues reported by the group of Ishikawa. The 
theoretical characterisation was carried out in two different phases. The 
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first one was a preliminar study of these complexes, reported in 2012, using 
a set of idealised structures and the experimental magnetic susceptibility 
data (LPEC A).294 In the second phase, we departed from the X-ray crystal 
structures determined for the Dy, Ho and Er derivatives in 2014.176 For this 
more accurate description, we combined magnetic susceptibility data with 
observed CF transitions by FIR and INS spectroscopies within the ground 
Russell-Saunders multiplets (LPEC B). 

Because of the lack of crystal structures for the whole series in our first 
analysis, we slightly idealised the structure by assuming a C4 symmetry but 
keeping the experimental torsion angle between the two phthalocyaninato 
ligands. With this assumption and after applying the displacement vectors 
and charge scanning, the minimisation procedure found a reasonable good 

agreement with the experimental  χT curves of the whole series (see Figure 
7.2) when Zi = 0.63, horizontal displacement Dh = 0.195 Å and radial 
displacement Dr = 0.48 Å.  

 
 

Figure 7.2:  Fitting of the experimental magnetic properties of the series of  [Ln(Pc)2] SIMs 
from LPEC A model: Dy (red), Ho (blue), Tb (pink), Er (green), Tm (black) 
and Yb (orange). 
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The difference between this procedure based on the LPEC model and 
the original phenomenological model used by Ishikawa (CFPs and 
paramagnetic shift phenomenological fit) lies in the use of parameters that 
modify the effective coordinates instead of the use of CFPs as fitting 
parameters. To avoid overparameterisation, the model of Ishikawa assumes 
a linear dependence of all three diagonal parameters with the number of 
electrons.55 Instead, the fitting parameters of the effective electrostatic 
models developed in this thesis are only the position and value of the point 
charges. That enables us to introduce a richer Hamiltonian without such 
overparameterisation problems and without assuming arbitrary variations 
of the ligand field terms.  

Compared with the nuclear positions of the nitrogen atoms, the 
horizontal displacement of the LPEC model means that the effective barrier 

has crossed the node at the "magic" polar angle  θ = arccos[(1/3)-2)] ≈ 54.7º. 

This translates into a sign change of the  so that it is negative for Tb3+ 

accounting for the SMM behaviour observed in this compound, i.e. 

stabilising MJ = ±6 in the ground state. The total displacement of 
approximately 0.6 Å is well within the expected volume of the electron 
cloud, not very far from its charge centroid. In fact, for nitrogen lone pairs, 
the centre of charge is expected to be at a distance between 0.5 and 1.0 Å 
apart from the nucleus, but the effective "size" of this electron cloud, can 
easily be, depending on its definition, more than three times larger. 

Applying the whole-series fit to the terbium derivative, a well-isolated 
ground state doublet composed by |+6> and |-6> was obtained, with the 
rest of sublevels excited by more than 300 cm-1 and bunched up in a 
window of less than 150 cm-1. This picture offered by the model is coherent 
with its known SIM properties, allowing the slow relaxation of the 

B2
0
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magnetisation. Ishikawa provided essentially the same description. In his 
study, the first excited sublevel lies at about 400 cm-1 and the lowest 
substrates are |+6> and |-6>. A crucial difference between both energy 
levels schemes is the effect of the fourth-order extradiagonal parameters 
(B44 and B64), which enable a mixing between |+6> and |-6> doublet at zero 
field. This mixing arises from three consecutive steps when applying the 
fourth-order parameters: i.e. from |+6> to |+2>, to |-2> and finally, to |-
6>, and analogously, from |-6> to |+6>, passing through the same MJ 
states. That is the reason why the mixing is very weak and cannot give rise 
to a noticeable tunnel splitting, as does occur in other examples of the 
literature.  On a different manner, it also means that a minimal longitudinal 
magnetic field -necessary to find a level crossing where tunnelling is not 
forbidden by the nuclear spins- will recover the purity of the MJ  states. Due 
to these peculiarities, TbPc2 is an interesting example where the SIM 
behaviour is not destroyed by extradiagonal terms allowing a mixing 
within the ground state. 

In a more recent approach to this family, we used the direct 
observation of CF excitations within the ground Russell-Saunders 
multiplets to study the Dy, Ho and Er derivatives. We took advantage of 
the article published by van Slageren et al.,176 which is one of the first works 
performing inelastic neutron scattering, and the first far infrared 
spectroscopic investigation, of lanthanide-based SIMs. In that work, the 
crystal structures of the three derivatives were resolved. We scanned the 
three parameters of the LPEC model (Dh, Dr and Zi) using the real 
structures in order to reach the minimum error in the determination of the 
magnetic susceptibility curves and the spectroscopically determined energy 
levels. This phenomenological way to model the system although not 
predictive, allowed a better reproduction of the observables. The collective 



Application of the effective electrostatic models to lanthanide homoleptic complexes  

 
 

187 

solution generated the following result: Dh = 0.3 Å, Dr = 0.2 Å and Zi = 0.86. 
However, the individual parameters were varied around this solution to 
offer a better phenomenological explanation in terms of the LPEC model. 
The results of these updated calculations were compared with the 
experiment for the Dy, Ho and Er derivatives. In Figures 7.3-7.5, the results 
obtained by the LPEC with the idealised D4d structure (LPEC Ideal (A)) 
fitting the magnetic data, the phenomenological fit of Ishikawa (FIT CFPs 
(B)) and the CASSCF calculations using the experimental crystal structure 
embedded in five layers of point charges and basis 2 (see supporting 
information of Ref. 176) are also included.      

 
 

 

Figure 7.3:  Crystal field energy level scheme of the ground J multiplet of DyPc2. Thin red 
lines: experimental optical spectrum. Thick lines: LPEC model using the 
idealised D4d structure and collective fit of magnetic data, LPEC model using 
the real structure and fitting magnetic and spectroscopic data, 
phenomenological fit of CFPs, CASSCF predicted energies including spin-
orbit effects, as indicated at the axis (details in the text). 
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As can be observed in Figure 7.3, the four different approaches 
reproduce pretty well the first excited state of DyPc2. This excited doublet 
was observed at 37 cm-1. Logically, the LPEC methods (42 and 39 cm-1) and 
the phenomenological fit (35 cm-1) offer a better reproduction of the gap 
with that excited sublevel. Nevertheless, the three procedures include a fit 
of experimental properties, whereas the more expensive CASSCF 
calculations (52 cm-1) are providing a prediction using the real structure as 
an input.  

It is important to remark the discrepancy in the ground doublet wave 
function of the LPEC Ideal (A) with the rest of the calculations. This model 
described a ground doublet composed practically 100% of ±11/2 with the 
first excited doublet determined by ±13/2. The ground and excited 
Kramers doublets were inverted with respect to the phenomenological and 
ab initio approaches. The lower agreement of LPEC Ideal with the magnetic 
susceptibility data for the Dy derivative, especially at low temperature 
(Figure 7.2), indicates that the wave functions of the ground doublet are not 
correctly determined.176 The LPEC X-Ray (B), which uses real structure and 
spectroscopic data, provides a description that coincides with the 
phenomenological and CASSCF calculations (ground state ±13/2), 
correcting the previous determination. Regarding the total CF splitting, 
LPEC Ideal generates a smaller one comparated with the results of the 
LPEC X-Ray and phenomenological fit, as well as with the CASSCF 
prediction. We can envisage that the total splitting of the ground J multiplet 
is between 500 and 600 cm-1. According to the spectrochemical series of 
ligands it is expected that ligands with nitrogen as the donor atom create a 
stronger ligand field (they lie at the right end of the series compared with 

oxygen- or halogen-donor atoms) as they are  π-acceptor ligands. 
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In the case of the Ho analogue (Figure 7.4), all the models also give an 
acceptable result for the first excited doublet. In this case, only the LPEC 
models correctly predicts that there are four doublets below 100 cm-1. The 
second fitting using LPEC and X-Ray structure provides an excellent 
reproduction of the four determined excited sublevels (experimental: 19, 53, 
92 and 189 cm-1; LPEC X-Ray: 17, 53, 93, 189 cm-1). In the case of the 
phenomenological fit, only three doublets appear at the region under 100 
cm-1, whereas, on the contrary, an aglomeration of six energy doublets 
appear in the predicted scheme using the MOLCAS package. A similar 
picture was observed in the study of Dy and ErODA (Chapter 6) where the 
results from this model were benchmarked with spectroscopic data. As in 
the preceding scheme, the phenomenological fit gives the largest total field 
splitting, whereas, in this case, such property is similar for LPEC Ideal and 
CASSCF.           

 
Figure 7.4:  Crystal field energy level scheme of the ground J multiplet of HoPc2. Thin red 

lines: experimental optical spectrum. Thick lines: LPEC model using the 
idealised D4d structure and collective fit of magnetic data, LPEC model using 
the real structure and fitting magnetic and spectroscopic data, 
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phenomenological fit of CFPs, CASSCF predicted energies including spin-
orbit effects, as indicated at the axis (details in the text). 

 
For the Er derivative (Figure 7.5), only one state at 74 cm-1 was 

accessed by spectroscopic techniques. The energy of this excited doublet 
was perfectly matched by the LPEC X-Ray. The rest of the models: LPEC 
Ideal (58 cm-1), phenomenological fit (102 cm-1) and CASSCF (59 cm-1) 
deviated between 20-30% up or down. The most deviated in this derivative 
is the determined by the Ishikawa method, probably due to intrinsic 
limitations derived by the assumption of the linear correlation of CFPs. 

 

 
Figure 7.5:  Crystal field energy level scheme of the ground J multiplet of ErPc2. Thin red 

lines: experimental optical spectrum. Thick lines: LPEC model using the 
idealised D4d structure and collective fit of magnetic data, LPEC model using 
the real structure and fitting magnetic and spectroscopic data, 
phenomenological fit of CFPs, CASSCF predicted energies including spin-
orbit effects, as indicated at the axis (details in the text). 

 



Application of the effective electrostatic models to lanthanide homoleptic complexes  

 
 

191 

Finally, it is worth to plot the calculated temperature-dependence 
magnetic susceptibility curves of the three examples togheter with the 
theoretical calculations of LPEC X-Ray (Figure 7.6). As expected, due to the 
excellent reproduction of the spectroscopic transitions at low temperatures 
with the model, the theoretical lines perfectly reproduce the experimental 
data. 

 
Figure 7.6:  Experimental (circles) and fitted by the LPEC B (solid lines) "T product of the 

series LnPc2: Dy (red), Ho (blue) and Er (green) from 2 to 300 K. 

 

7.2 Pyrazolyl ligands 
 

Now we will focus on two lanthanoid SIMs based on pyrazolyl ligands that 
were reported by the Long group in 2011-2012: NdTp3 and 
Dy(H2BPzMe22)3.88,353 Both complexes are coordinated by nitrogen donor 
atoms from pyrazole rings in a D3h crystal field. The main objective of this 
analysis is to extend and prove the versatility of the REC model to estimate 



7. Lanthanide complexes coordinated by nitrogen atoms  

192 
 

the splitting of a lanthanide ion ground multiplet caused by the ligand 
field.354 

NdTp3 is the first neodymium mononuclear SMM reported in the 
literature.88 The molecular system is formed by a neodymium trivalent ion 
surrounded by three trispyrazolylborate (Tp-) ligands. The magnetic ion is 
directly coordinated to nine pyrazole rings in a crystallographically exact 
D3h tricapped trigonal prism coordination environment (Figure 7.7). 

 
Figure 7.7:  Eclipsed view of the tricapped trigonal prismatic coordination structure of 

Nd(Tp)3; Hydrogen atoms are omitted for clarity.  

 
For this example, two Kramers doublets into the Stark sublevels 

placed at 107 and 301 cm-1 had been determined, as the absorption 
spectrum was measured experimentally by Reddmann et al.355 Those 
authors derived a truncated CF splitting patern, fitting the parameters of 
the phenomenological CF Hamitonian. Thus, as we did in the second 
procedure described in Chapter 5 with the systems coordinated by halogen 
atoms, we could use the phenomenological CF parameters extracted from 
the whole spectrum (r.m.s. deviation of 11 cm-1 for 48 assigments) to be 
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fitted. This allowed us to parameterise the ligand in terms of the effective 
electrostatic approach. Because the lone pairs of the nitrogen donor atoms 
are pointing almost toward the metal site, we employed the REC model.  

Given the high symmetry of the coordination environment of NdTp3, 
the crystal field splitting might be described by the simplified CF 
Hamiltonian: 

HCF (J ) = Bk
0

k=2,4,6
∑ Ok

0 + B6
6O6

6
 (7.1) 

The four CFPs that were determined from the phenomenological fit of 
experimental data are B20 = -512 cm-1, B40 = -969 cm-1, B60 = 153 cm-1 and B66 = 
828 cm-1, expressed in Wybourne notation. The collective fit of the four 
CFPs was carried out using the crystallographic coordinates of the nitrogen 
atoms bonded to the lanthanide ion and varying Ri (from the original 
postion until Ri-1.5 Å) and Zi (between 0 and 1). The mininum relative error 
EBkq = 0.65 was reached when Dr = 1.378 Å and Zi = 0.047. These parameters 
applied to the initial coordinates generated the following CFPs: B20 = -149 
cm-1, B40 = -1237 cm-1, B60 = 112 cm-1 and B66 = 868 cm-1. Here it is important 
to recall Equation 5.3 to compare the estimation of Dr based on this semi-
empirical equation and the obtained value. For that, we must take into 
account the Pauling electronegativity of the neodymium (1.14) and the 
nitrogen (3.04) atoms, as well as the coordination number of the molecule 
(CN = 9) and the valence of the cation (+3). This results in a covalent 
correction of Dr = 1.385 Å, which is in excellent agreement with the fitted 
value. In spite of the difficulties that the effective electrostatic model may 
have when dealing with nitrogen-donor atoms, the model respects the 
trends detected in the halogens: direct relation between the coordination 
number and the radial displacement, and inverse relation between Pauling 
electronegativity of the donor atom and the radial displacement.  
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As mentioned above, due to the high symmetry of the system, the 
Hamiltonian only includes the diagonal terms and the symmetry-allowed 
CFPs (Equation 7.1). In particular, as a consequence of the symmetry-
allowed B66, one can understand that the mixing in the wave function 
occurs between MJ values that differ by six units i.e. between MJ = ±7/2 and 
MJ =  5/2, or between MJ = ±9/2 and MJ =  3/2. For this complex, according 
to this effective description, the ground doublet is a mixture involving 
0.54|+5/2> + 0.46 |-7/2> and 0.54|-5/2> + 0.46 |+7/2>. This is 
compatible with the reported SMM behaviour because there is no direct 
mixing between + MJ and – MJ in the ground state. The first excited state 
was determined at 103 cm-1 (experimental at 107 cm-1), and it is a doublet 
mixed between ±3/2 (64%) and  9/2 (36%). The calculated energy level 
scheme and the phenomenological one (Fit CFPs) reported in Ref. 355 are 
compared with the spectroscopic lines in Figure 7.8.  

  
 

Figure 7.8:  Energy level scheme of NdTp3 determined by the REC model (left) and fitting 

the spectroscopic information by Reddmann et al.355 (right); Experimental 
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energy levels: thin red lines; Temperature-dependent magnetic susceptibility: 
solid lines (REC model) and open circles (experiment). 

 
Figure 7.8 also includes the temperature-dependence of the magnetic 

susceptibility calculated by the REC model and the experimental one. As 
can be seen, the agreement is excellent for all the range of temperatures.  

Subsequently, we used the information provided by the fitting of the 
CFPs of NdTp3 to study a SMM with a related molecular structure and 
similar ligands bonded to the metal ion. Dy(H2BPzMe2

2)3 is coordinated by 
three dihydrobis-(dymethylpyrazolylborate) ligands (see Figure 7.9 
(left)).353 The environment of the trivalent dysprosium centre is trigonal 
prismatic with an approximate D3h symmetry. To quantify the deviation of 
the real structure from an ideal trigonal prism, we used the SHAPE 
software.288 Using the corresponding idealised D3h trigonal prism as a target 
structure a value of SP = 0.040 was obtained. Therefore, due to this excellent 
agreement between the real and the ideal structure with chemically 
insignificant distortions, we were able to use the ideal coordinates in order 
to explain the magnetic properties with only four CF parameters. The 
coordinate system was referred aligned with the main symmetry axis of the 
trigonal prism.  

In the absence of more experimental information for Dy(H2BPzMe2
2)3, 

the radial contraction Dr was calculated using the semi-empirical Equation 
5.3, giving an approximated value of Dr = 0.90 Å. Owing to the related 
molecular nature of the ligands, which results in a similar electrostatic 
effect of the nitrogen donor atoms over the neodymium cation, the effective 
charge was estimated keeping the relation f = Dr · Zi in the NdTp3 complex 
as a constant. Then, we replaced the value of Dr obtained by solving the 
Equation 5.3. This yielded a value of Zi = 0.072. 
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Within these two parameters and the chemical structure, we 
calculated the CFPs and the energy level scheme of this mononuclear SMM. 
The wave function that describes the ground doublet is a mixture between 

MJ = ±15/2 (75%) and MJ = ±11/2 (15%). The first excited level lies at 

about Δ = 11 cm-1 with a wave function dominated mixed between MJ = ±

7/2, ±5/2 and ±11/2. Thus, the description of the lowest levels of the 

compound supported the reported SMM behaviour of the complex.  

 
 

Figure 7.9:  (left) Trigonal prismatic coordination structure of Dy(H2BPzMe2
2)3; (right) its 

calculated energy level scheme and the weight of the MJ contribution to 
ground and first excited doublets wave functions determined by the REC 
model. 

 

7.3 Conclusions 
 

In this chapter, we have provided a theoretical description of the magnetic 
properties of the first family of lanthanoid SIMs, the series LnPc2,  and two 
pyrazolyl-based SIMs with neodymium and dysprosium trivalent ions as 
central ions. By doing so, we have shown that our model is adequate to 
predict the effect of nitrogen-donor ligands in the CF of lanthanide ions. 
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Due to the rigid, planar character of the phthalocyaninato ligands, in 
the first example, we have used the LPEC model. From it, we have 
successfully described the spectroscopic and magnetic properties of some 
of the derivatives of the family. This model has been applied two times. 
The first one uses idealised crystal structures and a collective fit of the 
magnetic susceptibility data of the Tb-Tm compounds. As a second 
alternative, we have taken advantage of the resolved crystal structures of 
the Tb, Ho and Er complexes and the INS and FIR experimental 
measurements performed recently to improve the description. The results 
have been compared (a) with the fit performed by Ishikawa, which 
assumed a correlation of the CFPs with the number of f-electrons, and (b) 
with the predictions provided by CASSCF methods. We have seen that the 
LPEC model has provided an inexpensive and fair description of these 
systems, simulating the covalent effects of the surrounding ligands.   

In the second part of this chapter, we have studied two complexes in 
which the lanthanide is coordinated to pyrazolyl-based ligands. In this 
case, the lone pairs of the nitrogen donor atoms point toward the 
lanthanide ion, thus allowing their modelling in terms of the REC model. 
The first complex analysed herein is also the first neodymium-based single-
ion magnet, which was reported by the Long group. The description 
offered by the model is fully compatible with the slow relaxation of the 
magnetisation observed in the compound. Furthermore, the radial 
displacement extracted from the fit of the phenomenological CFPs 
coincides with the calculated one using the Equation 5.3. This supports the 
capability of the REC model to obtain reliable inexpensive predictions for 
new derivatives in the future. As an example, we have applied the 
equations presented in Chapter 5 and the parameters gathered in the study 
of NdTp3. This has allowed an estimation of the energy level scheme of a 
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Dy3+ bis(pyrazolyl)borate single-molecule magnet, achieving a ground 
doublet wave function which supports the observed SMM behaviour. 

This chapter has completed the trilogy presented in this second part of 
the thesis, concerning the application of the developed electrostatic models 
to homoleptic lanthanide complexes coordinated by halogen, oxygen and 
nitrogen atoms. The great potential of these approaches has been shown 
exhaustively, especially when dealing with more ionic chemical bonds, but 
also offering promising results in systems where covalency plays a 
fundamental role. In the following part of the thesis, we will show that this 
model can also be used to study some of the main current challenges in the 
field: (i) the modelling of uranium SIMs, (ii) the study of molecular 
anisotropy in SIMs, (iii) the modelling of heteroleptic complexes combining 
oxygen and nitrogen donor atoms in the same molecule, and (iv) the use of 
these systems as molecular spin qubits.     
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8.1 Introduction 
 

The next step in the rationalisation and modelling of f-block mononuclear 
SMMs is to extend the study to those nanomagnets based on uranium as a 
magnetic centre.84 These systems are very promising in molecular 
magnetism because they could combine the best features of 3d and 4f 
nanomagnets, since 5f electrons can lead to the simultaneous presence of 
strong ligand-field potential and magnetic superexchange coupling.96,356–358 
Unfortunately, this promise of extraordinary properties is hindered by the 
extraordinary theoretical problems they present for their modelling. 

In lanthanides, the crystal field is the weakest interaction (not 
considering hyperfine coupling and external applied fields) due to the 
limited radial extension of the f-orbitals. This situation is different in 
actinide complexes because the 5f orbitals are more diffuse and both spin-
orbit coupling and ligand field are stronger. Thus, interelectronic repulsion 

(≈104 cm-1), spin-orbit coupling (≈103 cm-1) and ligand field potential (≈103 
cm-1) are roughly of the same order in terms of energy. This has 
consequences in the modelling of actinides complexes, becoming more 
complicated than for most 3dN and 4fN systems, since a coupling scheme 
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based on the Russell-Saunders approximation provides poor outcomes.152 
In particular, intermediate coupling calculations have shown that for 5f2, 5f3 
and 5f4 configurations the Russell-Saunders state makes up for around 80% 
of the true ground state.359,360 This can be put in perspective by comparing it 
with the favourable case of lanthanides, e.g. 94% in the case of Er3+, and 
with the worst scenario for other actinoids, Am3+ (44.9%). This means that 
for the U3+ the Russell-Saunders accounts for 84.1% of the ground state. The 
accuracy would be even worse for U4+, with just a 77.5% of the ground state 
stemming from the Russell-Saunders wave function.361 These limitations 
have to be taken into account, as they put an upper limit in the exactness of 
the results when using a computational package as SIMPRE that only 
considers the ground multiplet in the CF Hamiltonian. Hence, effects not 
included in the Russell-Saunders approximation should be included 
through effective corrections.   

   Because of experimental difficulties, only a handful of examples of 
SIMs based on actinoids have been characterised and reported so far (see 
Chapter 1, section 1.1). In the first step we will focus on the study of the 
first three reported uranium SIMs, U(Ph2BPz2)3, U(H2BPz2)3 and UTp3, all 
based on pyrazolyl ligands.93 Through this study, we will test the 
possibilities of the REC model for the description of these systems, within 
the above-mentioned fundamental limitations of the Russell-Saunders 
approximation. In a second step, we will describe the first attempt to model 
the magnetic behaviour of the tetravalent uranium compound with a 

radical azobenzene ligand [{(SiMe2NPh)3-tacn}UIV(η2-N2Ph2*)].362 As the 
ground state wave function of tetravalent uranium is not properly 
described by the Russell-Saunders approximation, for this case we will use 
a Hamiltonian that includes both the spin-orbit coupling and the ligand 
field. As this coupling scheme is not yet included in SIMPRE, for this 
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particular task we used the CONDON package.151 To facilitate the study of 
the tetravalent uranium complex, we will analyse the behaviour of its 
precursor, the trivalent uranium compound [UIII{(SiMe2NPh)3-tacn}].363  
 

8.2 Modelling the properties of uranium SIMs 
 
The first complex we are going to deal with is the tris[hydrotris(1-
pyrazolyl)borato]uranium(III), in short: UTp3, which is formed by an 
uranium trivalent ion surrounded by three trispyrazolylborate (Tp-) 
ligands.88 The molecular structure is analogous to NdTp3 (described in the 
preceding chapter), where the magnetic ion is directly bonded to nine 
pyrazole rings in a crystallographically exact D3h tricapped trigonal prism 
coordination environment (Figure 8.1). 

 
Figure 8.1:  Eclipsed view of the tricapped trigonal prismatic coordination structure of 

U(Tp)3; hydrogen atoms are omitted for clarity. 

 
As in the case of NdTp3, the experimental absorption spectrum was 

available in the literature. The energy level scheme was determined by 
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Apostolidis et al. in 2010.364 We could use the phenomenological ground 
multiplet energy levels to parameterise the system in terms of the REC 
model. Such Stark sublevels were extracted from the diagonalisation of the 
full Hamiltonian taking into account high-quality data from all the J states. 
Again, the LPEC model was not necessary because the lone pairs point 
almost toward the metal site. Due to the high symmetry of this example, 
the CF splitting might be described by the simplified CF Hamiltonian 
(Equation 8.1):    

      HCF (J ) = Bk
0

k=2,4,6
∑ Ok

0 + B6
6O6

6
 (8.1) 

The phenomenological CFPs are B20 = -1124 cm-1, B40 = -2457 cm-1, B60 = 
440 cm-1 and B66 = 2529 cm-1, expressed in Wybourne notation. Such CFPs 
have the same sign as the ones extracted for NdTp3 (same coordination 
environment), but they are larger due to the more intense CF potential in 
5fN complexes. The fit of the energy levels calculated by Apostolidis et al. 
was performed using the crystallographic positions of the nitrogen atoms 
as an input. A satisfactory fitting is achieved (relative error EBkq = 0.91) 
when Dr = 1.353 Å and Zi = 0.0223. For the radial displacement, the semi-
empirical Equation 5.3, using the electronegativity of the uranium atom 

(1.38) gives Dr ≈ 1.310 Å, that is actually very close to the fitted value. These 
parameters are very similar to the ones we obtained for nine-coordinated 
NdTp3. This is expected owing to the very similar character of the ligands, 
which results in a similar electrostatic effect of the nitrogen donor atoms 
over the uranium cation. The application of the REC parameters to the real 
coordinates yielded the following values for the CFPs: B20 = -50 cm-1, B40 = -
1960 cm-1, B60 = 249 cm-1 and B66 = 1766 cm-1. Compared with the 
phenomenological ones, the largest discrepancy is found for B20. A similar 
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pattern was detected in the study of NdTp3, but for uranium this 
discrepancy is more important as 5f orbitals are involved and the 
limitations of the model are more severe.365 This indicates that a description 
based in the REC model should not be adequate for the modelling of the 
properties of the excited J states (e.g. optical properties of the system).  

Both results (phenomenological and REC model) show that the 
diagonal B40 crystal-field parameter dominates the splitting. The 
extradiagonal parameter B66 plays a fundamental role as it is in the same 
order of magnitude. In particular, as a consequence of the symmetry-
allowed B66, one can understand that the mixing in the wave function 
occurs between MJ values that differ by six units i.e. between MJ = ±7/2 and 
MJ = 5/2, or between MJ = ±9/2 and MJ =  3/2.  

The energy level scheme generated by the REC model is calculated 
with SIMPRE (Russell-Saunders approximation) and CONDON (full 
Hamiltonian). Then, the calculations are compared with the first excited 
level (determined experimentally at 270 cm-1) and the results obtained with 
the phenomenological CFPs and the full Hamiltonian. In the CONDON 

package we have included the following assumptions: ζ5f = 1516 cm-1, F2 = 
36305 cm-1, F4 = 26462 cm-1, F6 = 23130 cm-1,152 and D3h ligand field. The 
results are plotted in Figure 8.2, as can be seen in this case, there is almost 
no difference between the calculations using the SIMPRE and CONDON 
packages for the same set of CFPs. This can be attributed to the character of 
the ligands and the molecular geometry, which generate a relatively small 
total CF splitting (358 cm-1 in NdTp3 and 805 cm-1 in UTp3, according to the 
phenomenological approach). The ground doublet of the first excited J 
multiplet in UTp3 was determined at 4354 cm-1. Thus, the spin-orbit 
coupling is larger than the ligand field potential, and that explains why the 
restricted and complete approach gives similar results in this particular 
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example. Of course this cannot be a general assumption for uranium 
coordination complexes. Molecular systems with a larger crystal field 
splitting will make the Russell-Saunders approximation not feasible, 
offering very poor results.        

 
Figure 8.2:  Kramers doublets for UTp3 determined by the REC model in the SIMPRE 

(blue) and CONDON (sky blue) packages, phenomenological fit from Ref. 364 
(black) and the experiment (red thin line). 

 
Regarding the wave functions of these sublevels, the 

phenomenological approach based on the absorption spectrum of UTp3, 
leads to a ground state dominated by ±5/2. The first excited state is 
calculated to lie at 267 cm-1 (very close to the experimental value 
determined at 270 cm-1) with a predominance of MJ = ±3/2. The three 

Kramers’ doublets that are placed upper in energy (labelled as 1 Γ8, 2Γ7 and 
2Γ9) are dominated by ±1/2, ±7/2 and ±9/2 respectively. This coincides 
with the calculated wave functions using the REC model in the SIMPRE 
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package. Such ground multiplet sublevels, ordered from the lowest to the 
highest in energy, are governed by 53% of ±5/2, 62% of ±3/2, 100% of ±1/2, 
53% of ±7/2 and 62% of ±9/2. These coincidences, in spite of the 
discrepancies observed in the determination of the CFPs, supported the use 
of these calculations as starting point for the understanding of the 
properties of uranium SIMs, as they are computationally inexpensive and 
may offer useful information about the lowest sublevels and ground state 
wave functions.93 Of course, if we introduce the calculated parameters in a 
more complete Hamiltonian, including the appropriate free ion terms and 
the CF terms, and incorporating the intermediate coupling and the J 
mixing, the results will have more pronounced divergences, especially in 
the determination of the energy levels.152 A complete methodology for the 
full understanding of the electronic structure of uranium coordination 
complexes is still an open problem in theoretical spectroscopy, molecular 
optics and molecular magnetism. Apart from the unsuitability of the two 
coupling schemes (Russell-Saunders and also jj coupling) to describe the 
properties of uranium, configuration interaction is also important in 
actinides. This leads to 20 free ion parameters and between 2 and 27 CFPs, 
depending on the molecular structure and total angular momentum J.   

However, in spite of the approximations and limitations of the model, 
the experimental susceptibility curve of UTp3 can closely be reproduced 
(shape and order of magnitude) using the previously reported set of CFPs 
(Figure 8.3), both in the SIMPRE and the CONDON packages. The model 
was also able to give a good estimation of the main contribution to the 
wave function for each sublevel when compared to the phenomenological 
description of the complex. As mentioned above, we attribute this success 
to the molecular symmetry and the character of the bis(pyrazolyl)borate 
ligands.   
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Figure 8.3:   χT product for UTp3. Open circles: experimental data; solid line: theoretical 

estimation of the REC model in the SIMPRE (blue) and CONDON (sky blue) 

 
Following with the theoretical characterisation of uranium SIMs, we 

analysed the compounds U(Ph2BPz2)3 and U(H2BPz2)3,85,87 which are 
structurally very similar and thus were studied together. Both are U3+ 
complexes coordinated by three bis(pyrazolyl)borate ligands (see Figure 
8.4). The main difference between them lies in the ligands which are 
diphenylbis(pyrazolylborate) in the first case and 
dihydrobis(pyrazolylborate) in the second one. This fact produces 
important differences in the crystal structure but only minor distortions in 
the coordination sphere. Thus, in both cases the environment of the U3+ 
centre is trigonal prismatic with an approximate D3h symmetry. To quantify 
the deviation of both real structures to the ideal trigonal prism, we used the 
SHAPE software.288 Using the corresponding idealised D3h trigonal prisms 
as target structures, one obtained values of SP = 0.268 for U(Ph2BPz2)3 and 
SP = 0.260 for U(H2BPz2)3. All other hexacoordinated target structures result 
in values of SP > 10, supporting the view that these structures are slightly 
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distorted trigonal prisms. Therefore, we referred our coordinate system 
aligned with the main symmetry axis of the trigonal prism in both cases.  
 

  

Figure 8.4:  Molecular structure of: (left) U(Ph2BPz2)3 and (right) U(H2BPz2)3; the 
corresponding trigonal prismatic coordination centres are highlighted. 

 
Given the coordination environment of both analogues, a clear 

magnetic easy-axis was expected for both cases. Owing to the small 
deviations from the point group of the two chemical structures, the 
Hamiltonian includes all possible terms. Unfortunately, both examples 
were not studied by spectroscopic techniques. This complicates obtaining a 
reliable description for both of them. Thus, a fitting of the magnetic 
susceptibility data of the two systems from 20 to 300 K was needed to 
determine the radial displacement, Dr, and the effective charge, Zi. This 
provided an estimation of the whole set of CF parameters, related to the 
original atomic coordinates. These two parameters also reproduced 

magnetic susceptibility data (Figure 8.5). Note that the χT product under 20 
K was not considered for the fitting due to the presence of dipolar 
interactions at lower temperatures, as evidenced by the drastic variation of 
the susceptibility between diluted and concentrated samples in 
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U(H2BPz2)3.353 A satisfactory fitting of the  χT product was obtained for a Dr 
= 1.30 Å and Zi = 0.0247 in U(Ph2BPz2)3, while Dr = 1.40 Å and Zi = 0.0203 in 
U(H2BPz2)3. In both cases the same corrections were used, TIP= -1.5·10-3 
emu/mol and F= 0.95. 

  
Figure 8.5:   χT product for complex U(Ph2BPz2)3 (left) and U(H2BPz2)3 (right). Open 

circles: experimental data; solid line: theoretical fit. 

 
In spite of the good agreement between the model and the 

experimental data from 20 to 300 K, regions where dipolar interactions are 
negligible, these results based on magnetic susceptibility data must be 
taken with extreme caution. In these systems we did not have information 
of the energy level scheme and the CF strength. It is known that assuming 
LS coupling in these conditions can lead to unreasonable results. Thus, 
further efforts such as those reported in Ref. 152 are necessary in order to 
provide a better understanding of these challenging issues.     

Regarding the resulting full set of CF parameters, the key points that 
are worth discussing are: (a) among the diagonal parameters, B40 
dominates, as expected considering the polar angle of the coordinating 
nitrogen atoms (Figure 8.6), and (b) among the extradiagonal parameters, 
B66 has a prominent role, as the coordination environment corresponds to a 
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trigonal prism. The deviations from ideality are mostly reflected in the high 
values of B65 in U(Ph2BPz2)3, and the lower but also high values of B65 and 
B43 in U(H2BPz2)3. Note that, because of the location of the boron-bound 
hydrogens, a significant amount of electron density may be found closer to 
the equatorial plane in U(H2BPz2)3. It might then be described as tri-
augmented trigonal prismatic. Although there are not enough data to 
quantify this effect, qualitatively it would lead to a smaller value of B20.  

 

Figure 8.6:  Orientation and electronic distribution of the lone pair in U(Ph2BPz2)3 and 

representation of the shape of the spherical harmonic . 

 
The energy level scheme for both compounds is depicted on Figure 

8.7. Analogously to the above-mentioned UTp3 complex, as a consequence 
of the symmetry-allowed extradiagonal parameter B66, we found that the 
most important mixing in the wave function occurs between MJ values that 
differ by six units. In U(Ph2BPz2)3 the ground level is a doublet mainly 
described by the wave functions: 0.79|+5/2> + 0.17 |-7/2> and 0.79|-5/2> 
+ 0.17 |+7/2>. The REC model also allowed to estimating the 
contamination of the ground state wave function by minor MJ components, 
which could not be addressed by only considering the major extradiagonal 
terms. The sum of all such terms is less than 4% for U(Ph2BPz2)3. According 

Y4
0
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to these calculations, the first excited level lies at about Δ = 190 cm-1 with a 

mixed wave function composed of ±3/2 and 3/2 (66%) and 18% of 

9/2. The description of the lowest levels of U(Ph2BPz2)3 is perfectly 
compatible with the reported SMM behaviour of the analogue, because 
there is not direct mixing between +MJ and –MJ in the ground doublet. 

For U(H2BPz2)3, and always according to this effective description, the 
ground doublet was defined as a mixture involving 0.68|+5/2> + 0.24 |-
7/2> and 0.68|-5/2> + 0.24 |+7/2>. The sum of all terms that are not 
allowed in an ideal approximation of the coordination environment 
reached 8%, accounting for the small deviations from the ideal structure, 
which in this case is parameterised by a large B66 crystal-field parameter. 
Still, this description is compatible with SMM behaviour because there is 
no direct mixing between +MJ and –MJ in the ground state. The first excited 
state was estimated to be located at 230 cm-1, and again, like in U(Ph2BPz2)3, 
it is a doublet mixed between ±3/2 and 3/2 (52%) and a 32 % of 9/2.  

 
Figure 8.7:  Energy level scheme and main contributions to the wave functions for 

U(Ph2BPz2)3 and U(H2BPz2)3. 
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To finish, the same procedure was applied to two closely related 
uranium complexes. These are the fourth and fifth mononuclear uranium 
complexes that were reported to display SMM behaviour: the cationic 
complex [U(TpMe2)2(bipy)]+,89 and its precursor [U(TpMe2)2I].90 As in the 
previous two examples, in both cases only magnetic susceptibility data was 
available. Satisfactory fits could be obtained with REC parameters for the 
pyrazole-based ligands that are within the range of those obtained the three 
U3+ examples reported herein.93 Compared with the fitting procedures for 
such compounds, there are more free parameters for [U(TpMe2)2(bipy)]+ and 
[U(TpMe2)2I], because of the additional ligands (bipyridine and iodide 
respectively). This results in a slight overparameterisation, where minor 
improvements can be found in the low-temperature behaviour at the cost 
of an unrealistic increase in the crystal field splitting. The bipyridine ligand 
effect was reproduced with Dr= 1.25 Å and Zi= 0.133 for the two 
coordinated nitrogen atoms, and the contribution of the iodine anion was 
parameterised with Dr= 1.88 Å and Zi= 0.0843. The ground state doublet is 
formed by a combination of 0.31|+3/2> + 0.27|-5/2> +0.15|-7/2> and 
0.31|-3/2> + 0.27|+5/2> +0.15|+7/2> in [U(TpMe2)2(bipy)]+, whereas it is 
composed by 0.35|+9/2> + 0.34|+5/2> +0.28|-3/2> and 0.35|-9/2> + 
0.34|-5/2> +0.28|+3/2> in [U(TpMe2)2I]. The resulting gaps with the first 
excited levels are 110 cm-1 and 136 cm-1 respectively, being compatible with 
the observed SMM behaviour.       

In the above discussion, we have rationalised why the five U3+ 
complexes exhibit a SMM behaviour. In the following we will investigate 
the properties of an U4+ complex. This compound has been recently 
synthesised and magnetically characterised by the Almeida’s group.362 This 

group reported the U4+ compound formulated as [{(SiMe2NPh)3-tacn}U4+(η2-
N2Ph2*)] and the U3+ precursor [U3+{(SiMe2NPh)3-tacn}] (Figure 8.8). For the 
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first time, the possibility of obtaining single-molecule behaviour in a U4+ 
complex was demonstrated. This encouraged us to collaborate with this 
research group in order to apply the methods described in this thesis to 
model the experimental data. In contrast to the U4+ derivative, the U3+ 
precursor did not exhibit slow relaxation of the magnetisation (a frequency-
dependent out-of-phase magnetic susceptibility could not be observed in 
the ac magnetic measurements). In both cases, the REC model and the 
CONDON package were useful tools to provide useful information about 
the magnetic and spectroscopic properties of these systems, as we describe 
below.    

 
Figure 8.8:  Molecular structures and coordination geometries of (a, b) [{(SiMe2NPh)3-

tacn}U4+(η2-N2Ph2)] and (c, d) [U3+{(SiMe2NPh)3-tacn}] (thermal ellipsoids set 

at a 40% and 20% probability level respectively).  

 
The procedure we followed in the study of both compounds started 

with the application of the REC model to the idealised structure (C3v) of 
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[U3+{(SiMe2NPh)3-tacn}], introducing the coordinates of the donor atoms in 
the SIMPRE computational package. The structure was idealised to 
minimise the number of CFPs, as the second step involves a 
phenomenological fit. As the ligands had not been parameterised before, 
for this initial estimate of CFPs, the effective distances were calculated 
using the formula for Dr described in the fifth chapter (Equation 5.3). 

Subsequently, the effective charge of the donor atoms was calculated 
assuming a similar relation f = Dr · Zi than the observed between the REC 
parameters of different nitrogen-coordinated compounds studied by this 
model. 

Thus, we introduced this initial trial of calculated CFPs in the package 
CONDON, which is suitable to model these systems due to the numerical 
approach that takes into account all the energetic effects of the free ion and 
the ligand field. The temperature-dependent magnetic susceptibility data 

were fitted using the full Hamiltonian approach with the assumptions: ζ5f = 
1516 cm-1, F2 = 36130 cm-1, F4 = 26000 cm-1, F6 = 21000 cm-1,364 and C3v ligand 
field. The symmetry approximation implies that the only non-vanishing 
ligand field parameters are B20, B40, B43, B60, B63 and B66. The least-squares fit 
(SQ = 0.31%) yields B20 = -4900 cm-1, B40 = 1788 cm-1, B43 = 2144 cm-1, B60 = 
4363 cm-1, B63 = -7055 cm-1 and B66 = 8166 cm-1.  

The overall ligand field splitting of the ground multiplet is ca. 1805 
cm-1. The ground multiplet is separated from the lowest state of the 
following first excited multiplet only by 1744 cm-1, which is located at 3549 
cm-1. This evidences the need of using a full approach instead of an 
effective one (assuming Russell-Saunders coupling) for a proper 
description of the system. This differs with the wave numbers determined 
in UTp3, where the first excited J lies further from the highest doublet in the 
ground J multiplet. All 182 doublets covered by the application of the full 
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basis span an energy interval of ca. 65970 cm-1. The ground doublet is 
mainly composed of MJ = 42% |±5/2> + 36% |±1/2> + 22% |±7/2> states. 
The presence of an important contribution of ±1/2 in the ground doublet 
explains the inability of displaying SMM behaviour of [U3+{(SiMe2NPh)3-
tacn}]. This was also evidenced when observing the crystallographic 
structure of the compound, the three nitrogen atoms of the group 

SiMe2NPh are placed at 77º in average from the polar coordinate in θ. Thus, 
the complex illustrates a situation where the electron density is distributed 
near the plane xy. Since U3+ is an oblate ion with the f-electron density 
equatorially distributed,61 the repulsive contacts between ligand and f-
electron charge cloud do not favour the stabilisation of a high MJ value in 

the ground doublet. The fitted χT product and the predicted magnetisation 
of [U3+{(SiMe2NPh)3-tacn}] at different temperatures using the full 
Hamiltonian in the CONDON computational package are depicted in 
Figure 8.9. 

 

 

Figure 8.9:   Temperature dependence of the magnetic susceptibility of [U3+{(SiMe2NPh)3-
tacn}] from 2 to 300 K, experimental (symbols) and calculated (solid line) 
using the CONDON package (left); Magnetisation, experimental (symbols) 
and predicted (solid lines), versus H at 2 K (red), 5 K (blue) and 10 K (green) 
from 0 to 5 T (right). 
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The χT product was fitted from 5 to 300 K, obtaining an excellent 
agreement between the theory and the experiment. The predicted 
magnetisation is essentially exact at low field/temperature ratios (at least 
until H/T = 0.5 T/K). One can observe that there are some deviations at 
higher fields or lower temperatures, where the predicted magnetisation 
rises above the experimental data. This can be due to small dipolar 
interactions between U3+ centres at very low temperatures.  

In a second step, the REC model was applied again to obtain an 
estimation of the REC parameters Dr and Zi of the groups tacn (Dr = 1.52 Å 
and Zi = 0.04) and SiMe2NPh (Dr = 0.18 Å and Zi = 2.64) by a direct fitting of 
the phenomenological CFPs from the idealised structure. These results, 
combined with an analogous study with pyrazolyl ligands in UTp3 (Dr = 
1.48 Å and Zi = 0.023), allowed us to obtain an estimation of the CFPs of the 
tretravalent uranium compound. For that, we introduced the crystal 
structure of this compound and we used the SIMPRE package just to obtain 
a set of CFPs.  

Finally, we moved on to CONDON in order to calculate the 
spectroscopic and magnetic properties arising from these CFPs after 
diagonalising the full Hamiltonian. It is important to note that in this case 
the presence of a radical and the lack of symmetry elements in the 
coordination environment mean it is unreasonable to directly fit the data, 
especially due to the overparameterisation that arises from the geometry of 
the system. It is clear that we are dealing with a particularly difficult 
system to be analysed. A full description of the magnetic and spectroscopic 
properties will require further treatments accompanied by novel techniques 
in the future. Up to now, the prediction obtained with the REC model and 

the full Hamiltonian allows a reproduction of the χT curve, as can be seen 
in Figure 8.10. 
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Figure 8.10:  Temperature dependence of the magnetic susceptibility of [{(SiMe2NPh)3-

tacn}U4+(η2-N2Ph2*)] between 2 and 300 K (Experimental (blue circles), 
experimental substracting a radical contribution estimated as 0.375 
emu·K·mol-1 (open circles) and prediction (solid line)) using the REC model 
and the CONDON package. 

 
The agreement at high temperatures is remarkable, considering that 

the whole theoretical analysis up to this point was done in absence of any 

experimental magnetic data of [{(SiMe2NPh)3-tacn}U4+(η2-N2Ph2*)] and is 
thus a structurally-guided effective charge electrostatic prediction. One 
should therefore not discard the possibility of this coincidence being, at 
least in part, accidental. If we accept the theoretical calculation as 
essentially correct for the U4+ ion, the observed deviation, which starts 
below 150 K and is already quite marked below 100 K, should be 
understood as a ferromagnetic direct exchange coupling between the 
electronic sp2 spin of the radical, which practically overlaps with the 5f 
orbitals of U4+. Here it is important to recall that actinide 5f orbitals are 
considerably more diffuse than lanthanoid 4f radicals. The end result is that 

the experimental  χT product at the low temperature limit is of the order of 
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0.7 emu·K·mol-1, while the calculated value for the U4+ ion in the absence of 
the radical would be practically zero. The calculations were performed 
using the full Hamiltonian approach with the default assumptions for U4+: 

 ξ5f = 1926 cm-1, F2 = 76557 cm-1, F4 = 50078 cm-1, F6 = 36429 cm-1, and Cs 
ligand field. The energy level scheme of the ground multiplet for 

[{(SiMe2NPh)3-tacn}UIV(η2-N2Ph2*)] without considering the interaction with 
the radical is reported in Figure 8.11.  

 
Figure 8.11:  Energy level scheme of the ground multiplet for [UIII{(SiMe2NPh)3-tacn}]	   (red) 

and [{(SiMe2NPh)3-tacn}UIV(η2-N2Ph2*)] (blue). 

 
According to our calculations, the ground state shows an important 

contribution of MJ = ±4 (74%) but also there is a presence of MJ = 0 (17%) in 
the easy axis. Thus, the interaction with the radical seems to play a key role 

in the slow relaxation of the magnetisation in [{(SiMe2NPh)3-tacn}UIV(η2-
N2Ph2*)], while the mere presence of this axial ligand would not be enough. 
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In other words, an equivalent ligand field produced by a diamagnetic but 
otherwise similar coordination sphere would produce a magnetic 
behaviour very similar to that encountered in the U3+ precursor. The 
paramagnetic ligand switches the parity from non-Kramers to Kramers, 
offering a new route to obtain SIMs based on non-Kramers ions. 
 

8.3 Conclusions 
 

In this chapter, we have described the first theoretical attempt to analyse 
the magnetic behaviour of uranium-based SIMs, which are the next frontier 
in molecular nanomagnetism. We have found that theoretical tools that 
were originally designed for the study of lanthanoid SIMs can offer a 
starting point for the modelling of uranium SIMs. In particular, by 
combining the REC model with experimental data we can extract an initial 
trial of CFPs and information about the wave functions of the target 
analogues. This model may help in the design of new derivatives based on 
the same cation. We also have shown that the combination of the REC 
model using SIMPRE, limited to the ground J, with the semi-empirical 
approach included in the CONDON software package, that includes 
excited J manifolds, is useful to obtain information on the lowest-lying 
magnetic levels and the associated wave functions of the different 
nanomagnets.  

Regarding the calculated wave functions with the effective charge 
approach in UTp3, it has been shown that the calculated wave functions are 
in full agreement with the phenomenological ones. The ground state wave 
functions of the three first examples presented in this chapter (dominated 
by ±5/2) have been found to be compatible with the SMM behaviour 
observed in them.  
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In a second step, we have described the related systems 

[U3+{(SiMe2NPh)3-tacn}] and [{(SiMe2NPh)3-tacn}U4+(η2-N2Ph2*)]. The model 
has been able to explain why the former does not exhibit slow relaxation of 

the magnetisation, presenting a major contribution of ±1/2 to the ground 

state wave function. In the meanwhile, the unprecedented behaviour 
among uranium(IV) has been discussed, explaining its origin from the 
interaction of the metal ion with the paramagnetic ligand which switches 
the parity from non-Kramers to Kramers. This latter approach may provide 
a novel strategy to design SIMs in non-Kramers ions. When considering the 
use of this strategy to extend relaxation times in rare earth complexes, it is 
important to consider that tunnelling can only be blocked for temperatures 
much smaller than the coupling energy. Therefore, in order to achieve a 
significant success in enhancing the blocking temperature, the exchange 
coupling to and via the radical must be significant, something that is 
exceptional for lanthanides but more common in actinides. 
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9.1 Introduction 
 

Magnetic anisotropy in molecular complexes means that the magnetic 
properties of the system depend on orientation.366 Thus, a molecular 
material is anisotropic when the response to an external magnetic field is 
conditioned by the molecular direction along which the field is applied. 
Technically, this defines the hard, medium and easy axes of magnetisation 
of the crystal. The same effect is sometimes described as the magnetic 
moment lying preferentially along a certain direction to minimise the 
potential energy. 

The measurement of the magnetic susceptibility on oriented single 
crystals (single-crystal magnetometry) is a powerful technique to analyse 
the anisotropic response of a coordination compound to an external field. 
This kind of information is needed to establish magneto-structural 
correlations between the coordination environment and the magnitude and 
orientation of the magnetic moment.73 Nevertheless, a review of the SMM 
literature shows that most complexes have only been characterised by 
powder dc and ac susceptibility measurements. Even in single crystals, 
magnetic measurements provide an average over the different species that 
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are usually present in the crystal. In this context, triclinic structures 
presenting a single magnetically independent site become ideal candidates 
for getting information on the magnetic anisotropy. 

From an experimental point of view, the group of Prof. Roberta 
Sessoli has been very active performing single-crystal magnetic 
experiments. A relevant case is that of the Na[Dy(DOTA)(H2O)] · 4H2O, 
where H4DOTA = 1,4,7,10-tetraazacyclododecane-N,N’,N’’,N’’’-tetraacetic 
acid).72,73 The angular dependence of the magnetisation was investigated by 
gluing a crystal on the face of a millimetric Teflon cube. The three 
orthogonal faces of the cube were indexed in the reference frame of the 
crystal with non-integer Miller indices. The normals to these faces defined 
the laboratory xyz reference frame. The cube attached to the crystal was 
then mounted on a horizontal rotator in a SQUID magnetometer. This 
permitted to extract the susceptibility tensor in the compound, as the 
crystal lattice only contains one molecular orientation. Other examples 
reported by this group include the study of the orthorombic organometallic 
Cp*ErCOT,68 which provided the first reconstruction of the anisotropy 
tensor in a crystal lattice with two molecular orientations.367 This could be 
achieved by collecting angular-resolved magnetic measurements under in- 
and out-of-equilibrium conditions.   

In this chapter we will focus our attention precisely in this 
organometallic erbium single-ion magnet: Cp*ErCOT. We are going to 
perform a full theoretical analysis of the molecular anisotropy using the 
SIMPRE package. The additional challenge in this case is that the system is 
expected to have intense covalent effects that can hardly be simulated by 
simple point-charge ligands.368 The erbium ion is sandwiched between two 
aromatic rings, Cp* and COT, where Cp* = pentamethylcyclopentadiene 
anion (C5Me5) and COT = cyclooctatetraene dianion (C8H8

2-), as can be seen 
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in Figure 9.1. The two aromatic rings are not exactly parallel to each other, 
with the two planes presenting a tilt angle of 8°. The crystalline structure 
containing this organometallic complex presents an additional difficulty 
because of the presence of two different crystallographic orientations, each 
occupied by two different conformers. 

The main features that made this SIM an ideal benchmark system to 
test of the capabilities of an effective electrostatic approach in a limit case 
are: (i) the complex is based on aromatic rings, which are eminently 
covalent; (ii) a detailed study of the angular dependence of the magnetic 
susceptibility of Cp*ErCOT was available,367 thus permitting the 
comparison with the predicted molecular anisotropy of the system using 
the calculated crystal-field parameters (CFPs), without the introduction of 
any extra parameter; and (iii) the availability of high-quality spectroscopic 
information of the crystal field splitting on a series of independent 
complexes with Cp* and COT rings combined with trispyrazolylborate (Tp-

) ligands, which had previously been parameterised by the REC model (see 
Chapter 7). This third point is probably the most exciting one because it 
paves the way towards the inexpensive modelling of these systems, which 
are in principle chemically far away from models based on purely 
electrostatic considerations. The inclusion of the effective charge 
information about the Cp* and COT rings in the general library of ligands 
could be very useful to predict the properties of different complexes in 
different crystal fields.  

The delocalised electron density of the pπ orbitals that coordinate the 
erbium cation is modelled in this chapter by a sum of effective charges 
placed in a plane closer to the metal and parallel to the aromatic ring plane. 
We simulated this by defining a vertical displacement vector (Dv), one for 

each pπ orbital. Dv is perpendicular to the plane formed by the carbon atom 



9. Molecular anisotropy in an organometallic SIM 

226 
 

sp2 plane, and it defines the angular coordinates θi and ϕi. of the effective 
charges. This is similar to the definition of Dh in the bis-phthalocyaninato 

series, but in the present case the vector simulates the  π cloud and thus is 
perpendicular to the aromatic ring. Radial vector Dr was applied after Dv, 
pointing directly to the lanthanoid nucleus and defining the effective radial 
coordinate Ri. The radial correction, like in the REC model, accounts for the 
fact that averaging a spherical distribution to a point charge in the centre of 
a given distribution is not a good approximation when dealing with high 
order terms. Both sets of vectors, Dv and Dr, were applied to the original 
position of the aromatic carbon nuclei, determining the positions of the 

effective centres of charge that model the π cloud effects as represented in 
Figure 9.1. 

 
 

Figure 9.1:  (left) Molecular structure of Cp*ErCOT at 10 K including the representation of 
the relation of Dv (red arrow) and Dr  (blue arrow) with one of the pπ orbitals; 
(right) Schematic representation of Dv and Dr. 
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9.2 Molecular anisotropy analysis 
 

In this part of the work, we are going to describe the results derived from 
the application of the LPEC model to the organometallic Cp*ErCOT. 
Following the standard procedure of the model, an excellent agreement (E 
= 4.4·10-6) with the experimental magnetic behaviour -powder data- was 
obtained (Figure 9.2, red solid line) with the following set of parameters: Dv 
= 0.98 Å, Dr = 0.26 Å and Zi (Cp*) = 0.4. To avoid overparameterisation, it 

was assumed that the π orbitals of Cp* and COT are very similar, and that 

the formal charge of the aromatic ligands is delocalised over all the C 
atoms. As a consequence, the formal charge on each Cp* carbon atom was 
fixed to 1/5=0.2 and 2/8=0.25 for COT carbon atoms. Thus, in the fitting 
we used the same LPEC parameters (Dv and Dr) to determine each the 
effective coordinates, and accounted for the different charges in the two 
rings by introducing a fixed ratio Zi(COT) = 1.25· Zi(Cp*) = 0.5. Of course, 
one could question the assumption that the ratio between the effective 
charges of Cp* and COT is equal to the actual charge ratio between Cp* and 
COT. Indeed, relaxing this condition and performing a full study with 
multiple complexes and spectroscopic information will yield a better 
effective charge description of both Cp* and COT as ligands.  

As the angular dependence of the susceptibility was measured 
between 2 and 10 K,367 we used the crystal data obtained at 10 K for all our 
calculations. Nevertheless, as a common problem with theoretical 
modelling is not knowing the effects in the properties of a structural change 

with temperature, we verified that only minor deviations in the  χT product 
depend on the structure determined at different temperatures (10, 20 and 
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120 K) as shown in Figure 9.2. This concern will be analysed in depth in the 

next chapter in a dysprosium  β-diketonate compound. 

 
 

Figure 9.2:  Fitting of the experimental  χT product of Cp*ErCOT from 10 to 300 K using 
the LPEC model in the SIMPRE package with the structure at measured at 10 
K (red solid line), 20 K (purple solid line) and 120 K (black solid line), and 
using a minimal PCE model (blue dashed line). 

 
According to our calculations using the structure at 10 K, the ground 

state for both conformers of Cp*ErCOT is dominated by the highest MJ 
value (Ising-type). The contribution of MJ = ±15/2 is of 96% for conformer 1 
and of 95% for the second one. The first excited state is placed at 156 cm-1 in 
the first conformer and 125 cm-1 in the second one. This description is fully 
compatible with the observed slow relaxation of the magnetisation in this 
organometallic single-ion magnet.  

At this point, it is interesting to examine the effect of the π-cloud 
displacement that was simulated via the vertical displacement (Dv) of the 
effective charges. Calculations using the classical PCEM placing formal 
charges on the crystallographic positions of the carbon atoms were 
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performed in order to determine the influence of Dv. The  χT product curve 
represented in Figure 9.2 gives a clear and expected evidence that a 
minimalistic PCEM is not able to predict a comparable magnetic behaviour 
(with deviations of the order of 10% at 20 K). As we know that fitting a 
single susceptibility curve to a number of free parameters often can lead to 
different solutions and that powder data is not very sensitive to anisotropy, 
this is a necessary but not sufficient condition to give a satisfactory answer 
to the first challenge of this chapter, i.e. the validity of a point charge 
description to describe the CF effects of a covalent ligand. Thus, we need to 
validate the parameterisation by predicting, without further fittings, 
independent properties of the same compound, and, if possible, also of 
different compounds, in order to test the validity of the three semi-
empirically determined parameters. By doing so, we will also address 
second challenge.     

First, we used the model and the parameters that we obtained from 
the powder susceptibility data fit, together with the crystal structure, to 
predict the magnetic anisotropy that was previously been determined 
experimentally. We used the real coordinates modified by Dv and Dr (from 

the powder  χT LPEC fit) and simulate the experimental rotations labelled 
Rot1 and Rot2, which were performed by Sessoli et al.367 Such experimental 
rotations are illustrated in Figure 9.3 where the magnetic field is vertically 
oriented in the paper plane and the crystal rotates around an axis 
perpendicular to the plane.  
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Figure 9.3:  Orientation of the molecules in the two experimental rotations : Rot1 (left) and 

Rot2 (right). The magnetic field is vertically oriented in the paper plane and 
the crystal rotates around an axis perpendicular to the plane.       

 
The predicted spherical angular dependence of the magnetic 

susceptibility at 10 K is plotted as a cylindrical map projection versus θ and 

ϕ in Figure 9.4.  

  

Figure 9.4:  Cylindrical map projection of the calculated susceptibility angular 
dependence at 10 K and H = 1 kOe corresponding to Rot1 (left) and Rot2 
(right). 

 
For a comparison between the theoretical calculations using the LPEC 

and the PCEM, with the experimental results, the angular dependence of 
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the magnetic susceptibility of the two rotations is represented in Figure 9.5. 
Note that single-crystal experimental data needed to be scaled by a factor of 
0.81 to be consistent with the experimental powder data reported in Ref. 
367 at 10 K. The theoretical prediction was superimposed in Figure 9.5 
without the use of any extra-parameter. 

 
 
 Figure 9.5:  Angular dependence of magnetic susceptibility performed on a single crystal 

at H = 1 kOe for Rot1 (blue) and Rot2 (red) at 10 K. A scale factor of 0.81 need 
to be applied in order to match the single-crystal experimental data with the 
powder data. In solid line is plotted the theoretical prediction (no extra-
parameters) using the LPEC model. Dashed line corresponds to the theoretical 
prediction with a minimal PCEM. 

 

An almost perfect agreement in both phase and intensity for the two 
experimentally available rotations was obtained using the parameters 

extracted from the χT fit. For the powder χT curve, the theoretical curve 
results from the weighted average of the signals of the two different 
crystallographic orientations. Each one is occupied by two different 
conformers. The angular dependence of magnetic susceptibility for Rot1 
and Rot2 of each conformer on each crystallographic orientation is reported 
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in Figure 9.6. This allowed a better understanding of how the actual 
magnetic anisotropy works in each single Er-ion frame.  

  
Figure 9.6:  Experimental angular dependence of magnetic susceptibility performed on a 

single crystal at H = 1 kOe for Rot1 (left: blue dots) and Rot2 (right: red dots) 
at 10 K versus theoretical angular dependence of each orientation (Orientation 
1, green; Orientation 2, purple; this work). Conformer 1: solid lines; conformer 
2: dotted lines.   

 
It is remarkable that a three-parameter LPEC model, which uses as 

sources of information the powder χT data and the low temperature 
crystallographic data, is enough to match, without any additional 
parameter, the magnetic anisotropy of this complex system. On the other 
hand, it is also important to notice that a minimal electrostatic model 
would be utterly unable to predict the experimental angular dependence of 
the magnetic susceptibility. The PCEM provided a ground state mainly 
determined by MJ = ±1/2 (more than 99%) in the experimentally 
determined direction of the main axis of anisotropy for each conformer. As 
can be seen in Figure 9.5, neither the phase nor the intensity are compatible 
with the behaviour measured in Ref. 362. These results underline the severe 
limitations of this simple electrostatic model to determine the easy axis in 

those cases in which the ligands have lone pairs (or  π clouds), which are 
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not pointing directly towards the lanthanoid ion. From our experience 
applying the REC and LPEC models in other systems, we suggest that this 
correction is necessary to determine the ground state wave function and the 
easy axis of the magnetisation when dealing with rigid polyhapto ligands 
such as aromatic rings, including phthalocyaninato anions (Chapter 7).  

Subsequently, the angular dependence of magnetic susceptibility for 
both rotations at different temperatures was calculated and plotted for 
comparison with the experimental results (Figure 9.7). Again, the 
experimental curves coincided with the calculations using the LPEC model 
without any further fitting. From Figure 9.7 (left) we were able to detect 
some kind of experimental deviation of the maximum position from 
around 80º to 67.5º in the data at 5 K. We could safely discard that this 
originates from a structural transition. It seems more probably connected 
with the hysteretic effects experimentally detected below this 

temperature.367 The fact that such deviation of the maximum χ is not 
observed for Rot2 (Figure 9.7 (right)) supports this assumption. 

  
Figure 9.7:  Angular dependence of the magnetic susceptibility at different temperatures 

for Rot1 (left) and Rot2 (right) at H = 1 kOe. From top to bottom: 5, 6, 7, 8 and 
10 K. Comparison between experiment (solid circles) and theory (solid lines). 
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The second challenge we mentioned in the introduction of the chapter 
is arguably the most exciting. Has this model a predictive character when 
applied to organometallic lanthanide complexes? Can we extrapolate the 
specific parameters for each ring to other compounds that feature the same 
ligands? This possibility is related to the spectrochemical and nephelauxetic 
series of ligands in classical coordination chemistry, distinguishing 
quantitatively between ‘weak’ and ‘strong’ field ligands for lanthanoid 
complexes. In this part of the discussion, we want to link this challenge to 
yet another open problem in this field, namely the reliable estimation of the 
total CF splitting, i.e. the CF strength of the ligands. 

Using the LPEC model, the calculated total splitting for both 

conformers is Δ =  630 cm-1 and 513 cm-1. These rather large Δ-values are in 
full agreement with the expected behaviour, as aromatic rings are known to 
produce very strong CF splitting, being as they are at the right of the 
spectrochemical series. In particular, spectroscopic isometallic results by 

Amberger et al. have indicated Δ  = 861 cm-1 for Nd(Cp*)3,369  Δ = 533 cm-1 

for [Nd(COT)[HB(3,5-Me2pz)3]],370  and Δ  =  358 cm-1 for NdTp3.355 These 

results evidence thatΔ is higher in compounds that are coordinated by 

aromatic rings than for those coordinated by nitrogenated ligands such as 
pyrazolylborate.354 This is logically expected according to the ligand 
position in the spectrochemical series, ordered from weak to strong field 
ligands. It is to be noted that the other available models are unable to 
predict this strong CF splitting in the study of this complex. Thus, for the 
reported system, a previous fit using the CONDON software yielded a total 

CF splitting Δ ~ 380 cm-1 (Figure 9.8),69  whereas the CASSCF / RASSI 

model estimated Δ values of 276 cm-1 and 308 cm-1 when using the 
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crystallographic structure, and 235 cm-1 for both conformers with the DFT 
optimised structures.367 

 
Figure 9.8:  Calculated energy level scheme for Cp*ErCOT (conformer 1) in this work and 

previous calculations reported using MOLCAS (with DFT optimised 
structure) and CONDON.  

 
Given that different theoretical tools strongly disagree in the values of 

the total splitting, we tested the predictions based on this semi-empirical 
effective electrostatic model in cases where spectroscopic data are available. 
We check the calculated energy levels using the effective charge description 
of ligands: Tp-, Cp* and COT, against the real electronic structure 
determined by spectroscopy for [Nd(COT)[HB(3,5-Me2pz)3]] and Nd(Cp*)3. 
For comparison with a direct fit using the REC model, in Figure 9.9 these 
energy level schemes are plotted together with the one reported for 
Nd(Tp)3. The fitting of the spectroscopic energy levels by Amberger et al. 
gave a ground state wave function MJ = ±5/2. Taking into account the 
crystal structure of these complexes, we obtain a ground state formed by 
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0.54 |±5/2> + 0.46 | 7/2>, 0.69 |±5/2> + 0.19 | 5/2> and 0.89 |±5/2> + 

0.11 | 7/2> for Nd(Tp)3, [Nd(COT)[HB(3,5-Me2pz)3]] and Nd(Cp*)3 

respectively.  
With these results, we encourage experimentalists working on 

molecular magnetism to measure the magnetic properties of both 
[Nd(COT)[HB(3,5-Me2pz)3]] and Nd(Cp*)3, because the MJ contributions to 
the ground state wave functions are completely compatible with SMM 
behaviour. This is the first time where the evolution of the total CF splitting 
of a series of rare earth complexes was successfully predicted using the 
contributions of each ligand taken into account separately. As can be seen 
in Figure 9.9, the accuracy of the predicted total CF splitting is striking, but 
there is clearly room for improvement in the fine details, specially in 
[Nd(COT)[HB(3,5-Me2pz)3]]. Such an improvement is expected with the full 
study using the spectroscopic data of multiple families.  

 
Figure 9.9:  Experimental and calculated energy level scheme for NdTp3 (fit), 

[Nd(COT)[HB(3,5-Me2pz)3]] (prediction) and Nd(Cp*)3 (prediction). 
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9.3 Conclusions 
 

In this study the crystal field effect created by the Cp* and COT ligands is 
modelled by a semi-empirical effective electrostatic model that has been 

corrected to account for the covalent effects of the π clouds. This is done 

by a fit of the temperature dependence of the powder magnetic 
susceptibility of the compound Cp*ErCOT. To verify this model, a zero-
parameter fit is performed that quantitatively reproduces the experimental 
full magnetic anisotropy analysis, i.e. two perpendicular rotations of the 
crystal in the presence of a magnetic field at temperatures ranging from 5 K 
to 10 K.   

Subsequently, the obtained parameterisation for Cp* and COT 
ligands, together with analogous results for Tp- from a previous study, are 
used for a zero-parameter fit of the spectroscopically determined crystal 
field splitting and magnetic properties of two further complexes, 
Nd(COT)[TpMe2] and Nd(Cp*)3. Finally, the quantitative agreement of the 
prediction of the CF splitting emphasises the predictive character of this 
simple approach. 
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10.1 Introduction 
 

Up to this point we have reported the application of the developed 
theoretical tools to homoleptic complexes. This has demonstrated the 
capabilities of the REC and LPEC models to interpret and predict the 
properties of this kind of systems, using two or three parameters 
respectively. Along this dissertation, it has been detailed how these models 
can simplify overparameterisation problems when determining CFPs.  

Nevertheless, the beauty of chemistry involves many possibilities in 
the design of coordination complexes with a rare earth as a central ion. 
Indeed, literature offers a broad range of SIMs having more than one type 
of ligands, i.e. heteroleptic molecules that are interesting from the point of 
view of nanomagnetism. Under the REC approach, one has to introduce 
two parameters (Dr and Zi) for each type of donor atom. This means that for 
a particular family of heteroleptic compounds, e.g. those coordinated to 
nitrogen and oxygen donor atoms, the problem is augmented to a total of 
four REC parameters: two of them for each ligand. If the donor atoms have 
to be treated in terms of the LPEC model, there is an increase in the number 
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of parameters to be fitted, as we have to consider Dh or Dv for each type of 
donor atom. The need of two or three parameters per donor atom is a clear 
limitation of the effective charge models in the description of heteroleptic 
compounds, as this leads to overparameterisation. 

As examples of real heteroleptic systems behaving as mononuclear 

SMMs, molecular analogues containing a Dy3+ ion between three  β-
diketonate ligands in a ‘paddle-wheel’-like arrangement are very common 

in molecular magnetism.70 These systems are formed by two  β-diketonate 
ligands trans- to each other and the third trans- to a neutral ligand, having 
an approximated square antiprism coordination geometry. Examples of 
them are the following related complexes: [Dy(acac)3(H2O)],70 
[Dy(acac)3(phen)],71 [Dy(acac)3(dpq)],371 [Dy(acac)3(dppz)],371 
[Dy(tfpb)3(dppz)],372 [Dy(tta)3(bipy)],373 [Dy(tta)3(phen)],373 [Dy(tta)3(pinene-
bipy)]374 and [Dy(hfac)3(dme)],375 where acac = acetylacetone; phen = 1,10-
phenanthroline; dpq = dipyridoquinoxaline; dppz = dipyridophenazine; 
tfpb = 4,4,4-trifluoro-1-phenyl-1,3-butandionate; tta = 2-
thenoyltrifluoroacetone; bpy = 2,2’-bipyridine, pinene-bpy = 4,5-pinene 
bipyridine; hfac = hexafluoroacetylacetonate and dme = dimethoxyethane. 

The easy axis of magnetisation of all these nine  β-diketonates has been 
modelled by both ab initio and purely electrostatic methods and reported in 
the literature.376,75 Its orientation has been found to be perpendicular to the 

‘paddle-wheel’ axis, crossing the two trans-β-diketonate ligands. 
In this chapter, we are going to apply the REC model to describe the 

properties of a system having these characteristics. For that, we are going to 

focus our attention on a new β-diketonate SIM published in 2015.377 This is 
the Dy(tBu-acac)3bpy complex, where tBu-acac = 2,2,6,6-
tetramethylheptane-3,5-dionate, studied by Dr. Shang-Da Jiang. In terms of 
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the REC model, one needs to account for four REC parameters: the radial 
displacements and effective charges of the O- and N-donor atoms. Within 
this process, we will describe the molecular magnetic anisotropy analysis 
that we performed in this SIM. This was possible because, beyond the 
routine magnetic characterisation, Dr. Jiang had determined the molecular 
magnetic easy axis by angular resolved magnetisation measurements on a 
single crystal.  

Furthermore, we are going to report a study of the effects of the 
temperature over the crystal structure and its consequences in the magnetic 
anisotropy. This is interesting because most of the experimental and 
theoretical investigations that have been carried out concerning energy 
levels and magnetic anisotropy have been performed using the crystal 
structure determined at room temperature, or, at lowest, at 100 K. 
However, spectroscopic or magnetic anisotropy experiments have been 
carried out at much lower temperatures. This has lead to a general question 
in molecular magnetism: can this thermal evolution of the structure 
critically affect the crystal field splitting and the magnetic anisotropy?  

Thus, in this part of the thesis, we are using Dy(tBu-acac)3bpy as a 
model system to perform, for the first time, an analysis of the molecular 
structure evolution effect at different temperatures.377 In this process we are 
evaluating the consequences of thermal structural changes over the 
electronic and magnetic structure. This also permitted us to know the 
accuracy of the REC model to interpret powder and single-crystal magnetic 
information in a low-symmetry heteroleptic complex. First-principles 
calculations were also performed and thus will be included in the 
description. In both approaches the atomic coordinates from single crystal 
X-ray crystallography at 20, 100 and 300 K were employed as inputs. 
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Temperature effects upon the energy levels, CFPs and ground state wave 
functions are going to be therefore elucidated at the end of this chapter. 

 

10.2 Dy β-diketonate SIMs 
 

Dy(tBu-acac)3bpy was prepared as an amorphous powder and purified by 
recrystallisation by the group of Prof. Song Gao. The X-ray diffraction data 
was measured in a first stage at 100 and 300 K on MoKα radiation (# = 
0.71073 Å) with a graphite monochromator. A few months later, the 20 K 
data were collected on synchrotron with liquid-helium for cooling. The 
molecule crystallises in triclinic P-1 space group in the temperature range 
20-300 K. The molecular structure as well as the unit cell changes slightly 
upon the temperature variation. However one has to test the effects of such 
slight distortions over the experimental properties measured at different 
temperatures. Concerning the coordination environment, the crystal 
structures show that the trivalent dysprosium is coordinated by six oxygen 

atoms from β-diketonate ligands, and two nitrogen atoms from bipyridine 
(Figure 10.1).  

 
Figure 10.1:  Molecular structure of Dy(tBu-acac)3bpy, measured at 100 K. Hydrogen atoms 

are omitted for clarity.  
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Like many reported dysprosium β-diketonate systems, the molecular 
structure can be viewed as forming a ’paddle-wheel’ shape, where the 
conjugated plane of each ligand forms the wheel. The anti-side wheels are 
nearly in the same plane. The two planes from the four ligands are 

approximately perpendicular to each other. The  π-π stacking is found 
between bipyridine ligands of adjacent molecules at a separation of 3.3644 
Å at 20 K. The two molecules in the unit cell are related by an inversion 
centre, meaning that the magnetic principal axes of these molecules are 
necessarily parallel to each other. 

In 2014, Dr. Shang-Da Jiang proceeded with the determination of the 
magnetic principal axes of this low-symmetry complex mounting a single 
crystal of 3.07 mg with its (001) face on an L-shaped Cu/Be support, rather 
than a Teflon cube. This enabled the crystal to perform a rotation near the 
horizontal spin axis. Such a rotation was made around three orthogonal 
axes of the support in the temperature range of 1.8 to 15 K. The availability 
of data concerning single-crystal magnetic susceptibility, the low-symmetry 
of the system and the resolved crystal structures at three different 
temperatures allowed the REC model to be tested in the interpretation of 
the observables of this heteroleptic complex. The predictions given by 
CASSCF calculations were also benchmarked with the magnetic data. The 
structural thermal effects that may affect these properties at low 
temperatures were also investigated by both ab initio and semi-empirical 
methods. Such calculations were conducted on the molecular structures 
determined at the three temperatures.  

With respect to the REC calculations, we used the SIMPRE 
computational package. Powder magnetic susceptibility data (2-300 K) and 
single-crystal easy axis susceptibility (2-15 K) were simultaneously fitted 
giving the same weight to each of them. Considering the different 
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temperature ranges, the crystal structure determined at 100 K was used for 
powder data, whereas the one resolved at 20 K was used for single crystal. 
The radial displacement (Dr) and effective charge (Zi) parameters for the 

bipyridine ligand were taken from a previous work (Dr = 1.25 Å and Zi = 
0.133).93 This simplified the problem with the number of free parameters. 
Thus, only two REC parameters were scanned, namely Dr and Zi of the 

oxygen atoms from the β-diketonate ligand. The minimum relative error 
was achieved when the values of the parameters were that of Dr = 0.57 Å 
and Zi = 0.677. 

In order to have a better understanding of this molecule, our 
calculations were complemented with post Hartree-Fock calculations 
implemented in MOLCAS 7.8.164,173 CASSCF calculations have been 
successfully applied to model the magnetic anisotropy of dysprosium 
single-ion magnets. In the present case, those calculations were undertaken 
by Dr. Bing-Wu Wang on the single molecule fragments from the single 
crystal structures at 20, 100 and 300 K. The corresponding outputs 
generated the possibility of discussing the results from both approaches 
with the experimental values.   

From the experimental point of view, the temperature dependence of 
the magnetic susceptibility of Dy(tBu-acac)3bpy (powder) was measured 
between 2 and 300 K, showing a typical paramagnetic behaviour. 
Magnetisation at 2 K under an applied field between 0 and 5 T was also 
included in this set of static magnetic measurements. In Figure 10.2 one can 
observe the experimental data together with the different theoretical 

results. The experimental  χT product gradually decreases upon cooling 
due to depopulation of the electronic fine structure and the 
antiferromagnetic dipolar interaction. 
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Figure 10.2:  (left) Experimental (red circles) and theoretical (lines) χT product between 2 
and 300 K at H=1 kOe; (right) Magnetisation measured at 2K and theoretical 
predictions; CASSCF (green) and REC model (blue). 

 
Regarding the single crystal rotation, a sine curve was observed in all 

the temperature range with a periodicity of 180º (Figure 10.3(b)), but the 

sine curves below 3 K were not found to be symmetric in all the three 
rotations. In the study of the anisotropy of Cp*ErCOT (Chapter 9), it has 

been shown that the π periodicity can break down when slow magnetic 
relaxation exists.367 Therefore this deviation from the central symmetric 
behaviour could be attributed to the hysteresis effect when the system is 
suffering a non-equilibrium state of the magnetisation. This occurs during 
the rotation below the blocking temperature and it could be verified from 
the splitting temperature of 3 K in the zero-field cooled and field cooled 
magnetisation measurement taken under 1000 Oe. This is exactly the 
magnitude of the field that was employed in the single crystal rotation.  

The direction of the easy axis is plotted in Figure 10.3(a). It was 

determined to be nearly in the plane of two  β-diketonate ligands which are 
in the anti-side. Indeed, the predicted magnetic easy axes by both 
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theoretical approaches were found to be close to the experimental result at 
4 K (with deviations of 5.9º and 12.3º for the CASSCF and the REC model, 
respectively). The calculated angular dependence of magnetic susceptibility 
at 15 K (Figure 10.3(b), dashed lines) agrees well with the rotation around 
the x axis, both in phase and magnitude. In contrast, obvious deviations can 
be found for the calculated susceptibilities in the y and z rotations.  
 

 
Figure 10.3:  (a) View of the molecular structure of Dy(tBu-acac)3bpy. The red, blue and 

green arrows indicate the magnetic easy axis directions determined from 
experiment, CASSCF calculation and the REC model, respectively. (b) 
Experimental (open circles) and simulated (curves) angular dependence of the 
magnetic susceptibility at 15 K. Solid and dash curves represent the 
simulation from the best fitting of the experiment and the two theoretical 
results. This figure has been adapted by Dr. S.-D. Jiang in Ref. 377. 

 

The thermal variation of  χT along the principal axes is plotted in 

Figure 10.4. Along the easy axis a constant value of 34 emu·K·mol-1 is 

observed, above 3 K, whereas along the other two directions the  χT values 

are less than 0.5 emu·mol-1 K.  
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Figure 10.4:  Experimental (circles) temperature-dependence of the single-crystal χT value 

along the principal axes (black: easy; medium: green; hard: blue). Red solid 

lines represent the REC fit. χ-1 along the easy axis: open circles. 

 
The theoretical results presented in this chapter deserve a few 

comments. Based on the 20 K structure, as shown in Figure 10.2, the 
CASSCF simulation shows a more pronounced deviation compared with 

the experimental data in the  χT product below 200 K. The information 
provided by the REC model (using two parameters) is able to reproduce 
the magnetic susceptibility from both single crystal and powder sample in 
the whole temperature range. The model has been able to predict 
accurately the field-dependence magnetisation of the compound (Figure 
10.2 (right)). In the latter case, the ground state wave function is found to be 
composed by 86% |±15/2> and 13% |±11/2>, with an effective spin 1/2 
having a g// value of 19.11, very close to the value of 19.06 determined by 
the single crystal magnetisation measurement (linear fit in Figure 10.4). In 
contrast, CASSCF calculations result in a near-Ising limit with g// of 19.65. 
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Additionally, the REC model was able to reproduce the single crystal 
magnetic susceptibility data for the easy, medium and hard axes between 2 
and 15 K.  

Dynamic magnetisation of the magnetically pure and 5% diluted 
sample in the absence of an external field showed the presence of a 

frequency-dependent maximum in the out-of-phase signals (χ’’), as can be 
observed in Figure 10.5. For the undiluted sample, quantum tunnelling of 
magnetisation was found at low temperatures. This was largely supressed 
by dilution. The relaxation energy barrier at higher temperature range was 
fitted to be 181 K in the pure analogue. To get rid of dipolar interactions, 
we illustrated the single ion behaviour on the diluted sample. In absence of 
spectroscopic information, it is not wise to sistematically assume that the 
relaxation happens via an Orbach process. Therefore the ac susceptibility 
data of the diluted sample was independently fitted to either Orbach or 
Raman relaxation processes. The fitting of the relaxation time upon 
temperature shows that Raman process is unlikely since the Raman 
exponent of 12.7 is too large for Kramers systems with isolated doublets. 
On the contrary, the data were very well reproduced by the Arrhenius fit 
indicating an Orbach process. Since the quantum tunnelling of 
magnetisation process is also efficiently suppressed, it therefore makes 
sense to compare the theoretical energy gap with the experimental effective 
barrier Ueff = 189 K (131 cm-1). 
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Figure 10.5:  Out of phase dynamic susceptibility of magnetically pure sample at zero field 

as function of frequency (a) and temperature (b). Inset of (b): the relaxation 
time with respect to the inverse of temperature. The red line is the fitting to 
Arrhenius law. 

 
We now move on to evaluate the thermal effects on structural 

distortions and the consequences that they can have on electronic 
structures. Both theoretical approaches showed that the contribution to the 
ground Kramers doublet wave function changes quantifiably with 
temperature. In particular, there is a downward trend in the relative weight 
of MJ = ±15/2 contribution upon warming.  

At this point, it is necessary to note that the present change of the 
quantum and magnetic properties is due to structural deformation that 
alters even the ground-state wave function and not just because of the 
thermal population of excited wave functions. Regarding the effect of the 
thermal distortion on the energy levels, both theories predicted a slight 
decrease of the ligand-field splitting upon warming (Figure 10.6). It is 
interesting to realise that at the same temperature CASSCF and REC model 
provided basically the same energy gap: 169 and 165 cm-1 at 20 K for REC 
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and CASSCF, respectively; more shockingly, both methods predicted a gap 
of 162 cm-1 at 100 K and a gap of 156 cm-1 at 300 K. 

 

  
Figure 10.6:  Calculated lower lying Kramers doublets using the crystallographic structures 

measured at 20 K, 100 K and 300 K; (left) REC model, (right) CASSCF. 

 
Thus, both models produce very similar results in terms of the energy 

splitting between the ground and first excited doublet within the 6H15/2 

multiplet. Nevertheless, they do present important differences in the 
prediction of the higher energy levels of the ground multiplet (Figure 10.6). 
Therefore, further experiments will be needed to verify the theory. In 
particular, in this case we are not able to perform single crystal 
magnetisation measurements at higher temperatures due to the largely 
reduced signal upon warming and the relative large background. The use 
of techniques as cantilever torque magnetometry proposed by the group of 
Prof. Roberta Sessoli would be an interesting perspective to extend this 
research, owing to its high sensitivity at higher temperatures.150 
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These results paint a picture where the most prominent feature is that, 

at least in the present  β-diketonate system, the thermal effects below 100  K 
on the magnetic properties are negligible. On one hand, the easy axis 
determined at 4 K makes an angle of 12.3°, 13.8° and 15.3° with the REC 
model based on the structure at 20, 100 and 300 K, respectively, while these 
angles for the CASSCF calculations are 5.9°, 6.2° and 7.9°. Both techniques 
demonstrate that the theoretically calculated magnetic axis does not seem 
to be sensitive to structural deformations owing to thermal effects. On the 
other hand, the main contribution to the ground state and the energy gap 
between ground and first excited state stay within a 2% range. These 
results illustrate that the electronic and magnetic structures change upon 
the thermal evolution of the molecular structure within the experimental 
error.  

It is interesting to compare the tiny thermal effect quantified and 
reported in this thesis with the rather large scaling parameters that appear 
commonly in the literature and that are at least in part attributed to thermal 
effects. For example, CASSCF calculations in this system revealed a 2% 
deviation in the energy of the first excited level between 20 and 100 K, 
while scale factors of up to 60% have been used to match low-temperature 
spectroscopy and state-of-the-art ab initio calculations176,177 using a crystal 
structure determined at 100 K.152 One can expect that these deviations are 
not due to thermal perturbations. They should be attributed to intrinsic 
methodological limitations of current ab initio methods, such as the 
necessarily limited size of the employed basis sets or unaccounted 
dynamical correlation.  

We were therefore able to conclude that in the absence of a critical 
phase transition, one can safely use the crystal structure information 
determined at liquid-nitrogen temperature in the magnetic anisotropy 
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research. The thermal effect of the molecular structure on the electronic 
structure does exist but it is negligible in practice.  

Finally, the obtained REC parameters for the tBu-acac ligand (Dr = 0.57 
Å; Zi = 0.677) were used to perform a quick estimation of the energy level 
scheme and the temperature-dependence magnetic susceptibility of a set of 

Dy3+ and Er3+ β-diketonate related systems. Thus, the magnetic and 
spectroscopic properties of Dy(acac)3(phen),71  Dy(acac)3(dpq),349 
Dy(acac)3(dppz),  Er(h)3(bipy) and Er(h)3(bath),356  where h = 2,4-
hexanedione and bath = bathophenanthroline, were predicted using the 
REC model. Of course, in all these five cases, the donor atoms of the 
theoretically threated ligands are not exactly equivalent to the ones 
parameterised. We have to understand these results as an approximation. 
However, the calculated wave functions are compatible with the SMM 
behaviour observed experimentally in each analogue. The main 
contributions to the ground state wave function are that of MJ = ±15/2 in 
the easy axis (see Table 10.1), especially dominant in the three studied Dy3+ 
derivatives. In the same table, one can observe that the values of the first 
excited state calculated by CASSCF (supporting information of Nature 
Comm., 4, 2551 (2013))378 are comparable to the ones reported in this 
dissertation, as is the easy axis direction.  
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Table 10.1:	  	   First excited state of the ground multiplet calculated by CASSCF and the REC 

model in the present work of five related  β-diketonate complexes. % MJ 

contribution to the ground doublet calculated by the REC model.   

 

 
The predicted temperature-dependent magnetic susceptibility shows 

a good agreement with experimental data in the five complexes (Figure 
10.7). Note that temperature-independent paramagnetism and a correction 
factor F to correct possible deviations between the reported and real weight 
of the sample measured was added. It is worth mentioning that the 
predicted results are pretty impressive, because we are assuming the same 
parameterisation of the ligands of these related systems and it is obvious 
that they are not identical chemically to the ones investigated here. 
Nevertheless, this strategy permits a rapid estimation of the magnetic 
properties in order to choose which metal would be more adequate to be 
surrounded by a concrete crystal field leading to SMM behaviour.  

 CASSCF (cm-1) REC (cm-1) 
Amplitude of |MJ> contributing to 

ground doublets (REC) 

Dy(acac)3(phen) 142 151 80% |±15/2> + 17% |±11/2> 

Dy(acac)3(dpq) 133 150 78% |±15/2> + 17% |±11/2> 

Dy(acac)3(dppz) 160 180 81% |±15/2> + 17% |±11/2> 

Er(h)3(bpy) - 46 
58% |±15/2> + 7% |±13/2> 

+18% |±9/2> + 11% |±7/2> 

Er(h)3(bath) - 57 75% |±15/2> + 8% |±7/2> 
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Figure 10.7:  Experimental (open circles) and theoretical prediction using the REC model 

(lines) of the  χT product of Dy(acac)3(phen),  Dy(acac)3(dpq), Dy(acac)3(dppz),  
Er(h)3(bipy) and Er(h)3(bath).  
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10.3 Conclusions 
 
This chapter, based on a combination of detailed experimental 
characterisations and two independent theoretical approaches, allows us to 
extract a few key insights. The most important one is that, for the first time, 
we have quantified the influence of the thermal evolution of the molecular 
structure in the electronic structure and magnetic anisotropy, and found it 

to be almost negligible, at least in the studied case of Dy3+/ β-diketonate, 
which possesses rather common features. In the absence of expected phase 
transitions, one can therefore trustingly employ the crystal structure 
determined at liquid-nitrogen temperature to discuss the magnetic 
anisotropy properties at liquid-helium temperature.  

Regarding the energy level scheme, this also means that one can 
exclude these small structural variations as source of the rather large scale 
factors community employed in the CASSCF calculations for CF splitting. 
This is our main second conclusion. The deviations of the ab initio 
calculation from the experiment should probably be attributed either to a 
misuse of the technique, e.g. the triple-zeta basis set that is commonly used 
being insufficient or to fundamental limitations regarding dynamical 
correlations, rather than to thermal effects in the structure. The studied 
complex does not have any extraordinary or even unusual chemical 
features, and this suggests that the conclusions we extract are of general 
utility. Nevertheless, it is worth noting that the extension of the present 
study in combination with (a) spectroscopic as well as torque experiments 
in other systems and (b) to intermediate temperatures is necessary before 
one can categorically discard non-negligible effects of thermal structural 
evolution on magnetic anisotropy as a general rule. 
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 Finally, the REC model has been successfully applied here with a 
combination of both powder and single crystal magnetisation data to reveal 
the magnetic anisotropy. One of its remarkable advantages compared to 
CASSCF approach is its high efficiency. With the available molecular 
structure and magnetic data, one can, on a personal computer, rapidly 
interpret the important information associated with magnetic anisotropy, 
including the CFPs, CF splitting, wave function components, magnetic 
principal axes orientation and the magnetic susceptibility tensor at various 
temperatures.  
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11.1 Introduction 
 

As described in the introduction of this thesis, a qubit (quantum bit) is a 
two-level quantum-mechanical system, which represents a unit of quantum 
information in quantum computing. When considering a molecular spin 
qubit, the two states can be, for example, the ‘up’ and ‘down’ states of the 
spin in a molecular nanomagnet. Lanthanoid coordination complexes are 
promising candidates as building blocks for spin qubits and a wide variety 
of them have been studied so far.76,77,225–227 

The methods presented in this dissertation were not designed to deal 
with molecular spin qubits. The work presented so far is focused in the 
rational design and modelling of the properties of f-element SIMs. 
However, it is obvious that the description of energy levels and wave 
functions provided by the program through the REC model can help to 
understand the use of these systems as spin qubits, since their quantum 
behaviour is determined by these energies and wave functions.122 The 
current version of SIMPRE offers a good starting point to implement new 
functionalities towards this research direction. In this context, the package 
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is nowadays under development by Dr. Salvador Cardona-Serra and Luis 
Escalera-Moreno. New versions of the SIMPRE package will include 
estimates of decoherence created by different decoherence sources, starting 
by the nuclear spin bath in SIMPRE 1.2.  

In the latest chapter of this dissertation, we will provide several 
recommendations for the rational design of spin qubits based in lanthanide 
coordination complexes. This will include a recent example based in the Ho 
derivative of the family of polyoxopalladates presented in section 6.3.222 
This system has been treated with an extension of the SIMPRE program. A 
set of some basic ideas concerning the rational design of uranium-based 
spin qubits will also be reported. Finally, as an example, we will describe 
some of the features of the polyoxometalate-based single-ion magnet 
GdW30, in which it was possible to increase the number of coherent 
rotations by a factor of 10 by matching the Rabi frequency with the 
frequency of the proton.221  
 

11.2 Rational design of spin qubits 
 

The main interest of the molecular approach for the design of spin qubits is 
that molecules can be chemically engineered to tailor their properties and 
to endow them with new functionalities.17 In this regard, chemists can offer 
a very relevant contribution through the molecular engineering. Some 
special considerations need to be taken into account when designing an f-
element coordination complex for its use as a spin qubit instead of as just a 
SIM. Such considerations mainly depend on its (i) nuclear spin, (ii) 
tunnelling splitting, and (iii) environment. 
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11.2.1  Lanthanides 

 

The first issue for the optimisation of spin qubits, including those with 
lanthanide compounds, is the isotopic purity of the atom carrying the spin, 
which in this case means the rare earth. For getting a maximum quantum 
coherence, isotopic purity is a requeriment, being desirable at the very 
least. Since the nuclear spin couples with the electron spin, affecting the 
number, energy and properties of the available eigenstates, a sample with a 
natural distribution of isotopes contains a random mixture of quantum 
systems. In that sense, Ho, Tb, Tm and Pr are especially adequate since they 
only have one stable isotope each. Note that a nuclear spin accessible 
through contact hyperfine interaction has proven to be a very valuable 
resource. It can provide access to a larger number of well-defined states,379 
with the added advantage of nuclear spins being more resilient than 
electron spins towards decoherence. Nuclear spins play also a relevant role 
in the determination of the parity of the system, i.e. if the ion is Kramers or 
non-Kramers. Elements with an even atomic number like Dy, Er, Yb, Nd, 
have half-integer J and some of their isotopes are I=0. Therefore they are 
Kramers ions. In those cases, even if extradiagonal CFPs will potentially 
mix the components of the ground state doublet, they will not create a 
quantum tunnelling splitting. This simplifies the situation and thus can be 
favourable for some particular studies, but in general is less interesting, as 
explained below. 

The tunnelling splitting  (Δ) in the ground state is critical for the 
manipulation of the quantum state. Large tunnelling splittings can be 
advantageous both for an easier spin manipulation and for diminishing 
decoherence.209 In that sense mononuclear lanthanoid-based qubits/SIMs 

(with splittings up to Δ= 0.1-1 cm-1) are vastly superior to cluster-type 
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transition-metal-based SMMs (with usual splittings in the range of Δ=10-8-
10-4 cm-1). A large tunnelling splitting results from a high-order 
extradiagonal parameter that mixes +MJ with -MJ in the ground state, either 
directly or by means of an intermediate MJ. In turn, large extra-diagonal 
parameters can often be related to molecular high symmetry axes. Hence, 
for designing molecules with large tunnelling splittings we will need to 
have a ground MJ doublet that can be mixed by an extra-diagonal term 
allowed by the symmetry of the molecule.  

Let us give two examples based on POM chemistry. The first concerns 
the series [Ln(W5O18)2]9- with D4d symmetry, which were deeply analysed in 
the sixth chapter. In this case the small distortion from an ideal D4d 
symmetry allows the appearance of non-diagonal terms B44 and B64. This 
facilitates the mixing of a ground state doublet containing MJ = ±4, which is 
exactly what happens for the Ho derivative. This compound has a 

tunnelling splitting of Δ = 0.3 cm-1.313 Recent extensive structural, magnetic 
and spectroscopic characterisations have raised the possibility of observing 
coherent spin dynamics in this analogue. The second example involves the 
Preyssler polyoxometalate anion [LnW30O110]12-.63 This anion shows an 
atypical geometry with a C5 axis in such a way that a very high B65 non-
diagonal parameter can be estimated. Therefore, when the ground state 

doublet contains a large contribution of MJ = ±5, a very strong mixing 
through MJ = 0 is possible. This situation may occur for the Tb derivative, 

which, according to our calculations, should lead to a tunnelling splitting Δ 

∼ 0.1 cm-1. 
Last but not least, one needs to consider the interactions that take 

place beyond the first coordination sphere. The more relevant ones for our 
purposes are the interaction with other spins (electronic or nuclear) and 
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electron-phonon coupling. In fact, a recent work shows that decoherence in 
a model SMM can be tracked down to precisely these three sources: 
magnons, nuclear spins and phonons.39,380  

Unwanted interaction with neighbouring spin qubits –in the form of 
magnons– is a common source of decoherence.  In lanthanoids this problem 
can be easily addressed by diamagnetic dilution. Of course, under certain 
conditions spin-spin coupling can also be used as a resource instead of just 
as a problem. This has been exploited to implement an intramolecular 
Controlled-NOT quantum gate.226  

Nuclear spins are best kept away from the spin qubit. When the 
nuclear spin belongs to the lanthanoid its coupling to its electronic spin is 
strong, and it does not introduce any decoherence. In contrast, the 
surrounding atoms can introduce a large decoherence. In this context, the 
most critical region concerns the atoms that are directly coordinated to the 
lanthanoid ion. Some of them are nuclear spin-free (oxygen or 
chalcogenides), and thus they are much preferable than those having 
nuclear spins (nitrogen or halogens). Carbon would be a good option, but 
in the vast majority of the cases it is bonded to hydrogen, which has the 
highest gyromagnetic ratio of all elements. In fact, when 1H is present in the 
sample, deuteration is often the most effective way to minimise 
decoherence. 

Finally, we also need to understand and estimate the state-dependent 
electron-phonon coupling. Phonons can cause leakage to excited states 
within the same molecule and they can communicate qubits at long 
distances even in absence of dipolar coupling. The solution for this is to 
design qubits that are almost transparent to phonons.  This means qubits in 
which the phonon interactions do not affect the energy differences within 
the qubit nor the response to experimental stimuli. Of course, this can only 
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be achieved after a deep magneto-structural analysis. A general recipe 
would be to have a very rigid coordination sphere for the qubit, while the 
crystalline environment in which the qubit is embedded is much softer. 
Molecular-based materials naturally satisfy this requirement.  

As a practical example, we are going to describe the performance of 
HoPd12 as a qubit. In particular, this case has been studied by a recently 
developed extension of SIMPRE. This extension calculates the hyperfine 
coupling to the nuclear spin bath and estimates decoherence time from this 
source.381 Despite the fact that this approximation neglects other 
decoherence sources and, therefore, it only provides an upper bound for 
the decoherence time, it is a useful tool to provide a starting point towards 
an inexpensive theoretical quantification of decoherence for molecular spin 
qubits based on lanthanoids. Eventually, this will permit to advance 
beyond the stage of a qualitative characterisation.  

Compared to complexes with organic ligands, decoherence due to the 
coupling to the nuclear spin bath is unusually weak in POMs. This is an 
expected result in view of the low abundance of protons in the vicinity of 
the lanthanoid ion. The calculations carried out in this particular example 
have served to perform an analysis of the adequacy as molecular spin 
qubits of cubic or near-cubic systems such as HoPd12 (Figure 11.1). The 
most extraordinary feature in such highly symmetric systems is the 
abundance of degenerate or near-degenerate levels at low energies (see 
Figure 6.21). The ground state is a doublet and the first excited state is a 
triplet located at only 2 cm-1. So, there are five electron spin energy levels 
within the range of conventional pulsed EPR.222 

We considered the possibility of distorting the cubic site by 
introducing a moderate axial compression of up to 1% (∆z/z, where the 
field is also applied as Hz). Of course, this physical effect can also be 
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achieved, albeit less systematically, in a chemical way. This procedure will 
use ligands that generate a nearly cubic environment. In the Ho case, it has 
been estimated how different degrees of symmetry breaking (in our case, 
different axial compression ratios from 0 to 1%) and different applied fields 

(up to 1 T) alter decoherence times, τn. For that, 80,000 calculations 
considering 200 compression factors and 400 applied magnetic fields have 
been done. This is one of the greatest advantages of this kind of 
inexpensive calculations: they offer the possibility to perform a high 
number of outputs in a short time. The crossings of three levels create a 
"phase diagram" with three different zones (Figure 11.1) which are 
distinguished by the character of the wave function of the first excited state.  

 
 

 

Figure 11.1:  (left) Molecular structure of HoPd12; (right) variation of the decoherence time 
in logarithmic scale, log(τn), considering the coupling to the nuclear spin bath. 
Vertical axis: applied magnetic field, in Tesla. Horizontal axis: axial 
compression factor (∆z/z) of the equilibrium distance. 

 
The different phases also have fairly different decoherence times. 

They range from tens or hundreds of milliseconds up to 10 seconds. For 

clarity, the logarithm of τn has been represented. These estimates need to be 
taken with caution. It is known that relatively long decoherence times can 
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be obtained in cases such as the (PPh4)2[Cu(mnt)2] complex,82  or HoW10 
(Coronado, E. & Hill, S. Submitted), where like in the present case nuclear 
spins are absent from the vicinity of the metal. Even in these complexes, 
actual experimental decoherence times are considerably shorter than the 

present nuclear-spin-only estimates: 68 µs (PPh4)2[Cu(mnt)2] and 8 µs 
(HoW10). 

The most significant finding is that in a fairly ample region (at fields 
between 0.4 and 0.5 T and at compressions from 0.5% to 1%) decoherence 
times are at least two orders of magnitude above those calculated for lower 
fields or lower compressions. In this region the expectation value <Jz> for 
the first excited state is almost identical to that of the ground state. For 
example, for a compression of 0.85% and an applied field of 0.39 T the 
wave functions of the ground and first excited states are mainly composed 

by, respectively, the following MJ components: |Ψ0> = 20%|-8> + 70%|-4> 

+ 7.5%|+4> + 2%|+8>; |Ψ1> = 32%|-7> + 62%|-3> + 4 %|+5> and they 
result in expectation values <Jz0> = -3.93 and <Jz1> = -3.86. In this particular 
case, another favourable circumstance is the fact that the transitions 

between |Ψ0> and |Ψ1> are allowed by EPR, as the two states are 

dominated by terms that differ in ΔMJ = 1. As the two states of the qubit 

|Ψ0> and |Ψ1> generate magnetic fields that are also almost identical, the 
nuclear spins around them, while affected magnetically by the presence of 
the Ho ion, will not be able to detect the state of the qubit. The key point is 
that, while the ground state is only slightly and continuously affected by a 
moderate change in the distortion or the magnetic field, the level crossings 
means that the first excited level has a completely different character at 
each of the three zones in the "phase diagram". The triple crossing region, 
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keeping constant either the compression (left) or the magnetic field (right), 
is depicted in Figure 11.2. 

  

 

Figure 11.2:  Evolution of the five lowest energy levels of HoPd12 versus (left) magnetic 
field between 0 and 1 T at an axial compression of 0.8 % and (right) % of axial 
compression between 0 and 1% at a magnetic field of 0.41 T.  

 
This extremely unusual situation can provide an alternative strategy 

to the usual approach based on the use of magnetic molecules having a 
"large tunnelling splitting". For non-Kramers ions, large tunnelling 
splittings mean an intense mixing of pseudo-classical "up" and "down" 
states. As a result, magnetic interactions are minimised, and both 
decoherence caused by the spin bath and decoherence caused by magnons 
are quenched. Unfortunately, at the same time large tunnelling splittings 
increase decoherence caused by phonons.39 

As transition energy has to be matched eventually by a microwave 
pulse in an EPR experiment, exceedingly large tunnelling splittings may be 
impractical in some cases. By using the condition <Jz0> ≈<Jz1>, as in the 
present case, decoupling from magnetic interactions can be achieved 
without these detrimental side effects. Note that both achieve the same 



11. Single-ion magnets as spin qubits 
  

 
266 
 

goal: when the nuclear spins are not coupled to the qubit state, they 
effectively disappear and cannot introduce any decoherence. Moreover, the 
same argument is valid for decoherence caused by neighbouring qubits: if 
the state of the qubit affects its <Jz> expectation value only marginally, 
decoherence caused by magnons vanishes. Thus, to operate the system, a 
third energy level would need to be used each time that the algorithm 
temporally requires a restoration of this interaction.  

Note, however, that this extraordinary performance may come at a 
cost. Since the situation analysed above is close to two level crossings, there 
are two energy levels in the immediate vicinity. That means that small 
inaccuracies in the EPR pulses would result in transitions that would take 
the system out of the qubit space. One should also take into account that 
different decoherence sources are essentially additive, so that reducing the 
spin-spin interactions below certain level just means that most decoherence 
comes from interaction with phonons. Fortunately, POMs are also ideal 
systems in that regard, because of their rigidity. 

 
11.2.2  Uranium 

 
Regarding the design of uranium complexes for quantum computing 
applications, the main difference between U4+ and U3+ lies with the 
possibility of using U4+ complexes as spin qubits. In fact, this ion can 
provide examples with a large tunnelling splitting for the ground state. As 
happens with lanthanoids, uranium complexes with easy-axis ground 
states MJ = ±4 or MJ =  ±3, with a fourth-range or with a sixth-range mixing, 
respectively, will be strongly mixed and therefore will present sizeable 
tunnelling splittings. But because of the much larger ligand-field of 
actinoids compared with lanthanoids due to the larger size of the 5f 
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orbitals, this mixing, and the corresponding tunnelling splitting, will be 
also much larger than for lanthanoids in favourable cases. These can be 
translated into uncoupling from magnons and from the nuclear spin bath; 
thus, into very long decoherence times. 
 

11.3 Coherent manipulation of GdW30 
 

Since molecular spins are quantum objects and not just classical binary 
memories, the greatest challenge is precisely the manipulation of this single 
spin during a sufficiently long time. In the terms of quantum computing, 
this means the preservation of quantum coherence, i.e. all the information 
of the wave function, during the application of many quantum gate 
operations.380 This physics is not necessarily captured by measuring the T1 
and T2 relaxation times, since this is done in ideal conditions, with pulse 
sequences that do not reflect actual quantum operations. Since the pulse 
sequences are typically rich in waiting time, the determined values 
typically do not depend on the microwave power. A step forward in this 
direction is to measure the number of Rabi oscillations, a minimal quantum 
operation that is sensitive to realistic experimental parameters.193 

In a recent study of the molecular magnet [VIV
15AsIII

6O42(H2O)]6− (V15), 

the damping time  τR was found to depend strongly on the microwave 
power.213 Indeed, two effects were characterised: (i) a linear dependence of 

the Rabi decay rate 1/ τR and the Rabi frequency  ΩR (or, equivalently, the 
magnetic component of the microwave field) and (ii) a large increase in the 
decay rate near or below the Larmor frequency of the proton. Effect (i) is a 
well-known mechanism associated with the dispersion of the Landé g 
factors of the magnetic molecules and with intercluster dipolar interactions, 
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but (ii) constituted a new phenomenon related with dissipative electron-
nuclear cross-relaxation.  

In this section we extend this kind of study to the POM 
[GdW30P5O110]12− (in short, GdW30).220 In this POM structure the lanthanoid 
cation can occupy two equivalent coordination sites, which show a very 
unusual fivefold geometry formed by five phosphate oxygens (dLn-Op ≈ 2.7 
Å) and five bridging oxygens between two wolfram atoms (dLn-OW ≈ 2.9 Å). 
The result is a pentagonal antiprism coordination site as can be seen in 
Figure 11.3.  

 
Figure 11.3:  Schematic structure of the [GdW30P5O110]12- anion showing the coordination of 

the lanthanoid ion in a fivefold environment. The apical water molecule can 
be seen in the right panel. 

 
The lanthanoid cation is not placed at the centre of this antiprism but 

closer to the plane formed by the phosphate oxygens. A water molecule 
placed in an axial position close to the other coordination site completes the 
coordination sphere (dLn-O ≈ 2.2 Å). The coordination number of the 
lanthanoid cation is eleven (monocapped pentagonal antiprism). GdW30 
was prepared and magnetically characterised in 2012 by some members of 
the group, exhibiting slow relaxation of the magnetisation.220 The present 
study was made on polycristalline powder of K12[YW30P5O110H2O]·nH2O 
doped with 1% and 0.1% of Gd3+. This is a standard procedure that 
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weakens Gd-Gd interactions, resulting in longer decoherence times and an 
easier observation of Rabi oscillations. The new experimental results have 
allowed to find a new effect in this nanomagnet, characterised by a great 
enhancement in the coherence.221 

Echo-induced EPR experiments were performed in this analogue by 
Dr. Helena Prima-García. The measurements were carried out in the region 
around 350 mT due to the broad maximum observed around this value. 

The microwave power was varied and the Rabi frequency (ΩR) and its 

decay (τR) were evaluated. This led to the observation of an abnormally 
high number (more than 80) of low-amplitude oscillations after the usual 
fast decay near 15 MHz (Figure 11.4). At the working field B0 = 349.6 mT, 

the Larmor frequency of the proton is  νH = 14.89 MHz, but the hyperfine 
coupling of the Gd3+ ground state 8S7/2 is also in this range.    

 
Figure 11.4:  Measured <Mz(t)> showing the result of nutation experiments on GdW30 at 

microwave powers that are near values where Rabi frequency coincides with 
the Larmor frequency of the proton. 

 
For a better understanding of the variation of the observed frequency, 

it is useful to assign the electronic transitions. The energy level scheme, as a 
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function of the magnitude and orientation of B0, (Figure 11.5) was 
calculated using crystal field parameters determined in a previous work,220 
and introduced in the SIMPRE code. At B0 = 349.6 mT and for a 
microcrystalline powder sample the main calculated contributions are 

transitions with a character that is mainly either ±7/2 ↔ ±5/2 or ±5/2 ↔ 
±3/2 (marked with arrows in Figure 11.5 (right)). 

  
Figure 11.5:  Calculated Zeeman splitting of GdW30, sweeping the magnitude of Bz parallel 

to the molecular symmetry axis (left) and the orientation of |B| = 349.6 mT 
(right). 

 
Those transitions that take place between ±5/2 and ±3/2 would be 

ideally expected to bear Rabi transitions 31% larger in frequency than the 
ones that occur between ±7/2 and ±5/2. In practice, due to the different 
composition of their wave functions, it is more likely that four different 
frequencies appear within this window. According to the same type of 
calculations and due to the different transitions involved, a slightly larger 
frequency range would be expected for 300 mT and a reduced range would 
be expected for 400 mT, but the average Rabi frequency should not change. 
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The Rabi frequencies should be proportional to B1. In contrast, the 
observed frequency of long-term oscillations is directly proportional to B0, 
like the Larmor frequency of the proton. In fact, apparently a match 
between the Rabi oscillations and the frequency of the proton, i.e. the 
Hartmann-Hahn condition,382 is necessary for observing this phenomenon. 

 

11.4 Conclusions 
 

For the rational design of molecular spin qubits we have to exert control 
over two levels: the crystal field geometric effect and the interaction with 
further electron spins, nuclear spins and phonons. The interaction with the 
environment has already been commented above.  

Let us now comment the effect of the crystal field around the 
lanthanoid. Two are the minimal electronic features required for having a 
spin qubit: (i) a controlled mixing of the wave functions in a well-defined 
level subset, and (ii) a sufficient isolation of this subset from the rest of the 
spectrum. These two requirements are the same than those needed for the 
design of SIMs. Hence, many SIMs will also be useful as spin qubits. 
Additionally, lanthanoid complexes can present a large tunnelling splitting 

in the ground state, Δ, which can minimise decoherence coming from the 
magnetic noise (dipolar + hyperfine). In this sense, the tunnelling splitting 
in lanthanoid SIMs can be much higher thant that exhibited by cluster-type 
SMMs (by a factor larger than 109). Hence, this favourable effect for 
minimising decoherence is expected to be much more pronounced in the 
case of mononuclear lanthanide complexes. Taking into account this last 
effect, the three necessary conditions that favour the design of a qubit will 
be: (i) to use non-Kramers ion (for example, Tb or Ho), (ii) to choose a 
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geometry for this lanthanoid allowing for a large extra-diagonal CFP, and 
(iii) to have a ground state doublet ± MJ such that 2MJ is a multiple of the 
order of this extradiagonal operator, q. As the q-value coincides, in general, 
with the order of the main symmetry axis of the molecule, an easy way to 
satisfy the third requirement is that of finding a molecular geometry having 
a q-order axis equal to 2MJ. Two examples that illustrate this point are 

provided by the polyoxowolframates [Ho(W5O18)2]9- (C4v, MJ = ±4,  Δ ≈ 0.3 

cm-1) and [TbW30O110]12- (C5v, MJ = ±5, Δ ≈ 1 cm-1); both of which have been 
experimentally found to show unusually long decoherence times. 

Secondly, we have studied the possibilities that an octahedral 
molecule can offer when lifting the strict cubic symmetry and/or when 
applying an external magnetic field. While we simulated the distortion of 
the cube by introducing a physical compression, the same effect could be 
achieved chemically, by crystalline pressure or asymmetric substitution. 
We used a recently developed method to inexpensively estimate 
decoherence times from the coupling of the electronic spin with the nuclear 
spins, which is included in the SIMPRE 1.2 program. In the non-Kramers 
Ho3+ complex we found that, for moderate axial compression and in 
presence of small magnetic fields, it was possible to reach a regime where 
decoherence caused by the nuclear spin bath is quenched. This is achieved 
in the ground doublet when the two qubit states have virtually identical 
spin expectation values. In this regime the qubit states are invisible to the 
spin bath, and vice versa. This strategy is a generalisation of the well-
known approach based on the presence of large tunnelling splittings. The 
strategy is quite general and can be applied to systems with a high 
degeneracy of levels near the ground state. Although a complete estimation 
of decoherence time would require taking into account all the possible 
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sources of decoherence, this result should stimulate chemical and physical 
work on the design and study of nearly-cubic lanthanide complexes. 

Finally, we have presented the features that make the POM SIM 
[GdW30P5O110]12− of special interest as a spin qubit candidate. These features 
allow us to do sophisticated EPR manipulations in the context of molecular 
spintronics and/or quantum algorithms. We have found that in the optimal 
working conditions the long-term oscillation frequency is governed by the 
static magnetic field B0 instead of the microwave magnetic field B1. This 
suggests a mechanism of coherence transfer between the electron and 
nuclear spin at the Hartmann-Hahn condition, which results in a high 
number of coherent rotations. This behaviour, which to the best of our 
knowledge has not been described for other SIMs, might be related to the 
unusual proximity of the apical water to the lanthanide in this 
polyoxometalate (see Figure 11.3). To actually implement a useful 
algorithm it is necessary to implement a certain number of quantum 
operations within the coherence time. In this case, it has been observed that 
it is possible to perform at least 80 such operations. This is ten times higher 
than the usual range for molecular spin qubits reported in the literature 
and thus shows the promising of exploiting this phenomenon in related 
systems. 
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Resumen 

Los imanes monomoleculares o moléculas imán, por sus siglas en 
inglés SMMs, han suscitado una gran atención en los últimos años debido a 
sus extraordinarias propiedades físicas. Los cristales de este tipo de 
moléculas se caracterizan por presentar relajación lenta de la magnetización 
a baja temperatura, así como curvas de histeresis magnética. Estas 
moléculas se encuentran entre las entidades con comportamiento 
magnético más complejas, mostrando fenómenos cuánticos tales como 
efecto túnel en la magnetización, coherencia cuántica o interferencia 
cuántica. Por esto, se han postulado como candidatos prometedores para el 
diseño de bits cuánticos (qubits) de espín en computación cuántica. La 
primera generación de estos imanes monomoleculares estaba basada en 
complejos polinucleares formados por clusters magnéticos metálicos con 
estados fundamentales de alto espín, siendo el más conocido el complejo 
formado por doce núcleos de manganeso, cuya fórmula es 
[Mn12O12(CH3COO)16(H2O)4]. La posibilidad de sintetizar SMMs usando un 
solo centro magnético (ion lantánido) fue demostrada por Ishikawa en 
2003, a partir de complejos ftalocianinato-lantánido (LnPc2). Éstos 

presentan una estructura de dos pisos donde dos ligandos planos  π 
conjugados (dianión de ftalocianina), girados 45º respecto al otro, 
encapsulan el centro metálico de la tierra rara, generando una simetría de 
campo de ligando D4d alrededor del lantánido. Por otro lado, en 2008 en 
nuestro grupo se caracterizó la segunda familia de SIMs de lantánido a 
partir de polioxometalatos. Las diferencias en el comportamiento 
magnético de ambas familias se pudieron relacionar con pequeñas 
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diferencias en las estructuras cristalográficas. Dicho estudio abrió las 
puertas al diseño racional de estos sistemas teniendo en cuenta las 
diferencias en anisotropía magnética, que está condicionada por la 
geometría molecular.  

La primera parte de este trabajo está centrada en el desarrollo del 
marco teórico y computacional que se ha utilizado a lo largo de toda la 
tesis. Cuando se empezó esta investigación, tan solo unos pocos ejemplos 
de SIMs se habían publicado, por lo que era de imperativa necesidad 
proporcionar a la comunidad de magnetismo molecular un programa que 
ayudase a racionalizar qué condiciones debía satisfacer una molécula para 
exhibir relajación lenta de la magnetización. En este contexto, se desarrolló 
la principal herramienta de esta tesis, el programa SIMPRE (Single-Ion 
Magnet PREdiction), que se ha presentado y descrito en el Capítulo 2. En 
dicho capítulo se ha explicado a manera de tutorial la organización del 
mismo y se ha puesto como ejemplo un sistema sencillo (un cubo ideal) 
para ilustrar su uso. El programa está basado en un modelo electrostático 
de cargas puntuales a partir del cuál se pueden calcular las propiedades 
espectroscópicas y magnéticas. Esta herramienta es clave para predecir las 
propiedades estáticas a partir de una estructura molecular determinada, lo 
cual nos va a permitir guiar la síntesis de nuevos sistemas. En el Capítulo 3 
nos enfrentamos por primera vez al gran reto del diseño racional de SIMs. 
Por supuesto en aquel momento no se podía ofrecer una descripción 
realista de las propiedades espectroscópicas y magnéticas de sistemas 
reales, debido a las limitaciones inherentes del PCEM. No obstante, sí que 
pudimos diferenciar entre la influencia que tiene el lantánido y la del 
entorno de coordinación a partir de estudios en sistemas ideales. En este 
contexto, se evaluaron a modo de ejemplo las consecuencias de un entorno 
puramente axial y otro puramente ecuatorial en sistemas basados en Dy3+ y 
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Er3+, plasmando de una forma más cuantitativa el análisis realizado por 
Long et al. prácticamente en paralelo. Posteriormente, el modelo de cargas 
puntuales se aplicó a las geometrías más típicas de lantánidos y se estudió 
la variación de parámetros de campo cristalino al pasar de una geometría 
ideal a otra, así como la variación de los niveles de energía, lo cual está 
íntimamente relacionado con las propiedades magnéticas. A continuación 
se tuvo una primera toma de contacto con medidas de fotoluminiscencia en 
hexacloroelpasolitas, lo cuál permitió completar los cimientos de esta tesis a 
partir del desarrollo de dos nuevos modelos electrostáticos que mejoran 
notablemente el potencial del PCEM, manteniendo su simplicidad. Estos 
modelos son el modelo de carga efectiva radial (REC) y el modelo de carga 
efectiva del par solitario (LPEC). La capacidad predictiva de ambos 
modelos se basa en la posibilidad de asociar dos parámetros para cada tipo 
de ligando. En el modelo LPEC se introduce un parámetro extra que 
representa la dirección del par solitario en sistemas con ligandos rígidos, en 
los que la densidad electrónica del par solitario no apunta directamente al 
lantánido. La obtención, por medio de ajustes fenomenológicos, y el 
posterior almacenamiento de estos parámetros en una librería general de 
ligandos nos va a permitir utilizarlos para predecir el comportamiento de 
sistemas en el futuro. 

En la segunda parte de esta tesis se han aplicado dichos modelos 
electrostáticos de carga efectiva a diferentes compuestos coordinados por 
un mismo tipo de átomo dador. En primer lugar, se realizó un estudio 
sistemático de cuatro familias isoestructurales que se encuentran 
coordinadas por halógenos (Capítulo 5). Para completar esta tarea se 
utilizaron datos espectroscópicos de alta calidad, que nos permitieron 
estimar los parámetros REC para cada átomo dador (flúor o cloro) en 
función del número de coordinación. Un estudio más profundo de los 
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resultados obtenidos permitió relacionar dichos parámetros con conceptos 
químicos como la electronegatividad de Pauling y el número de 
coordinación a través de una expresión sencilla. Esta ecuación nos va a 
proporcionar un buen punto de partida para análisis fenomenológicos más 
sofisticados en los que se tenga en cuenta un conjunto de medidas 
espectroscópicas y termodinámicas. Posteriormente, nos adentramos en el 
Capítulo 6, que es el más extenso de esta tesis. El capítulo está enfocado a 
complejos coordinados por átomos de oxígeno. Un tipo de sistemas de este 
tipo particularmente interesantes son los polioxometalatos. A este respecto, 
se ha descrito el estudio de cinco series (LnW10, LnW22, LnMo16, LnMo10 y 
LnPd12) de POMs octacoordinados que presentan un interés en magnetismo 
molecular y computación cuántica. Por otro lado, se predijeron los niveles 
de energía producidos por el desdoblamiento de campo cristalino y las 
propiedades magnéticas de una familia de oxidiacetato coordinada por 
nueve átomos de oxígeno (LnODA). La aproximación a esta familia 
permitió predecir el comportamiento como SMM en los derivados de 
disprosio y erbio, proponiendo su síntesis experimental y su 
caracterización magnética. La recolección de estos nuevos datos, junto a los 
espectros de fotoluminiscencia medidos en la década de los años 90 en 
estos sistemas, nos proporcionó una oportunidad ideal para testear las 
capacidades del modelo REC y compararlo a cálculos más sofisticados 
basados en primeros principios (CASSCF y CASPT2). Como se ha visto, en 
el caso de DyODA y ErODA el modelo REC ofreció mejores resultados que 
los calculados por ab initio. Por otro lado, el modelo se utilizó para 
interpretar las propiedades de dos hidróxidos de disprosio organizados en 
capas, donde se identificaron los diferentes procesos de relajación a partir 
de los diferentes resultados para cada centro individual. Además, el 
modelo jugó un papel clave en el diseño racional del primer ejemplo de un 



  Resumen 
 

 

281 
 

metal-organic framework (MOF) con nodos que se comportan como SMM 
usando SIMs lantánidos. La estructura fue analizada previamente con el 
programa, lo que sirvió para predecir dicho comportamiento antes de 
entrar en el laboratorio. Tras los oxígenos, el siguiente paso natural fue el 
explorar el siguiente átomo dador en términos de relevancia práctica: el 
nitrógeno. En el capítulo 7, el modelo LPEC se utiliza por primera vez en la 
tesis para describir las propiedades magnéticas y espectroscópicas de la 
primera familia de SIMs, cuyos ligandos son ftalocianinato, en los que la 
densidad de electrones no está apuntando directamente al lantánido. 
Asimismo, dos complejos de coordinación con  ligandos derivados de 
pirazol fueron analizados en términos del modelo de REC. Dichos estudios 
completaron la trilogía presentada en esta parte de la tesis, demostrando el 
gran potencial de estos modelos semiempíricos, especialmente cuando se 
tratan sistemas con enlaces iónicos, pero también ofreciendo resultados 
prometedores en sistemas en los que la covalencia juega un papel 
importante. 

La parte final del trabajo se centra en los retos actuales que tienen las 
herramientas desarrolladas durante la tesis. En el Capítulo 8 se han 
analizado las capacidades tanto del programa, como del modelo REC, para 
hacer frente a la comprensión de los imanes monomoleculares de uranio, 
que son la siguiente frontera en nanomagnetismo. Las limitaciones que 
tiene SIMPRE al no contar con estados excitados se complementan con el 
uso del programa CONDON, que usa el Hamiltoniano completo. Un 
segundo desafío que se ha estudiado es la modelización de la anisotropía 
magnética molecular (Capítulo 9). Para ello, se predijeron usando el 
modelo LPEC dos rotaciones perpendiculares realizadas por 
magnetometría con un único cristal de Cp*ErCOT. Posteriormente, los 
parámetros obtenidos para los ligandos Cp* y COT se utilizaron para 
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predecir y comparar los resultados con las medidas experimentales en dos 
sistemas relacionados. En el Capítulo 10, el modelo REC se utiliza para 
investigar el tratamiento de complejos heterolépticos coordinados por 
átomos de oxígeno y nitrógeno. La determinación de la estructura química 
a diferentes temperaturas nos permitió cuantificar, por primera vez, los 
efectos que tiene la evolución térmica de la estructura molecular en la 
estructura electrónica y la anisotropía magnética. Finalmente, el Capítulo 
11 ofrece algunas ideas para el diseño racional de bits cuánticos (qubits) 
moleculares basados en complejos mononucleares de lantánidos y uranio. 
A través de dos ejemplos (HoPd12 y GdW30), en el capítulo también se han 
descrito las principales características que hacen a los polioxometalatos 
particularmente interesantes para información cuántica.  
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