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Foreword 
 

Since Ancient Times, the search of divine perfection in Nature, or the aspiration to sacralize 
Nature, has driven humanity towards understanding the order of things and of the elements. In 
particular, it resulted in a fascination for colorful, highly symmetric things, such as magnificent 
crystalline gemstones, or octahedral-shaped black stones with attracting properties. Although our 
understanding for these curiosities has grown, our thirst for knowledge is far from being 
replenished. Curiously, the admiration for the geometric colorful stones has remained constant 
over time. Some of these apparently useless rare stones has become highly expensive over time or 
even unaffordable. Equally fascinated by these wondrous stones, I would herein like to share my 
own enthusiasm and curiosity. It is probably an intrinsic feature of humankind, something that 
one cannot entirely explain. One motivation for a chemist to join an inorganic chemistry lab is 
to acquire the knowledge of crystallizing ‘things’ and experience the excitation and joy of creating 
a new molecule, following its transformation unto a macroscopic colored crystal, akin to our 
ancestors’ most secret manufacturing processes.   

Creating a new thing implies choosing the right building blocks; for a chemist, it means choosing 
the right elements. Thereupon, ancient civilizations did more chemistry than we commonly 
think. Our ancestors were already professional in nitrogen and sulfur chemistry. Although only 
isolated around 1772, nitrogen as ammonium chlorine was already used in early agriculture as a 

fertilizer. Persian alchemists knew how to prepare strong acids, notably the aqua regia in order to 
dissolve solid gold. Reactivity was one of the multiple facets of alchemy, but unusual colors of 
stones were undoubtfully even more fascinating. Lapis-lazuli, a naturally occurring semi-precious 
blue stone, was mined in Afghanistan as early as 7 000 BC. Considered a sacred stone in Ancient 
Mesopotamia and Egypt, it represented, through its mysterious association of colors, the 
complexity of the universe and the power of the Ancient Gods. Its intense blue color is nowadays 
known to come from the atomistic combination of three sulfur atoms hosting a free radical. 
Sulfur itself exists under several forms that cover most of the rainbow palette, for example as 
bright yellow native brimstone melting into a red liquid with emission of a blue flame. 
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Even more mysterious minerals were discovered and used in previous civilizations as stones with 
special ‘powers’, as they could ‘move things without contact’. For example, some stones were 
associated with the attributes of various ancient deities, such as the falcon god Horus or the 
monstruous Typhon. The stones would bring luck, happiness, or protect against demons and 
heal wounds. Around the sixth century BC, Ancient Greeks found that some of these wondrous 

stones can attract iron. These dark magnetic stones, or stones of Magnes, son of Zeus, came from 
the Ancient Magnesia region (either in Thessaly or in Ancient Anatolia). The local tribe of the 

Magnetes named these minerals magnetite, or sometimes black magnesia, after their region. 
Meanwhile in East Asia, both Chinese and Indian people discovered magnetites as well, 
exploiting their properties for navigation and for healing. Later on, in Europe, they were used as 

compasses by sailing merchants and therefore better known as lodestone – the leading stone. The 

magnetite was also sometimes named the cornerstone, or the seed of the discovery of the Americas. 
In modern times, clarifications concerning the molecular constitution of these special rocks were 
finally possible. Ironically, these stones called magnesia draw their magnetic properties from 
ferrimagnetic iron oxide Fe2+Fe2

3+O4, and not from magnesium or manganese as the name may 
suggest. Magnetites are naturally occurring magnets magnetized by strong magnetic fields caused 
by lightning bolts.  

Physical magnetic properties gained more interest over time as knowledge grew and enabled more 
‘control’ of these properties for technological applications. Around 1600, Court physician 
Gilbert first distinguished electric and magnetic bodies (especially the difference between 
magnetic attraction and electrostatics) and identified Earth itself as a magnet. He also drew the 
first magnetic attraction and repulsion laws through the magnetic poles (precursor of Maxwell’s 
equations) and described the influence of temperature on magnetism (precursor of Curie’s law). 
Scientists early understood that electricity and magnetism, although different, are rarely 

dissociable, and the word electromagnetism appeared as early as 1641. The relationship between 
electric and magnetic phenomena became evident through the works of Ørsted in 1819, who 
discovered that a circular electric current generates an axial magnetic field. The discovery of the 
electron at the end of the XIXth century by Thomson allowed to correlate the two phenomena 
even stronger together, as the electron is the particle responsible for both.  

Through the incorporation of advanced modern theories from physics, in combination with 
synthetic chemistry, magnetism has always been investigated. It became possible to study 
magnetism in the solid state as well as the liquid state. Unpaired electrons were found to play a 
key role in the magnetic properties. Deeper understanding of the matter allowed to foresee the 
potential applications of materials and molecules with these excitable, free electrons. It further 
appeared that the physical properties of such materials can be influenced by external stimuli such 
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as pressure, light or temperature. Notably, the early 1930s witnessed the discovery by Cambi of 
the spin-crossover phenomena in small molecules, which is still nowadays a broad topic of the 
scientific community. Later on, in 1991, a known molecular cluster, [Mn12O12(OAc)16(H2O)4], 
was found to display unusual magnetic properties, and, more extraordinarily, to retain its 
magnetization upon the removal of the external magnetic field. Such compounds were named 
‘single-molecule magnet’ – the term was then coined in 1996.  

Single-molecule magnets (SMMs) in 2021 represent a fully dedicated research area. Possible 
industrial applications include magnetic refrigeration, spintronics for high-end devices, high-
density data storage and quantum computing. Mastering the synthesis and deposition of single-
molecule magnets on surfaces will thus open a vast field of novel materials answering the current 
technological needs. The complexity of SMM engineering, however, increased as knowledge has 
been generated, which is a reason why industrial applications are delayed. The first challenge 
concerns the operating temperature of these molecules: they are showing their remarkable 
magnetic properties only at super-cool temperatures (He-level), which is impracticable for 
industrial processes. Secondly, they can retain their magnetization for only a short amount of 
time (at best some months while hard drives last more than ten years), which does not suffice for 
data storage applications. Finally, most of the SMMs are air and moisture-sensitive, which makes 
it challenging to deposit them on surfaces, and even more to address them individually. Further 
research is necessary to deeper understand how SMMs function and how to overcome their 
current drawbacks. To fundamentally understand the properties of a SMM, one needs to isolate 
the molecule in its purest form: as a crystal. The pictures represented here are photgraphies of 
some crystals (under the optical microscope) synthesized in this work. They have various colors, 
various shapes: they show the complexity of the analysis of matter. 

The present work aims to investigate monometallic cobalt and dysprosium complexes containing 
the S-N motive and put their potential as competitive SMMs into perspective. To this purpose, 
experimental and computational methods are combined to study the best structural conditions 
that give optimal magnetic properties. The magneto-structural correlations unveiled in this work 
should help steer further studies towards better performing SMMs.  

  



 

22 
 

Abbreviations 
 

ac   alternating current 

An    actinides (Th-Lr) 

AILFT   ab initio Ligand Field Theory 

B   magnetic field, magnetic flux density 

B3LYP   hybrid functional Becke, 3-parameter, Lee–Yang–Parr 

CAM   Coulomb Attenuating Method 

CASSCF  Complete Active Space Multiconfiguration Self Consistent Field 

CCDC   Cambridge Crystallographic Database Centre 

δ   chemical shift (ppm)  

D   zero-field splitting (ZFS) parameter 

dc   direct current 

DCM    dichloromethane 

DFT   Density functional theory 

DKH   Douglas-Kroll-Hess basis set 

E   rhombic zero-field splitting parameter (usually given as E/D) 

emu   electromagnetic unit 

EPR/ESR  Electron Paramagnetic Resonance/Electron Spin Resonance 

Et2O   diethylether (ether) 

g   Landé magnetic factor     

H   magnetic field strength (magnetizing field) 

H   Hamiltonian operator 

HF    Hartree-Fock 

HMDS   Hexamethyldisilazane or bis(trimethylsiliyl)amide 

I   nuclear spin 

IR   infrared (spectroscopy) 

J   magnetic exchange coupling constant 
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J magnetic quantum number for lanthanide ions, total angular 
momentum (spin + orbital) 

kB   Boltzmann’s constant 

KD   Kramers’ doublet 

L   orbital angular momentum 

LIFDI   Liquid Introduction Field Desorption Ionization 

Ln   lanthanides (Ce-Lu), also referred to as 4f-elements  

μB   Bohr magneton (magnetic moment of an electron) 

μeff   effective magnetic moment 

Me    methyl  

MPMS   Magnetic Properties Measurement System 

MS   Mass Spectrometry 

MS/MJ   magnetic quantum number or magnetic state 

ν (Hz, cm-1)  frequency (usually given in Hertz for magnetic measurements and in 
inversed centimeters for spectroscopic measurements ) 

NEVTP2 second order n-electron valence state perturbation theory 

NMR    Nuclear Magnetic Resonance 

OAM   Orbital Angular Momentum 

Oe   Oersted 

PI   paramagnetic impurity 

Ph    phenyl 

ppm   part per million 

QTM    Quantum Tunneling of the Magnetization 

S   electronic spin, spin angular momentum 

SCF   Self-Consistent Field 

SC-XRD  Single-Crystal X-Ray Diffraction 

SMM/SIM   Single-Molecule Magnet/Single-Ion Magnet 

SOC   Spin-Orbit Coupling 

SQUID  Superconducting Quantum Interference Device  
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T (K or °C)  temperature 

τ   relaxation time 

tBu   tert-butyl 

TD-DFT  time-dependent density functional theory 

THF   tetrahydrofuran 

TIP    Temperature Independent Paramagnetic (parameter) 

TMEDA  tetramethylethylenediamine 

TMS   trimethylsilyl or tetramethylsilane (NMR reference only) 

Ueff   effective thermal energy barrier to spin reversal 

UV-vis   Ultraviolet-visible (spectroscopy) 

VTVH   variable temperature variable field  

χ   magnetic susceptibility 

ZFS   Zero Field Splitting 
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List of compounds 1 – SN-ligands and their alkali-metal complexes 
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List of compounds 2 – dysprosium SN-based compounds 
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List of compounds 3 – cobalt SN-based compounds 
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Chapter One 
The S-N moiety: synergies, ligand synthesis, and further curiosities 
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1.1. The S-N moiety: using S-N based ligands towards single-molecule magnets 
The association of sulfur with nitrogen to form S-N based compounds dates back to 1835, as a 
novel cage compound, namely [S4N4], was discovered.1 This explosive, thermochromic tetra-sulfur 
tetranitride is the most important binary sulfur nitride and is the precursor to many S-N 
compounds.2–4 It is available from the reaction of sulfur monochlorine with ammonia. The S-N 
bonds in [S4N4] are easily thermally cleavable and it can give metal-like polymers of sulfur nitride 
(SN)x upon heating. Such polymers display anisotropic electrically conductive properties as well 
as superconducting properties at very low temperatures.5,6 Many parent compounds can be 
generated from [S4N4], including sulfur tetraimide [S4(NH)4] through reduction with tin chlorine 
or dithionite. Their reactivity towards halogens, alcohols, p- and d- group metals (forming M(SN)x 
compounds, with M = Fe, Co, Ni, Pd, Pt, x =4 or M = Cu, Ag, Hg, Pb, x =2, or M = Tl, x =3) were 
extensively studied and later reviewed by Goehring in 1956.3,7 Additionally, in the same year, 

Goehring and Weis reported the synthesis of sulfur diimide from SCl4 and n-butylamine in ether 
at low temperatures.8 Subsequent distillation was necessary to isolate the pure yellowish liquid as 

(n-BuN)2S (sulfur in oxidation state +IV). A similar procedure was published in 1965 by Clemens, 

Bell and O’Brien.9 In their case, they used SCl2 and t-butylamine as starting materials, which 
resulted in better stabilized sulfur diimines. In 1970, at the University of Göttingen, Glemser and 
Wegener10 prepared the first sulfur (+VI) triimide from Li(N(TMS)2) and NSF3 in 10% yield. It 
was followed by a modified procedure published by Lidy and Sundermeyer11 in 1974, starting 
from NaN(TMS)2 and OSF4 to give the same (TMS2N)3S in 56% yield. The synthetic procedures, 
however, gave relatively low yields and were hazardous, mainly due to the use of reactive and 
dangerous OSF4 and NSF3 gases as sulfur sources.12,13 The sulfur-nitrogen chemistry had to wait 
until 1998, when Fleischer and Stalke14–16 reported a new route to sulfur (+VI) triimides.17 

Achieved via oxidation with bromine, it involved a lithium triimidosulfite (sulfur in the oxidation 
state +IV) intermediate species.14 Albeit toxic and corrosive, the use of liquid bromine is less 
hazardous than those of thionyl tetrafluoride and of thiazyl trifluoride. The discovery of this 
easier, more accessible synthesis route boosted sulfur-nitrogen organometallic chemistry.  

Collecting experimental data on S-N compounds provided interesting metric details regarding 
the S-N chemical bond. Several SN compounds were probed through charge density experiments 
with highly resolved SC-XRD.18–21 The careful analysis of the S-N bond(s) gave proof to support 
theoretical debates concerning sulfur hypervalency.16,20,22,23A recent example, the compound 

(tBuN)2S(tBuNH)2, analogous to sulfuric acid demonstrates the polarized character of the S-N 
bonds (presence of the lone pairs on the nitrogen atoms with no distortion towards the S-N 

bond).21 (Figure 1.1.1) The parent sulfur ylides compounds (R2C)S(NR)x (x = 2, 3 and R = tBu or 
Me) were similarly investigated via experimental charge density.23,24 Comparable trends were 
found, ruling out sulfur hypervalency in both types of compounds, regardless of the sulfur 
oxidation state. Additional characterization methods such as IR, UV-vis, and advanced NMR 
spectroscopies further documented these novel S-N compounds in coordination chemistry. 
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Figure 1.1.1: (top) Molecular representation of (tBuN)2S(tBuNH)2, the imido-analog to sulfuric 
acid, upon charge density analysis. The bonding paths are in gold, with the bond critical point 
(BCP) in red. (bottom) Laplacian of the electron density at isolevel of –52 eÅ−5 (orange) and –35 

eÅ−5 (yellow) at N1 and N2 in (tBuN)2S(tBuNH)2 and contour plots of charge concentrations in 
the H1-N1-LP1 and LP2-N2-LP3 plane. Contours are drawn at ±1, to 135 eÅ−5, blue contours 
show negative values, red values show positive values.21  (LP = lone pair).  

Thereafter, Stalke et al.23–33 and Roesky et al.34 designed several novel SN organic compounds, 
mainly used as ligands for further coordination with s-35–39, p-34,37,40, d-41–43 and, more recently, f-
block metals. Upon coordination, the obtained complexes can be used for different purposes,18,19 
including reactivity to access new Grignard reagents,36,44 redox activity,14 O2 sensing,45 
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fluorescence,37 and magnetism.42,46 A succinct overview of some of the existing SN ligands and 
associated complexes is presented in Figure 1.1.2.  

 

Figure 1.1.2. Overview of the versatile chemistry and potential applications of the SN family. 

Amongst the variety of complexes that can be obtained with the SN motive, it became temptful 
to probe the SN synergy towards SMM applications.47–54 Indeed, this combination of sulfur with 
nitrogen as two antagonist atoms is suitable towards the design of SMMs. First, the sulfur atom 
provides flexibility while the donating nitrogen retains its hardness, resulting in an adaptable, 
ubiquitous ligand. Secondly, the SN moiety constitutes a versatile and galore tunable platform, 
which allows a particularly meticulous control of the ligand design.16,24,55 The obtained ligands 
thus display small structural variations. They are therefore well-suited candidates for 
comprehensive studies regarding correlations between structural and physical properties.24,55 
Thirdly, the central sulfur atom can be further oxidized and/or substituted with alkyl groups 
containing other p-block elements, such as phosphine derivatives.56,57 This enables the 
investigation of the influence of p-block elements on the magnetic properties. Finally, the ditopic 
ligands of the SN family seem suitable for the synthesis of binuclear – and even multinuclear – 
structures, in order to study magnetic couplings, heavy p-block/d-block synergies and to access 
multidimensional SMMs.37,58 Altogether, SN ligands are therefore well suitable building blocks 
for single molecule magnets.42 Armed with these optimistic considerations, their challenging 
synthesis will now be described in detail.  
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1.2. General procedures for ligand synthesis  
The main results of this thesis are based on the t-butylamine SN derivatives, which is why we shall 
focus on them in the present section. The synthesis proceeds as follows:  

 

Figure 1.2.1: Synthesis route to L1, L2, L3 and L4 from SCl2 

Commonly used as a sulfur source in organometallic synthesis, sulfur dichlorine is firstly obtained 
from elemental sulfur and chlorine gas.59 Under a saturated chlorine gas flow, the reaction flask 
will warm up to 120°C and the yellow solid sulfur will slowly evolve into a cherry-red solution, 
without the use of a solvent. A distillation purification step is mandatory before further use.ii The 

freshly distilled sulfur dichlorine then reacts with tertbutyl-amine in ether at 0°C to form 

sulfurdiimine (L1) and tertbutyl-ammonium chlorine as a by-product.9 Upon filtration of the white 
salt, the resulting oily yellow product is then purified twice by vacuum distillation. The 

sulfurdiimine (NtBu)2S (L1) is obtained as a volatile, slightly yellow liquid. Sulfur is in the 
oxidation state +IV. This SN compound L1 will be the cornerstone of all further ligand synthesis 

of this work. To achieve compound L2, tBuNLi is prepared in situ from tBuNH2 and n-BuLi at –
78°C in toluene. The subsequent slow addition of L1 gives the trisubstituted triimidosulfate 

lithium salt [Li2(NtBu)3S]2 (L2), which recrystallize as colorless needles from the reaction mixture 
at –25°C. To improve the yield, reducing the mother liquor and settin it up for recrystallization 

is recommended.14 L2 can be further oxidizied with Br2 in pentane to obtain (NtBu)3S (L3).15 The 
reaction must be carried out within 24 hours, otherwise decomposition of the product L3 or very 
poor yields may be expected. Upon addition of liquid bromine at –78°C to the pentane solution 
of L2, the solution color evolves from colorless to intense blue to green to orange to white. The 
reaction is finished when the reaction flask contains a white creamy-like mixture (formation of a 

 
ii Fresh distillation is required due to the existing equilibrium 2 SCl2 ⇌ S2Cl2 + Cl2 
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precipitate). Upon filtration through celite, the filtrate is collected, and the solvent reduced. Since 
the product is volatile, it is recommended to use a cooling bath and a vacuum controller to avoid 
subliming the product at this step. When a brownish liquid is left, a proper vacuum sublimation 
can be started, for which heating up to +150°C should suffice. It works best while using nitrogen 
as inert gas in order to have a better control on the vacuum. Indeed, the product is gathered in a 
Schlenk trap cooled with liquid nitrogen, which creates an equilibrium between liquid and 
gaseous nitrogen (if argon is used instead of nitrogen, it might start liquefying). The trap is placed 
between the sublimation apparatus and the vacuum controller. Upon collection of the product, 
the trap is subsequently washed with a minimal amount of anhydrous pentane and the resulting 
solution is transferred to a Schlenk flask. If necessary, the volume is reduced to a few mL, as the 
product is highly soluble in pentane. Colorless block-shaped crystals of L3 are obtained after a few 
hours in the freezer at –35°C from the concentrated pentane solution. Compound L3 now 

possesses a sulfur atom in the +VI oxidation state. The subsequent reaction of L3 with tBuNLi 
(prepared in situ as described for L2) in THF allows to tetra substitute the sulfur atom with four 
equivalent NtBu groups, yielding compound L4, which recrystallizes as colorless blocks from the 
reaction solution at –35°C.15 Similar reaction routes allow access to a plethora of SN based 
ligands.15,24,33,36,37,57,58 The synthesis of the ligands relevant to this work is shortly depicted in the 
following Figures 1.2.2, 1.2.3 and 1.2.4. The ligands 1_Li, 2_Li and 3_Li synthesized from L1 
(Figure 1.2.2) are usually obtained in high yields and are soluble in organic solvents, including 
pentane and hexane. This allows a better subsequent separation of lithium halide salts upon 
metalation. The ligands 7_Li2 and 8_Li2 (Figure 1.2.3) can also be obtained via the same synthesis 
route and the same work-up, starting with dilithiumphenyl and dilithiumbiphenyl, respectively.58  

 

Figure 1.2.2: Synthesis of ligands 1_Li, 2_Li and 3_Li from L1. 
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Figure 1.2.3: Synthesis of 7_Li2 and 8_Li2 from L1 

From L3, ligands with the sulfur atom in the oxidation state +VI can be obtained by the addition 
of an alkyllithium reagent. As described for L4, the overall synthesis of such ligands requires 
several steps from L1 to the desired product, resulting in relatively poor yields. Additionally, they 
are usually more difficult to isolate as pure crystalline material and are less soluble in non-polar 
solvents than the ligands obtained from L1. Crystalline products are standardly obtained from 
concentrated THF solutions layered with pentane. Metalation reactions often require a 
subsequent filtration through celite. Nevertheless, the ligands with the sulfur atom in the 
oxidation state +VI, such as 4-6_Li shown in Figure 1.2.4, possess several advantages compared 
to their S(IV) analogs.23,24  

 

Figure 1.2.4: Synthesis of ligands 4_Li, 5_Li and 6_Li from L3 

Firstly, they are more robust against oxidation if exposed to oxygen. Secondly, the fourth 
substitution on the sulfur atom seems to better stabilize their corresponding metal complexes. 
Finally, smaller acute N-M-N bite angles are accessible for the S(VI) ligand series. Tiny variations 
of this particular structural parameter have drastic influence on the physical properties, which 
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will be further discussed in Chapters 2 and 3. The access to both ligands with sulfur in the 
oxidation state +IV and +VI results in fruitful comprehensive studies to draw correlations 
between their structural and physical properties. Other SN compounds with interesting redox 
properties may be obtained from L2 or L3, as reported elsewhere.14,60  

Notably, three new compounds of the SN family – the protonated species {1_H}2 obtained from 
2_Li, the salt species {(8_H4)(8_H2LiCl2)} containing 8_Li2 ligand and a radical {L2}2_K3 – were 
successfully synthesized and characterized. These novel compounds are presented in the next two 
sections 1.3 and 1.4.  

1.3. Expanding the SN family: presentation of two new compounds  
1.3.1. The dimer {Ph(NtBu)S(tBuNH)}2 ({1_H}2) 
{1_H}2 can be obtained from 2_Li upon reaction with H3NtBuCl in pentane at room temperature 
(Figure 1.3.1). Upon stirring for a day, the clear colorless solution turns yellowish and a 
precipitate forms. The unreacted materials and lithium chlorine are removed by filtration 

through celite. Volatiles are removed in vacuo, the crude product is then dissolved in pentane and 
filtered again. The product is soluble in non-polar solvents (benzene, hexane, and pentane) as 
well as polar solvents. The 1H-NMR analysis in deuterated THF confirms the protonation, as an 
additional broad peak is then detectable at δ = 4.35 ppm, in good agreement with the typical 
amine proton chemical shift range and shape.  

 

Figure 1.3.1: synthesis route from L1 to {1_H}2 

Colorless block-shaped crystals suitable for X-ray diffraction analysis are grown over a week from 
a concentrated clear filtered pentane solution of the crude product at –35°C. It crystallizes in the 

monoclinic space group P21/c with two molecules in the asymmetric unit. In the solid-state, it 
dimerizes through hydrogen bonds (Figure 1.3.2) and the two molecules are ideally antiparallel 
to each other. The packing shows a perpendicular arrangement of each dimer to the next ones. 
The S-N bonds lengths range from 1.5839(10) to 1.6776(11) Å. The bond distances between the 
sulfur atom and the protonated nitrogen atoms are longer than the other two S-N distances by 

0.1 Å, similar to (tBuN)2S(tBuNH)2 This could be explained by some double bond character for 
the shorter S-N bonds, while the other two are single bonds. The sulfur atoms adopt a trigonal 
pyramidal geometry with a distance of 0.657 Å to the (N, CPh, N) plane. The two hydrogen bond 
distances are 2.209(15) Å and 2.251(15) Å, slightly shorter than the typical hydrogen bond length 
for a S=N-H donor.61 A DOSY-NMR in THF reveals that the compound does not conserve its 
dimerized association in solution (see 4.2.1). In the solid-state, the dimeric structure is probably 
stabilized by the hydrogen bonds as well as the phenyl groups arranged anti-parallelly. The 
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shortest distance between the phenyl groups is of 5.651 Å, which may speak for weak parallel 
offset π-π interactions.62  

Figure 1.3.2. Crystal structure and asymmetric unit of {1_H}2 in two different views. Sulfur, 
nitrogen and carbon atoms are represented in yellow, blue and grey, respectively. Hydrogens 
located on carbon atoms are omitted for clarity. Dashed lines represent N-H hydrogen bonds.  

1.3.2. [{PhS(NtBuH)2}2][{(tBuNH)PhS(tBuNLiCl2)}2] {(8_H4)(8_H2LiCl2)} 
In a similar manner, the reaction of 8_Li2, obtained from I,58 with two eq. of H3NtBuCl in THF 
yields the salt [{PhS(NtBuH)2}2][{(tBuNH)PhS(tBuNLiCl2)}2], further abbreviated 
{(8_H4)(8_H2LiCl2)}, as depicted in Figure 1.3.3.  

  

Figure 1.3.3: Synthesis route to {(8_H4)(8_H2LiCl2)} from I via 8_Li2 
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In this case, however, the reaction takes place in THF, as the ligand 8_Li2 is completely insoluble 
in toluene and only slightly soluble in THF. When combining both reagents in THF, the solution 
turns yellow and clear, indicating that a reaction is taking place. After a couple of minutes, the 
solution becomes cloudy and a white precipitate forms, presumably LiCl. Upon stirring for 
several hours, the mixture is filtered, and the resulting clear yellow solution is reduced. The crude 
product is then recrystallized from a THF solution layered with pentane (1:5) at –35°C.  

Colorless block-shaped crystals of {(8_H4)(8_H2LiCl2)} suitable for X-ray analysis are obtained 
from the slow diffusion of pentane into concentrated THF solutions. The compound crystallizes 

in the tetragonal space group P4̅21c. The tetra-protonated ligand (8_H4) co-crystallizes with the 
bi-protonated lithium chlorine adduct 8_H2LiCl2, which is probably the intermediate during the 
formation of 8_H4 (Figure 1.3.4). The asymmetric unit only contains half of each subunit, as well 
as a disordered THF molecule. The two subunits 8_H4 and 8_H2LiCl2 are stacked parallelly to 

each other, allowing parallel face-centered π-π interactions between the phenyl rings (distant of 
7.165 Å from each other).62 Noteworthy, the LiCl2

+ coordination is located in between the two 
sub-units. This suggests that the negatively charged chlorine atoms may weakly interact with the 
hydrogen atoms (distance range of 2.27 – 2.41 Å).  

 

Figure 1.3.4: crystal structure of {(8_H4)(8_H2LiCl2)} in top and side views. The doubly 
protonated cation co-crystallizes with its mono-protonated species carrying LiCl2 as a counter ion. 
Chlorine, sulfur, nitrogen, carbon, lithium and the amine hydrogens are represented in green, 
yellow, blue, grey, light blue and white, respectively. Other hydrogens are omitted for clarity.  

In the subunit 8_H4, the S-N distances are found almost equivalent of 1.614(4) and 1.610(4) Å. 
On the contrary, the subunit 8_H2LiCl2 contains two longer S-N bond of 1.663(5) and two 
shorter S-N bond of 1.577(4) Å, reminiscent of the bond lengths found in {1_H}2. In both 
complexes, hydrogen bonding plays a significant role in these structural variations. Furthermore, 
the sulfur atoms are in a trigonal pyramidal environment with distances to the (N, CPh, N) plane 
of 0.635 Å in 8_H4 and of 0.661 Å in 8_H2LiCl2. These slight variations may be due to the 
electron-withdrawing effect arising from the LiCl2

– unit coordinated on the nitrogen atom in 
8_H2LiCl2. The structure packing is dense (Figure 1.3.5) and reveals that the intermolecular 
distances between two phenyl rings can be as short as 3.05 Å, which definitely speaks for the 

presence of strong π-π stacking between the ligand phenyl rings.62  
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Figure 1.3.5. Views along the b (left) and c (right) axes of the structure packing for compound 
{(8_H4)(8_H2LiCl2)}.  

1.3.3. Perspectives  
Since its crystal structure does not show disorder and has a high resolution by a standard X-ray 
diffraction experiment, the compound {1_H}2 represents an interesting candidate for charge 
density analysis in order to better assign the influence of the protonation on the S-N bond 
lengths. The crystal structure of {(8_H4)(8_H2LiCl2)} shows that the product of the corresponding 
reaction consists of a mixture of two compounds, with one presumably being the intermediate to 
the second one. The compound 8_H2 can probably be accessed in high yields and isolated if more 

equivalents of tBuNH3Cl are employed or upon screening the reaction conditions. Both 
{(8_H4)(8_H2LiCl2)} (or 8_H4 only if accessible) and {1_H}2 can then be used as starting materials 
for further reactivity towards metal complexes in order to avoid the use of the lithium reagent 
2_Li or 8_Li2 with metal halide salts. It can be used as such with M(HMDS)x salts (M = d-metal, 
x =2 or M = Ln, x = 3) or deprotonated back with potassium or sodium sources. Thereafter, the 
subsequent difficult (or sometimes even impossible) separation of a metalation product from the 
lithium halide by-product is avoided. This hypothesis will be further discussed in chapter 2 for 
the synthesis of dysprosium complexes and in chapter 3 for obtaining trigonal planar asymmetric 
cobalt complexes. 
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1.4. Isolation and characterization of the transient radical species 
[S(NtBu)3]2M3 (M=Li, K) ({L2}2_M3) 

1.4.1. Characterization of {L2}2_Li3  
Remarkably, the exposure of [Li4{(NtBu)3S}2] (L2) to oxygen leads to the observation of an intense 
deep blue color, reminiscent of the lapis-lazuli pigment, the ultramarine blue. Further exposure 
to air or reaction with iodine gives colorless solutions in minutes, from which the respective 

oxidation products [{S(NtBu)3}2Li3{Li(THF)}] and [(THF)3Li3(µ3-I){(NtBu)3S}] were isolated and 
characterized by X-ray diffraction (Figure 1.4.1). However, the transient blue species itself, as 
observable in Figure 1.4.1, was never isolated. A solution of L2 exposed to O2 was investigated by 
EPR spectroscopy in 1996.14 The EPR spectrum showed the coupling of the electron with three 
14N nuclei (I = 1, hyperfine coupling, gives a septet) and with two 7Li nuclei (I = 3/2, super-
hyperfine coupling, gives a septet if fully resolved) . Based on the EPR spectrum and inspired by 

the X-ray structures of the colorless oxidation products, Stalke et al. then proposed a structure 

containing two lithium ions located between two cap-shaped S(NtBu)3 ligands.14,60. The stability 
of such a species, however, was never further probed by DFT calculations.  

 

 

 

Figure 1.4.1. Scheme of the oxidation of [Li4{(NtBu)3S}2] (L2) with O2 or iodine. Colorful 
solutions of the intermediate radical species upon addition of O2 are shown under the 
corresponding EPR spectrum measured in hexanes at rt. Pictures and EPR spectrum reproduced 
from previous work.14  

A better resolved EPR spectrum was measured two years later17 and revealed that not two, but 
three lithium atoms must be present in the structure and must couple with the unpaired electron 
(Figure 1.4.2).  
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Figure 1.4.2. EPR spectrum of {L2}2_Li3 in hexanes at rt. The hyperfine splitting gives a septet (a= 

8G, intensity ratio 1:3:6:7:6:3:1) confirming interaction with three equivalent 14N nuclei (I =1). 
The super-hyperfine coupling (decet with a = 0.8G) corresponds to the interaction with three 

equivalent 7Li nuclei (I = 3/2). The signal’s center is at 3487 G.17 (The simulated EPR spectrum 
on the right gave the same pattern.) Proposed crystal structure based on the EPR spectrum 
analysis Yellow, dark blue, grey and light blue spheres correspond to sulfur, nitrogen, carbon and 
lithium atoms respectively. Hydrogens are omitted for clarity.  

Figure 1.4.3. Calculated spin density plots for {L2}2_Li3. Positive and negative densities are 
depicted in orange and blue, respectively (isosurfaces at 0.005 level). Both top-down (left) and 
side views (right) are depicted for better clarity. Hydrogens are omitted for clarity.  

The visualization of the spin density calculated on a theoretical structure is consistent with the 
hyperfine coupling of the free electron with three nitrogen atoms of one capping ligand (Figure 
1.4.3.). Interestingly, no positive spin density is detected on the central sulfur atom, although the 
transfer of electron density is probably going through it. This may suggest that the electron 
transfer is occurring very fast between the three nitrogen atoms.  
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Unfortunately, the elusive lithium radical species, further abbreviated {L2}2_Li3, could never be 
further characterized by X-ray diffraction.14,60 At the time, the repeated attempts to grow crystals 
of {L2}2_Li3 for X-ray analysis were unsuccessful, probably because of its high sensitivity to oxygen 
or simply because of its inability to crystallize due to the small lithium ions compared to the ligand 
size. Alternatively, the transient radical species always further reacted with traces of oxygen to give 
fully oxidized products, preventing the effective isolation of {L2}2_Li3. Reactions in other solvents 
yielded different color changes (in THF, the solution turns red) and the subsequent crystallization 
was found similarly challenging.14,60 Nevertheless, the lithium radical species is herein revisited 
and further characterized by UV-vis spectroscopy (Figure 1.4.4).  

Figure 1.4.4. Absorption spectrum of {L2}2_Li3 at maximal absorbance. The experimental data is 
represented with a blue solid line and the calculated absorption peaks are represented as black 
lines. 

A time dependent UV-vis measurement of L2 upon exposure to air was carried out. The colorless 
compound L2 was dissolved in toluene and the solution was transferred to a Schlenk cuvette with 
a stir bar. A reference spectrum acquisition confirmed the absence of colorful species before the 
start of the reaction. The Schlenk cuvette was unsealed, and the solution thus exposed to air 
while stirring to allow homogeneous O2 diffusion into the sample. A broad absorption band 
appeared with a maximum at 𝜆max = 633 nm, whose amplitude grew during the first 7 minutes of 
the reaction. Afterwards, the peak intensity diminished completely, and the solution turned 
colorless after approx. 5-6 min. The corresponding spectra are plotted in Figure 1.4.5. The time-
dependent absorbance at the peak’s maximal intensity 𝜆max = 637 nm is plotted below. The 
present vis spectroscopy characterization gives access to new features of {L2}2_Li3. First, it confirms 
the formation of a colorful species absorbing at 𝜆max = 633 nm (Figures 1.4.4 and 1.4.5). The 
broad absorption band spreads from 550 nm to 750 nm, responsible for the blue color of the 
solution. Secondly, it suggests that {L2}2_Li3 decomposes rapidly while further exposed to air, 
surviving about ten minutes. This may explain the difficulty to isolate and recrystallize {L2}2_Li3.  
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Figure 1.4.5. (top) time-dependent vis spectra of L2 upon exposure to air. Formation of {L2}2_Li3 
(left) and subsequent decomposition (right) with increasing amount of O2, in toluene, at RT. 
(bottom) time-dependency of the absorbance at 635 nm.  

Theoretical TD-DFT calculations on [S(NtBu)3]2Li3 further show that nine different absorptions 
are responsible for the spectrum depicted in Figure 1.4.6. The bands with the highest intensity 
are located at λ = 566 nm and 548 nm. The associated TD-DFT plots for these wavelengths show 
that these absorptions correspond to the transfer of electron density from one nitrogen atom to 
its nearest two nitrogen atoms of the same capping ligand. The fact that the most intense bands 
are due to the delocalization of the free electron on the three nitrogen atoms of the same capping 
ligand is in good agreement with the hyperfine coupling with three 14N nuclei in the EPR 
spectrum.  
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Figure 1.4.6. TD-DFT difference density plots for 9 states responsible for the absorption in the 
vis range of {L2}2_Li3. Top and side views are shown for better clarity. Positive and negative 
densities are depicted in orange and blue, respectively (isosurfaces at 0.001 level) 
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The other absorption bands are at least 100 times less intense and are due to the following 
electron density transfers: 

- from the sulfur atom to the three nitrogen atoms of the same capping ligand (λ = 691 nm 
and 470 nm) 

- from the three nitrogen atoms of one capping ligand to the three nitrogen atoms of the 
other capping ligand (λ = 691, 470, 447, 439, 436 nm) 

- from the three nitrogen atoms of one capping ligand to the two lithium atoms (λ = 443, 
436, 427 nm, weakest absorption) 

1.4.2. Isolation and characterization of [S(NtBu)3]2K3 ({L2}2_K3) 
In order to circumvent recrystallization issues that might arise from the size of the lithium atoms, 
the potassium analog compound [S(NtBu)3]2K3 ({L2}2_K3) was further aimed at. This parent 
compound is as elusive as {L2}2_Li3 and another synthesis route had to be probed to replace the 
lithium atoms by potassium atoms. Since the metal transfer from Li to K is uneasy in L2, the 
following way was preferred: L2 is first oxidized with Br2 and then the obtained L3 is reduced back 
with high-purity potassium, giving {L2}2_K3 as a dark blue powder in acceptable yields (30%) 
(Figure 1.4.7).  

 

Figure 1.4.7. Synthesis route to {L2}2_K3 from L2. The proposed structure is similar to {L2}2_Li3. 

The synthesis is carried out in an argon glovebox. A 10 mL vial is prepared with potassium metal 
corresponding to 1.5 molar eq to L3. 1eq of L3 is separately dissolved in a minimal amount of 
toluene and added to the reaction vial. The solution immediately turns baby blue, indicative of 
the reaction’s start. Upon further stirring, the surface of the potassium metal rapidly turns dark 
blue. Upon 1h of intense stirring, the metal is triturated to release all the blue product into the 

solution. Upon filtration, the solution is dried under vacuo to give the product as a dark blue 
powder. The product {L2}2_K3 is soluble in THF, toluene and pentane. To improve the yield, a 
delicate trituration of the potassium metal during the reaction could free some metal surface for 
further reaction. It should however be avoided to release the blue product into the solution 
during the reaction, as diluted solutions are highly instable. This would result in loss of color and 
precipitation of an unidentified white powder. A potassium mirror may be a more practical 
solution, although dilution issues may still arise. 
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Further characterization of {L2}2_K3 was performed by EPR spectroscopy. EPR results indicate 
the presence of an unpaired electron, as shown in Figure 1.4.8.  

 

 

Figure 1.4.8. (top) EPR spectrum of {L2}2_K3 in toluene at rt. Picture of the diluted sample 
prepared for the EPR measurement. (bottom) Simulated spectrum. Both spectra are centered at 
3356.5 G.  

The center of the spectrum is located at 3356.5 G, with the g factor being 2.022 (2.0023 for the 

free electron). This corresponds to an energy difference of ∆𝐸 = 0.32 cm-1 between the two ±
1

2
 

MS states. The analysis of the hyperfine coupling reveals the following: in solution, the unpaired 

electron couples with the six 14N nuclei (I = 1), resulting in 13 main lines (m = 2I x 6 +1 = 13, 
with intensity ratio 1 : 6 : 21 : 50 : 90 : 126 : 141 : 126 : 90 : 50 : 21 : 6 : 1, hyperfine constant a 
= 2.618 G). Additionally, the super hyperfine coupling of the unpaired electron could be induced 

by either the three 39K nuclei (I = 3/2, natural abundance of 93.7%), or the two sulfur 33S nuclei 

(I = 3/2, low abundance of 0.75%), giving 10 or 7 smaller lines on each of the 13 main lines, 
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respectively (m = 2I x 3 +1 = 10 for K and m= 2I x 2 +1 = 7 for S, with a = 0.379 G). The resolution 
here allows to identify seven lines, suggesting a superhyperfine coupling with the sulfur nuclei. 
However, further theoretical calculations are required to unambiougously assign the origin of the 
superhyperfine coupling since spectrum resolution issues might result in misinterpretation. First, 
the natural abundance of 33S is much lower than 39K. Second, compared to {L2}2_Li3, the present 
compound {L2}2_K3 would have some differences:  

- (1) The unpaired electron couples with all six nitrogen nuclei, instead of only three in 
{L2}2_Li3 

- (2) The super-hyperfine coupling is generated by either the two 33S nuclei or the three 
alkali metals as in {L2}2_Li3. 

While (1) is strongly supported by experimental evidence, (2) is less straightforward to validate. 
Nevertheless, both the experimental and simulated EPR spectra are in good agreement with the 
proposed structure for {L2}2_M3, regardless of the alkali metal nature and, more importantly, 
regardless of the superhyperfine coupling with S or K, due to resolution issues. Different than 
{L2}2_Li3, standard theoretical calculations with the orca software for {L2}2_K3 and ADF 
calculations show that the spin density gathers on the two capping ligands, as depicted in the spin 
density plots (Figure 1.4.9). This is however only true on a symmetry enforced structure, while 
calculations on the coordinates directly obtained from X-ray analysis yield the same results than 
for {L2}2_Li3. 

Figure 1.4.9. Calculated spin density plots for {L2}2_K3. Positive and negative densities are 
depicted in light pink and light blue, respectively (isosurfaces at 0.001 level). Both top-down (left) 
and side views (right) are depicted for better clarity. Hydrogens are omitted for clarity.  

Additionally, the calculations reveal that the spin density locates on all six nitrogen atoms with a 
significant amount on the sulfur atoms as well, which seems to rule out the potassium nuclei for 
the superhyperfine coupling. Simulations of the EPR spectrum with superhyperfine coupling 
from the sulfur atoms, however, were unsuccessful.  
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{L2}2_K3 was then further characterized by UV-vis spectroscopy. Since diluted solutions of 
{L2}2_K3 lose color intensity over time, the data collection for UV-vis spectroscopy (as well as for 
EPR) must be done as quickly as possible and only on freshly prepared solutions. The UV-vis 

spectrum of [S(NtBu)3]2K3 reveals a broad, unstructured absorption band from approx. 550 to 750 
nm, with a maximum at 636 nm (Figure 1.4.10). An additional small shoulder is visible around 
400 nm. These features are confirmed by theoretical calculations (Figure 1.4.10, black rectangles). 
Noteworthy, the present vis spectrum is also very similar to those of the reference ultramarine 
pigment (which comes from the lapis lazuli semi-precious stone) or of other materials containing 
the trisulfur radical anion S3

·–.63–65 It also reveals that both compounds [S(NtBu)3]2M3, (M = Li, 
K), share the broad absorption band, irrespective of the alkali metal variations. The small 
difference of 1 nm between the maxima of the absorption band in the two compounds is in the 
range of the instrument’s error margin. The further differences around 400 nm, however, are 
probably attributable to the alkali metals, since the absorption bands at 443, 436 and 427 nm in 
{L2}2_Li3 involve the lithium ion (Figure 1.4.6).  

Figure 1.4.10. Experimental vis spectrum of {L2}2_M3 (M = Li, dashed blue line, M = K, solid 
dark blue line) in toluene at RT. Calculated absorption peaks for the potassium compound are 
represented as black rectangles.  

The calculations further reveal that the electronic density localized on the nitrogen atoms is 
responsible for the strong absorptions at 404 and 736 nm. The TD-DFT difference density plots 
for the corresponding transitions show that, similar to {L2}2_Li3, these both absorption peaks arise 
from the transfer of electron density from one or two nitrogen atoms to the other ones on the 
same cap via the central sulfur atom (Figure 1.4.11). This is in good agreement with the EPR 
spectrum (Figure 1.4.8). It is however not possible to say if some electron density is beeing 
exchanged between the nitrogen atoms of one capping ligand to the other. The other absorption 
bands obtained from the theoretical calculations are at least 10 times less intense than the main 
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absorption bands and are due to similar electron density transfers between the nitrogen atoms 
via the central sulfur atoms (at 655 nm). Remarkably and different to {L2}2_Li3, the potassium 
atoms are not involved in any of the electron transfers.  

 

Figure 1.4.11. TD-DFT difference density plots for the eight states responsible for the absorption 
bands in the vis range for {L2}2_K3. Top and side views are shown for better clarity. Carbon and 
hydrogen atoms are omitted for clarity. Positive and negative densities are depicted in orange and 
blue, respectively (isosurfaces at 0.001 level). 
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1.4.3. Solid-state structure of {L2}2_K3 
Crystallization attempts of {L2}2_K3 were successful and crystals suitable for X-ray diffraction of 
{L2}2_K3 were obtained from a concentrated toluene solution at –35°C over a week. The X-ray 
structure is shown in Figure 1.4.12.  

Figure 1.4.12. Crystal structure of {L2}2_K3 at 120K (side view on the left and top view on the 
right). Hydrogens are omitted for clarity. Potassium, sulfur, nitrogen and carbon atoms are 
represented in Bordeaux, yellow, blue and light grey, respectively. Picture of the blue crystals 
under the microscope prior to the SCXRD experiment.  

X-ray diffraction confirmed that three potassium atoms are capped by two {S(NtBu)3}– ligands. 
Interestingly, the cooling process before crystal mounting on the diffractometer influences the 
crystal arrangement and packing (Figures 1.4.13 and 1.4.14). Through shock-freeze (structure at 

100K), the compound crystallizes in the monoclinic space group P21/c and the asymmetric unit 
contains a two complex molecules. The molecules are forming weakly interacting chains in two 
preferred orientations resulting in a superposition of zig-zag sheets separated by a distance of 
about 4 Å. While slowly cooled down to 120 K, the crystal rearranges in the P21/n space group 

and the asymmetric unit, smaller in this case, contains only one [S(NtBu)3]2K3 unit. The packing 

is similar if the axes a and c are interchanged. The average distance between two [S(NtBu)3]2K3 
units of less than 3 Å. In both cases, the three potassium atoms are found in between two 

{S(NtBu)3}– capping ligands (further denominated caps A and B) in an eclipsed conformation. 
The two unit cells, at 100K and 120K, are probably parent and, upon cooling further to 100 K, 
the crystal does not undergo a phase transition. Additionally, a systematic analysis in the software 
XPREP for cell transformations of the unit cell at 100K gives the smaller unit cell found at 120K 
if a B-centering is considered. The analysis of the bond lengths and angles supports that both 
structures are very close (Table 1.4.1). Further conclusions may be hazardous, since the structures 
are highly disordered, and therefore, the error range on the angles and bond lengths analysis 
relatively high.  
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Figure 1.4.13. Structure packing along the cell axes for {L2}2_K3 at 120K 

Figure 1.4.14. Structure packing along the cell axes for {L2}2_K3 at 100K 

 



 

52 
 

Table 1.4.1. Comparison of the ranges of bond lengths and angles in {L2}2_K3 at 100K and 120K. 

Bond length (Å)/ Angle (°) {L2}2_K3@100K {L2}2_K3@120K 

NSN angle 99.2 – 104.2 99.0 – 104.5 

SN distance 1.61 – 1.66 1.60 – 1.68 

CNS angle 115.5 – 119.7 116.0 – 118.5 

K-K distance 3.75 3.75 

N-K distance 2.6 – 2.8 2.6 – 3.0 

CNK angle 112 / 128 111 / 132 

Shortest intermolecular distance 2.99 2.94 

 

Focusing on the analysis of the crystal structure at 120K gives very interesting insights (the same 
trends are observable at 100K as well). One capping ligand, further called cap A, shows three 
almost equivalent S-N bonds (1.639(4), 1.644(4) and 1.645(5) Å). The other capping ligand, 
further called cap B, possesses one larger S-N bond while the two other S-N distances in the same 
cap are shorter and of comparable length (1.680(4) vs 1.601(5) and 1.606(4) Å). This is 

reminiscent of [{Li2(tBuN)2S)2}(THF)], where one capping ligand also possesses a S-N bond with 
some double-bond character.14 Here, it seems that two S-N bonds share the double bond 
character, while the third S-N bond is undoubtfully a single bond (Figure 1.4.15).  

 

Figure 1.4.15. Related mesomeric forms for cap A and cap B in {L2}2_K3. On cap A, the electronic 
density is fully delocalized on all S-N bonds (similar to L3). On cap B, the free electron is localized 
on one of the S-N bonds.  

This could hint at cap B as the electron-bearing capping ligand. The spin density analysis is 
calculated based on the solid-state coordinates and is presented in the previous section (Figure 
1.4.9). It seems that, at low temperatures (X-ray experiment at 100K), the free electron is more 
localized on one of the two capping ligands. At room temperature and in solution, however, the 
electron is delocalized on all nitrogen atoms, which explains the coupling with the six 14N nuclei 
in the EPR spectrum (Figure 1.4.8). The calculations were performed with the low-temperature 

coordinates, however upon optimization, the system becomes more symmetric, with a C3 axis 
through the sulfur atoms and a mirror plane between the two capping ligands. This results in a 
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more balanced repartition of the spin density over the entire molecule and better reflects the 
solution state of the molecule. Direct calculations prior to optimization give a different result, 
with the spin density gathered on one of the two capping ligands only. Unfortunately, no resolved 
EPR spectra at low temperatures nor in the solid-state were obtained to verify this hypothesis. 

The S-N distances are all significantly larger than those found in similar SVI compounds (av. S-N 
distance of 1.56 Å) but comparable to those of similar SIV compounds. This suggests that the 
sulfur atoms in {L2}2_K3 are in the +IV oxidation state.  

1.4.4. Perspectives for {S(NtBu)3}–based radical species.  
The determination of the experimental X-ray structure of {L2}2_K3 allowed a much more detailed 
analysis of the physical properties presented before, as well as theoretical calculations. All 
theoretical calculations presented in the previous sections were performed based on the 
coordinates obtained from the crystallographical dataset. Additionally, the calculations for 
{L2}2_Li3 were performed on the same coordinates while replacing the potassium atoms by lithium 
atoms. Given the difference in ionic radii between Li and K, the structure of {L2}2_Li3 may be 
different in reality. Nevertheless, the existence of the crystal structure for {L2}2_K3 allowed the 
comparison between the two parent radical species and added precious understanding to their 
physical properties. Both at 100K and 120K, the molecules are highly disordered in the crystal 

structure, mainly due to the free rotations of the tertbutyl groups. This structural disorder in the 
molecular crystal structure prevents the further acquisition of a dataset suitable for charge density 
analysis. In sum, a clear synthesis route has been successfully designed to isolate the transient 
radical species {L2}2_K3 (Figure 1.4.16).  

 

Figure 1.4.16. Synthesis route to {L2}2_K3. For {L2}2_Li3 , the crystal structure is still unknown.  
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Furthermore, a crystallization method was found, giving dark blue crystals of {L2}2_K3 suitable for 
SC-XRD. The subsequent determination of the long sought-after crystal structure of {L2}2_K3 
enables to better understand its fascinating spectroscopic properties. Additionally, it shows that 
these features constitute a clear blueprint for this family of radicals obtained from alkali metal 

derivatives of the polyimido anions [S(NtBu)3]–. Delicate variations are observable while changing 
the nature of the alkali metal from Li to K. Similar Se-, Te- centered polyimido anions from 
previous works were shown to possess comparable spectroscopic properties.66–70 The present series 
could be further investigated with the synthesis of the sodium analog.   
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Chapter Two  
Magneto-structural correlations in dysprosium-containing SMMs: 

from field induced relaxation to hysteresis 
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2.1. Single-molecule magnets (SMM): Historical timeline  
A single-molecule magnet can be defined as a molecular compound that exhibits slow relaxation 
of its magnetization. The first SMM, [Mn12O12(OAc)16(H2O)4],71 was discovered in 1993. Today, 
it refers to a broad family of diverse molecular materials. Some examples are provided in the 
present work. Contrary to molecule-based magnets72 and permanent bulk magnets,73,74 the 
magnetic properties of a SMM are of purely molecular origin. This means that they are not 
associated with ordering or magnetic propagation due to bulk effects, but solely arise from the 
total molecular non-null spin preserved by the anisotropic environment around the paramagnetic 
center. Along with magnetic quantum dots,75 SMMs are nanometric materials with two or more 
different magnetic states, which are stable even upon the removal of an external field. They are 
considered highly promising alternatives to current data storage devices, as they embody the 
vision of the smallest support for a computer storage unit (usually the bit, with two coding 
possibilities, 0 and 1).76 Beside high-density data storage, SMMs are envisioned for other 
industrial applications, such as magnetic refrigeration, quantum computing or spintronics.47,51,77–

79 Towards these goals, many studies involving 3d transition metals53,80–82 – especially manganese 
– followed the discovery of the first single-molecule magnet.83 The race for the molecule with the 
highest possible spin,84 which was thought to be the most important criteria for designing SMMs, 

lasted for at least one decade and had its finest hour when Powell et al. synthetized a huge 
manganese cluster with a record spin of 83/2… that did not show any SMM behavior!85 The 
origins of the slow magnetic relaxation of the magnetization were then carefully re-assessed.86,87 

Both a high spin state and a high magnetic anisotropy at the paramagnetic center were found 
mandatory for the generation SMM behavior.87–95 The two parameters, however, are inversely 
proportional to each other in the case of 3d metals. Powell’s manganese cluster85 possessed a high 
spin due to the ferromagnetic coupling between the manganese centers but presented an overall 
poor anisotropy. Nevertheless, this achievement was an important breakthrough and led to probe 
4f elements towards SMM design.96,97  

4f elements represent a subunit of the f-block, from La to Lu, and include the lanthanide elements 
(Ln, Ce-Lu). Some trivalent lanthanide ions possess a large magnetic anisotropy arising from a 
strong spin-orbit coupling. This is due to their intrinsic orbital angular momentum, which is 
unquenched and remarkably large.88 They also have some of the highest magnetic moments in 
the entire periodic table.98 These features already predisposed lanthanides for magnetic 
applications, for example in permanent magnetism (SmCo5,99 Nd12BFe14

74,100) magnetic resonance 
imaging101 and, later, in single-molecule magnetism.96,102–105 The first SMM containing a f-element 

was reported in 2003 by Ishikawa et al.96 It displayed a huge anisotropy, about five times higher 

than in the first SMM (Mn12 cluster) discovered by Sessoli et al (Figure 2.2.2).106 The careful 
description of the electronic structure of 4f ions88,107 and the development of strategic ligand 
design promoted them to highly promising candidates for SMMs,108,109 and even more so for 
SIMs.97,102–104,110 (SIMs are monometallic SMMs). The current best performing SMMs contain a 
lanthanide ion, more precisely a dysprosium sandwiched between two substituted 
cyclopentadienyl ligands.103,104,110,111 However, despite their numerous advantages, lanthanides are 
quite expensive and difficult to separate from their ores, as their chemical and physical properties 
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are close to each other.112 The development of novel lanthanide based SMMs seems to currently 
suffers from a lack of innovation. After the major breakthroughs with dysprosocenium complexes 
in 2017, it seems that the performances of SMMs reached a plateau that scientists struggle to 
overpass – or at least reorient research away from the cyclopentadienyl chemistry, which cannot 
be indefinitely exploited.49 Three merging research areas are currently developed, as proposed as 
follows:  

- (1) a regain of interest towards transition metals, with the design of highly anisotropic 
single-ion magnets;113–121  

- (2) the introduction of heavy main group elements into the paramagnetic metal’s 
environment (whether the metal is a f-element or a transition metal);122–124  

- (3) a regain of interest towards multinuclear complexes,84,108,125–132 and sometimes 
multifonctional multidimensional structures,52,133–135 to create synergies between the 
metals or to exploit the advantages of higher-dimensionality.48,51,136  

These strategies do not have to be mutually exclusive, although their separate study may result in 
simpler models that provide further knowledge to the broader goal. The present work mainly 
addresses directions (1) and (2). Some results based on strategy (3) will be briefly mentioned in 
the experimental section at the end of this work.  

2.2. SMM: design basics, theory of magnetic anisotropy and characterization 
methods 

2.2.1. The double well potential model: how does a single-molecule magnet work? 
The functioning of a single-molecule magnet can be well described with the help of the double 
well potential model,137 which only takes the magnetic spin into account. This simplified 
approach, however, has its limits, which will be discussed later to explain why a non-zero spin 
cannot be the only criteria for the presence of slow relaxation of the magnetization. In the first 
instance, special cases will not be considered in order to facilitate the understanding of this 
complex topic.  

A SMM need to possess a source of paramagnetism, i. e. unpaired electrons. Each electron carries 
a non-zero spin, which may be cancelled through electron pairing up- and downwards (closed-
shell system). In SMMs, a least one electron must be unpaired, which means that the total 
molecular ground state spin is non null (open-shell system). For multinuclear SMMs, it is also 
necessary to make sure that the magnetic coupling (if antiferromagnetic) does not cancel out the 
contributions of all the paramagnetic centers. (Figure 2.2.1). Considering the first SMM Mn12-

cluster (Figure 2.2.2. left),106 the total molecular ground state spin is S = 10. As a SMM per se, the 
cluster possesses a bistable ground state, one with the magnetic spin number MS = −10 and the 
other with MS = +10.138 The spin reversal from −10 to +10 and vice versa costs a certain amount 

of energy U, which ensures the ground state bistability. The higher-lying energy levels have MS = 
±9, ±8, …, ±1, 0, completing each well in the model. Each pair of magnetic state with the same 
absolute |MS| is called a Kramers doublet (KD).139 In an ideal system, thanks to the energy barrier 

U, the system can relax from one well to the other only if it overcomes the energy barrier U, as 
shown in Figure 2.2.2.  
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Figure 2.2.1: Example of closed-shell and open-shell systems. (Top) example for mononuclear 3d 
systems (octahedral geometry). (Bottom) example for dinuclear systems. 

 
Figure 2.2.2: (Left) Crystal structure of the Mn12-cluster.106 (Right) Model of the double well 

potential for a system of a total ground state spin of S =10. Light purple, red and grey spheres 
represent manganese, oxygen and carbon atoms, respectively. Hydrogens are omitted for clarity.  
 
Ideally, this relaxation can only be triggered by an external source of energy, such as a magnetic 
field or temperature. Without this input of energy, the system stays indefinitely in its current, 
stable magnetic ground state. From this perspective, the SMM could be used as a nano-bit.47 The 
MS = (−10, +10) ground states correspond to (0, 1), respectively. They would be stable and 
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therefore safely store the information without loss of magnetization. To erase or change the 
information, an external source would need to address the SMM – for example with a magnetic 
tip of a magnetic force microscope (MFM) on SMMs previously deposited on a surface– to give 

enough energy to the system to overcome the energy barrier U.54,140–147 Each SMM of the surface 
would then again ready to receive a new information to store on it. If a magnetic field is 
considered for the external stimulus, the magnetization of the SMM is dependent on its strength, 
resulting in a magnetic hysteresis (Figure 2.2.3).148  

Figure 2.2.3: Example of magnetic hysteresis. Upon removal of the external field, the system 
conserves the remnant magnetization. To completely reset the magnetization of the SMM back 
to zero, a certain amount of magnetic field is necessary, which is the coercive field. The 
corresponding ‘bit values’ are indicated as colored dots.  
 
In reality, however, the system relaxes over time through the exchange of the phonon (spin) 
energy with the surrounding thermal bath (lattice).149–151 This energy exchange is not particularly 
favored and can therefore be extremely slow. The slower the better, since it determines how long 
the information can be stored on the SMM. This ideal type of relaxation corresponds to the slow 
Orbach process,151,152 which is a characteristic of all SMMs. The relaxation rate of this process, 
however, depends on each system. Additionally, there are unfortunately several other relaxation 
processes, which shortcut the energy barrier and result in a decrease performance.104,150,153 All 
relaxation processes are presented in the next section.  
 

2.2.2. Relaxation processes of the magnetization in SMMs 
A single-molecule magnet can be magnetized with an external applied field to reach a specific 
magnetic state, aligned with the magnetic field. Upon the removal of this magnetic field, there 
are several possible processes of relaxation from this magnetic state back to the thermodynamic 
equilibrium, as pictured in Figure 2.2.4. They describe the energy exchanges between a certain 



 

60 
 

number of phonons (originating from the spin system) with the lattice. The spin-lattice relaxation 
rates are usually explained in terms of the temperature dependencies.150  
 

Figure 2.2.4.: Transitions and relaxation processes occurring in a SMM. (a) direct process, (b) 
Orbach process for a S = 3/2 system, (c) example of a relaxation pathway for a S = 10 system, 
when the Orbach process occurs at a point where there is a significant mixing of the MS states, 
resulting in an effective barrier lower than U, (d) example of a Raman transition for a S = 3/2 
system, (e) Quantum Tunneling of the Magnetization (QTM) at the ground state KD for a S = 
10 system. (picture reproduced with permission by Dr. E. Damgaard-Møller)154    
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(a) The direct process155 is a one-phonon process which requires a phonon whose energy exactly 
matches the energy difference of the transition. This process is proportional to the temperature.  
(b) The Orbach process151 requires two phonons: a phonon is absorbed and causes an excitation 
to a higher-lying energy state followed by a subsequent deexcitation to another state via a phonon 
emission. This describes the process of relaxation at spin reversal, which necessitates to overcome 

the energy barrier U. The relaxation rate of the Orbach process is also temperature dependent 

and follows the Arrhenius law as exp (Ueff/kBT). The effective energy barrier Ueff can be equal or 

different than U, depending on the number of magnetic states and on the mixing rate. For a 

system with S = 3/2, the magnetic states may be MS = ±1/2 and MS = ±3/2. In this case, Ueff = U 

since Ueff involves at least one thermal transition per definition (c). For lanthanides, Ueff and U 
may take different values, as there are more than two magnetic states.152  
(d) The Raman process may involve two or more phonons and consists of the absorption of a 
phonon whose energy is not sufficient to reach the next higher-lying magnetic state. It is followed 
by the emission of another phonon and the system reaches a new magnetic state. The Raman 
process156 is often described as a relaxation through a virtual state whose energy corresponds to 
the energy of the absorbed phonon. The difference between the two phonon frequencies is equal 

to the spin level difference. The rate of Raman relaxation is in the order of Tn (with n = 1, 2, 3 4, 
5, 6, 7, 9 or 12)150 depending on the temperature ranges, the number and nature (acoustic or 
optical) of phonons involved and the structure of the energy levels.155 This is the one of the most 
complex but also most common relaxation process.  

(e) If the compound relaxes solely through quantum tunneling of the magnetization (QTM),157 the 

system completely shortcuts the energy barrier U and can switch from one magnetic state to 
another one of the same energy. In this case, the process is not a spin-lattice relaxation and is 
temperature-independent. The compound is then not considered to be a SMM. QTM can occur 
due to the MS (or MJ) mixing, which is generally inevitable in practice.  
Additional processes such as temperature-assisted direct processes, temperature assisted QTM or 
bottlenecked Orbach processes, are also possible but will not be discussed in detail here. The 
relaxation rate τ of the magnetization of one specific system can therefore be described with the 
following equation eq 2.1., considering all possible relaxation processes:  
 

𝜏−1 = 𝐴𝐻4𝑇 +  𝜏0
−1𝑒(𝑈𝑒𝑓𝑓 𝑘𝐵𝑇⁄ ) + 𝜏𝑄𝑇𝑀

−1 + 𝐶𝑇𝑛 (eq 2.1) 

        Direct     Orbach      QTM Raman 

where A, C and n are constants, H the applied magnetic field, 𝜏0 the initial characteristic 

relaxation rate for the Orbach process, Ueff the effective energy barrier to spin reversal, kB the 
Boltzmann constant, and 𝜏𝑄𝑇𝑀 the relaxation rate for QTM. 

 

2.2.3. Magnetic anisotropy  
The magnetic anisotropy, a prerequisite for SMM behavior, indicates a non-uniform 
magnetization of a molecule, with a maximization of this magnetization along one or two 
preferred orientations.86,87 The magnetic anisotropy arises from the presence of an unquenched 
OAM. Lanthanide intrinsically possess huge unquenched OAM88 while 3d transition metals 
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require particular ligand fields to prevent full quenching.121 The OAM is the angular momentum 

generated by the circulating electrons in an orbital (L). Their circular motion then generates a 
current, resulting in a small magnetic field internal to the molecule. If present, the unpaired 

electrons, carrying a spin angular momentum (S), will interact with this magnetic field, creating 
a spin-orbit coupling (SOC). The relative orientations of the OAM and of the spin angular 
momentum will determine the strength of the SOC.  
 
It is possible to qualitatively predict whether the OAM is quenched or not by determining the 

matrix elements 〈Ψ𝑖|𝐿̂𝑢| Ψ𝑗〉, where 𝑢 = 𝑥, 𝑦 𝑜𝑟 𝑧, Ψ𝑖 is one of the wavefunctions associated with 

the irreducible representation Γ2𝑆+1  and 𝐿̂𝑢 the orbital angular momentum operators. If it exists 

at least one 𝑖 = 𝑗 for which 〈Ψ𝑖|𝐿̂𝑢| Ψ𝑗〉  ≠ 0, then the ‘first-order’ OAM is unquenched. 

Otherwise, the OAM is quenched. In this case, if it exists at least one  𝑖 ≠ 𝑗 for which 
〈Ψ𝑖|𝐿̂𝑢| Ψ𝑗〉  ≠ 0,  then the ‘second-order’ OAM is unquenched. Both first- and second-order 

OAM can lead to the observation of SMM behavior, but the first-order OAM usually ensures a 
higher magnetic anisotropy. In 3d metals, more intuitively, the presence of OAM can be 
associated with the degeneracy of two 3d orbitals sharing the same 𝑚𝐿 quantum number and 
occupied with an odd number of electrons.121 The 3d orbital pairs (𝑑𝑥2−𝑦2 , 𝑑𝑥𝑦) and (𝑑𝑥𝑧, 𝑑𝑦𝑧) 

are linear combinations of the 𝑚𝐿 = (±2) or (±1) and contribute with an orbital angular 
momentum 𝐿 = 2 or 𝐿 = 1, respectively. There are only a few examples in literature where this 
configuration is observed for 3d transition metals. An even number of electrons in the orbital 
pair will lead to a quenched first-order OAM with 𝐿 = 0 due to the Pauli Exclusion Principle. 
Second-order OAM occurs when the two relevant d-orbitals are not fully degenerate but still close 
enough in energy to couple. This configuration is less rare than the former one and examples will 
be given in Chapter 3.  
 
Due to the presence of repulsive interactions between the unpaired electrons, the degeneracy of 
the magnetic states MS (or MJ for lanthanides) is lifted even at zero external magnetic field, giving 

the zero-field splitting (ZFS). The ZFS can be described by two parameters, the axial parameter D 

keeping the MS states pure and the rhombic parameter E, which mixes the MS states with ∆MS = 
(±2). These parameters describe how well separated the energy levels are, and highly depend on 
the system’s symmetry. They can be accessed through various experiments or calculated 
theoretically. In cases of unquenched OAM with a strong SOC, the ZFS may become very large, 

and the quantum number S and ZFS axial parameter D do not give a proper description of the 

Kramers’ doublets anymore. S should be replaced by the quantum number J, usually reserved to 

lanthanides (J = |𝑆 ± 𝐿|). The ZFS parameter D does not have a counterpart and will be used 
here further for comparison purposes with existing SMMs.  
 
Tuning the magnetic anisotropy is possible since the magnetic properties are highly influenced 
by the structural properties of the complexes.158,159 These indeed determine the SOC and the ZFS 
parameter responsible for the magnetic anisotropy. The energy splitting of the orbitals and of the 
magnetic states (KDs) can then determine much of the relaxation process of the magnetic 
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moment. Depending on the difference in the energy levels, the ratio of mixing between states 
and the external energy sources (applied magnetic field, temperature variations, and light 
irradiation), the magnetic moment will relax according to the processes presented before, often 
through a combination of them. It is therefore important to evidence which complex geometries 
give interesting magnetic properties and understand which structural parameters influence or at 
least are somewhat related to the magnetic anisotropy. This will bring fundamental information 
for ligand and complex engineering in order to design better performing SMMs. A succinct 
overview of the current existing classes of SMMs will be given.  
 

2.2.4. Design of mononuclear SMMs: actual trends and challenges  
In the design of mononuclear SMMs, a paramagnetic metal center is required to offer a source 
of unpaired electrons. Some transition ions (CrII, MnIII, MnIV, FeI, FeII, FeIII, CoII, NiI, NiII, ReIV), 
almost all lanthanides (Ln = CeIII, NdIII, TbII, TbIII, DyII, DyIII, HoIII, ErIII, TmIII, YbIII) and some 
actinides (An = UIII, UV, NpIV, PuIII) – are relevant to this aim.81,105,160 Among these, ions with half-
integer spins (possessing an odd number of unpaired electrons), so called Kramers’ ions, are 
usually preferred for the design of SMMs. According to Kramers’ degeneracy theorem,139 the 
eigenstates of a half-integer spin system obey to time-inversion symmetry, which guarantees that 
the time reversal operator applied to one MS (MJ) eigenstate generates another eigenstate of the 
same energy. This will ensure that the eigenstates come in pairs and are degenerate (Kramers’ 
doublets (KD)). For non-Kramers’ ions, which possess integer spins, they do not have time-
symmetry inversion and therefore the eigenstates do not necessarily come in pairs. This explains 
why SMMs containing the Kramers’ ions FeIII, FeI, CoII and DyIII are more common in the 
literature. 93,105,161 In this thesis, mainly CoII and DyIII SMMs will be presented.  
 
The design of a mononuclear SMM goes as follows. Once the paramagnetic center is chosen 
amongst the aforementioned metals, the design of the ligand environment to surround the metal 
ion is as equally important. Numerous comparative reviews and theories have been developed to 
this aim,87,162 often distinguishing the ligand design strategies for transition metals121 and for f-
elements88 (Ln and An). For Ln and An, it depends on the free ion anisotropy (oblate or prolate 
shape of the electronic cloud).88 Common to all f elements, it seems that rigid ligands interacting 
as less as possible with the 4f electrons cloud, such as alkyl-substituted cyclopentadienyl or 
cyclooctatetraenyl ligands, can generate low coordination complexes, which usually display 
interesting magnetic properties. Such compounds are possible yet challenging to achieve as 
lanthanides tend to form high-coordination complexes.  
For 3d transition metals, the complexation with certain ligand types gives forecastable 
geometries.163,164 This facilitates the design of SMMs with 3d transition metals over lanthanides. 
For 3d transition metals, the design of SMMs based on transition metals seem to require ligands 
that yield linear or distorted complex geometries.121 The Werner-type ligands, together with the 
well-established N- and O-donor ligands, constitute the current popular ligands that are used for 
the design of SMMs. They, for example, include Schiff-bases, polyamines, pyrazolylborates, 
poly(pyridyls), cyano-ligands, halides, β-diketonates, carboxylates, phenolates, alkoxides, 
silanolates, phosphonates, phosphinoxides, and polyphosphines.105,160,165–167  
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Since the regain of interest in 3d metals (strategy (1)), scientists also designed some systems 
containing heavy p-block elements, as hinted in strategy (2). Whereas the previously mentioned 
coordination chemistry is well-established, the influence of main group elements on the magnetic 
properties is still under-investigated. Sparse contributions are reported starting 2011 for 
transition metals118 and 2015 for lanthanides.168 They show the immense potential of introducing 
more systematically heavy p-block elements for the design of SMMs. Besides participating in the 
diversification of the types of SMMs, heavy p-block elements can highly influence the magnetic 
anisotropy. The presence of unquenched spin-orbit coupling generated by the heavy p-block 
elements can drastically influence the zero-field splitting responsible for the magnetic 
anisotropy.122,169 In a sense, they offer an opportunity to explore if there are existent synergies 
with the 4f or 3d metal that could lead to new types of paramagnetic centers, which are yet to be 
investigated. The characterization methods for the investigation of a SMM are described in the 
next section and a user guide for the SQUID magnetometer is available in the experimental 
section. 
 

2.2.5. Current characterization methods of SMMs 
The characterization of SMMs results from the combination of data obtained from different 
analytical methods. The most common and relatively accessible methods necessitate the use of a 
superconducting quantum interference device (SQUID) magnetometer. Various magnetic 
measurement techniques on the SQUID include direct current (dc) susceptibility and 
magnetization measurements, as well as alternating current (ac) susceptibility data acquisition. 
These methods allow to assess the magnetic nature of a compound and to describe the relaxation 
processes of the magnetization that are occurring in a specific sample. They give access to the 
blocking temperature and the effective energy barrier, which are the two most important 
characteristics of a SMM, and which allows its comparison with previously reported SMMs. 
However, some parameters such as the ZFS parameter are challenging to obtain through this 
method, and several independent experiments are usually necessary to do so precisely (for 
example Variable Temperature Variable Field experiments (VTVH), Variable Temperature dc 
measurements, or dc magnetization curves). Less common methods, such as high-field high-
frequency EPR, far-IR spectroscopy, torque magnetometry, or inelastic neutron scattering, can 
predict more accurately the anisotropy parameters of a SMM (the sign and amplitude of the g 

and D tensors).121 More recent methods also include electron charge density with multipole 
refinement or polarized neutron diffraction. These former and latter methods, however, are very 
specific and require access to some few specialized facilities. Post-HF multiconfigurational 
theoretical calculations taking the spin-orbit coupling into account (CASSCF-

NEVPT2/SA_CASSCF/CASPT2/MCRI/DMRG) and ab initio ligand field theory (AILFT) are 
then of a great help to verify experimental values, get access to the valence orbital energy splitting 
and to draw magneto-structural correlations.163,170,171 For dysprosium containing compounds, an 

additional tool (Magellan software) may also give the orientation of the main magnetic axis i.e., 
the direction of the magnetic anisotropy 172   
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2.3. Dy3+: the magical ion for the design of lanthanide single-ion magnets  
2.3.1. Dy3+: the most investigated paramagnetic lanthanide ion in molecular magnetism 
Since their discovery in 2003,96 f-element based SMMs – and more specifically lanthanide SIMs 
– are in the focus of the research field. As previously mentioned, lanthanides and actinides (Ln 
and An) are indeed highly suitable candidates towards the design of such compounds, thanks to 
their large magnetic moments and huge intrinsic magnetic anisotropy stemming from strong spin-
orbit coupling.88 Amongst An/Ln, Dy3+ is an ion that requires special attention. Even in its own 
family, it can be very much distincted from other An/Ln. The spin-orbit coupled ground state 
4f9 is described by the term symbol 6H15/2, which reflects a huge orbital contribution to the 
magnetic moment. As underlined in section 2.2.4, this is crucial for a large magnetic anisotropy. 
Additionally, Dy3+ is a Kramers’ ion, which ensures the presence of a bistable ground state.139 
Remarkable complexes featuring Dy3+ were obtained in the last decade, which presently hold the 
record for both hysteresis temperature and magnetic anisotropy,104,173 as shown in Table 2.3.1. 

2.3.2. Strategies towards the design of dysprosium SMMs 
Dy3+ possesses a strongly oblate spheroidal shape of its electron density.88 Thus, its anisotropy is 
particularly well enhanced in ligand environments that generate a strongly axial crystal field 
(perpendicular to the long spheroidal axis) and a weak transverse crystal field (parallel to the long 
spheroidal axis).174 Other lanthanides with an oblate shaped electron density (Ce, Pr, Nd, Tb, 
Ho) behave similarly, whereas lanthanides with prolate shaped electron density (Pm, Sm, Er, Tm, 
Yb) would require the opposite design.88,175–177 Based on this simplified view of the electron 
density, a plethora of sandwiched complexes, including the first lanthanide containing SMM,96 
was successfully synthesized.  

Table 2.3.1: Comparison of selected magnetic and structural parameters in 0D mononuclear 

{CpR
2Dy}+ –based SIMs. The compounds are listed by decreasing Thyst. TB is defined as the arbitrary 

chosen 100s magnetic blocking temperature. 

{CpR
2Dy}+–based SIM CpR–Dy–CpR (°) TB (K) Ueff (cm–1) Thyst (K) 

[Cp*DyCpiPr5][B(C6F5)4]104 162.5 65 1541 80 

[CpiPr4Me
2Dy][B(C6F5)4]173,178 156.6 62 1468 72 

[CpiPr4Et
2Dy][B(C6F5)4]173,178 161.1 59 1380 66 

[CpiPr5
2Dy][B(C6F5)4]173,178 162.1 56 1334 66 

[Cpttt
2Dy][B(C6F5)4]179 152.7 53 1223/1277 60 

[CpiPr4H
2Dy][B(C6F5)4]173,178 147.2 17 1285 32 

[Cp*2Dy][BPh4]180 133.4 3.2 312 5.3 

[Cp*2Dy(NH3)2][BPh4]181 140.2 4 546 5.2 

[Cp*2DyI(THF)]182 136.0 ? 419 4 

[Cp*2DyBr(THF)]182 136.1 0 163 3 

[Cp*2DyCl(THF)]182 136.8 0 112 2 
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Their magnetic properties were shown to be strongly correlated to the CpR–Dy–CpR angle and 
its deviation from perfect linearity. The best magnetic performances were observed for the most 
linear molecules featuring a Kramers’ ion. Perfect linearity can be achieved in Dy2+ or Tb2+ 
compounds, where the former holds the record in terms of magnetic performances for terbium-
based SMMs.178 Overall, the {CpR

2Dy}+ unit (where Cp = cyclopentadienyl ligand, R = alkyl group) 
represents a powerful building block for multidimensional, multinuclear magnetic materials.174,183 
Several strategies can be developed in this direction, as presented below (Figure 2.3.1).162,184 These 
strategies notably include the strong magnetic coupling of two units through a radical.108,127,185  

 

Figure 2.3.1: Design of magnetic materials with the {CpR
2Dy}+ unit as starting building block. On 

the left, θ can be experimentally maximized up to 180° if Dy3+ is reduced to Dy2+. Upon addition 

of a ligand, two units can be coupled (Jexc), either antiferromagnetically (upper center, through a 
diamagnetic ligand) or ferromagnetically (bottom center, through a radical). Through subsequent 
adequate reactions, this former magnetic coupling results in multinuclear, and even 
multidimensional magnetic materials. 

2.3.3. Current challenges in dysprosium SMMs 
Even though the pursuit of multinuclear multidimensional magnetic materials and SMMs with 
the {CpR

2Dy}+ unit seems promising, there are still several drawbacks and alternative routes to 
consider.174 Although the breakthrough achievements presented in section 2.3.2 clearly 
demonstrate the superiority of cyclopentadienyl ligands in lanthanide based mononuclear SMMs, 
one would probably wonder how to surpass the current best SMMs. Since the angle θ has been 
maximized up to its limit,178 are there any more improvements possible through the infinite 
substitution of cyclopentadienyl ligands? Probably not, which is the reason why scientists are 
currently investigating new classes of ligands.46,102,122,186–190 As such, this chapter will further focus 
on the design and synthesis of SN based mononuclear dysprosium complexes. It should give some 
insights regarding the potential of the SN ligand class towards single-molecule magnetism. 
Alternatively, the paucity of multinuclear compounds containing lanthanide moieties suggests 
that the coupling of highly anisotropic lanthanide units has yet a role to play in the development 
of new classes of magnetic materials (see Chapter 4, structures 4.2.16 and 17).  
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2.4. Novel mononuclear dysprosium complexes based on the S-N motive. 
The extreme flexibility of sulfur coupled with the hardness of the nitrogen donor atoms within 
the SN ligands offers a promising compromise for the obtention of an appropriate environment 
around a paramagnetic center, as previously highlighted and observed with 3d metals.46,186 The 
same type of ligands was probed also with dysprosium yielding the novel complexes 

{Dy(PPh2S(NtBu)2)2(μ2-Cl2)Li(THF)2} (1_Dy), {Dy(PhSN(tBu)2)2(μ2-Cl2)Li(THF)2} (2_Dy), and 

{Dy(MeS(NtBu)3)2(μ2-Cl2)Li(THF)2} (3_Dy), which are presented in the following sections.  

2.4.1. Synthesis of the mononuclear dysprosium complexes 1-3_Dy 
The one-step synthesis of complexes 1_Dy, 2_Dy and 3_Dy consists of mixing both ligand and 
metal THF solutions together to give creamy mixtures, which are left to stir overnight. Upon 
filtration of lithium chlorine through celite, the clear yellowish solutions are reduced to viscous 
materials and triturated with pentane or hexane until becoming solid. The subsequent layering 
of a THF solution with pentane (ratio 1:5) at room temperature yields the desired complexes as 
colorless crystals in fairly good yields, as depicted in Figure 2.4.1. Albeit the use of different 
ligands, no variations in reactivity were noticed during the reaction. 

 

Figure 2.4.1: Synthesis route to complexes 1-3_Dy 

Noteworthy, the complexes only form in THF, while reaction attempts in toluene result in 
undissolved starting materials. As a consequence, a lithium chlorine bound to two THF 
coordinates through μ2 chlorine bridges to the dysprosium center.  
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2.4.2. Crystallographic analysis of 1-3_Dy 
X-ray diffraction of the respective complexes reveals that all three complexes crystallize in the 

triclinic space group P1̅. Their structural arrangements, however, are different. 1_Dy crystallizes 
as one complex molecule and one THF molecule in the asymmetric unit. 2_Dy crystallizes with 
two complex molecules in the asymmetric unit, without the presence of any solvent molecule. 
3_Dy crystallizes with two complex molecules and two additional non-coordinating THF 
molecules in the asymmetric unit. For all three complexes, the molecular structures show that 
the trivalent dysprosium center is hexa-coordinated. Two SN ligands chelate the lanthanide ion 
through the two nitrogen donors, while two remaining chlorine atoms constitute a μ-bridge to a 
lithium ion carrying two THF molecules (Figure 2.4.1). Selected bond lengths and angles are 
given in Table 2.4.1. 

Figure 2.4.1. Crystal structures of 1_Dy (left), 2_Dy (center) and 3_Dy (right) in two orientations. 
Orange, green, yellow, pink, red, dark blue, grey and light blue represent dysprosium, chlorine, 
sulfur, phosphorus, oxygen, nitrogen, carbon and lithium atoms, respectively. Hydrogens are 
omitted for clarity.  

In 1_Dy, the phosphorus atom, which could possibly participate in bonding,56,57 does not orient 
towards the dysprosium. On the contrary, both phosphine groups point in the opposite direction, 
resulting in a large Dy-P distance of av. 5.2 Å. This is probably due to the fact that the 
coordination sphere of the Dy ion is already almost saturated (although it is difficult to predict 
how many ligands should coordinated the ion). The lithium ion presents a slightly elongated 
tetrahedral geometry, which has been observed in comparable 3d metal complexes.46 Attempts to 
avoid the formation of such lithium chlorine adducts with the use of the bulkier ligand 3_Li or 
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with the corresponding crown ether during the metalation were unsuccessful.46 Similarly, the use 
of Dy(HMDS)3 instead of the metal halide salt prevented the formation of any of the three 
presented complexes. This issue could be addressed by using the protonated species such as the 
dimer {1_H}2 instead of 2_Li for complex 1_Dy. In complexes 1_Dy and 2_Dy, the sulfur atom 
is in the oxidation state +IV, but it seems that the reduced electro-positivity of the sulfur atom, 
in comparison to complex 3_Dy, has no significant impact on the Dy-N bond lengths (shortest 
2.34 in 1_Dy to longest 2.38 Å in 3_Dy), similar to 3d metal complexes.42,46,56,57,191 The influence 
of the sulfur oxidation state is only mirrored in the S–N distances. The dysprosium-coordinated 
S(IV)–N distances in 1_Dy and 2_Dy are 1.63 Å long and hence about 0.03 Å longer than the 
S(VI)–N distances in 3_Dy. This is the expected decrease while rising the sulfur oxidation state. 
The pendent S(VI)–N distance is the shortest of all S-N distances in this set of compounds (0.08 
Å shorter). Additionally, the chemical tuning of the sterics around the metal center greatly 
influences the bite angle and the folding angle variations, as well as the overall spatial 
arrangement, as shown in Table 2.4.1. Noteworthy, 3_Dy displays the most acute N-Dy-N angles, 
meaning that the compound is the most ‘pseudo-linear’ one amongst the present series. 

Table 2.4.1. Analysis of various structural parameters in complexes 1-3_Dy. Bond lengths are 
given in Å and angles in degrees (°).  

aangle between the two NSN planes; bdeviation from the magnetic easy axis determined by 
Magellan (Figure 2.4.8), cnearest neighbors; cper complex molecule; ddistance of two closest 
parallel aromatic rings 

 

The analysis of the structure packing reveals very different arrangements from 1_Dy to 3_Dy. 

(Figure 2.4.2) The significant steric hindrance of the phosphine and the tert-butyl groups in 1_Dy 
results in a relatively sparse space arrangement of the complex molecules, allowing two THF 
molecules to fill the empty spaces. For 2_Dy, the phenyl groups are oriented almost perpendicular 

Compound 1_Dy 2_Dy 3_Dy 
Dy-N 2.34–2.40 2.35–2.37 2.37–2.39 

Dy-Cl 2.70–2.73 2.70–2.72 2.71–2.72 

S-N 1.63–1.64 1.63–1.64 1.59–1.61 

N-Dy-N 63.9–64.0 62.9–63.0 60.1–60.6 

S-Dy-S  108 118–121 133–135 

Folding anglea  97.4 104.8–108.1 117.9–118.2 

Easy axis deviationb  117–118 125–126 114–116 

av Dy-Dyc  10.50 10.91 10.94 

# of THF moleculesc 1 0 1 

Packing density 1.366 1.387 1.350 

π interactionsd Weak  
(6.5 Å) 

unlikely  
(≈ 8 Å) 

No π system 
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to the S-Dy-S axis, which prevents steric hindrance but may allow π stacking. This arrangement 
allows up to twelve molecules to fit into the unit cell, resulting in a denser packing (density 1.387 
vs 1.366 and 1.350), which hampers the inclusion of THF molecules in the unit cell. The packing 
in 3_Dy reveals that the complex molecules alternate head to tail while the non-binding solvent 
molecule fills the space left by the coordinating THF molecules on two nearest neighbors. In all 
1-3_Dy, the distance between two nearest dysprosium neighbors should be large enough to avoid 
any magnetic coupling. Weak π interactions may still be present in 1_Dy and 2_Dy, due to the 
relative proximity of the phenyl groups of two neighboring complex molecules (Table 2.4.1), but 
there is no clear orientation of the aromatic rings for an overlap that would suggest the presence 
of significant quadrupole-quadrupole interactions. 

Figure 2.4.2. Views of structural packing of 1_Dy (top), 2_Dy (bottom left) and 3_Dy (bottom, 
right) along the a* axis (Mercury software). Hydrogen atoms are omitted for better clarity. Light 
blue, green, yellow, orange, red, blue, grey and purple represent dysprosium, chlorine, sulfur, 
phosphorus, oxygen, nitrogen, carbon and lithium atoms, respectively.  

2.4.3. Magnetic characterization of 1-3_Dy 
The initial temperature-dependency of the product of the magnetic susceptibility and the 

temperature χMT were measured on the SQUID magnetometer for all three complexes. The 
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resulting curves show high-temperature values of 14.21 cm3mol-1K  for 1_Dy, 14.15 cm3mol-1K 

for 2_Dy and 14.41 cm3mol-1K for 3_Dy, as displayed in Figure 2.4.3. These χMT values are 
slightly different than the expected value for the free Dy3+ ion (14.17 cm3mol-1K) but still are in 
the range of previously reported dysprosium single-ion magnets.103–105,192 Notably, the highest 
value is found for 3_Dy, which is also the only complex to have no potential intermolecular 

interactions. Therefore, the slightly lower 210 K χMT value for 1_Dy may be attributed to the 
presence of magnetic impurities (despite many recrystallizations). For 2_Dy, the almost ideal high 

temperature χMT value suggests that intermolecular interactions are negligible, if non-existent. 

For all complexes, the χMT value then decreases with the temperature, due to magnetic saturation 
and similar to previously reported complexes.105,193,194  

Figure 2.4.3. Temperature dependency of χMT for complexes 1-3_Dy. 

This analysis suggests that 3_Dy may have the best magnetic performances amongst the present 
series. Further investigations of the magnetic relaxation dynamics of 1-3_Dy via variable-
temperature variable-frequency ac susceptibility measurements corroborated this hypothesis. 
1_Dy did not show in and out of phase signals characteristic for SMM behavior at zero-field 

(Figure 2.4.4). With an optimal external field of Hdc = 1000 Oe, however, it exhibits a broad peak 
maximum for the imaginary part of the dynamic susceptibility (Figure 2.4.4b) at 100 Hz at 2 K, 
which then shifts towards higher frequencies with the temperature increase, indicative of slow 
relaxation of the magnetization. The relaxation times τ are extracted from the Cole-Cole plot 
generated from the in and out of phase dynamic susceptibility via the CC-fit program195 and used 
to draw the Arrhenius plot, as shown in Figure 2.4.4d. A full fit (blue line) taking into account 
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the Orbach, QTM, Raman and direct relaxation processes150,152 (Eq 2.1) gives an energy barrier 

U = 20.8 cm-1.  

𝜏−1 = 𝐴𝐻4𝑇 +  𝜏0
−1𝑒(𝑈𝑒𝑓𝑓 𝑘𝐵𝑇⁄ ) + 𝜏𝑄𝑇𝑀

−1 + 𝐶𝑇𝑛 (Eq 2.1) 

      Direct   Orbach    QTM      Raman 

where A, C and n are constants, H the applied magnetic field, 𝜏0 the initial characteristic 
relaxation rate for the Orbach process, Ueff the effective energy barrier to spin reversal, kB the 
Boltzmann constant, and 𝜏𝑄𝑇𝑀 the relaxation rate for QTM. 

Overall, the application of an external field suppresses some QTM effects but does not suffice to 
increase the magnitude of the effective energy barrier to spin inversion.  

Figure 2.4.4: Relaxation data for 1_Dy under 1000 Oe. Variable frequency variable temperature 
in and out of phase signals of the ac dynamic susceptibility (a, b), Cole-Cole plot (c) and Arrhenius 
plot (d). 

A similar analysis for compound 2_Dy reveals field induced SMM behavior, however with only 
one relaxation process. Under an applied dc field of 1000 Oe, the maxima of the out-of phase 
signal of the dynamic susceptibility are observable up to 7K (Figure 2.4.5b). The shift to higher 
frequency with the increase of the temperature is clearly temperature-dependent and suggests the 
absence of QTM. The corresponding Cole-Cole plot (Figure 2.4.5c) confirms this hypothesis, 
and the Arrhenius plot can be fitted without QTM (Figure 2.4.5d). Different than 1_Dy, the 

effective energy barrier of 2_Dy is similar (21.1 cm-1) than the obtained U (19.7 cm-1) when all 
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relaxation processes are considered. Nevertheless, the arced shape of the curve in the Arrhenius 
plot strongly suggests that the relaxation mainly occurs through a Raman process.  

Figure 2.4.5: Relaxation data for 2_Dy under 1000 Oe. Variable frequency variable temperature 
in and out of phase signals of the ac dynamic susceptibility (a, b), Cole-Cole plot (c) and Arrhenius 
plot (d). 

The last compound of the series, 3_Dy, shows the main promising results. It displays slow 
relaxation of its magnetization at zero field, as depicted in Figure 2.4.6a and b. However, the out-
of-phase signal of the dynamic susceptibility (b) reveals that the process occurring at low 
temperature is temperature-independent, which suggests strong QTM from 2K to 8K. Thereafter, 
the maxima are shifting to higher frequencies with the increase of temperature, indicative of slow 
relaxation of the magnetization. The Cole-Cole plot (Figure 2.4.6c) shows almost perfect circular 
curves, in good agreement with one main slow relaxation process. The Arrhenius plot (Figure 

2.4.6d) further supports the existence of a linear regime (Orbach-type relaxation) with a Ueff = 42 
cm-1. It also clearly indicates the presence of other relaxation processes, as the curve does not stay 
linear with the temperature decrease. The zone where 𝑙𝑛(𝜏) is independent of the temperature 

corresponds to the QTM phase. The zone at the curvature indicates a Tn dependency of 𝑙𝑛(𝜏), 
which typically corresponds to Raman relaxation processes. A full fit including the Raman 

relaxation and the QTM gives a much higher energy barrier of U = 59.3 cm-1. The subsequent 

application of an external field of Hdc = 1000 Oe suppresses most of the QTM (Figure 2.4.7) and 
raises the effective energy barrier to spin reversal to 72.4 cm-1.  
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Figure 2.4.6: Relaxation data for 3_Dy under zero field. Variable frequency variable temperature 
in and out-of-phase signals of the ac dynamic susceptibility (a, b), Cole-Cole plot (c) and Arrhenius 
plot (d).  

Figure 2.4.7: Relaxation data for 3_Dy under 1000 Oe. Variable frequency variable temperature 
in and out-of-phase signals of the ac dynamic susceptibility (a, b), Cole-Cole plot (c) and Arrhenius 
plot (d).  
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The following magnetic parameters obtained for complexes 1-3_Dy are summarized in Table 
2.4.2. 

Table 2.4.2. Selected magnetic parameters obtained for 1-3_Dy.  

 

There is a clear trend of enhancement of the magnetic properties from 1_Dy to 3_Dy, which 
suggests that the variations in ligand design are drastically influencing the magnetic anisotropy at 
the dysprosium center and the overall physical properties of the compounds. The subsequent 
analysis of the main magnetic axis (or easy axis)172 suggests that the lithium chlorine co-
coordination on the dysprosium center worsens the pseudo-linearity of the molecule. As a result, 
the two NSN chelating units are not aligned on the main magnetic axis (Figure 2.4.8).  

Figure 2.4.8. Orientations of the main magnetic axis of the ground state calculated for the entire 
molecule for 1-3_Dy (brown line). Hydrogens are omitted for better clarity. Brown, green, yellow, 
pink, red, blue, grey and light blue represent Dy, Cl, S, P, O, N, C and Li, respectively.  

Compound 1_Dy 2_Dy 3_Dy 

χMT at 210 K (cm3mol-1K) 14.21 14.15 14.41 

Ueff (cm-1) at 0 Oe 0 0 42 

U (cm-1) at 0 Oe 0 0 59.3 

Ueff (cm-1) at 1000 Oe 13.2 21.1 64.8 

U (cm-1) at 1000 Oe 20.8 19.7 72.4 

τ0 (s) 1.58 10-8 1.6 10-6 4.4 10-6 
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Thus, both the chlorine bridges and the ligands probably induce a significant transverse 
anisotropy reducing the magnetic performance. Nevertheless, the additional substitution on the 
sulfur atom in 3_Dy clearly provides the best environment around the lanthanide ion in the 
present series, resulting in better SMM properties than 1_Dy and 2_Dy. Overall, there is a trend 
from 1_Dy to 3_Dy with a significant improvement of the magnetic properties while the S-Dy-S 
folding angle becomes closer to 180° and the spatial arrangement prevents intermolecular 
interactions.  

2.5. Strategies towards pseudo-linear dysprosium complexes  
The previous short study of three novel dysprosium complexes 1-3_Dy clearly demonstrated the 
potential of the SN moiety as an alternative chelate to cyclopentadienyl ligands in the design of 
lanthanide containing single-molecule magnets. It further hints that improved ligand tuning 
towards linear or pseudo-linear structures may lead to better magnetic performances. Next efforts 
focus on the removal of co-coordinated LiCl to further improve the magnetic properties through 
the decrease of coordination on the dysprosium center and the gain of linearity. Potential 
improvement routes also include the screening of SN ligands to discriminate the most suitable 
ones towards lanthanide SMMs. Parts of this section were done in a collaboration with J. Jung 
and Dr. S. Demeshko and will be more thoroughly reported in the PhD thesis of J. Jung.196 The 
focus on this joint work was to generate a ligand with a potassium atom instead of a lithium atom, 
in order to avoid LiCl co-coordination on the final dysprosium complex.  

2.5.1. Synthesis of [{Ph2PCH2S(NtBu)3}2DyCl] (4_Dy) 
To further study the influence of p-block elements on the magnetism, the ligand 6_Li was chosen. 

The protonation of 6_Li with H3NtBuCl followed by the addition of KH yields the potassium 
analog ligand 6_K, as described elsewhere. It further reacts with DyCl3 to give the complex 4_Dy 
(Figures 2.5.1 and 2.5.2).  

Figure 2.5.1. Scheme of the synthesis route to 4_Dy 
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6_Li was dissolved in THF and H3NtBuCl was added dropwise as a THF solution. The clear 
solution became troubled, indicating the precipitation of LiCl. Upon stirring for several hours, 
the precipitation was removed by filtration through celite, and the clear solution dried to obtain 
the crude protonated product 6_H. The product was subsequently reacted with KHMDS in THF 
for 24 hours, the reaction solution was dried, dissolved in a minimal amount of THF and then 
layered with pentane (1:5). Colorless crystals of 6_K were afforded by storing this mixture at –
34°C within days. Crystalline 6_K was then further suspended in a THF/toluene mixture, to 
which DyCl3 was added in one portion. A slight change from colorless to light yellow color 
occurred while everything dissolved. Over time, a cloudy precipitate appeared. After stirring 
overnight, the solution was filtered to remove KCl and unreacted materials. The volatils were 
removed and the crude product was dissolved in a minimal amount of THF and layered with 
pentane. Block shaped crystals grew within an hour at room temperature, giving crystalline 4_Dy 
in 50% yield. Subsequent SCXRD analysis showed that 4_Dy crystallizes in the monoclinic space 
group C2/c with one complex molecule and one disordered pentane/THF molecule in the 
asymmetric unit (Figure 2.5.2) 

Figure 2.5.2. Crystal structure of 4_Dy in two orientations. Orange, green, yellow, pink, dark 
blue, and grey represent dysprosium, chlorine, sulfur, nitrogen, and carbon atoms, respectively. 
Hydrogens are omitted for clarity. 

The dysprosium atom is now hexacoordinated by two N, N’ chelating sulfur centered ligands, 
one phosphorus atom and one chlorine atom. Two chlorine atoms were successfully removed 
and replaced by two SN ligands. No LiCl (or KCl) coordination is observed. Interestingly, one of 
the phosphorus atoms weakly coordinates the dysprosium atom, with the Dy-P distance of 
3.2169(5) Å. The other scorpionate ligand is chelating through the two nitrogen atoms only, with 
its phosphorus atom pointing away from the dysprosium atom. Complete structure description 
can be found in the PhD thesis of J. Jung196 while selected bond lengths and angles are presented 
in Table 2.5.1. Noteworthy, the S-Dy-S angle is larger while the N-Dy-N angles are more acute in 
4_Dy if compared to 1-3_Dy, indicating a gain in axiality at the paramagnetic center.  
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Table 2.5.1. Selected bond lengths (Å) and angles (°) for 4_Dy.  

Compound 4_Dy 

Dy-P 3.2169(5) 
Dy-Cl 2.5996(5) 
Dy-S 3.0730(5); 3.0789(5) 
Dy-N 2.3147(13); 2.3467(13); 2.3471(13); 

2.3837(13) 
Dy-Dy – 
N-Dy-N 60.37(5); 60.07(4) 
S-Dy-S 141.847(12) 
Easy axis deviation 120-125.6 

 

2.5.2. Magnetic properties of [{Ph2PCH2S(NtBu)3}2DyCl] (4_Dy)  
The magnetic properties are found to be drastically improved in 4_Dy in comparison with 1-
3_Dy. Slow magnetic relaxation is observed up to 12K under zero field and with an optimal 
applied field of Hdc = 1000 Oe, as depicted in Figure 2.5.3.  

Figure 2.5.3. ac susceptibility data for 4_Dy under zero field (top) and under a 1000 Oe applied 
dc field (bottom)  
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The subsequent fittings of the Arrhenius plot curves yield an energy barrier of 36.9 cm-1 (attempt 
time of 1.1 10-6 s) under zero field, and an energy barrier of 66.5 cm-1 (attempt time of 5.6 10-8 s) 
under 1000 Oe. The QTM is partially suppressed upon the application of an external field but 
not entirely. Magnetic parameters are summarized in Table 2.5.2. 

Table 2.5.2. Selected magnetic data for 4_Dy 

Magnetic parameter 4_Dy 

χMT at 210 K (cm3mol-1K) 12.9 

Ueff (cm-1) at 0 Oe 36.9 

τ0 (s) 1.1 10-6 

Ueff (cm-1) at 1000 Oe 66.5 

τ0 (s) 5.6 10-8 

 

Impressively, 4_Dy features a butterfly hysteresis from 2K to 3.5K, as shown in Figure 2.5.4. The 
hysteresis is not open at 2K due to the presence of QTM. Nevertheless, these achievements 
represent the first SN-based dysprosium compounds that show a magnetic hysteresis. Further 
details about compound 4_Dy can be found in J. Jung’s PhD thesis.196  

Figure 2.5.4. Magnetic hysteresis for 4_Dy from 2K to 3.5K in 0.5K steps. Sweep rate of 1.3mT/s.  

The improved magnetic properties demonstrated by 4_Dy in comparison with 1-3_Dy are 
probably due to the enhancement of the pseudo-linearity (the S-Dy-S angle is now approx. 142° 
compared to 135°) and to the removal of the co-coordinating (THF)2LiCl. The determination of 
the orientation of the main magnetic axis in 4_Dy indeed shows a slightly different orientation 
than in 1-3_Dy (Figure 2.5.5). Because of the asymmetry introduced by the antagonist behavior 
of the two phosphorus atoms, the main magnetic axis is now shifted from the N-S-N plane 
towards the binding phosphorus atom. The chlorine atom is in the equatorial plane while all 
nitrogen atoms are relatively close to the main magnetic axis. Therefore, it is probable that the 
complex 4_Dy could show even better magnetic properties without the chlorine coordination.  
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Figure 2.5.5. Orientation of the main magnetic axis of the ground state calculated for the entire 
molecule for 4_Dy (brown line). Hydrogens are omitted for better clarity. Orange, green, yellow, 
pink, dark blue, and grey represent dysprosium, chlorine, sulfur, phosphorus, nitrogen, and 
carbon atoms, respectively 

2.5.3. Conclusion and perspectives 
The removal of co-coordinated LiCl was synthetically successful and proved useful for the 
enhancement of the magnetic properties, as 4_Dy displays a magnetic hysteresis. Additional 
complex engineering towards the removal of the remaining chlorine atom in 4_Dy will 
potentially further improve the magnetic properties. Some preliminary results under mild 
conditions are given in section 4.2.8. Alternatively, the successful strategy achieved for the present 
ligand 6_Li could be reproduced with other SN ligands to determine the most suitable chelate 
for the synthesis of dysprosium based SMMs.   
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Chapter Three 
 

Influence of main group elements in trigonal planar and magneto-
structural correlations in highly distorted tetrahedral mononuclear 

cobalt single-ion magnets 
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3.1. Cobalt based SMMs: challenging 3d transition metals 
As previously mentioned, there is a current regain of interest in transition metal based SMMs 
(strategy (1)) since 2011.118 3d transition metals appear to be more rewarding – and cheaper – to 
work with, in comparison to lanthanides. This is to some extent due to the abundant literature 
already available for transition metals, which allows comprehensive reading and design of new 
complexes. The tuning possibilities and influences of their ligand environments are of course 
infinite, however better understood than these of lanthanides, which gives more control for 
complex engineering. Predictions with 3d transition metals are therefore easier and the 
corresponding results are somewhat less due to ‘luck’ than to systematic analysis and careful 
synthesis.  
 
At first glance however, transition metals seem to have less to offer than lanthanides. In 3d 
transition metal SMMs, the orbital angular momentum (OAM) is often deteriorated by the ligand 
field, which substantially prevents zero-field splitting (ZFS). Additionally, due to QTM, most 3d 
metal based SMMs are therefore field-induced SMMs,197 which means that they require an 
external non-zero magnetic field to show slow relaxation of their magnetization. The lack of first-
order OAM in 3d metal SMMs is due to the more diffuse valence 3d orbitals, whose energies are 
greatly affected by ligands fields,89 while 4f orbitals barely participate in bonding and are shielded 
by the outer core electrons. Thanks to the partial screening of the 4f orbitals from the ligands by 
the outer core orbitals, the first-order OAM in 4f-element based SMMs is intrinsically preserved, 
and the magnetic anisotropy further benefits from larger spin-orbit coupling (SOC) constants.88 
On the contrary, the magnetic properties of 3d metal-based complexes often suffer from the lack 

of OAM and may only rely on the spin magnitude (instead of relying on both L and S). 
Nevertheless, 3d based systems are still arousing interest, mainly because of their highly tunable 
properties, contrary to lanthanide-containing compounds.81,121  
 
In the past decade, remarkable 3d SMMs were synthesized,119,120 including two-coordinate iron115 
and cobalt113 systems, as well as highly distorted tetrahedral cobalt complexes.42,117,118,198–202 
Amongst 3d mononuclear SMMs, SMMs containing cobalt as a paramagnetic center are the most 
numerous for the following reasons. Cobalt, a readily available metal, displays highly interesting 
magnetic properties: in solid state chemistry, it can be combined with samarium to form the alloy 
SmCo5, a hard permanent magnet.99 In molecular chemistry, in the oxidation state Co2+(d7), it 

can possess the high spin configuration of S=3/2. As a Kramers’ ion (with an odd number of 
unpaired electrons), it is consequently a promising candidate for the design of SMMs.  
 
Although often showing field-induced slow magnetic relaxation, cobalt based complexes can also 
display SMM behavior under zero dc field. They do so when surrounded by the appropriate 
coordination environment preserving some OAM, giving a large spin-orbit coupling (SOC) and 
therefore large zero-field splitting (ZFS).113 The presence of OAM can be associated with the 
degeneracy of two 3d orbitals sharing the same |𝑚𝐿| (magnetic angular momentum quantum 
number) and together occupied with an odd number of electrons. The 3d orbital pairs are 
(𝑑𝑥2−𝑦2 , 𝑑𝑥𝑦) and (𝑑𝑥𝑧, 𝑑𝑦𝑧) are linear combinations of the 𝑚𝐿 = (±2) or (±1) and contribute 
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with an orbital angular momentum L=2 or L=1, respectively.164 An ideal ligand will prevent full 
OAM quenching and therefore allow optimal spin-orbit coupling. Hence, the choice of ligands – 
and their associated geometry – is decisive for the design of cobalt containing SMMs. Therefore, 
recent studies on cobalt based SMMs revealed one major factor.93,113,121,167 They showed that some 
geometries can generate huge spin-orbit coupling and magnetic anisotropy, where cobalt is 
somewhat comparable to a lanthanide. In this chapter, two different geometries on Co2+ centers 
will be probed: the trigonal planar geometry in asymmetric complexes (section 3.2) and highly 
distorted tetrahedral geometry in symmetric [CoN4] SMMs (section 3.3). Both series of cobalt 
complexes are investigated experimentally with theoretical support. 
 

3.2. Trigonal planar field induced cobalt SMMs  
Trigonal planar heteroleptic complexes are relatively rare in literature. Challenging and 
controlled synthesis routes are usually required to obtain such asymmetric compounds.93,121 
Trigonal planar compounds represent, however, a class of promising complexes towards the 
design of SMMs, since they display a low coordination number (three) on the paramagnetic metal 
center. Few magnetically active compounds were reported with 3d transition metals, mostly with 
cobalt94,203,204 and iron.204  

This section focuses on two cobalt complexes, each synthesized from a different SN ligand, 

namely S(NtBu)4
2– (L4) and PPh2CH2S(NtBu)3

– (6_Li/6_H). The obtained cobalt complexes 1_Co 
and 2_Co, respectively, were designed in the hope of observing SMM behavior. Additionally, 
2_Co was designed to probe the influence of the soft weakly donating phosphorus atom on the 
magnetic performances. A ligand directly coordinating through a negatively charged phosphorus 
atom would probably result in a loss of rigidity and lower the anisotropy. The use of the ligand 
6_Li enables to chelate the cobalt ion with two hard nitrogen donors while the third donating 
atom, the phosphorus, can be involved in the coordination sphere through its lone pair of 
electrons.  

The syntheses and structural characterization of 1_Co and 2_Co were performed by J. Jung (see 
Publication VI).186  

3.2.1. Synthesis of 1-2_Co 
1_Co and 2_Co were obtained by a metal exchange reaction. As depicted in Figure 3.2.1, the 

Co(HMDS)2 salt was reacted in npentane with two equivalents of the corresponding ligand L4 or 
6_H in order to obtain 1_Co or 2_Co, respectively. The ligands were synthesized as described in 
Chapter 1: L4 is obtained by sequential additions of tert-butylamine on sulfurdiimine L1, while 
6_H is obtained from the addition of previously distilled PPh2CH2Li on L3 and subsequent 

protonation with tBuNH3Cl. Upon reaction with the metal salt, the solutions turned purple and 
green, respectively, and became troubled. The reaction mixtures were left to stir for one day. The 
subsequent filtration of LiHMDS (1_Co) or removal of HHMDS under reduced pressure (2_Co), 
followed by cooling the reaction solution at –35°C, afforded the products 1_Co and 2_Co in 
78% and 92% crystalline yield, respectively.  
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Figure 3.2.1.: Synthesis route to complexes 1_Co and 2_Co 

3.2.2. Solid-state structures of 1_Co and 2_Co 
The crystals of 1_Co and 2_Co obtained at –35°C from concentrated pentane solutions are 
purple and green, respectively, and suitable for SC-XRD analysis. Both compounds crystallize in 
a monoclinic space group, C2/c for 1_Co and P21/c for 2_Co. The solid-state structures, depicted 
in Figure 3.2.2, revealed the absence of solvent molecules for both compounds and long distances 
between the two nearest cobalt centers (9.1 Å for 1_Co and 9.6 Å for 2_Co).  

Figure 3.2.2. Crystal structures of 1_Co (left) and 2_Co (right). Turquoise, yellow, pink, beige, 
red, dark blue, grey and light blue spheres represent cobalt, sulfur, phosphorus, silicon, oxygen, 
nitrogen, carbon and lithium atoms, respectively. Hydrogens are omitted for clarity.  

In both structures, the cobalt centers are in a similar trigonal planar environment, where one 
HMDS ligand coordinates through the nitrogen atom on one side, and the SN-based ligand 

coordinates to the cobalt atom in a N, N’ chelating mode on the other side. In 1_Co, the ligand 

S(NtBu)4
2– remains coordinated to a lithium atom attached to two THF molecules. A special 

attention should be dedicated to the acute bite angles N-Co-N, which are as small as 73.42(9) Å 
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in 1_Co and 72.88(5) Å in 2_Co (Table 3.2.1). These particular structural characteristics betoken 
interesting magnetic properties, which are presented in the following section.  

Table 3.2.1. Selected bond lengths and angles for 1_Co and 2_Co.  

Compound 1_Co 2_Co 
Co-N(ligand) (Å) 1.9275(16) 1.9581(13); 1.9551(14) 
Co-N(HMDS) (Å) 1.901(2) 1.8912(14) 
S-N (Å) 1.6356(16);  

1.5632(16) (S-NLi) 
1.6051(13); 1.6099(13); 
1.5085(14) (pendent arm) 

Li-N (Å) 1.990(4)  
N-Co-N angle (˚) 73.42 72.88 

PCo (Å) – 3.532 

Co  (N, N, N) plane (˚) 0 0.224 

 

Both compounds contain a S(VI) centered ligand, which differently adapt to the metal centers. 
In the compound 1_Co, the ligand S(NtBu)4

2– is twice negatively charged. Additionally, the higher 
positive charge on the cobalt ion than on the lithium ion pulls the imido substituents away from 
the sulfur, while the S-NLi bond lengths shrink in order to maintain the sum of all S-N distances 
(6.3976 Å in 1_Co vs 6.351 Å for the ligand L4). This variation in S-N bond lengths is probably 
also due to the involvement of the 3d orbitals in the metal-ligand bond. This trend was also 
observed in the analogous zinc structure [(THF)2Li{(NtBu)4S}Zn{N(SiMe3)2}] (sum of all S-N bond 
lengths is 6.395 Å).191

 In 2_Co, while the S-N distances involving the nitrogens coordinating the 
metal are about 1.6 Å on average, the pendent nitrogen atom takes advantage on the 
electropositive sulfur atom, resulting in a much shorter bond distance of 1.51 Å.  

In 2_Co, it seems that the phosphorus atom is oriented towards the cobalt atom. The PCo 
distance is too large for a coordination bond (ranging from 2.0 to 2.5 Å), however not large 
enough to neglect the potential interaction between the two atoms, given the available lone pair 
on the phosphorus and the unsatured coordination sphere of the cobalt. It is therefore likely that 
the phosphine group tends to interact at the apical position of the cobalt complex. This weak 
interaction could be the reason of the lifting up the cobalt atom from the (N, N, N) plane of 
about 0.224 Å. In comparison, in 1_Co, which does not feature a phosphorus arm, the cobalt 
atom is ideally positioned in the (N, N, N) plane (Table 3.2.1). This hypothesis would corroborate 
the influence of the phosphorus atom in the coordination sphere of the cobalt. Furthermore, it 
could explain the drastic differences in the magnetic properties of the two complexes 1_Co and 
2_Co.  

3.2.3. Magnetic characterization of 1-2_Co 
The temperature dependency of χMT is shown in Figure 3.2.3. The χMT values at high temperature 

reveal some appreciable SOC contribution to the magnetic susceptibility, since the χMT values for 
1_Co and 2_Co are far higher than the spin-only value of 1.875 cm3mol-1K for S=3/2 (section 
4.2), especially in 2_Co.  
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VTVH and DC measurements were fitted simultaneously according to the following spin 
Hamiltonian with ZFS and Zeeman splitting. 

𝐻̂ =  𝜇𝐵(𝑆𝑥𝑔𝑥𝐵𝑥 + 𝑆𝑦𝑔𝑦𝐵𝑦 + 𝑆𝑧𝑔𝑧𝐵𝑧) + 𝐷[𝑆̂𝑧
2 −

1

3
𝑆(𝑆 + 1) +

𝐸

𝐷
(𝑆̂𝑥

2 − 𝑆̂𝑦
2)] (Eq 1) 

Attempts to fit the data with an isotropic g value failed. The best fits are obtained with gx ≈ gy. 

While 1_Co possesses maximal transverse anisotropy (D = +44 cm-1, E/D = 0.33), the fitting for 

2_Co reveals a large negative ZFS parameter and some rhombicity (D =–80 cm-1 and E/D = 0.10). 

 

Figure 3.2.3: Temperature dependency of χMT for 1_Co and 2_Co from 210K to 2K (left). The 
black lines are fit to the experimental data points. It was simultaneously fitted with the variable 
temperature variable field experiments (VTVH) for 1_Co (top right) and for 2_Co (bottom 
right). Colored lines are fit to the curves.  

Therefore, only 2_Co is expected to be promising for SMM properties. Intriguingly, both 1_Co 

and 2_Co showed slow relaxation of their magnetization under applied dc field. Maximal χ’’ is 
achieved at 1000 Oe and 2000 Oe, respectively, and the ac dynamic data is shown in Figures 
3.2.4 and 3.2.5. Some differences, however, are notable. The Cole-Cole and Arrhenius plots 
show that 1_Co undergoes several relaxation processes, including Raman (non-linear regime) and 
QTM (temperature independent regime) processes. This is mainly visible in the Arrhenius plot, 
as a sole Orbach process is insufficient to fit the curve. The behavior at low temperatures hints 
for QTM, although a dc field is applied. Additionally, the arced shape of the curve strongly 
suggests additional relaxation through Raman processes. On the contrary, the high temperature 
data points of the Arrhenius plot for 2_Co can be nicely fitted through a linear curve, while a 
Raman process may occur at lower temperatures (curvature appearing at 4K).  
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Figure 3.2.4. In and out of phase signals of the dynamic susceptibility for 1_Co (top). 
Corresponding Cole-Cole plot and Arrhenius plot (bottom).  

Figure 3.2.5. In and out of phase signals of the dynamic susceptibility for 2_Co (top). 
Corresponding Cole-Cole plot and Arrhenius plot (bottom). 
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For both complexes, however, the effective energy barrier is drastically lower than the expected 

value (≈ 2|D|). It is likely that the MS = ±1/2 doublet are not reached during the relaxation 
process. In the case of 1_Co, this is probably due to a bottlenecked Orbach process (shortage of 
phonons that transfer the spin energy to the thermal bath, resulting in a slower relaxation of the 

magnetization),155,205 which explains the presence of slow relaxation albeit the positive D value. 
In 2_Co, this is due to the two-phonon Raman relaxation process.150  

 

3.2.4. Multiconfigurational calculations: probing the influence of the soft P-donor on the 
magnetic properties 
Subsequent CASSCF/NEVPT2-AILFT calculations on 1_Co (calculation 1) and 2_Co 

(calculation 2) confirmed experimental results. Both complexes possess large E/D transverse 

anisotropies, for 1_Co of E/D = 0.31 and for 2_Co of E/D = 0.13. The D values are found +59 
and –105 cm-1, respectively, in very good agreement with the experimental results (Table 3.2.2).  

Table 3.2.2. Selected structural and magnetic parameters for 1_Co and 2_Co 

Compound 1_Co 2_Co 

Experimental data 
N-Co-N angle (˚) 73.42 72.88 

PCo (Å) - 3.532 

Co  (N, N, N) plane (Å) 0 0.224 

χMT (cm3mol-1K) 2.66 3.05 

D (cm-1) +43 –80 
E/D 0.33 0.10 
g (gx = gy, gz) 2.55, 1.92 2.44, 2.91 

Ueff (cm-1) 33.0 21.9 

τ0 (s) 1.1 10-7 3.5 10-7 

Theorerical data 
D (cm-1) +59 –105 
E/D (cm-1) 0.31 0.13 
gx, gy, gz  1.98, 2.55, 2.93 1.86, 2.39, 3.33 
ΔE (d-orbs) (cm-1) 1 882 1 130 
ΔE (KD) (cm-1) 133.4 215.7 

 

These values are comparable to the known trigonal planar cobalt SIMs, with the negative D value 
for 2_Co higher than most of the other three-coordinate cobalt SIMs previously reported. The 
theoretical energy difference ∆𝐸 (𝐾𝐷) between the two first Kramers’ doublets (KD) is relatively 
large, but high mixing rates of the MS states prevent a clear splitting and therefore hamper slow 
magnetic relaxation without applied field. The d orbital splitting predicts that the two relevant d 
orbitals are dxz and dyz, whose energy levels are separated of ∆𝐸 = 1 882 and 1 130 cm–1, for 1_Co 
and 2_Co respectively (Figure 3.2.6). Ideally, these orbitals should be completely degenerate to 
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preserve the first-order orbital angular momentum (OAM) responsible for spin-orbit coupling 
and enhanced magnetic anisotropy. Nevertheless, the present configuration should still prevent 

a complete quenching of the OAM (second-order OAM) and should give negative D values, as 
predicted by the d-orbital splitting (dz2 lower in energy than the two dxz and dyz orbitals). For 1_Co, 

however, the CASSCF-NEVPT2 calculation predicts a positive D value, but since the E/D 

parameter is close to 0.33, the sign of D cannot be determined reliably.  

 

Figure 3.2.6. Energy splitting diagram for 1_Co and 2_Co from AILFT calculations. The 
difference of energy ΔE between the two important orbitals is indicated with a purple arrow.  

To better assess the origin of the drastically different magnetic anisotropies in 1_Co and 2_Co, 
additional calculations were performed (modified structures presented in Figure 3.2.7). First, the 
influence of the phosphorus side arm in 2_Co by replacing the phosphino group by a hydrogen 
atom (calculation 3) or by displacing it away from the metal ion (calculation 4). The calculated 
axial anisotropy decreases from –105 cm-1 to –80 cm-1 and the rhombic parameter slightly 
increases. Additionally, modifying 2_Co to have all Co and coordinating nitrogen atoms coplanar 
(similar to 1_Co, calculation 5) results in a drastic change: the ZFS parameter becomes positive, 

reaching a value of +63 cm-1 and the E/D value is about 0.10. Finally, the importance of the 
electronic effects in 1_Co was assessed by considering a heavier alkali metal instead of lithium 
(calculation 6). The potassium analog shows exactly the same ZFS and rhombic parameters as 
1_Co. The energy gaps between the relevant orbitals and the KD1 are also in the same range. The 
relevant magnetic parameters summarized in Table 3.2.3.  
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Figure 3.2.7. Modified structures for the calculations with their respective abbreviations and 
calculation number. The Co position in 2_Co modified structures is exaggerated for better clarity.  

Table 3.2.3. Comparison of selected theoretical parameters from calculations 1-6 

 

The main difference is visible from calculation 2 to calculation 5, when the structure is modified 
in such a way that the respective first coordination spheres of 1_Co and 2_Co are almost identical 
(the cobalt atom in 2_Co is then in the N, N, N plane). In calculation 5, the ZFS parameter 

becomes positive, and its value is comparable to the D value found for the unmodified 1_Co 
complex (calculation 1). The additional two calculations 3 and 4 assessing the influence of the 

phosphine group on the magnetic anisotropy parameters D and E/D hint at the importance of 
the presence of the soft donor atom. Calculation 5 further suggests that the weak interaction 
between the cobalt and the phosphorus atoms may be responsible for the geometrical differences 

Calc. 
# 

Compound D 
(cm–1) 

E/D gx, gy, gz 
values 

∆𝑬 (cm–1) 
(d-orbitals) 

∆𝑬 (KD)  
(cm–1) 

1 1_Co  +59 0.31 1.98, 2.55, 2.93 1 882 133.4 

2 2_Co –105 0.13 1.86, 2.39, 3.33 1 130 215.7 

3 2_Co with H –90 0.16 1.94, 2.37, 3.18 1 095 186.0 

4 2_Co PPh2 
away 

–87 0.16 1.94, 2.39, 3.16 1 083 181.1 

5 2_Co akin 
1_Co 

+63 0.10 1.96, 2.74, 2.87 1 585 154.2 

6 1_Co with K  +59 0.31 1.98, 2.55, 2.93 1 929 134.4 
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in 1_Co and 2_Co at the cobalt center: the cobalt atom is coplanar to the binding nitrogen atoms 
in 1_Co and 2_Co (calculation 5) whereas the interaction between P and Co seems to lead to the 
slight lift up of the cobalt atom out of the (N, N, N) plane in 2_Co. This could further explain 
why the magnetic properties are so different from 1_Co to 2_Co.  

3.2.5. Conclusion and perspectives 
2_Co displays better magnetic performances as 1_Co, especially in terms of axial magnetic 
anisotropy. Further calculations on modified structures suggest that the structural deviation 
arising from the attraction of the cobalt atom by the side arm’s phosphorus atom may benefit to 
the magnetic properties. This could be experimentally probed by synthesizing and magnetically 
investigating the modified complex 2_Co from calculation 3. Overall, the theoretical calculations 
as well as the experimental data strongly suggest that the phosphorus atom, albeit not binding, is 
precisely positioned at a sensitive spot regarding the magnetic properties.  

The introduction of the PM interactions might be even more advantageous with larger metal 
ions, such as lanthanides, which are prone to build complexes with higher coordination numbers. 
With 3d metals, further ligand optimization to prevent under barrier relaxation is necessary. 
Using a more flexible ligand than HMDS may enhance the interaction between the cobalt and 
the phosphorus atom. Alternatively, other soft donor atoms could be probed.  
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3.3. Distorted tetrahedral mononuclear cobalt single-ion magnets 
It is well established that strongly distorted tetrahedral cobalt systems [CoE4] (E = donor atom) 
can serve as zero-field SMMs. Along with linear cobalt complexes, these systems benefit from their 
unusual geometries, leading to a preserved orbital angular momentum (OAM), which then results 
in remarkable magnetic properties. Complexes featuring acute E-Co-E angles were even found to 
withstand small magnetic fields before demagnetization. Several studies, including a reference 
study of a highly distorted tetrahedral mononuclear cobalt SMM, (CoMSA, MSA = 
N2(CH3SO2)2C6H4),199 further suggest that the smaller the E-Co-E bite angle the larger the ZFS. 
This follows the philosophy that a stronger distortion narrowing two donor atoms to each other 
ultimately approaches a linear coordination environment, where the 𝑑𝑥2−𝑦2 and 𝑑𝑥𝑦 orbitals are 

degenerate. Neither the limits of distortion for the bite angle nor the possible existence of an 
optimal angle have been mentioned. Instead, theoretical92,93,123,200 or experimental magneto-
structural investigations focused on other structural variations,92,158 such as changing the donor 
strength and the counter ion132,200,206,207 or applying high-pressure. 82,124,159,208,209 None of these 
studies formulate the hypothesis of an ideal bite angle. All of them are based on the common 
perception of compression from distorted tetrahedral D2d to linear C∞ geometry as the best 
strategy towards superior SMMs. This section aims to show the existence of such an optimal E-
Co-E bite angle for the specific case where E are nitrogen donor atoms. (Figure 3.3.1).  

Figure 3.3.1. Evolution of the 3d orbital splitting from tetrahedral to linear geometry through 
distortion along the z axis. Both linear and ideally distorted tetrahedral systems give optimized 
magnetic properties. 
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This is done by combining experiments with computations on five highly distorted tetrahedral 
mononuclear cobalt SMMs with small variations of 2-3° of the N-Co-N bite angle. Starting from 

the previously reported compound [Co{(NtBu)3SMe}2], (5_Co),42 four novel complexes 

[Co{(NtBu)2SMe}2], (3_Co), [Co{(NtBu)2SPh}2], (4_Co), [Co{(NtBu)3SPh}2], (6_Co), and 

[Co{(NtBu)3SCH2PPh2}2], (7_Co) are herein presented (Figures 3.3.2 and 3.3.3). They all feature 

a Co2+ Kramers’ ion (d7, S = 3/2) coordinated to two identical RSN2 bidentate ligands. 
Furthermore, the complexes are rare examples of cobalt compounds possessing extremely acute 
N-Co-N bite angles. Hence, magnetic properties may be expected. These results were partially 
published in Publication IV. 

3.3.1. Synthesis of 3-7_Co 
This section focuses on the synthesis of the aforementioned cobalt complexes, while the synthesis 
of the various used ligands can be found in the first chapter of this work. Similar to previously 
reported synthesis of similar cobalt complexes, mixing CoCl2 with two equivalents of the 
appropriate ligand (1_Li, 2_Li, 4_Li) in pentane in an argon glovebox afforded the desired 
products 3_Co, 4_Co and 5_Co in acceptable yields (Figures 3.3.2 and 3.3.3). The addition of 
the ligand solution to the blue cobalt salt suspension resulted in immediate color change to dark 
purple or pink and complete dissolution of all materials. The reactions were left to stir overnight. 
After filtration through celite and removal of the volatiles, the colorful (purple, pink or red) 
obtained solids were recrystallized from concentrated pentane in the freezer at –35°C. The same 
procedure was applied to synthesize compounds 6_Co and 7_Co from the ligands 5_Li and 6_Li. 
They however appeared to be less soluble in pentane in comparison with the other cobalt 
complexes, which resulted in very poor yields. Therefore, for compound 6_Co and 7_Co, the 
reaction took place in toluene. The volatiles were subsequently removed, the obtained solids were 
washed with cold pentane and were then redissolved in a minimal amount of toluene. Upon 
filtration, the colorful pink toluene solutions were set to recrystallize by slow evaporation at room 
temperature and crystals suitable for X-ray analysis were obtained in good yields after a week. 
Strongly paramagnetic, the compounds could not be characterized by NMR spectroscopy.  

 

Figure 3.3.2. Synthesis route to complexes 3-7_Co 
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Figure 3.3.3. Scheme of the cobalt complexes 3-7_Co 

The respective crystallization conditions, color, and yield of compounds 3-7_Co are summarized 
in Table 3.3.1. All complexes are colorful (see UV-vis spectra in Figure 4.2.15.2). Unfortunately, 
the last Co complex of the series with the ligand 3_Li ([Co{(NtBu)2SCH2PPh2}2], S(IV) analog to 
7_Co) could not be isolated, although the reaction mixture turned dark purple upon mixing the 
two starting materials. While the complexation probably takes place, it is likely that the S(IV) 
species are less stable and more difficult to recrystallize, which would explain the poorer yield for 
3_Co. On the contrary, the high yield observed for 4_Co may be due to better packing 
arrangements arising from π interactions between the phenyl groups. The S(VI) based species 
may be more stable due to the strong electrostatic interactions between the sulfur and the 
nitrogen atoms.  

Table 3.3.1. Crystallization conditions, color and yield for 3-7_Co 

Product Recrystallization solvent 
and temperature (°C) 

Color Crystalline yield 

(%) 

Co(MeS(NtBu)2)2 (3_Co) Pentane, -35°C Purple 40 

Co(PhS(NtBu)2)2 (4_Co) Pentane, -35°C Pink red 78 

Co(MeS(NtBu)3)2 (5_Co) Pentane, -35°C Pink 80 

Co(PhS(NtBu)3)2(6_Co) Toluene, +25°C Pink purple 78 

Co(PPh2CH2S(NtBu)3)2 

(7_Co) 
Toluene, +25°C Pink 74 

 

3.3.2. Solid-state structures of 3-7_Co 
All complexes were further characterized with single crystal X-ray diffraction to determine their 

molecular structure. In each structure, the cobalt atom is coordinated in an N,N’-chelated fashion 
by two ligand molecules. It forms a distorted tetrahedral coordination polyhedron. The steric 
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hindrance created by the tert-butyl peripheral substituents ensure that the intermolecular Co2+ 
ions are magnetically well isolated, which corroborates the relatively long intermolecular distances 
in crystal packing.  

Herein, 3_Co and 4_Co both feature a sulfur atom in the oxidation state +IV (with one free 
electron pair) and will therefore be first structurally analyzed together. 3_Co crystallizes in the 
monoclinic space group C2/c while 4_Co crystallizes in the monoclinic space group P21/c with 
one molecule in the asymmetric unit. The crystal structures are presented below.  

Figure 3.3.4 Crystal structure of 3_Co in two different orientations. Turquoise, grey, dark blue 
and yellow represent cobalt, carbon, nitrogen and sulfur atoms, respectively. Hydrogen atoms are 
omitted for clarity.  

 

Figure 3.3.5. Crystal structure of 4_Co in two different orientations. Turquoise, grey, dark blue 
and yellow represent cobalt, carbon, nitrogen and sulfur atoms, respectively. Hydrogen atoms are 
omitted for clarity 

Selected bond lengths and angles for 3_Co and 4_Co are presented in the following tables 3.3.2 
and 3.3.3. The Co-N distances are standard for high spin tetracoordinated Co2+ complexes, 
between 1.75 and 2.05 Å.210 They are shorter of 0.01-0.02 Å in 3_Co than in 4_Co, similar to 
the variations in S-N bond lengths (max. 0.014 Å). The S-CMe/Ph distance also varies of 0.01 Å. 
This shows how the change of substituents in the second coordination sphere reflects into the 
first coordination sphere. Sharp CPh/Me-S-N angle of about 102-105° are observable, as the free 
electron pair on the sulfur atom pushes the methyl group in 3_Co and the phenyl group in 4_Co 
away from the N-S-N plane. This results in a trigonal pyramidal geometry on the sulfur atoms, 
with the sulfur atom at 0.874 and 0.754 Å away from the (N, CPh/Me, N) plane, respectively. The 
N-Co-N bite angles are small: only 72.2° and 72.6°, respectively (vs. 109.58° in tetrahedron). Such 
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acute bite angles are rare in the literature, a search for tetrahedral Co[N4] complexes with N-Co-
N angles between 60° and 80° gives only 7 hits (excluding the present complexes), with only 2 
other complexes with 70 < N-Co-N < 75°. The packing analysis of 3_Co and 4_Co shows that 
two nearest Co atoms are well separated from each other by a distance of 9.16 Å and 8.66 Å, 
respectively. These large distances should prevent intermolecular magnetic coupling, otherwise 
resulting in diminished SMM properties.  

Table 3.3.2. Selected bond lengths and angles for 3_Co 

Bond lengths (Å) Angles (°) 

Co-N1 1.982(9) N1-Co-N2 72.15(10) 

Co-N2 1.998(10) N1-S1-N2 93.84(13) 

Co-S1 2.7302(7) CMe-S1-Co 114.32(17) 

S1-N1/2 1.623(2) – 1.625(3) N1-Co-N2’ 131.80(11) 

S1-CMe 1.814(4) – 1.806(13)  N2-Co-N2’ 135.51(18) 

 

Table 3.3.3. Selected bond lengths and angles for 4_Co 

 

5_Co, 6_Co and 7_Co differ from the two previous compounds mainly because of the sulfur 

oxidation state +VI, which allows a further tert-butyl amine substitution. The sulfur atom is 
therefore now tetra-substituted while, in the case of S(IV) species, it is only tri-substituted and 
possesses a lone pair of electrons.   

Bond lengths (Å) Angles (°) 

Co-N1/2 2.004(2) - 2.010(7) N1-Co-N2 72.7(2) 

Co-N3/4 2.006(8) - 2.004(3) N3-Co-N4 72.6(3) 

Co-S1/2 2.729(2) - 2.724(2) N1-S1-N2 93.5(3) 

S1-N1/2 1.629(6) - 1.637(3) N3-S2-N4 93.3(3) 

S1-CPh 1.805(8) CPh-S1-Co 117.77(8) 

S2-N3/4 1.635(4) - 1.630(6) CPh-S2-Co 119.00(9) 

S2-CPh 1.804(7) N1/2-Co-N4/3 133.42(19) - 
138.36(8) 
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The structure of 5_Co was previously reported by Stalke et al. and can be described as follows. 
The X-ray structure determination revealed that 5_Co crystallizes in the monoclinic space group 
C2/c with half a molecule in the asymmetric unit. The twofold rotation axis running through 
the central Co2+ generates the full picture.  

Figure 3.3.6. Crystal structure of 5_Co in two different orientations. Turquoise, grey, dark blue 
and yellow represent cobalt, carbon, nitrogen and sulfur atoms, respectively. Hydrogen atoms are 
omitted for clarity.  

In 5_Co, the Co1-N1/2 bond lengths are again in the standard range for tetra-coordinated high-
spin Co2+ complexes (between 1.75 and 2.05 Å, Table 3.3.4). The S1-N1/2 bond lengths are 
elongated by 0.06 Å, in comparison to the pending S1-N3 bond. This is probably due to 
reinforced electrostatic interactions between the sulfur atom in the sixth oxidation state SVI and 
the negatively charged N3 atom. The N-Co-N bite angle is acute here as well, of 71.46° (vs. 109.58° 
in tetrahedron). The electrostatic and steric influences of the methyl group substituent on the 
sulfur seem therefore similar to those of the alkyl groups in the structures 3-7_Co. The CMe-S1-

Co angle is slightly smaller, which may be due to the higher steric hindrance between the tBu 

groups and the Me vs Ph group. The S1-CMe distance is nevertheless somewhat larger than S1-CPh 
in 6_Co in agreement with the electron-donating nature of the methyl group and the electron-
attracting properties of the phenyl group.  

Table 3.3.4. Selected bond lengths and angles for 5_Co 

Bond lengths (Å) Angles (°) 

Co-N1 1.9873(11) N1-Co-N2 71.46(4) 

Co-N2 1.9939(10) N1-S1-N2 92.92(5) 

Co-S1 2.7159(7) CMe-S1-Co 113.67(4) 

S1-N1/2 1.5989(10) - 1.6084(11) N1-Co-N2’ 130.02(4) 

S1-N3 1.5267(10) N2-Co-N2’ 130.25(6) 

S1-CMe 1.7867(13)   
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Akin to 5_Co, 6_Co crystallizes in the monoclinic space group C2/c with half a molecule in the 
asymmetric unit. The full structure representation is generated by symmetry thanks to the twofold 
rotation axis running through the central Co2+. 

Figure 3.3.7. Crystal structure of 6_Co in two different orientations. Turquoise, grey, dark blue 
and yellow represent cobalt, carbon, nitrogen and sulfur atoms, respectively. Hydrogen atoms are 
omitted for clarity. 

The Co-N bond distances are in the same acceptable range of 1.75-2.05 Å for Co2+ complexes. A 
remarkably acute bite angle of 70.8° is observed for N1-Co-N2 (vs. 109.58° in an ideal 

tetrahedron). Since the phenyl and the free tert-butyl amine positions are highly disordered (55% 
for the main position), precise evaluation of the bond distances and angles involved is difficult. 

Nevertheless, it seems that the third tert-butyl amine group on the sulfur atom, now in the 
oxidation state +VI, almost perfectly substitutes the free electron pair of the sulfur atom in 4_Co, 
in terms of structural geometry. This is observable in the similar angles CPh-S1-Co : 117.7°-119.0° 
for 4_Co and 118.9°-119.3° for 5_Co.  

Table 3.3.5. Selected bond lengths and angles for 6_Co 

Bond lengths (Å) Angles (°) 

Co-N1 2.001(3) N1-Co-N2 70.84(11) 

Co-N2 2.007(3) N1-S1-N2 93.27(14) 

Co-S1 2.7297(8) CPh-S1-Co 118.9(3) - 119.3(2) 

S1-N1/2 1.597(3) - 1.598(3) N1-Co-N2’ 130.95(11) 

S1-N3 1.571(6) - 1.563(8) N2-Co-N2’ 132.45(17) 

S1-CPh 1.688(10) - 1.735(8)   
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7_Co possesses an additional pending phosphine arm, which classifies it as a so-called scorpionate 
SN ligand, a sub-type of Trofimenko’s ligands. These ligands can demonstrate higher chelation 
thanks to the additional soft donor phosphorus atom. The X-ray analysis of 7_Co, however, 
revealed that it does not act in this manner in this particular configuration (Figure 3.3.8). 7_Co 
crystallizes in the monoclinic space group C2 with half a molecule in the asymmetric unit. The 
entire structure can be generated by symmetry due to the two-fold rotation axis running through 
the central cobalt atom. The bite angle for N1-Co-N2 is comparable to these of the 3-6_Co parent 
structures, with 71.43° (vs. 109.58° in tetrahedron). The phosphorus atom, instead of showing 
an orientation towards the cobalt center, is about 6.4 Å away from the metal and points in the 
opposite direction. The CPPh2-S1-Co angle of 115° is in the middle range of the Calkyl-S1-Co angles 
(113-119°), indicative of the adaptability of the ligand to the steric hindrance of the phosphine 
group. Since the phosphorus atom becomes a worse electron-donor due to the two phenyl groups, 
the S1-CPPh2 bond is slightly elongated to 1.804(5) Å, whereas the distances S1-CMe and S1-CPh are 
shorter in the complexes 5_Co and 6_Co, due to the electron-donating nature of the substituents. 
The S1-CPPh2 distance is slightly shorter to those of the asymmetric lithium complex 6_Li 
(1.8182(16) Å) and the asymmetric cobalt complex 2_Co (1.8101(15) Å).  

Figure 3.3.8. Crystal structure of 7_Co in two different orientations. Turquoise, grey, dark blue 
pink and yellow represent cobalt, carbon, nitrogen, phosphorus, and sulfur atoms, respectively. 
Hydrogen atoms are omitted for clarity. 

Table 3.3.6. Selected bond lengths and angles for 7_Co 

Bond lengths (Å) Angles (°) 

Co-N1 1.986(4) N1-Co-N2 71.43(16) 

Co-N2 2.002(4) N1-S1-N2 92.92(5) 

Co-S1 2.7176(11) CPPh2-S1-Co 115.33(17) 

S1-N1/2 1.610(4) - 1.596(4) N1-Co-N2’ 133.35(16) 

S1-N3 1.523(4) N2-Co-N2’ 130.0(3) 

S1-CPPh2 1.804(5)   
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The metrical variations found in complexes 3-7_Co could fully be explained in agreement with 
the sterical and electronical influences of the different substituents. In all five structures, the 
cobalt atom was found tetra-coordinated in a highly distorted tetrahedral manner. The N1-Co-
N2 angles are remarkably acute, regardless of the substitution variations (Table 3.3.7). Because 
the bond distances can be rationalized in this way, it is surprising to notice that the further 
oxidation of sulfur produces slightly more acute chelating angles, since 3_Co and 4_Co display 
larger N1-Co-N2 angles than 5_Co, 6_Co, and 7_Co.  

Table 3.3.7. Comparison of selected characteristics in 3-7_Co. The complexes are ranged in order 
of decreasing bite angle N-Co-N.  

Compound Bite Angle  
N1-Co-N2 (°) 

S1-CR’ (Å) S(oxidation state),  
alkyl substituent  

4_Co 72.7(2) 1.805(8) S(IV), Ph 

3_Co 72.15(10) 1.814(4) – 1.806(13) S(IV), Me 

3_Co 71.46(4) 1.7867(13) S(VI), Me 

7_Co 71.43(16) 1.804(5) S(VI), CH2PPh2 

6_Co 70.84(11) 1.688(10) - 1.735(8) S(VI), Ph 

 

3.3.3. Magnetic characterization of 3-7_Co 
Through the use of Co2+ (d7) as paramagnetic center, we expect the obtained complexes to show 
interesting magnetic properties. Additionally, the complex 5_Co was already magnetically 
characterized before,42 and showed SMM behavior. Thus, comparable magnetic properties are 
expected for all cobalt complexes of the present series. Therefore, the complexes were 
magnetically characterized on a SQUID magnetometer, while additional measurements were 
performed on 5_Co for full comparison with the other complexes of this series.The temperature-

dependence of the product χMT gives information regarding the paramagnetic character of the 
compound, the number of spins present in the molecule as well as the importance of the 
contribution of the orbital angular momentum into the magnetic behavior. Figure 3.3.9 shows 

the static magnetic susceptibility temperature product χMT as a function of temperature. At high 
temperature, the values are constant, according to Curie’s law for paramagnetic compounds. 
Notably, the 200 K-values are much larger than the spin-only value of 1.875 cm3mol-1K. If the 

spin-orbit coupling (SOC) is taken into account for an ideal, strongly coupled L=2 and S=3/2 

system, the product χMT can be as high as 4.02 cm3mol-1K (J = 7/2). The complexes 3-7_Co clearly 

display χMT values closer to those of ideal, strongly coupled systems. This indicates a significantly 

large contribution of the orbital angular momentum L to the magnetic susceptibility. More 

generally, it shows that S only is not a good quantum number to describe the magnetic properties 

in these compounds and that the quantum number J would be more suitable, especially for 3_Co, 

where the χMT value almost reaches the ideal 4.02 cm3mol-1K value for a fully L-S coupled system. 
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Figure 3.3.9. Temperature dependency of χMT for 3-7_Co. Black lines indicate fit to the 
experimental data (colorful dots) 

The χMT values are constant from 200 K to about 100 K, at the point where they start decreasing. 

The observed decrease of χMT cannot be attributed to intermolecular interactions because the 
distance between two nearest Co is far too large in all complexes: at least 8.65 Å. This decrease 
at low temperature starts around 60K, which is still a high temperature for the typical sign of 
magnetic saturation and limitation of Curie’s law.  

Noteworthy, the complexes 3_Co and 4_Co of the S(IV) series possess higher χMT values at high 
temperature. This hints that they may perform better in terms of overall magnetic properties than 
the complexes 5_Co, 6_Co and 7_Co of the S(VI) series. The fit of the curves was performed 

with the program Jul-2s. The first attempts to simulate the data with an isotropic g tensor failed. 

Therefore, anisotropic g values were considered, when possible, with gx = gy., according to the spin 
Hamiltonian with ZFS and Zeeman Splitting:  

𝐻̂ =  𝜇𝐵(𝑆𝑥𝑔𝑥𝐵𝑥 + 𝑆𝑦𝑔𝑦𝐵𝑦 + 𝑆𝑧𝑔𝑧𝐵𝑧) + 𝐷 [𝑆̂𝑧
2 −

1

3
𝑆(𝑆 + 1) +

𝐸

𝐷
(𝑆̂𝑥

2 − 𝑆̂𝑦
2)] (Eq. 3.1) 

(See Annex 1, Eq. 4.7 for details). The best fitting parameters are given in the Table 3.3.8.  

Fitting with gx = gy. was possible for all complexes and explains why no rhombicity is observed 

(E/D = 0). All other parameters were set free, resulting in the rise of intermolecular coupling in 
all complexes except 4_Co. While 6_Co and 7_Co may possess some weak intermolecular 
interactions induced by the phenyl substituents (possible π stacking), the origin of intermolecular 
coupling is still unclear in 3_Co and 5_Co (substituents are methyl groups). Nevertheless, all 

compounds have negative ZFS parameter values (–D), indicating that the MS = ±3/2 are the lowest 
in energy and that SMM behavior may be observable. 
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Table 3.3.8. Fitting parameters for the modelling of the DC susceptibility of complexes 3-7_Co 

As expected from their high temperature χMT values, the compounds 3_Co and 4_Co clearly 
possess the largest ZFS parameter values, which is highly promising for their magnetic 
performances. The best performing distorted tetrahedral cobalt SMMs to date have ZFS values of 
–115 cm-1 (CoN4 core, complex CoMSA (MSA = N2(CH3SO2)2C6H4)) and –165 cm-1 (CoS4 
core).117,199  

Dynamic susceptibility measurements were further conducted in the search of indication of slow 
relaxation of the magnetization in complexes 3-7_Co. Under a small 3Oe ac field and in the 
absence of dc external field, all complexes exhibit pure SMM behavior. The out-of-phase signals 
of the ac susceptibility vs the ac frequency show the characteristic maxima at low temperatures 
and the concomitant decrease and shift at higher temperatures. ac susceptibility measurements 
for 3_Co are shown in Figure 3.3.10. The in- and out-of-phase signals of the ac dynamic 
susceptibility reveal that the complex 3_Co slowly relaxes its magnetization under zero field. Even 
at low temperatures, the maxima of the curves start shifting towards higher frequencies. This is 
an indication for very little (or non-existent), temperature independent QTM effects. Peaks are 
detectable up to 17K, upon which they shift outside of the range of the magnetometer. The Cole-
Cole plot was fitted with one relaxation process. The Arrhenius plot, however, shows that at least 
two relaxation processes, the Orbach (linear area) and the Raman (curved area) processes. From 
the Orbach process fit, the energy barrier is found to be 25.9 cm-1 with an attempt time of 1.03 
10-5 s. The full fit yields a higher energy barrier of 270 cm-1, as expected from the dc data. The 
application of an external field of 1500 Oe (optimal field maximizing the ac susceptibility) 
suppresses most of the QTM and slow magnetic relaxation of the magnetization is measurable up 
to 20K. The Cole-Cole plot can be fitted almost perfectly with one process. The Arrhenius plot 
is fitted with direct, Orbach and Raman processes, without QTM since none is detectable 
whether in the ac plots nor in the Cole-Cole plot. Additionally, the Arrhenius plot does not show 

a temperature independent area. An Orbach-only fit gives a Ueff slightly superior to the zero-field 
value, reaching 35.2 cm-1 with an attempt time of 7.29 10-6 s. 

Fitting parameters 3_Co 4_Co 5_Co 6_Co 7_Co 

D (cm-1) –120 –114 –81 –76 –80 

E/D 0 0 0 0 0 

gx  

gy  

gz 

2.30 

2.30 

3.42 

2.27 

2.27 

3.20 

2.14 

2.14 

2.70 

2.16 

2.16 

3.15 

2.06 

2.06 

2.85 

TIP (emu) 0 0 0 0 0 

PI (%) 0 0 0.5 0 0 

2zj (inter. coupling) -0.20 -0.02 -0.44 -0.48 -0.51 
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Figure 3.3.10. ac relaxation data for 3_Co under zero field. Real and imaginary parts of the ac 
susceptibility (top, lines are guide for the eyes), Cole-Cole plot and Arrhenius plot (bottom, lines 
are fit to the curves). The full fit is done according to Eq 2.1. 

Figure 3.3.11. ac relaxation data for 3_Co under an applied field of Hdc = 1500 Oe. Real and 
imaginary parts of the ac susceptibility (top, lines are guide for the eyes), Cole-Cole plot and 
Arrhenius plot (bottom, lines are fit to the curves). The full fit is done according to Eq 2.1. 
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The full fit was performed according to Eq 2.1, with a fixed U value of 270 cm-1, and the best 

parameters for the Raman process of n ≈ 3 and C = 0.07, close to literature values reported for 
such systems. 3_Co shows a butterfly-shaped hysteresis at low temperatures, from 1.8K to 2.3K, 
even at very slow sweep rates (200Oe/s), as depicted at the top in Figure 3.3.12. A quicker sweep 
rate at 1.8K shows a greater opening of the wings of the hysteresis but it still remains closed at 0 
Oe (Figure 3.3.12, bottom).  

Figure 3.3.12 (Top) Hysteresis at 200Oe/s from 1.8K to 3.5K for 3_Co. The butterfly hysteresis 
closes at 2.3K. Inset: zoom-in of the (+, +) quadrant of the hysteresis curve. (Bottom) Hysteresis 
at 1.8K for 200Oe/s and 500Oe/s sweep rates for 3_Co.  
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4_Co exhibit even better magnetic properties, as well in dynamic susceptibility data as in the dc 
data. The ac susceptibility data is shown in Figure 3.3.13, under zero field and under the optimal 
field of 1500 Oe.  

Figure 3.3.13. ac susceptibility data for 4_Co from 2K to 22K under zero field (top) and at 1500 
Oe (bottom). Lines are guide for the eyes.  

Figure 3.3.14. Cole-Cole and Arrhenius plots for 4_Co under zero field (top) and under 1500 
Oe (bottom). The Orbach-only fit is shown in black.  
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Maxima of the peaks indicative of slow magnetic relaxation are observable up to 22K and the 
application of an external field enables to completely suppress QTM, as the observable relaxation 
process is clearly temperature-dependent (Figure 3.3.13). The analysis of the Cole-Cole plot 
under zero field confirms this hypothesis. It shows that several relaxation processes are taking 
place. Upon application of the external dc field, however, a single slow relaxation process is visible 
and gives a good fit. The shape of the Arrhenius curve further corroborates the existence of 
multiple processes, including QTM for data at zero field, and the suppression of QTM with the 

application of the dc field. The pure Orbach fit gave the following parameters: Ueff = 52.8 cm-1; τ0 

= 2.23 10-6 s under zero applied field and Ueff = 67.0 cm-1; τ0 = 1.73 10-6 s with an applied dc field 
of 1500 Oe. A full fit of the zero field ac data according to Eq 2.1 improves the energy barrier up 
to 283 cm-1, in good agreement with the dc data.  

Figure 3.3.15. Arrhenius plot for 4_Co. Orbach-only and full fit are represented as dashed black 

line and solid purple line, respectively. Full fit best parameters: τ0 =2.67 10-9s; C = 1.22; n = 3.0; 
no QTM (fixed).  

Figure 3.3.16. Magnetic hysteresis for 4_Co at the sweep rates of 500 Oe and 200 Oe/s at 1.8K.  
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Additionally, 4_Co shows a magnetic hysteresis whose shape is strongly dependent on the field 
sweep rate. At 1.8K, a rapid sweep rate of 500 Oe/s even results in hysteresis opening at 0 Oe, 
with a coercivity of 0.02T (200 Oe). (Figure 3.3.16). The wings of the hysteresis close at 3.5K.   

Figure 3.3.17. Magnetic hysteresis for 4_Co from 1.8K to 3.5K at 200Oe/s. Inset: zoom-in of the 
(+, +) quadrant of the hysteresis curve. 

The shape and field-dependency of the hysteresis curve are very similar to these of the complex 
CoMSA (MSA = N2(CH3SO2)2C6H4), which is one of the distorted tetrahedral cobalt SMM with 
the best magnetic properties to date.199 Further comparison will be performed with multi-
configurational calculations in the following section.  

Analysis of the magnetic data for 5_Co has already been reported elsewhere.42 Additional results 
are briefly described below. Zero-field ac data was analyzed and shows slow relaxation of the 
magnetization up to 15K. The shapes of the out-of-phase signal of the dynamic susceptibility, as 
well as the curve of the Arrhenius plot suggest the presence of multiple relaxation processes 
(Figure 3.3.18). The Cole-Cole plot was fitted with one slow relaxation process, but QTM and 
Raman processes are also identifiable. The Arrhenius plot clearly shows a linear regime (Orbach), 

a temperature-independent regime (QTM) and a Tn dependent regime (Raman). The pure Orbach 

fit gives Ueff = 90.4 cm-1; τ0 = 2.13 10-9 s, while the following best parameters are found for the full 

fit according to Eq 2.1: τ0 =6.10 10-10s; C = 1.65 10-5; n = 7.94; τQTM = 8.13 10-4 s. In comparison 

with 3_Co and 4_Co, the Raman constant is very small, and n is much higher, which indicates 
the presence of an additional pure Raman process (expected value of 7, or Kramers Raman 

process, expected value of 9). Application of an external field of 1500 Oe gives an n value of 9.6, 
closer to the expected value of 9 for a Kramers Raman process. Additionally, the energy barrier 

is lower than without external field, 75 cm-1, with a characteristic time of τ0 =2.64 10-8s.  
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Figure 3.3.18. ac susceptibility data for 5_Co from 2K to 14K under 0 Oe (top, reproduced from 
elsewhere with permission). Lines are guide for the eyes. Cole-Cole fit (bottom left) and Arrhenius 
plot (bottom right). Lines are fits to the curves. 

A butterfly-shaped hysteresis is also observable for 5_Co, as previously reported,42 and is 
comparable to the hysteresis found in 4_Co. The wings of the hysteresis, however, close at 2.9K 
and no hysteresis opening was observed while varying the sweep rate. The closing of the hysteresis 
at 0 Oe and the jump at the origin of the axes is typical of the presence of QTM effects.  

The magnetic behavior of 6_Co is comparable to 3_Co (Figure 3.3.19). Slow relaxation of the 
magnetization is observable up to 15K and a temperature-independent regime is identified from 
2K to 5K, where the maxima of the out-of-phase signals are not shifted towards higher 
frequencies. Upon the application of an external magnetic field of 1500 Oe, the QTM effects are 
suppressed. The Cole-Cole plots further confirm this hypothesis. Additionally, the Orbach-only 
fit of the linear area of the Arrhenius curve shows the increase of the energy barrier from 35.5. 
cm-1 (0 Oe) to 57.6 cm-1 (1500 Oe) with comparable characteristic times (Figure 3.3.20). At low 
temperatures (higher 1/T), no plateau is observable in the presence of the dc field. A full fit for 
ac data at 0 Oe gives a much higher energy barrier value of 213 cm-1, in better agreement with the 

dc data (Figure 3.3.21). The Raman parameters are found C = 2.30 and n = 3.19, similar to those 
found for 4_Co.  
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Figure 3.3.19. ac susceptibility data for 6_Co from 2 K to 15 K under 0 Oe (top) and 1500 Oe 
(bottom). Lines are guides for the eyes. 

Figure 3.3.20. Cole-Cole plots (top) and Arrhenius plots (bottom) for 6_Co under 0 Oe and 
1500 Oe. Black lines in the Cole-Cole plots and red lines in the Arrhenius plots represent the fit 
to the curves.  
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Figure 3.3.21. Arrhenius plot for 6_Co with fits of the ac relaxation under zero applied field.  

Akin to parent complexes 3-5_Co, the present 6_Co compound also displays a magnetic 
hysteresis (Figure 3.3.22). In this case, the wings of the butterfly-shaped hysteresis close only at 
3.5K, while sweep rates variations do not result in hysteresis opening. The hysteresis is closed at 
0Oe probably due to QTM effects. 

Figure 3.3.22. Magnetic hysteresis for 6_Co from 1.8K to 3.5K at 200 Oe/s. Inset: zoom-in of 
the (+, +) quadrant of the hysteresis curve  
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Finally, the last complex of the series, 7_Co, displays similar magnetic properties to 6_Co. It 
features slow relaxation of its magnetization up to 14K, both without and with external field. The 
QTM effects observable at low temperatures (2K to 4K) are completely suppressed by the 
application of the optimal dc field of 1500 Oe, as depicted in Figure 3.3.23. 

Figure 3.3.23. AC susceptibility data for 7_Co from 2K to 14K under 0 Oe (top) and 1500 Oe 
(bottom). Lines are guides for the eyes  

The corresponding Cole-Cole plots are in good agreement with this hypothesis, as well as the 
shapes of the Arrhenius curves (Figure 3.3.24). The plateau visible at low temperatures (high 
1/T) is not present anymore upon the application of the external field. Additionally, the pure 

Orbach fits give an energy barrier of Ueff = 37.1 cm-1 at 0 Oe and a slightly increased value of Ueff 
= 41.2 cm-1 at 1500 Oe, with similar characteristic times. For all complexes 3-7_Co, this 
demonstrates how the application of an external field both suppresses the QTM and, more 
generally, improves the magnetic properties. The full fit taking all relaxation processes into 
account again yields a higher energy barrier value of 199 cm-1, as expected from the dc data. The 

concomitantly fitted Raman parameter values are C = 0.31 and n = 4.18. For complexes 3_Co, 
4_Co, 6_Co and 7_Co, these values are close to each other, indicative that the same type of 
Raman process may take place during the slow relaxation of the magnetization in these 

complexes. These values are further comparable to those found for CoMSA (C = 0.087 and n = 

3.65).199 Surprisingly, for complex 5_Co, the n value is quite offset to 7.9 at 0Oe (or 9.6 at 1500 
Oe), suggesting the presence of another type of Raman process, possibly the Kramers Raman 
process. It is however unclear which structural variations in these compounds may be responsible 
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for the changes in the nature of the relaxation processes – and difficult to suggest a hypothesis 
without further theoretical insights.  

Figure 3.3.24. Cole-Cole plots (top) and Arrhenius plots (bottom) for 7_Co under 0 Oe and 
1500 Oe. Black and red lines represent the fit to the curves  

Figure 3.3.25. Arrhenius plot for 7_Co with fits of the ac relaxation under zero applied field  
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7_Co also displays a magnetic hysteresis with a butterfly shape. The wings, however, are less 
opened than in the previous complexes and already completely closed at 2.6K (Figure 3.3.26).  

Figure 3.3.26. Magnetic hysteresis for 7_Co from 1.8K to 3.5K at 200 Oe/s. Inset: zoom-in of 
the (+, +) quadrant of the hysteresis curve  

Overall, in terms of increased magnetic performances, the present cobalt complexes series have 
experimental ZFS parameters than range from –76 to –120 cm-1, and energy barriers that range 
from 160 to 283 cm-1, as summarized in Table 3.3.9. Compared to the literature, they further 
represent a family of very well performing cobalt SMMs.  

Table 3.3.9. Selected experimental structural and magnetic parameters for 3-7_Co 

Compound N-Co-N angle (˚) D (dc data) (cm-1) U (full fit, ac data) 
(cm-1) 

3_Co 72.15 –120 270 (f) 
4_Co 72.70 –114 283 
5_Co 71.46 –81.3 159 
6_Co 70.84 –75.5 213 
7_Co 71.43 –79.3 199 

 

It seems that the N-Co-N angle variations from 70.84 to 72.7˚ are responsible for the drastic 
variations of the magnetic properties. Since these variations are apparently tiny, it is necessary to 
further investigate the possible influence of the N-Co-N bite angle in order to assess if there is a 
clear direct magneto-structural correlation. In order to do so, multi-configurational calculations 
were performed on 3-7_Co, as well as on a larger population of strongly distorted tetrahedral Co 
based single-molecule magnets. Results are presented in the next section.   
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3.3.4. Multiconfigurational calculations: correlating magnetic anisotropy with the N-Co-N angle 
Complexes 3-7_Co were found to display remarkable magnetic properties, especially in terms of 
axial magnetic anisotropy. Variations of more than 100 cm-1 in terms of energy barrier were 
determined, while the N-Co-N bite angle only varied less than 2°. Therefore, multiconfigurational 
CASSCF(7,5) and NEVPT2 calculations for 3-7_Co were performed to give access to the 
theoretical D and g tensors values, which were then compared to the experimental values obtained 
in the previous section. Such calculations were done using the ORCA software,170,211 on the 
molecular geometries obtained from experimental SCXRD. Subsequently, the ab initio ligand 
field theory (AILFT)163 provides the d-orbital splitting energy diagram, in order to assess the 
energy gap between the two 𝑑𝑥2−𝑦2 and 𝑑𝑥𝑦 orbitals. The comparison between the magnetic 

results obtained in section 3.3.3 (dc and ac magnetometry) and the present calculations (theory) are 
summarized in Table 3.3.10, along with the N-Co-N angle variations (X-ray). Additionally, to 
quantify the degeneracy of the (𝑑𝑥2−𝑦2 , 𝑑𝑥𝑦) orbitals, the electronic occupancies obtained from 

the spin orbit coupling (SOC) wavefunctions and the energy gap ∆𝐸 between the two orbitals are 
also reported in Table 3.3.10. Theoretically, the closer to degeneracy with an electron population 
of 1.50 in each orbital and an energy gap of ∆𝐸 = 0 cm-1, the larger the ZFS parameter (ideal L =2 
system). The structural and magnetic parameters are further compared to those of the complex 
CoMSA, (MSA = N2(CH3SO2)2C6H4)),199 which shows experimental dc and ac magnetic 
properties that are comparable to those of complexes 3-7_Co. This complex, albeit possessing a 
larger N-Co-N angle of 80.5°, is the only literature-known magnetically characterized compound 
with such an acute angle. The same calculations were performed on CoMSA to allow its 
comparison with 3-7_Co and to draw magneto-structural correlations for this series of complexes. 

Table 3.3.10. Selected experimental and computational structural and magnetic parameters for 
3-7_Co, sorted from the smallest to the largest bite angle. CoMSA is shown for comparison. The 
ideal L=2 system and the idealized 4’_Co complex are indicated below.  

a  at 210K, b fitted with Jul-2s, c full fit from Eq 2.1  ddisordered structure  

Complex N-Co-N 
(°) 

χMTa 

(cm3 

mol-1K) 

Dexp
b 

(cm-1) 
g values   

(gx=gy, gz) 
Ueff

c 
(cm-1) 

U = 
2│D│
(cm-1) 

Number of 
electrons in 
(𝒅𝒙𝟐−𝒚𝟐 , 𝒅𝒙𝒚) 

Energy gap 
∆𝑬 between 𝒅𝒙𝟐−𝒚𝟐  

and 𝒅𝒙𝒚 (cm-1) 

 X-ray dc-mag ac-mag theory 

6_Co 70.84 3.21 –75.5 2.16, 3.15 213 206 (1.20, 1.79) 736.4 

7_Co 71.43 2.75 –79.3 2.17, 2.84 199 196 (1.21, 1.78) 701.8 

5_Co 71.46 3.00 –81.3 2.14, 2.97 159 183 (1.18, 1.82) 826.3 

3_Co 72.2-
72.8d 

3.79 –120 2.30, 3.45 270 290 (1.40, 1.61) 280.0 

4_Co 72.7 3.48 –114 2.27, 3.20 283 282 (1.37, 1.62) 263.7 

CoMSA 80.5 3.14 –115 2.20, 3.03 230 238 (1.73, 1.26) 548.2 

4’_Co  77.4 – – – – 309 (1.51, 1.48) 20.8 

Ideal L=2 
system 

– 4.02 –171 2.00, 4.00 – 343 (1.50, 1.50) 0 
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In 3-7_Co, it seems that the highly distorted tetrahedral geometries preserved some orbital 
angular momentum (OAM) thanks to the relatively close (𝑑𝑥2−𝑦2 , 𝑑𝑥𝑦) orbital pair, giving rise 

to large magnetic anisotropies.164 There is a trend from CoMSA to 3_Co with an overall increase 
of the magnetic parameters’ values and an overall decrease of the energy gap. Then, surprisingly, 
the magnetic performance seems to degrade despite the more acute bite angles. Calculations 
revealed that the distortion induced by the extremely acute bite angle is so large in all five 
complexes 3-7_Co that the 𝑑𝑥2−𝑦2 and 𝑑𝑥𝑦 energy order has become inverted (Figures 3.3.1 and 

3.3.27) compared to typical tetrahedral coordination.114,117,118,124,199 Therefore, the two orbitals are 
again going away from each other instead of staying degenerated. CoMSA shows the typical 3d 
orbital energy splitting diagram with 𝑑𝑥2−𝑦2 laying lower in energy than 𝑑𝑥𝑦. This is well 

illustrated in the fact that, in contrast to the general perception that the largest distortion, i.e. the 
smallest bite angle, would provide the largest ZFS parameter, the complexes 3_Co and 4_Co are 
found to exhibit the largest anisotropy despite owing the largest bite angle in the present series 
(72.2 and 72.7°, respectively). Thus, for distorted tetrahedral [CoN4]-SMMs, it is clear that there 
must exist a compound with an ideal bite angle leading to maximum anisotropy, corresponding 
to that of a pure system (ideal L=2, Table 3.3.10, Figure 3.3.27).114,164 Of all complexes 3-7_Co 
and CoMSA, compound 3_Co is the closest to perfect degeneracy holding 1.61 and 1.40 
electrons in the (𝑑𝑥2−𝑦2 , 𝑑𝑥𝑦) orbitals with an energy gap between the ground and first excited 

spin-orbit free state of ∆𝐸 = 280.0 cm-1. 4_Co is the second-best compound of the series with an 
even smaller energy gap of ∆𝐸 = 263.7 cm-1 but slightly higher orbital occupancies of 1.62 and 
1.37. The other complexes 5-7_Co and CoMSA all possess an energy gap ∆𝐸 ≥ 500 cm-1 and 
their (𝑑𝑥2−𝑦2 , 𝑑𝑥𝑦) electronic population are further away from the degeneracy population 

(Table 3.3.10).  

Altogether, the variations in D-values originate from the energy difference between the more or 
less populated 𝑑𝑥2−𝑦2 and 𝑑𝑥𝑦 orbitals. This means that ∆𝐸 strongly depends on the magnitude 

of the bite angle N-Co-N. This latter dependency, however, is not linear: by plotting D or the 𝑑𝑥𝑦 
population against the bite angle, a parabolic fit can be obtained, giving a rough estimate of the 
ideal bite angle in the range between 76-78° (Figure 3.3.27).  

Figure 3.3.27. Plots of the calculated population in the important d orbitals (left) and the ZFS 
parameter against the N-Co-N angle for complexes 3-7_Co and CoMSA.  
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Subsequent calculations on the theoretically modified complex 4_Co indeed give the best result 
with a bite N-Co-N angle of 77.4° A nearly degenerate (𝑑𝑥2−𝑦2 , 𝑑𝑥𝑦) orbital pair was obtained 

for 4’_Co, with a tiny energy gap ∆𝐸 = 20.8 cm-1 and a ZFS parameter D =– 155 cm-1 (Table 
3.3.10). Noteworthy, the ZFS parameter for the idealized 4’_Co is lower than –171 cm-1 (in 
theory, the largest value can be 2│D│= 343 cm-1, for a (S=3/2, L=2) system with optimal SOC). 
Additional fine-tuning of the ligand in order to optimize the spatial arrangement of the backbone 
may still be required to observe a fully degenerate situation with maximum magnetic anisotropy.  

 

Figure 3.3.28. 3d orbital energy diagram for 4_Co, 4’_Co and CoMSA.199 The relative magnitude 

of the ZFS parameter D is indicated for complexes 3-7_Co, 4’_Co and CoMSA. The present 
results suggest that the 𝑑𝑥2−𝑦2 and 𝑑𝑥𝑦 orbitals energy gap is responsible for the variations of ZFS 

parameter, with an optimum reached when this energy gap is zero. 

The hypothesis of the existence of an ideal E-Co-E angle was further probed on a wider 
population of distorted tetrahedral cobalt SMMs. In order to further validate our hypothesis on 
a larger population of compounds, we performed similar calculations for additional twenty 
[CoE4] structures (with E = O, N, S, Se) available from the CSD database (Table 3.3.11).117,123,198–

200,210,212–223 They were selected according to their ligand types and to the value of their E-Co-E 
angle. These additional calculations allow to cover a broader range of E-Co-E angles from 66 to 
107° and to verify the hypotheses on ligand types other than sulfimidinates and imido-sulfates in 

3-7_Co. Subsequently, for all these complexes, –D was plotted against the bite angle E-Co-E, as 
depicted in Figure 3.3.29.  
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Table 3.3.11 List of compounds used for magneto-structural correlations. N-, N&O-, O-, S-, Se-
based compounds are shown in blue and purple, pink, red, orange and black respectively. The 
same color code is used for Figure 3.3.29. 

 

Compound E-Co-E 
angle (°) 

D  
(cm-1) 

CCDC# Ligand class 

Co[(Me)2N]2CS]2Cl2 106.71 –17.5 #1817778 thiourea 
Co[(Me)2N]2CS]2Br2 106.31 –18.6 #1817777 thiourea 
Co[(Me)2N]2CS]2(ClO4)2 105.96 –15.2 #1447667 thiourea 

Co(OPh)4[PPh4] 105.89 –11.8 #919744 alcoolate 
Co(N(TMS)C(tBu)CHC 
(piperidino)N(TMS)) 

103 –10.5 #192416 ß-diketiminato 

Co(tBuNNCHCHNR)2 96.22 –19.2 #939193 triaza-pentadienyl 

Co(MeBox)2 96.2 –26.6 – box 
Co(MeNC(Me)CHC(Me)NMe)2 95.766 –30.1 #1577787 pentadienyl 

[Co(SPh)4][PPh4] 95.6 –51.4 #1100265 thiolate 
Co[(nBu)N]2CS](ClO4)2 95.34 –67.9 #1447665 thiourea 

Co(SePh)4[PPh4] 94.24 –71.0 #919746 selenolate 

Co[C3S5]2[tBu4N]2 94.06 –104.3 #1005501 thionate 

Co[(Ph)PhNCH2C10H6O] 93.5 –33.7 #1424466 Schiff base 
Co[(2,9-dimethyl-1,10-
phenanthroline)2] [OTf]2 

84.34 –66.2 #1898231 phenanthroline 

Co[(iPr)NC7H5N(iPr)]2 81.803 –86.4 #151189 aminotroponimine 

Co[(N(SO2Me)2C6H4)2][HNEt3]2 

(CoMSA) 
80.5 –112 #971167 sulfonamide 

Co[(NtBu)2SPh]2 ideal (4’_Co) 77.4 –155 – sulfimidinate 

Co[(tBuC6H4N(Ph2))2P]2 73.6 –147 #233898 aminoimino-
phosphorane 

Co[(NtBu)2SPh]2 (4_Co) 72.7 –141 #2046685 sulfimidinate 

Co[(NtBu)2SMe]2 (3_Co) 72.2 –145 – sulfimidinate 

Co[(NtBu)3SMe]2 (5_Co) 71.46 –91.7 #1426594 imido-sulfate 

Co[(NtBu)3SPPh2]2 (7_Co) 71.43 –103 #2046687 imido-sulfate 

Co[(NtBu)3SPh)]2 (6_Co) 70.84 –98.2 #2046686 imido-sulfate 

Co[(NiPr)2CN(TMS)2] 66.1 –118 #1537874 amidinate 

Co{(2,6-(2,4,6-
Me3Ph)2Ph)C(NiPr)2}2 

66 –114 #182079 amidinate 

Co[(tBuN)2CMe]2 65.85 –117 #674856 amidinate 

Co[(iPrN)2CMe]2 65.57 –93.1 #229483 amidinate 
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The following plot is obtained:  

 

Figure 3.3.29. ZFS parameter against the E-Co-E angle for complexes of Table 3.3.11. The grey 
dashed line is a guide for the eyes.  

While [CoN4]-SMMs show a clear trend supporting the existence of the ideal bite angle, cobalt 
SMMs based on donor atoms other than nitrogen are less numerous and do not possess acute 
bite angles. Thus, these classes of complexes may not be relevant to accurately predict an ideal 
bite angle. Additionally, generating an ideal structure for Co(SPh)4 with a S-Co-S angle of 77.4° 
(or larger) for calculation purposes was impossible due to the larger ionic radius of the sulfur 
atoms.118 It is however possible that another ideal angle may exist for [CoS4]-SMMs. The small 
deviations from the overall trend observed in 5-7_Co compounds compared to the substituted 

aminidates (for example [Co(RN)2(CR’)2], where R = tBu, iPr, and R’ = Me or N(TMS)2; [Co{(2,6-

(2,4,6-Me3Ph)2Ph)C(NiPr)2}2])216,217 are attributed to the differences in their respective second 
coordination spheres. Nevertheless, the dependency of the ZFS on the bite angle follows a clear 

trend for [CoN4]-SMMs, as shown by the dashed grey line on Figure 3.3.29. The –D value 
increases from –17.4 cm-1 (107°) up to –155 cm-1 at the optimal bite angle 77.4°. It then decreases 
with smaller bite angles.  

In contrast to the wide-spread assumption that the smaller angle the better the ZFS which has 
influenced synthetic activities for a long time, the present results strongly support that, in fact, 

the target compound should possess an ideal N-Co-N angle of around 77 in a highly distorted 
tetrahedral geometry. 
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3.3.5. Conclusion and perspectives  
The complexes 3-7_Co are featuring remarkable magnetic properties because of their highly 
distorted tetrahedral geometries. Notably, the complexes 3_Co and 4_Co are currently amongst 
the best performing distorted tetrahedral cobalt single-ion magnets, with giant magnetic 
anisotropies of –145 and –141 cm-1, respectively, close to the ideal theoretical value. Additionally, 
their experimental energy barriers to spin reversal are also higher than the reported value of 230 
cm-1 for CoMSA, (MSA = N2(CH3SO2)2C6H4)).199  

Furthermore, the present study enabled to extract the following hypotheses: 

- The best N-Co-N angle for an ideally distorted tetrahedron with Co2+ (d7, S=3/2, L=2, 
perfect degeneracy) is around 76-78°. The highest possible ZFS parameter for such systems 

is – 343 cm-1 which corresponds to D = –171 cm-1. Complexes with larger or smaller angles 
will show reduced magnetic performances.  

- The two 𝑑𝑥2−𝑦2 and 𝑑𝑥𝑦 orbitals have to be perfectly degenerated for optimal magnetic 

properties, which means that each orbital should be populated by 1.5 electron and ∆E 
should be as close as possible to 0.  

- This design rule should be applicable to all distorted tetrahedral [CoN4] compounds in 
order to predict their magnetic performances.  

Based on these assumptions, smart ligand design needs to focus on providing a ligand that would 
generate an N-Co-N angle of 76-78°. This hypothesis was herein probed and very well verified 
with the theoretical complex 4’_Co featuring an ideal angle of 77.4°. Once achieved 
experimentally, the obtained complex should fulfill all conditions to display the best possible 
magnetic properties for [CoN4]-SMMs. Once such as mononuclear system is available 
experimentally, a possible route is to explore the assembly of sub-units containing this highly 
anisotropic [CoN4] core in order to give larger ferromagnetic clusters, single chain magnets or 
multidimensional multifunctional magnetic materials.  
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General conclusion and perspectives 
 

The present work explored various compounds containing the S-N motive with a strong focus on 
their magnetic properties and probed the potential of mononuclear dysprosium and cobalt SN-
based complexes as competitive SMMs via magneto-structural correlation studies. 

In Chapter 1, the broad family of SN based compounds and some novel SN-based complexes 
were presented. Notably, the successful trapping of the long-time elusive [S(NtBu)3]2K3 species 
gave evidence of a rare type of radical and unveiled some exotic facets of SN chemistry.  

In Chapter 2, the SN ligands were further utilized with lanthanides in order to benchmark the 
resulting complexes 1-3_Dy and appreciate the potential synergies between main group chemistry 
and molecular magnetism towards novel SMM design. Further perspectives for improvement and 
ligand engineering were given with the complex 4_Dy.  

In Chapter 3, the potential of SN ligands was further exploited and investigated within cobalt 
complexes. In the first section of Chapter 3, the investigation of the influence of a soft element 
interacting with the metal center in the complexes 1_Co and 2_Co confirmed the positive impact 
of a weak P-Co interaction on the magnetic performances. In the second section of Chapter 3, 
highly distorted tetrahedral cobalt complexes 3_Co to 7_Co revealed fundamental trends towards 
the design of the best possible [CoN4] SIMs. Different from the common perception that the 
smaller N-Co-N angle the better, this comprehensive study concluded that an ideal angle exists, 
for which the optimal 3d orbital splitting maximizes the magnetic anisotropy. For both sections. 
Additional experimental examples will be welcome to further support the present conclusions.  

Overall, the class of chelates containing the SN moiety represents a challenging yet highly 
promising alternative to more traditional ligands towards SMM design. Although under-
investigated, interesting magnetic performances may be expected thanks to the advantageous 
synergy between sulfur and nitrogen, as demonstrated by the results with the cobalt complexes. 
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Chapter Four: Experimental section 
 

4.1. Methods  
 

4.1.1. General considerations 
All reactions (synthesis of both ligands and complexes) were carried out under strict exclusion of 
air and moisture using modified Schlenk techniques or in an Argon glovebox, if not indicated 
otherwise. Solvents were dried on various drying agents and freshly distilled from 

sodium/potassium alloy (Et2O, n-pentane), potassium (THF) or sodium (n-hexane, toluene). The 
solvents were degassed with minimum three freeze-pump-thaw cycles. The absence of oxygen and 
moisture was then confirmed by a benzophenone/ketyl test before use.  

Importantly, the metal halides (LnCl3, CoCl2, MnCl2, FeCl2, NiCl2) were purchased from Sigma-
Aldrich as 99.9% anhydrous salts and used without further purification. All other employed 
reactants were either commercially available as well or synthesized according to previously 
published literature.  

4.1.2. Single-crystal X-ray diffraction 
Crystal selection and manipulation. Crystal picking was performed either in an argon glovebox or 
from a Schlenk flask under argon atmosphere. The crystals were deposited in perfluorinated 
polyether inert oil on a microscope slide. An appropriate single crystal was selected using a 
microscope equipped with polarization filter, mounted on the tip of a MiTeGen©MicroMount 
or glass fiber, fixed to a goniometer head and shock-cooled by the diffractometer cooling device. 

Data collection and processing. The compounds were measured using either an Incoatec 
molybdenum microfocus source with mirror optics or on a molybdenum rotating anode turbo 
X–ray source. Both are equipped with an Incoatec mirror optics APEX II CCD detector mounted 

on a three circle D8 goniometer, which supplies molybdenum MoKα radiation (λ = 0.71073 Å). 
All crystals were centered optically using a video camera after being fixed on the goniometer. The 
data collection strategy was calculated to achieve maximum resolution data suitable for 
publication (between 0.6 and 0.83Å resolution). Therefore, a test run (matrix scan) was recorded 
prior to each experiment to check the crystal quality, to get a rough estimate of the cell 
parameters, and to determine the optimum exposure time. All scans of the data collections were 
performed in an ω–scan mode, usually with a step–width of 0.5° at fixed ϕ–angles. The unit cell 
was indexed with the tools in the Bruker APEX2 software suite. The intensities on the raw frames 
were integrated with SAINT.224 The orientation matrix was refined in several integration runs, 
and the maximum resolution was adjusted so that only useable data with a maximum Rint of 0.20 
(except some rare cases) were integrated. The software SADABS225 was used for absorption 
correction and scaling. TWINABS226 was used in the cases of non–merohedral twins or split 
crystals. Both programs refine an empirical error function by symmetry–equivalent reflections. 
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XPREP227 was used for the examination of data statistics and as final setup of the files for structure 
solution. 

Structure solution and refinement. The structures were solved with direct methods using SHELXT.228 
All refinements were performed on F2 in the SHELXLE–GUI.229 All non–hydrogen–atoms were 
refined with anisotropic displacement parameters. The C–bonded hydrogen atoms were set on 

calculated positions and refined isotropically using a riding model with their Uiso values 

constrained equal to 1.5 times the Ueq of their pivot atoms for methyl carbon atoms and 1.2 times 
for all other carbon atoms. The N–bonded hydrogen atom coordinates were refined freely from 

the residual density map and constrained to 1.5 Ueq of their pivot nitrogen atom. If not stated 

otherwise, the hydrogen bond lengths were restrained to a sensible value and the Uiso were 
constrained as mentioned above. In the absence of restraints, the only data the structural model 
is refined against are the measured intensities in the form of squared structure factors. Theoretical 
structure factors are calculated from the atomic model and the so–calculated intensities are then 

compared with the measured intensities. The best model is the one that minimizes M(pi, k) (Eq. 
4.1) using the weights w defined in Eq. 4.2. 

𝑀 (𝑝𝑖,𝑘)= Σ𝑤[𝑘|𝐹𝑜𝑏𝑠|2−|𝐹𝑐𝑎𝑙𝑐|2]2=𝑚𝑖𝑛 (Eq 4.1) 

with pi the structural parameters, k the scale factor and  

𝑤−1= 𝜎2(𝐹𝑜𝑏𝑠2)+ (𝑔1 ×𝑃)2+𝑔2 ×𝑃 with 𝑃= (𝑀𝑎𝑥 ((𝐹2
𝑜𝑏𝑠,0 + 2𝐹2

𝑐𝑎𝑙𝑐)/3) (Eq. 4.2) 

The results of the refinements were verified by comparison of the calculated and the observed 
structure factors. Commonly used criteria are the residuals R1 (Eq. 4.3) and wR2 (Eq. 4.4). 

𝑅1=Σ||𝐹𝑜𝑏𝑠|−|𝐹𝑐𝑎𝑙𝑐||Σ|𝐹𝑜𝑏𝑠| (Eq. 4.3) 

𝑤𝑅2= √Σ𝑤(𝐹𝑜𝑏𝑠
2− 𝐹𝑐𝑎𝑙𝑐

2)2Σ𝑤(𝐹𝑜𝑏𝑠
2)2 (Eq. 4.4) 

Additionally, the goodness of fit (GoF, S), a figure or merit showing the relation between 

deviation of Fcalc from Fobs and the over–determination of refined parameters is calculated (Eq.4.5). 

𝑆= √Σ(𝑤(𝐹𝑜𝑏𝑠
2− 𝐹𝑐𝑎𝑙𝑐

2)2)𝑛−𝑝 (Eq. 4.5) 

where n is the number of reflections and p the number of parameters 

The residual densities from difference Fourier analysis should be low. Due to the model 
restrictions, the residual densities are normally found in the bonding regions. Higher residuals 
for heavy scatterers (such as Ln ions) are acceptable as they arise mainly from absorption effects 
and Fourier truncation errors due to the limited recorded resolution range. The highest peak and 
deepest hole from difference Fourier analysis are listed in the crystallographic tables. Additionally, 
the orientation, size and ellipticity of the ADPs show the quality of the model. Ideally, the ADPs 
should be oriented perpendicular to the bonds, be equal in size and show little ellipticity. All 
graphics presented in this chapter were generated and plotted with the XP program229 at the 50 
% probability level. In the other chapters, the software Diamond was used.230  
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Treatment of disorder. Structures containing disordered fragments were refined using constraints 
and restraints. Constraints used within this work are, for example, the site occupation factor and 
the AFIX instruction, which defines and constrains rigid groups. Mathematically, restraints are 
treated as additional experimental observations, thus increasing the number of data to refine 
against. In the presence of restraints, the minimization function changes as follows: 

𝑀= Σ𝑤(𝐹𝑜𝑏𝑠
2− 𝐹𝑐𝑎𝑙𝑐

2) 2+ Σ𝑤𝑟(𝑅𝑡𝑎𝑟𝑔𝑒𝑡− 𝑅𝑐𝑎𝑙𝑐)2 (Eq. 4.6) 

The geometries of chemically equivalent but crystallographically independent fragments can be 
fitted to each other by distance restraints. Especially the 1,2 distances (bond lengths) and 1,3 
distances (bond angles) are set to be equal within their effective standard deviations. This was 
helpful for refining disordered positions as the averaging of equivalent fragments implements 
chemical information and stabilizes the refinement. Within this work, disordered moieties were 

refined using distance restraints (SADI) and anisotropic displacement parameter restraints (SIMU 

and RIGU). 

4.1.3. Magnetic measurements 
Description of the instruments. Magnetic measurements were carried out with a Quantum Design 
MPMS XL 5 SQUID magnetometer equipped with a 5 Tesla magnet (reaching a maximum of 
1 500 Hz) or with a Quantum Design MPMS 3 SQUID magnetometer equipped with a 7 Tesla 
magnet (reaching a maximum of 1 000 Hz).  

Sample preparation. Crystalline, pure material was crushed and dried thoroughly. It was then 
charged into a gel bucket and covered with Fomblin Y45 oil to avoid torqueing. The assembled 
sample was fixed in a long, symmetric, non–magnetic sample holder (straw) and closed with two 
rubber septa. It was then brought to the measuring instrument into a Schlenk tube under argon 
and introduced into the instrument as quickly as possible to avoid contact with air.  

Data collection. Standard data collection was performed in this order:  

- dc magnetic susceptibility measurement at 0.5T to validate the molecule’s nuclearity and 
multiplicity, as well as to determine the orbital angular momentum contribution to the 
magnetic properties, 

- MS (magnetization measurement) at 2K from 0 to 5T (or 7T) to look for remnant 
magnetization, indicative of potential hysteresis behavior, 

- ac susceptibility test at 1488Hz under 0Oe and 1000Oe to look for slow relaxation of the 
magnetization.  

- At the optimal temperature, a field-dependent measurement was carried out to determine 
which amount of field is necessary to observe SMM behavior or to prevent QTM.  

- In case of detection of SMM behavior, additional AC and hysteresis measurements were 
carried out accordingly (see Introduction) 

Guide for the characterization of a SMM. Let’s imagine that a new sample is to be measured on the 
SQUID magnetometer, with previous structure determination (SC-XRD) and purity assessment 
(EA, NMR, or powder XRD). First, at centering the sample in the SQUID, it is already possible 
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to quickly determine the magnetic nature of it (diamagnetic, paramagnetic). Then, a variable 
temperature dc measurement from RT to low temperatures will give the following information:  

- the purity of the sample (1) 

- the value of the product of the temperature and the susceptibility χMT at high 
temperature, which can be then compared to the tabulated values (specific metal ion, spin 
value, number of spins, SOC contribution, etc…) (2) 

- the estimation of the axial (D) and rhombic (E/D) parameters and of the g values, which 
further describe the anisotropy of the system (3) 

- the presence or absence of magnetic or dipole-dipole coupling (4) 

From (1) and (2), the composition of the sample can be verified in terms of magnetic purity, 
especially when elemental analysis or NMR spectroscopy are challenging. (2) gives some magnetic 
information specific to the metal ion(s) contained in the sample and hints the SOC contribution 
to the magnetic susceptibility. Indeed, a specific metal ion in a specific magnetic spin state will 

give a different signature if it is modelled as a spin-only system (S) or if both the spin and the 

orbital angular momenta are non-negligible (presence of SOC, description with J or S and L). The 
values obtained in (3) describes the anisotropy of the sample and should give a first estimate of 

the energy barrier U (U ≈ |2D|). The values are extracted through a fit constructed on the 
relevant Hamiltonian 

The full Hamiltonian would be:  

𝐻̂ = 𝐻̂𝑒− + 𝜆𝐿̂𝑆̂ + 𝐻̂𝐶𝐹 + 𝐻̂𝑍𝑒𝑒𝑚 (Eq. 4.7) 

where  𝐻̂𝑒− is the electron-electron interaction 

𝜆𝐿̂𝑆̂, the spin-orbit coupling (SOC) 

  together giving (𝐻̂𝑒− +  𝜆𝐿̂𝑆̂), the contribution of the free ion 

𝐻̂𝐶𝐹, the crystal field splitting (upon addition of ligands to the free ion) 

𝐻̂𝑍𝑒𝑒𝑚, the Zeeman splitting (upon application of an external field to the complex) 

Herein, the following anisotropic spin Hamiltonian taking the ZFS and Zeeman splitting into 
account was used: 

𝐻̂ =  𝜇𝐵(𝑆𝑥𝑔𝑥𝐵𝑥 + 𝑆𝑦𝑔𝑦𝐵𝑦 + 𝑆𝑧𝑔𝑧𝐵𝑧) + 𝐷 [𝑆̂𝑧
2 −

1

3
𝑆(𝑆 + 1) +

𝐸

𝐷
(𝑆̂𝑥

2 − 𝑆̂𝑦
2)] (Eq. 4.8) 

where Si is the spin operator, gi the operators of the g-tensor, and Bi the anisotropic values of the 
external magnetic field. 

Finally, information extracted from step (4) will help assess the need for subsequent experiments, 
such as magnetic dilution in a diamagnetic matrix (to avoid dipole-dipole coupling or 
intermolecular magnetic coupling). In multinuclear compounds, it will provide information on 
the type of magnetic coupling between the paramagnetic centers (antiferromagnetic or 
ferromagnetic), the strength of this coupling, and the number of magnetic centers involved. If 
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the sample contains a transition metal, additional variable temperature variable field (VTVH) 
experiments will be conducted at 7T, 4T and 1T from 2K up to 50 or 100K to populate the 
higher-lying energy levels and therefore better assess the ZFS parameter. If the sample contains a 

4f-element, the ZFS parameter D becomes an obsolete and inaccurate description of the 
anisotropy, due to the extremely strong SOC. Therefore, the additional VTVH experiment is not 
necessary in this case. Moving forward, the dc magnetization of the sample can be measured at 
2K from 0T to 7T upwards and downwards, allowing to observe the magnetic behavior of the 
sample in the presence of an applied field. Additionally, if the upwards and downwards curves 
do not match, it may be a hint for the presence of a magnetic hysteresis. A zero-field cooled/ field-
cooled (zfc/fc) experiment can also reveal the divergence of magnetic behavior at a certain 
temperature, which is indicative of magnetic blocking. In both cases, subsequent hysteresis 
measurements should be performed (at various temperatures, various sweep rates, etc). A series 
of test ac measurements can follow in order to determine the presence of slow relaxation 
processes. The temperature-dependency of the ac susceptibility at maximal frequency (1000 or 
1500 Hz) indicates the highest temperature at which slow magnetic relaxation of the 
magnetization can be measured on the instrument. For example, if the curve shows a maximum 
at 10 K, it means that slow magnetic relaxation should be detectable up to 10 K. If there is no 
maximum, then the sample does not show any slow magnetic relaxation and is not a SMM. This 
test can be done at different dc field values. While doing so, it is possible to access the following 
information: 

- the presence or absence of slow magnetic relaxation at zero applied dc field (pure SMM 
behavior) 

- the highest temperature at which slow magnetic relaxation at zero field is measurable by 
the instrument 

- the presence or absence of slow magnetic relaxation with applied dc field (field induced 
SMM behavior) 

- the highest temperature at which slow magnetic relaxation with applied field is 
measurable by the instrument 

- the optimal dc field which allows to reach the highest ac susceptibility value for the sample 

Depending on the results in these test experiments, different variable frequency ac susceptibility 
measurements must be performed. This gives access to the optimal applied field and to the 
maximal temperature at which ac susceptibility shall be measured. These dynamic susceptibility 
measurements, containing both the in- (χ’) and out-of-phase (χ”) signals of the ac susceptibility, 

will subsequently allow us to access the values for the effective energy barrier and the characteristic 

relaxation time τ0 of the sample. Additionally, the qualitative shape of the curves and further 
analysis of the data will highlight the different relaxation processes occurring in the sample. 
Detailed description of the ac susceptibility curves will be given in the next chapters for each 
sample when relevant. The final step of the characterization of this sample (if it is indeed a SMM!) 
consists in reading the relaxation times τ for each temperature of the ac data acquisition. It is 

possible to do so manually, as described by Tang et al.193 In this work, the software CC-Fit 

developed by Chilton et al.193,195 was used to this purpose. Upon the construction of a Cole-Cole 
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plot (χ” vs χ’), it extracts each relaxation time τ per temperature. The temperature dependency of 
the relaxation time is then assessed following Eq 4.9, usually thanks to two plots: an Arrhenius 

plot of ln(τ) vs T and a plot of τ-1 vs T. Together, they provide information about the type of 
relaxation processes and the characteristic parameters of the sample, including the effective 

energy barrier to spin reversal Ueff. More details will be given in the following chapters for each 
of the herein presented compounds. 

𝜏−1 = 𝐴𝐻4𝑇 +  𝜏0
−1𝑒(𝑈𝑒𝑓𝑓 𝑘𝐵𝑇⁄ ) + 𝜏𝑄𝑇𝑀

−1 + 𝐶𝑇𝑛 (Eq 4.9) 

      Direct  Orbach     QTM      Raman 

where A, C and n are constants, H the applied magnetic field, 𝜏0 the initial characteristic 

relaxation rate for the Orbach process, Ueff the effective energy barrier to spin reversal, kB the 
Boltzmann constant, and 𝜏𝑄𝑇𝑀 the relaxation rate for QTM. 

If irrelevant, a term of Eq 4.9 can be removed or equaled to zero (for example in the absence of 
external magnetic field).  

Data work-up and fitting. Each raw data file was worked-up on OriginPro 8.5 or 9.0.231 Each data 
file for the measured magnetic moment was corrected for the diamagnetic contribution of the 

gelatin bucket and of the inert oil according to Mdia = g ∙ m ∙ H, with experimentally obtained 

gram susceptibility of gelatin bucket (g = – 5.70∙10–7 emu/(g∙Oe)) and of the oil (g = –3.51∙10–

7 emu/(g∙Oe)). The molar susceptibility 𝜒𝑀 data were corrected for the diamagnetic contribution 

according to M,dia(sample) = –0.5∙M∙10–6 cm3 ∙mol–1. Temperature-independent paramagnetism 

(TIP) was included according to calc =  + TIP.72 Fitting of the MT and VTVH data was 

performed with the Julx-v16/Jul-2s program232 developed by E. Bill at the MPI of Mulheim an der 
Ruhr or with the PHI program developed by N. F. Chilton at the University of Manchester.233, 
and compared to theoretical results based on the following formula:  

√
3𝑘𝐵

𝑁𝐴⋅𝜇B
2 ⋅ √𝜒𝑀 ⋅ 𝑇 = 𝑔𝑒√𝑆(𝑆 + 1)  (Eq. 4.10) 

and 𝜇𝑒𝑓𝑓 = 2.828√𝜒𝑀𝑇 = 2√𝑆(𝑆 + 1) =  √𝑛(𝑛 + 2) 𝜇𝐵  (Eq. 4.11) 

where  𝑘𝐵 = 1.38 ⋅ 10−23 J ⋅ K−1; N𝐴 = 6.02 ⋅ 10−23 mol−1 (Avogadro’s number), 𝜇𝐵 =9,27 
× 10−24 J ⋅T−1  (Bohr’s magneton); 𝑔𝑒 = 2; 𝜇𝑒𝑓𝑓 = effective magnetic moment ; S = 
spin; 𝑛 = number of unpaired electrons. 

Fitting of the Cole-Cole plots were obtained via the CC-Fit program.193,195 The extracted values 
of the Cole-Cole plots were further used to construct the Arrhenius plot to determine the value 

of Ueff. Magnetic anisotropy axis in dysprosium complexes were obtained from experimental X-
ray xyz data files computed in the MAGELLAN program developed by N.F. Chilton at the 
University of Manchester.172  

4.1.4. Computational calculations 
CASSCF/NEVTP-2. Multi-configurational calculations based on the X-Ray geometry from 
experimental single crystal X-ray diffraction experiments were used to calculate the electronic 
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energy levels of the cobalt complexes in Chapter 3. Correlated calculations were carried out using 
Complete Active Space Self Consistent Field (CASSCF) in combination with N-Electron Valence 
Perturbation Theory to second order (NEVPT2) as implemented in the ORCA package.170,171 The 
d7 configuration of Co(II) gives rise to ten S = 3/2 and forty S = 1/2 electronic multiplets. 
Nonrelativistic CASSCF energy levels and wave functions have been computed averaging over 
the electron densities of all considered states and taking an active space with 7 electrons 
distributed over the 5 3d-MOs (CAS(7,5)). Spin-orbit coupling (SOC) was taken into account 
using a mean field spin-orbit coupling operator. Mixing of non-relativistic CI eigenfunctions and 
splitting of the corresponding eigenvalues are accounted for by Quasi Degenerate Perturbation 
Theory (QDPT). The Douglas-Kroll-Hess triple-ζ DKH‐def2‐TZVP basis‐set was used when 
possible or the def2-TZVP/C basis-set for structures with a high number of atoms (7_Co).  

AILFT. Ab initio ligand field theory calculations were based on the wave functions obtained from 

CASSCF-NEVPT2 calculations thanks to the actorbs dorbs command in the input file.163  

Output file analysis. Coordinates were obtained from experimental X-ray data. For the section 3.3, 
before the calculations, the molecular coordinate system was chosen in agreement with the axes 
for an ideal D2d symmetry (Avogadro software234). The origin of the coordinate system thus 
became the cobalt ion, while the z axis pointed approximatively towards the sulfur atom and the 
xy plane locates equidistantly from the four coordinating nitrogen atoms. For 4’_Co, the bite 

angle N-Co-N was modified per hand in the Avogadro software by selecting the two binding NtBu 
groups and rotating them symmetrically from the Co-S axis.  

For 1_Co and 2_Co, the molecules were rotated so that the origin of the coordinate system 
becomes the cobalt ion, while the xy plane locates in the (N1, N2, N4) plane and the z axis points 
perpendicularly out of this plane. 

NEVPT-2 calculations gave more realistic results than pure CASSCF calculations. Therefore, the 
presented results in the work are relying on the results obtained after the application of the 
NEVPT-2 perturbation.  

The values of the D and g-tensors, the populations of the 3d orbitals and the Kramers’ doublets 
(KD) energy levels are reported from the NEVPT-2 calculations and the energy levels are reported 
from AILFT calculations. The non-integer d population values for the 𝑑𝑥2−𝑦2 and 𝑑𝑥𝑦 orbitals 

were obtained from calculation of the wavefunctions. The application of a tetrahedral crystal field 
to a free Co2+ corresponds to the splitting of the term 4F into the 4A2g, 4T2g, and 4T1g states. Upon 
distortion along the z axis lowering the symmetry to the point group D2d, the 4T2g term splits and 
the resulting 4B2 state shifts closer to the ground state (4B1). In the D2d point group, these two 
states are associated to the following electron configurations (and hence d-orbital populations):  

4B1:  𝑑𝑥𝑦
1𝑑𝑦𝑧

1𝑑𝑧2
2𝑑𝑥𝑧

1𝑑𝑥2−𝑦2
2 

4B2: 𝑑𝑥𝑦
2𝑑𝑦𝑧

1𝑑𝑧2
2𝑑𝑥𝑧

1𝑑𝑥2−𝑦2
1 
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Each of the two lowest CASSCF states were found to consist essentially of a single Slater 
determinant (more than 95%):  

(1st state) 𝑑𝑥𝑦
2𝑑𝑦𝑧

1𝑑𝑧2
2𝑑𝑥𝑧

1𝑑𝑥2−𝑦2
1 

(2nd state) 𝑑𝑥𝑦
1𝑑𝑦𝑧

1𝑑𝑧2
2𝑑𝑥𝑧

1𝑑𝑥2−𝑦2
2 

Therefore, each CASSCF state can be associated with 4B1 and 4B2. From the application of the 
SOC in the calculation, the Kramers’ doublets (KD) were obtained as linear combinations of the 
first and second states, therefore of the 4B1 and 4B2 states, the coefficients being the weight of the 
states. For example, for 4_Co:  

(KD1): 0.62|4B2> + 0.37|4B1> 

𝑑𝑥𝑦
1.62𝑑𝑦𝑧

1𝑑𝑧2
2𝑑𝑥𝑧

1𝑑𝑥2−𝑦2
1.37 

For additional details, this method was previously published elsewhere.114  

Computational assessment of spectroscopic features. Atom coordinates were obtained directly from 
experimental X-ray datasets. UV-vis spectroscopy features were determined through TD-DFT 
calculations using RIJCOSX-approximation with the CAM-B3LYP functional and def2-SVP basis 
sets on all atoms for 10 states. EPR predictions were obtained from orca calculations using 
RIJCOSX approximation with the PBE0-D3BJ and def2-tzvp basis sets on all atoms. Spin density 
plots and TD-DFT plots were drawn with the Chemcraft software.235  

4.1.5. Additional characterization methods.  
NMR. Inside of an argon glovebox, Young NMR tubes were charged with approx. 10mg of 
dissolved pure crystalline material (in 1mL of deuterated solvent). Deuterated solvents were 
obtained from Euriso-Top GmbH, dried over sodium/potassium alloy, distilled by trap-to-trap 

transfer in vacuo and stored on molecular sieves for at least a week prior to use. Spectra were 
recorded at variable temperatures at a Bruker Advance 300, a Bruker Advance 400, or a Bruker 
Advance 500 NMR spectrometer. All chemical shifts δ are given in ppm, relative to the residual 
proton signal of the deuterated solvent and the additional internal TMS reference. If necessary, 
assignments of the chemical shifts were checked by two–dimensional correlation spectra.  

EA. Elemental analysis was performed as a combustion analysis by the Analytic Laboratory of the 
Institute of Inorganic Chemistry of the University of Göttingen with an Elementar Vario EL III 
device. The inclusion of argon, from canning in an argon glovebox, unfortunately led to 
systematic errors. Additionally, the sensitivity and precision of the instrument systematically 
decreased in the case of samples containing both alkali metals and sulfur atoms.  

MS. Mass spectra were recorded at the Mass spectrometry facility of the Faculty of Chemistry of 
the University of Göttingen applying a Liquid Injection Field Desorption Ionization-technique 
(LIFDI) on a JEOL accuTOF instrument with an inert-sample application setup under argon 
atmosphere. The injection capillary was washed several times with dry, distilled and inertly 
injected toluene before the samples were injected. Samples usually had a concentration of 1 – 2 
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mmol/L in pentane, toluene or THF and were prepared in an argon glovebox. Unfortunately, in 
the presence of heavy Ln elements, the recorded spectra inevitably showed a high amount of 
fragment peaks, which prevented further interpretation of the data. Complexes containing 
transition metals, however, were detectable and characterized through this method. ESI-MS 

measurements were not possible neither for any Ln-containing samples, nor for 3d-metal 
containing samples, so that only the LIFDI-MS measurement method was systematically probed 
for all samples.  

IR. Infrared spectra were recorded neat, in an argon glovebox. The data were recorded with a 
Bruker ALPHA FT-IR spectrometer with Platinum ATR module, visualized with the Opus 
program and worked up with the OriginPro 8.5 or 9.0 program.231  

UV-vis. Experimental UV/Vis spectra were recorded on an Agilent Cary 60 or an Agilent Cary 
50 spectrometer using quartz cuvettes fitted with Young-type Teflon-valves. The obtained data 
were worked up with the OriginPro 8.5 or 9.0 program. 231 

EPR. EPR spectra were recorder on a EPR Bruker ELEXSYS E 500 Spectrometer at the microwave 
frequency of 9388.2 MHz. The 10-3M diluted solutions were freshly prepared inside of an argon 
glovebox and immediately inserted in the instrument for measurement at room temperature. The 

g factor was determined according to the following formula: 

ℎ𝜈 = 𝑔𝜇𝐵𝐵0  (Eq. 4.12) 

with B0 the magnetic field at which resonance occurs. 

The predicted resonance for the free electron (g = ge = 2) should occur at 3350 G.  

The data was worked up with the OriginPro 8.5 or 9.0 program.231  

Cyclic voltammetry. CV was measured using glassy carbon (1.6 mm diameter) working and Pt wire 
counter electrodes and an Ag wire pseudo‐reference electrode in a fritted sample holder 

compartment and referenced against the [Fe(Cp)2]+/0 couple. A 0.1 M (nBu4N)PF6 solution in 
THF was used as electrolyte. The data was worked up with the OriginPro 8.5 or 9.0 program.231  
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4.2. Compound synthesis and characterization  
4.2.1. {Ph(NtBu)S(tBuNH)}2 ({1_H}2) 

The ligand 2_Li (1eq, 200mg, 0.77mmol) was dissolved in pentane and H3NtBuCl (1eq, 84.8mg, 
0.77mmol) was added to the clear yellowish solution in one portion. The white suspension did 
not dissolve over time and more white material precipitated after 2-3h. The reaction mixture also 
turned more yellow. Upon overnight stirring, the mixture was filtered over celite to afford a clear 
yellowish solution and the solvent was volumetrically reduced to a minimal amount. Crystals 
suitable for X-ray diffraction were obtained over a week from a pentane solution stored at -35°C. 
Crystalline yield: 35%. Anal Calc for C14H24N2S (252.42 g/mol) C, 66.62; H, 9.58; S, 12.70; N 
11.10; Found: C, 66.95; H, 10.21; S 12.68; N 11.20. 1H-NMR (300 MHz, THF-d8):  (ppm) = 
7.83 (m, 2H, o-H), 7.34 (m, 3H, p and m-H), 4.35 (s, 1H, N-H), 1.28 (s, 18 H, tBu-H). 13C-NMR 
(300 MHz, THF-d8):  (ppm) = 127.62 (p-C), 128.67 (m-C), 128.30 (o-C), 55.03 (tBu-C), 32.84 (tBu 
terminal-C).  

 

Figure 4.2.1: Crystal structure of {1_H}2. The asymmetric unit contains the dimer. Thermal 
ellipsoids are shown at the 50% probability level.  

 

Structure code 2_protonated CCDC Number 2076511 
Empirical Formula C28H48N4S2 μ [mm-1] 0.199 
Formula weight [g mol-1] 504.82 F(000) 1104 
Sample temperature [K] 100(2) θ range [°] 1.658 to 30.854 
Wavelength [Å] 0.71073 Reflections collected 92257 
Crystal System Monoclinic Unique Reflections 9354 
Space group P21/c Rint  0.1034 

Unit cell dimensions [Å] 
a=9.6385(16)   

Completeness to θmax 
[%] 

100 

b=20.075(3) β=106.655(4) restraints/parameters 1 / 327 
c=16.207(3)  GooF 1.031 

Volume [Å3] 3004.4(9) R1 (all data) 0.0585 
Z 4 wR2 (all data) 0.1040 

Crystal dimensions [mm] 0.176 x 0.116 x 0.099 
max. diff. peak / hole  
[eÅ-3] 

0.446 and -0.312 

Crystal shape and color Colorless blocks   
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DOSY-NMR of {1_H}2. 

  

Figure 4.2.1.1. DOSY-NMR of {1_H}2 in deuterated THF, measured by A. Kreyenschmidt. The 
normalized diffusion coefficient is log(Dx, norm) = –8.9434, giving MWdet, merge = 269g/mol (MWdif = –
6%) and MWdet, DSE = 258 g/mol (MWdif = –2%). The MW of the monomer species is 252.42 g/mol. 
Thus, the compound is a monomer in solution.  

MWdet, merge : molecular weight without taking the geometry into account; 

MWdet, DSE : molecular weight with dissipated spheres and ellipsoids; 

MWdif: % error to the molecular weight of the monomeric species.   
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4.2.2. [{PhS(NtBuH)2}2][{(tBuNH)PhS(tBuNLiCl2)}2] ({(8_H4)(8_H2LiCl2)}) 
In an argon glovebox, the ligand 8_Li2 (1eq, 50mg, 9.7μmol) was combined with H3NtBuCl (2eq, 
21.3mg, 19.4μmol) in 5 mL THF. The solution turned yellow and clear. After ten minutes, a 
white cloud was observed and the white solid precipitated. The solution was let to stir for eight 
hours, upon which the precipitate was removed by filtration through celite and the clear solution 
subsequently dried. The crude product was dissolved in a minimal amount of THF and layered 
with pentane. Crystals were obtained over a week. Crystalline yield≈10%. No further analysis was 
performed the yield was very poor.  

 

 

Figure 4.2.2. Asymmetric unit of ({(8_H4)(8_H2LiCl2)}). Hydrogens (except N-H hydrogens) are 
omitted for clarity. Thermal ellipsoids are depicted at the 50% probability level.  

Structure code 8_protonated CCDC Number / 
Empirical Formula C60H102Cl4Li1.8N8OS4 μ [mm-1] 0.323 
Formula weight [g mol-1] 1233.99 F(000) 2654 
Sample temperature [K] 100(2) θ range [°] 1.452 to 25.349 
Wavelength [Å] 0.71073 Reflections collected 142406 
Crystal System Tetragonal Unique Reflections 6572 
Space group P4̅21c Rint  0.0676 

Unit cell dimensions [Å] 
a =16.871(2)   

Completeness to θmax 
[%] 

99.9 

b = 16.871(2)  restraints/parameters 479 / 490 
c = 25.216(3)  GooF 1.097 

Volume [Å3] 7177.2(19) R1 (all data) 0.0625 
Z 4 wR2 (all data) 0.1257 

Crystal dimensions [mm] 0.345 x 0.237 x 0.229 
max. diff. peak / hole  
[eÅ-3] 

0.655 and -0.214 

Crystal shape and color Colorless blocks   
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4.2.3. [S(NtBu)3]2K3 ({L2}2_K3) 
In an argon glovebox, L3 (2eq, 300mg, 1.2mmol) and potassium metal (3eq, 72mg, 1.8mmol) 
were reacted in 2-3 mL toluene. Upon heavy stirring for one hour while the mixture turns 
troubled and light blue, the potassium was triturated in order to dissolve the blue product 
forming on its surface. The solution then turned deep blue, was filtered and the solvent removed 
in vacuo. Crystals were grown from a highly concentrated toluene solution at -35°C. Crystalline 
yield: 35%. Attempts to improve the yield by stirring longer after trituration resulted in solution 
color loss after a few minutes. The reaction itself should not last longer than one hour. Anal. 
Calc. for C48H108K3N12S4 (one radical molecule and two L3 molecules): M = 1097.66 g/mol. C, 
52.46; H, 9.91; N, 15.29; S, 11.67. Found: C, 53.05; H, 9.65; N, 14.98; S, 11.97. 

          

Figure 4.2.3. Crystal structure of {L2}2_K3 at 120K (left) and 100K (right). tBu disorders and 
hydrogens are omitted for clarity. Thermal ellipsoids are depicted at the 50% probability level.  

Structure code Radical_120K (twin) CCDC Number 2117636 
Empirical Formula C24H54K3N6S2 μ [mm-1] 0.539 
Formula weight [g mol-1] 608.15 F(000) 1316 
Sample temperature [K] 120(2) θ range [°] 1.745 to 26.449 
Wavelength [Å] 0.71073 Reflections collected  
Crystal System Monoclinic Unique Reflections 7406 
Space group P21/n Rint   

Unit cell dimensions [Å] 
a=12.6234(4)   

Completeness to θmax 
[%] 

100 

b=15.9110(6) β=102.476(2) restraints/parameters 1304 / 515 
c=17.5763(6)  GooF 1.030 

Volume [Å3] 3446.9(2) R1 (all data) 0.1583 
Z 4 wR2 (all data) 0.1889 

Crystal dimensions [mm] 0.201 x 0.123 x 0.094 
max. diff. peak / hole  
[eÅ-3] 

0.571 and -0.508 

Crystal shape and color Deep blue blocks   
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Structure code Radical_100K (twin) CCDC Number 2117635 
Empirical Formula C48H108K6N12S4 μ [mm-1] 0.540 
Formula weight [g mol-1] 1216.30 F(000) 2632 
Sample temperature [K] 100(2) θ range [°] 1.565 to 28.310 
Wavelength [Å] 0.71073 Reflections collected 104467 
Crystal System Monoclinic Unique Reflections 17091 
Space group P21/c Rint  0.0613 

Unit cell dimensions [Å] 
a = 23.665(3)   

Completeness to θmax 
[%] 

100 

b = 16.005(2) β =109.23(2) restraints/parameters 1596 / 847 
c = 19.223(3)  GooF 1.103 

Volume [Å3] 6874.6(18) R1 (all data) 0.0662 
Z 4 wR2 (all data) 0.1724 

Crystal dimensions [mm] 0.500 x 0.367 x 0.184 
max. diff. peak / hole  
[eÅ-3] 

1.723 and -0.969 

Crystal shape and color Deep blue blocks   
 

 

Figure 4.2.3.1. Cyclic voltamogramm of L2 in THF at a scan rate of 200 mV/s. An irreversible 
oxidation wave at about –0.25 V is visible. Unfortunately, direct CV investigation of the radical 
species was impossible due to electrolyte and solvent incompatibilities.   
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4.2.4. Dy(PPh2CH2S(NtBu)2)2Cl2Li(THF)2 (1_Dy) 

 

 

Figure 4.2.4. Molecular structure of 1_Dy. The asymmetric unit contains one complex molecule 
and one THF molecule. Thermal ellipsoids are shown at 50% probability level. Hydrogens are 
omitted for clarity.  

Structure code 1_Dy CCDC Number 2072893 
Empirical Formula C54H84Cl2DyLiN4O3P2S2 μ [mm-1] 1.537 
Formula weight [g mol-1] 1203.65 F(000) 1250 
Sample temperature [K] 100(2) θ range [°] 1.233 to 26.373 
Wavelength [Å] 0.71073 Reflections collected 116196 
Crystal System Triclinic Unique Reflections 11960 
Space group P1̅ Rint  0.0709 

Unit cell dimensions [Å] 
a = 10.820(2)  𝛼 = 74.80(2) 

Completeness to θmax 
[%] 

100 

b = 16.445(3) β = 84.60(4) restraints/parameters 0 / 634 
c = 17.159(3) 𝛾 = 85.10(2) GooF 1.032 

Volume [Å3] 7828.0(19) R1 (all data) 0.0362 
Z 2 wR2 (all data) 0.0580 

Crystal dimensions [mm] 0.308 x 0.183 x 0.086 
max. diff. peak / hole  
[eÅ-3] 

0.630 and -0.525 

Crystal shape and color Colorless blocks   

DyCl3 (0.13 mmol, 35.3 mg, 1eq) and Li(PPh2CH2S(NtBu)2) (0.26 mmol, 100 mg, 2eq) were 
dissolved together in THF (4mL) and a yellow solution was obtained. After stirring for 1d, the 
clear solution was filtered, dried in vacuo and the crude off-white product was washed with 
pentane. Small colorless plate-shaped crystals were obtained from the slow evaporation of 
pentane into a high-concentrated THF solution. Crystalline yield: 75%, IR (neat): 3056w, 2937w, 
2890w, 1418m, 1362m, 1187m, 948m, 828m, 737s, 681s, 498m cm-1 Anal. Calc. for 
C50H76Cl2DyLiN4O2P2S2 (M = 1131.37g/mol): C, 53.07; H, 6.77; N, 4.95; S, 5.67. Found: C, 
52.83; H, 6.81; N, 5.36; S, 5.67 
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4.2.5. Dy(PhS(NtBu)2)2Cl2Li(THF)2 (2_Dy) 

 

Figure 4.2.5. Asymmetric unit of 2_Dy. The asymmetric unit contains one and a half complex 
molecule. Thermal ellipsoids are shown at 50% probability level. Hydrogens are omitted for 
clarity.  

Structure code 2_Dy CCDC Number 2072894 
Empirical Formula C54H93Cl3Dy1.5Li1.5N6O3S3 μ [mm-1] 2.011 
Formula weight [g mol-1] 1331.03 F(000) 5484 
Sample temperature [K] 95(2) θ range [°] 1.232 to 28.339 
Wavelength [Å] 0.71073 Reflections collected 192338 
Crystal System Monoclinic Unique Reflections 15905 
Space group C2/c Rint  0.0878 

Unit cell dimensions [Å] 
a = 29.404(4)   

Completeness to θmax 
[%] 

99.9 

b = 20.037(3) β = 95.70(2) restraints/parameters 0 / 650 
c = 21.801(4)  GooF 1.030 

Volume [Å3] 12781(4) R1 (all data) 0.0584 
Z 8 wR2 (all data) 0.0926 

Crystal dimensions [mm] 0.378 x 0.313 x 0.273 
max. diff. peak / hole  
[eÅ-3] 

1.940 and -1.505 

Crystal shape and color Colorless blocks   
  

DyCl3 (0.19 mmol, 52 mg, 1eq) and Li(PhS(NtBu)2) (0.39 mmol, 100 mg, 2eq) were dissolved 
together in THF (4mL) and a yellow solution was obtained. After stirring for 1d, the clear solution 
was filtered, dried in vacuo and the crude off-white product was washed with pentane. Small 
colorless plate-shaped crystals were obtained from the slow evaporation of pentane into a high-
concentrated THF solution. Crystalline yield: 68%, IR (neat): 3045w, 2951w, 2895w, 1457m, 
1361m, 1184m, 1040m, 951s, 828s, 736s, 672s, 527m, 431m cm-1. Anal. Calc. for 
C36H62Cl2DyLiN4O2S2 (M = 887.38g/mol): C, 48.73; H, 7.04; N, 6.31; S, 7.31. Found: C, 48.11; 
H, 7.13; N, 6.41; S, 6.99.  
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4.2.6. Dy(MeS(NtBu)3)2)Cl2Li(THF)2 (3_Dy) 

 

Figure 4.2.6. Molecular structure of 3_Dy. The asymmetric unit contains two complex molecules 
and one THF molecule. Thermal ellipsoids are shown at 50% probability level. Hydrogens are 
omitted for clarity.  

Structure code 3_Dy CCDC Number 2072895 
Empirical Formula C38H84Cl2DyLiN6O3S2 μ [mm-1] 1.790 
Formula weight [g mol-1] 977.57 F(000) 2052 
Sample temperature [K] 100(2) θ range [°] 0.891 to 28.495 
Wavelength [Å] 0.71073 Reflections collected 260661 
Crystal System Triclinic Unique Reflections 24295 
Space group P1̅ Rint  0.0308 

Unit cell dimensions [Å] 
a=13.2648(3)  𝛼 =86.0800(10) 

Completeness to θmax 
[%] 

100 

b=15.9639(3) β =80.3700(10) restraints/parameters 794 / 1134 
c=23.2183(5) 𝛾 =83.5440(10) GooF 1.134 

Volume [Å3] 4810.47(18) R1 (all data) 0.0257 
Z 4 wR2 (all data) 0.0535 

Crystal dimensions [mm] 0.293 x 0.272 x 0.216 
max. diff. peak / hole  
[eÅ-3] 

2.304 and -1.247 

Crystal shape and color Colorless blocks   

DyCl3 (0.074 mmol, 20 mg, 1eq) and Li2(THF)2(MeS(NtBu)3)2 (0.074 mmol, 50 mg, 1eq) were 
dissolved together in THF (4 mL). Upon complete dissolution, the solution turned clear and was 
let to stir for 1d. It was then filtered, dried in vacuo to afford an off-white solid. Large colorless 
block-shaped crystals were obtained from the slow evaporation of pentane in a high-concentrated 
THF solution. Crystalline yield: 53%. IR (neat): 3249w, 2944w, 2880w, 1436m, 1344m, 1178m, 
1040s, 948s, 820s, 737s, 673s, 535s, 421m cm-1; Anal. Calc. for C38H84Cl2DyLiN6O3S2 (M = 
977.59g/mol): C, 46.69; H, 8.66; N, 8.60; S, 6.56. or for C34H76Cl2DyLiN6O2S2·LiCl (M = 
1019.98g/mol): C, 44.75; H, 8.30; N, 8.24; S, 6.26. Found: C, 44.75; H, 7.74; N, 8.15; S, 6.31; 3 
contains LiCl impurities. 
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Figure 4.2.6.1. IR spectra for 1_Dy (1), 2_Dy (2) and 3_Dy (3) 
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4.2.7. [{Ph2PCH2S(NtBu)3}2DyCl] (4_Dy)  
The complex 4_Dy was first characterized by J. Jung196 and then resynthesized for further reaction 
and magnetic analysis, as presented in the present work. The ligand [K{Ph2PCH2S(NtBu)3}] (6_K) 
(500mg, 1.03mmol, 2 eq) and DyCl3 (153mg, 0.52mmol, 1 eq) were suspended in toluene 
(40 mL). THF (0.8 mL) was added and the mixture was stirred for 1d at room temperature. 
Subsequently, KCl was filtered off and the solvent was removed under reduced pressure. The 
crude sticky product was dissolved in THF and layered with pentane (1:5 THF/pentane ratio). 
Crystallization started within hours up to several days at ambient temperature yielding pale yellow 
crystals that were isolated and washed twice with 1 mL pentane. Crystalline yield: 285 mg, 0.25 
mmol (49%); LIFDI–MS: m/z: 1052.4 [M-Cl]+; Anal. Calc. for C50H78ClN6P2S2Dy(C2.25H4.99O0.25): 
C, 55.87; H, 7.21; N, 7.57; S, 5.71. Found: C 55.80, H 7.21, N 7.57, S 5.92.  

Figure 4.2.7: Molecular structure of 4_Dy. The asymmetric unit contains one complex molecule 
and one disordered THF/pentane molecule. Thermal ellipsoids are shown at 50% probability 
level. Hydrogens are omitted for clarity. 

Structure code 4_Dy CCDC Number 2104540 

Empirical Formula 
C50H78ClN6P2S2Dy, 
0.252(C4H8O) 

μ [mm-1] 1.343 

Formula weight [g mol-1] 1123.3 F(000) 4684 
Sample temperature [K] 100(2) θ range [°] 1.363 to 24.472 
Wavelength [Å] 0.56086 Reflections collected 290042 
Crystal System Monoclinic Unique Reflections 18647 
Space group C2/c Rint  0.0597 

Unit cell dimensions [Å] 
a=35.454(4)   

Completeness to θmax 
[%] 

100 

b=15.335(2) β =95.29(2) restraints/parameters 208 / 658 
c=20.523(3)  GooF 1.021 

Volume [Å3] 11111(3) R1 (all data) 0.0394 
Z 8 wR2 (all data) 0.0526 

Crystal dimensions [mm] 0.183 x 0.150 x 0.124 
max. diff. peak / hole  
[eÅ-3] 

0.608 and -0.556 

Crystal shape and color Pale yellow blocks   
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4.2.8. [{Ph2PCH2S(NtBu)3}Dy(C3H5)(μ2 -Cl2)Dy(C3H5){Ph2PCH2S(NtBu)3}] 
(5_Dy) 

 

Motivation: Remove the last chlorine atom coordinated to the dysprosium atom in 4_Dy and 
replace it with a bulky counter-ion that does not coordinate anymore to the dysprosium atom.  

The chlorine atom could be removed in a smooth two step synthesis (1) (Figure 4.2.8.1, top). 
Alternatively, the chlorine extraction could be done with the halide extracting agent 
[H(SiEt3)2][B(C6F5)4]. (2). However, the use of such reactive materials may result in ligand 
decomposition due to the potential redox activity of the SN ligands.  

Figure 4.2.8.1. Scheme of the two strategies to synthesize the chlorine-free dysprosium complex 

[{Ph2PCH2S(NtBu)3}2Dy][BPh4] or [{Ph2PCH2S(NtBu)3}2Dy][B(C6F5)4].(a). Synthesis route for 5_Dy 
(b).   

The first step of strategy (1) consisted of reacting 4_Dy with a Grignard reagent and forming an 
allyl adduct while MgCl2 precipitated. Subsequently, the allyl group would be protonated with 

HNEt3BPh4 to give propene gas and the desired product [{Ph2PCH2S(NtBu)3}2Dy][BPh4]. The 
reaction was carried out in toluene, in which the colorless starting material 4_Dy was suspended. 
Upon addition of AllylMgCl, the solution turned clear and bright yellow. The reaction was let to 
stir for 24h, upon which the solution was filtered, and the solvent reduced. The crude yellow 
powder was washed with small portions of pentane and set to recrystallize in a minimal amount 
of toluene layered with pentane. Unfortunately, this first step was already unsuccessful and gave 
the crystalline compound 5_Dy in poor yields (Figure 4.2.8.1, b) instead of the desired product.  

5_Dy crystallizes as bright yellow crystals in the triclinic space group P1̅, giving a dimeric structure 
as two dysprosium atoms are bridged by two chlorine atoms (Figure 4.2.8.2). The asymmetric 
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unit contains half of the complex molecule as the inversion center is located in the middle of the 
[Dy2Cl2] core. Each dysprosium atom is octa-coordinated by the three donor atoms of the 
scorpionate ligand, two chlorine atoms and the three carbon atoms of the allyl group. The 
distance between the two dysprosium atoms is 4.357(5) Å, which is short enough to enable them 
to magnetically couple. Compared to 4_Dy, the Dy-P distance in 5_Dy is shortened by 0.05 Å 
while the Dy-Cl distance is lengthened by 0.2 Å. The Dy-S and Dy-N bond lengths are remarkably 
invariant, and the S-N distances only vary a little (Table 4.2.8.1).  

 

Figure 4.2.8.2. Crystal structure of 5_Dy in two orientations. Orange, green, yellow, pink, dark 
blue, and grey represent dysprosium, chlorine, sulfur, nitrogen, and carbon atoms, respectively. 
Hydrogens are omitted for clarity. 

Table 4.2.8.1. Comparison of selected bond lengths (Å) and angles (°) in 4_Dy and 5_Dy 

Compound 4_Dy 5_Dy 

Dy-P 3.2169(5) 3.153(5) 

Dy-Cl 2.5996(5) 2.728(5) 

Dy-S 3.0730(5); 3.0789(5) 3.070(5) 

Dy-N 2.3147(13); 2.3467(13); 
2.3471(13); 2.3837(13) 

2.325(13); 2.343(14) 

Dy-Dy – 4.357(5) 

N-Dy-N 60.37(5); 60.07(4) 61.1(5) 

S-Dy-S 141.847(12) – 

Easy axis deviation 120-125.6 122.1 
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Until now, the low yields prevented further magnetic investigation. Nevertheless, the 
determination of the main magnetic axes in 5_Dy was possible on the coordinates of the crystal 
structure obtained from X-ray diffraction. The two axes are parallel to each other and the bridging 
chlorine atoms are the coordinating atoms that are the closest to the magnetic axes. The other 
coordinating atoms, however, are positioned equatorially to the axial magnetic axis and are 
therefore probably producing a transverse anisotropy. Importantly, the bonds between the 
dysprosium atom and the strongly binding allyl group are not following the orientation of the 
magnetic axis, worsening the overall magnetic anisotropy of the complex. Thus, poor magnetic 
properties are expected. However, magnetic measurements would reveal the nature and strength 
of the magnetic exchange coupling between the two dysprosium atoms. Additionally, a possible 
next reaction step would be to react 5_Dy with HNEt3BPh4 to remove each allyl group on the 

dysprosium atoms and obtain the bimetallic complex [{Ph2PCH2S(NtBu)3}Dy(𝜇2–

Cl2)Dy{Ph2PCH2S(NtBu)3}][(BPh4)2]. Without the strongly binding allyl groups, better magnetic 
properties would be expected.  

Figure 4.2.8.3. Orientation of the main magnetic axis of the ground state calculated for the entire 
molecule for 5_Dy (brown line), in two different views. Hydrogens are omitted for better clarity. 

 

Experimental details: 4_Dy (200mg, 1eq. 0.2mmol) was completely dissolved in 5 mL THF, giving 
a colorless solution. AllylMgCl (2M in THF solution, 0.086mL, 1eq, 0.2mmol) was added and 
the solution immediately turned bright yellow. A white precipitate started to form. After 1 hour, 
the solution is filtered. The volatils are removed under reduced pressure and the yellow, oily 
product is extracted with toluene. Crystals are grown over the course of several months from slow 
evaporation of pentane into concentrated toluene solutions at –35°C. The crystalline yield was 
only sufficient for a SCXRD experiment.  
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Figure 4.2.8. Asymmetric unit of 5_Dy. The asymmetric unit contains half of a complex molecule 
and one disordered toluene molecule. Thermal ellipsoids are shown at 50% probability level. 
Hydrogens are omitted for clarity. 

Structure code 5_Dy (twin) CCDC Number / 
Empirical Formula C35H52ClDyN3PS μ [mm-1] 2.310 
Formula weight [g mol-1] 775.77 F(000) 794 
Sample temperature [K] 100(2) θ range [°] 1.449 to 27.246 
Wavelength [Å] 0.71073 Reflections collected 294804 
Crystal System Triclinic Unique Reflections 6463 
Space group P1̅ Rint  0.1337 

Unit cell dimensions [Å] 
a=9.911(2)  𝛼 =80.305(12) 

Completeness to θmax 
[%] 

99.5 

b=12.811(3) β =84.134(10) restraints/parameters 961 / 498 
c=14.314(4) 𝛾 =84.518(9) GooF 1.094 

Volume [Å3] 1776.4(8) R1 (all data) 0.0468 
Z 2 wR2 (all data) 0.0987 

Crystal dimensions [mm] 0.1 x 0.1 x 0.1 
max. diff. peak / hole  
[eÅ-3] 

3.088 and -1.272 

Crystal shape and color Intense yellow blocks   
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4.2.9.  [(THF)2Li{(NtBu)4S}Co{N(SiMe3)2}] (1_Co) 
The synthesis and structural characterization of 1_Co were done by J. Jung.186,196 A mixture of 
[(THF)4Li2(NtBu)4S] (L1) (1eq, 250 mg, 0.40 mmol) and Co{N(SiMe)3}2 (1eq, 0.40 mmol) was 
dissolved in pentane (15 mL) at rt. After stirring for 1 d, the reaction mixture was filtered, and 
the filtrate was concentrated (9 mL) under reduced pressure. Crystallization started within 
minutes after storing at –34°C yielding crystals (267 mg) suitable for X-ray analysis. Crystalline 
yield: 78%; 1H-NMR (500.13 MHz, 298 K, C6D6): δ [ppm] = -19.98 (s br, 18H, 6 CH3), -13.36 
(s br, 18H, 6 CH3), -1.80 (s br, 18H, 6 CH3), 6.84 (s, 8H, THF-H), 13.52 (s, 8H, THF-H). 
7Li-NMR (194.37 MHz, 298 K, C6D6): δ [ppm] = 6.42 (s). 13C{1H}-NMR (125.76 MHz, 298 K, 
C6D6): δ [ppm] = 24.87 (s, CH3), 32.55 (s, THF-C), 58.54 (s, NC(CH3)3), 79.73 (s, THF-C), 318.05 
(s, CH3), 605.26 (s, CH3), 973.52 (s, NC(CH3)3). Anal. for C30H70CoLiN5O2SSi2 (M = 687.03 
g/mol) (found (calc.) [%]): C 53.00 (52.45), H 10.47 (10.27), N 10.58 (10.19). 

 

Figure 4.2.9.Asymmetric unit of 1_Co. Hydrogens are omitted for clarity. Thermal ellipsoids 
are represented at the 50% probability level.  

Structure code 1_Co  CCDC Number 2068813 
Empirical Formula C30H70CoLiN5O2SSi2 μ [mm-1] 0.304 
Formula weight [g mol-1] 687.02 F(000) 1500 
Sample temperature [K] 100(2) θ range [°] 1.538 to 20.066 
Wavelength [Å] 0.56086 Reflections collected 35851 
Crystal System Monoclinic Unique Reflections 3798 
Space group C2/c Rint  0.0696 

Unit cell dimensions [Å] 

a=15.534(2)   
Completeness to θmax 
[%] 

100 

b=15.343(2) β=113.24(2) restraints/parameters 0 / 201 
c 
=18.113(3) 

 GooF 1.038 

Volume [Å3] 3966.7(11) R1 (all data) 0.0482 
Z 4 wR2 (all data) 0.0744 
Crystal dimensions 
[mm] 

0.259 x 0.109 x 0.082 
max. diff. peak / hole  
[eÅ-3] 

0.314 and -
0.317 

Crystal shape and color Purple blocks   
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4.2.10. [{PPh2CH2(NtBu)3S}Co{N(SiMe3)2}] (2_Co) 
The synthesis and structural characterization of 2_Co were done by J. Jung.186,196 The ligand 6_Li 
was protonated to give Ph2PCH2S(NtBu)2NHtBu (6_H). This protonated species (1eq, 250.0 mg, 
0.5610 mmol) and the metal salt M{N(SiMe)3}2 (1eq, 0.5610 mmol) were dissolved in pentane (5 
mL) at rt. After stirring for 1 d, the reaction mixture was filtered and reduced. Storing at –34°C 
yielded crystals suitable for X-ray analysis after 2 d. Crystalline Yield: 92%. 1H-NMR (500.13 
MHz, 298 K, C6D6): δ [ppm] = -19.12 (s br, 18H, 6 CH3), -12.50 (s br, 9H, 3 CH3), -9.90 (s br, 
9H, 3 CH3), 5.59 (s br, 9H, 3 CH3), 7.72 (s, 2H), 8.24 (s, 4H, Ph-H), 9.76 (s br, 4H, Ph-H), 144.15 
(s, 2H). 1H-NMR (500.13 MHz, 323 K, C6D6): δ [ppm] = -15.61 (s br, 18H, 6 CH3), -10.13 (s br, 
18H, 6 CH3), 5.52 (s br, 9H, 3 CH3), 8.10 (s, 2H), 8.77 (s, 4H, Ph-H), 11.54 (s br, 4H, Ph-H), 
125.96 (s, 2H). 13C{1H}-NMR (125.76 MHz, 298 K, C6D6): δ [ppm] = 46.49 (s), 124.02 (s), 131.79 
(s), 133.33 (s), 144.87 (s), 180.69 (s), 475.12 (s), 514.69 (s), 622.50 (s), 830.15 (s). 31P{1H}-NMR 
(202.46 MHz, 298 K, C6D6): δ [ppm] = 540.01 (s). Anal. for C31H57CoN4PSSi2 (found (calc.) [%]): 
C 56.03 (56.08), H 8.91 (8.65), N 8.40 (8.44). 

 

Figure 4.2.10. Asymmetric unit of 2_Co. Hydrogens are omitted for clarity. Thermal ellipsoids 
are represented at the 50% probability level.  

Structure code 2_Co  CCDC Number 2068815 
Empirical Formula C31H57CoN4PSSi2 μ [mm-1] 0.337 
Formula weight [g mol-1] 663.94 F(000) 1428 
Sample temperature [K] 100(2) θ range [°] 1.514 to 21.387 
Wavelength [Å] 0.56086 Reflections collected 164140 
Crystal System Monoclinic Unique Reflections 8646 
Space group P21/c Rint  0.0463 

Unit cell dimensions [Å] 
a=10.737(2)  Completeness to θmax 100% 

b=31.049(3) β=107.77(2) restraints/parameters 0 / 376 
c=11.858(2)  GooF 1.101 

Volume [Å3] 3764.5(11) R1 (all data) 0.0415 
Z 4 wR2 (all data) 0.0754 
Crystal dimensions 
[mm] 

0.234 x 0.175 x 0.108 
max. diff. peak / hole  
[eÅ-3] 

0.796 and -
0.321 

Crystal shape and color Green blocks   
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4.2.11. Co(MeS(NtBu)2)2 (3_Co) 
The ligand 1_Li (100mg, 0.5mmol, 2eq) was dissolved in 5 mL toluene and added to CoCl2 

(32.9mg, 0.25mmol, 1eq) suspended in toluene (3mL) at room temperature. The color slowly 
evolved to dark purple and the mixture was left to stir overnight. Upon filtering and solvent 
removal, the product was extracted with small pentane portions. The obtained clear solution was 
filtered again and reduced as much as possible for recrystallization at -35°C. Crystals were 
obtained over a week. Crystalline yield: 40%, Anal. Calc. for C18H42CoN4S2 (M=437.22g/mol): 
C, 49.40; H, 9.67; N, 12.80; S, 14.65. Found: C, 47.98; H, 9.46; N, 12.27; S, 14.06. LIFDI-MS 
(m/z, pentane): 437.6 g/mol. IR (neat): 2951m, 2849w, 1452w, 1339s, 1185s, 980s, 816s, 764s. 
vis (pentane): 525, 577, 677nm.  

 

Figure 4.2.11. Asymmetric unit of 3_Co. The asymmetric unit contains half a disordered 
complex molecule Thermal ellipsoids are shown at 50% probability level. Hydrogens are omitted 
for clarity. 

Structure code 3_Co CCDC Number / 
Empirical Formula C18H42CoN4S2 μ [mm-1] 0.844 
Formula weight [g mol-1] 437.60 F(000) 948 
Sample temperature [K] 100(2) θ range [°] 2.498 to 33.344 
Wavelength [Å] 0.71073 Reflections collected 56374 
Crystal System Monoclinic Unique Reflections 4946 
Space group C2/c Rint  0.0591 

Unit cell dimensions [Å] 
a=18.4426(9)   

Completeness to θmax 
[%] 

100 

b=8.6569(4) β=117.8620(10) restraints/parameter 418 / 222 
c=18.0932(13)  GooF 1.069 

Volume [Å3] 2553.8(3) R1 (all data) 0.0966 
Z 4 wR2 (all data) 0.1691 

Crystal dimensions [mm] 0.100  0.100  0.100 
max. diff. peak / hole  
[eÅ-3] 

2.295 and -1.163 

Crystal shape and color Pink purple plates    
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4.2.12. Co(PhS(NtBu)2)2 (4_Co) 
At room temperature, the ligand 2_Li (100mg, 0.39 mmol, 2eq) was dissolved in Et2O (3mL) and 
CoCl2 (18.5mg, 0.19mmol, 1eq) was added in one portion. The colorless solution immediately 
turned brown-green but became red after 30min intensive stirring, while a white precipitate was 
forming. The mixture was left to stir overnight, then filtered and dried to obtain a red solid. 
Crystals suitable for X-ray analysis were obtained from a concentrated pentane solution stored at 
-35°C after one day. Crystalline yield: 78%, Anal. Calc. for C28H46CoN4S2 (M=561.76g/mol): C, 
59.87; H, 8.25; N, 9.97; S, 11.41. Found: C, 60.00; H, 8.69; N, 9.99; S, 11.35. LIFDI-MS (m/z, 
pentane): 561.5g/mol; Vis (pentane): 525, 575nm; IR(neat): 3072w, 2967m, 1356m, 1220s, 
1013s cm-1 

 

Figure 4.2.12. Molecular structure of 4_Co. The asymmetric unit contains one complex 
molecule. Thermal ellipsoids are shown at 50% probability level. Hydrogens are omitted for 
clarity. 

Structure code 4_Co CCDC Number 2046685 
Empirical Formula C28H46CoN4S2 μ [mm-1] 0.720 
Formula weight [g mol-1] 561.74 F(000) 1204 
Sample temperature [K] 100(2) θ range [°] 1.323 to 26.533 
Wavelength [Å] 0.71073 Reflections collected 67821 
Crystal System Monoclinic Unique Reflections 6338 
Space group P21/c Rint  0.1448 

Unit cell dimensions [Å] 
a = 9.04(8)   

Completeness to θmax 
[%] 

100 

b=10.9979(10) β = 91.80(2) restraints/parameters 0 / 328 
c = 30.80(3)  GooF 0.909 

Volume [Å3] 3056(27) R1 (all data) 0.0626 
Z 4 wR2 (all data) 0.0701 

Crystal dimensions [mm] 0.225 x 0.199 x 0.120 
max. diff. peak / hole  
[eÅ-3] 

0.335 and -0.345 

Crystal shape and color Pink red needles   
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4.2.13. Co(MeS(NtBu)3)2 (5_Co) 
The synthesis and characterization of 5_Co have been previously reported elsewhere by E. Carl 
et al. Herein, 5_Co was synthesized according to the published procedure with CoCl2 instead of 
Co(HMDS)2. Comparable analytical data was obtained. UV-vis was additionally performed to 
further complete the characterization. Vis (pentane): 536, 576, 677nm.  

Figure 4.2.13. Asymmetric unit of 5_Co. The asymmetric unit contains half of a complex 
molecule. Thermal ellipsoids are represented at the 50% probability level.  

Structure code 5_Co CCDC Number 1426594 
Empirical Formula C26H60CoN6S2 μ [mm-1] 0.681 
Formula weight [g mol-1] 579.85 F(000)  
Sample temperature [K] 100(2) θ range [°] 1.959 to 27.121 
Wavelength [Å] 0.71073 Reflections collected 46244 
Crystal System Monoclinic Unique Reflections 3585 
Space group C2/c Rint  0.0263 

Unit cell dimensions [Å] 
a=25.274(2)  

Completeness to θmax 
[%] 

100 

b=8.809(2) β=124.67(2) restraints/parameters 0 / 169 
c =17.735(2)  GooF 1.089 

Volume [Å3] 3247.4(11) R1 (all data) 0.0250 
Z 4 wR2 (all data) 0.0635 

Crystal dimensions [mm] 0.1 x 0.1 x 0.05 
max. diff. peak / hole  
[eÅ-3] 

0.410 and -0.303 

Crystal shape and color Pink plates   
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4.2.14. Co(PhS(NtBu)3)2 (6_Co) 
The ligand 5_Li (100mg, 0.30mmol, 2eq) and CoCl2 (19.5mg, 0.15mmol, 1eq) were combined 
and suspended in toluene (5mL) at room temperature. The solution directly turned light pink 
then slowly evolved to darker pink-purple. After 1d of intense stirring, a white precipitate was 
filtered out and the volatils were completely removed under vacuum. The obtained pink-purple 
crude product was washed several times with small amounts of cold pentane (3x2mL) and 
recrystallized from toluene by slow evaporation at room temperature. Crystalline yield: 78% Anal. 
Calc. for C36H64CoN6S2 (703.4g/mol): C, 61.42; H, 9.16; N, 11.94; S, 9.11. Found: C, 61.21; H, 
9.09; N, 12.65; S, 9.56; LIFDI-MS (m/z, toluene): 703.3g/mol. Vis (toluene): 540, 555, 750nm; 
IR(neat): 3553w, 3067w, 2964m, 1231s, 1182s cm-1 

 

Figure 4.2.14. Asymmetric unit of 5_Co. The asymmetric unit contains half of a disordered 
complex molecule. Thermal ellipsoids are shown at 50% probability level. Hydrogens are omitted 
for clarity. 

Structure code 6_Co CCDC Number 2046686 
Empirical Formula C36H64CoN6S2 μ [mm-1] 0.574 
Formula weight [g mol-1] 703.98 F(000) 1524 
Sample temperature [K] 100(2) θ range [°] 1.640 to 28.365 
Wavelength [Å] 0.71073 Reflections collected 49646 
Crystal System Monoclinic Unique Reflections 4906 
Space group C2/c Rint  0.1042 

Unit cell dimensions [Å] 
a=26.460(3)  

Completeness to θmax 
[%] 

100 

b=9.004(2) β=110.200(5) restraints/parameters 546 / 232 
c =17.587(2)  GooF 1.023 

Volume [Å3] 3932.3(11) R1 (all data) 0.0978 
Z 4 wR2 (all data) 0.1690 

Crystal dimensions [mm] 0.381 x 0.316 x 0.137 
max. diff. peak / hole  
[eÅ-3] 

0.751 and -0.707 

Crystal shape and color Pink-red needles   
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4.2.15. Co(PPh2CH2S(NtBu)3)2 (7_Co) 
The ligand 6_Li (100mg, 0.18mmol, 2eq) and CoCl2 (11.4mg, 0.09mmol, 1eq) were combined 
and suspended in pentane (5mL). The color slowly evolved from white-bluish to pink, with a 
white suspension observable during the entire reaction. After 1d of intense stirring, the mixture 
was dried, and the product was extracted with toluene (3x2mL) as a pink-purple solution. The 
solution was filtered, dried under vacuo to yield a pink solid. The crude product was recrystallized 
from toluene at room temperature by slow evaporation. Crystalline yield: 62mg, 74%. Anal. Calc. 
for C100H156Co2N12P4S4: C, 63.33; H, 8.29; N, 8.86; S, 6.76. Found: C, 62.99; H, 8.33; N, 9.06; 
S, 6.71. LIFDI-MS (m/z, toluene): 947.2g/mol. Vis (toluene): 530, 650nm; IR(neat): 3047w, 
2959s, 1441m, 1356s, 1196s cm-1 

 

Figure 4.2.15. Asymmetric unit of 4_Co. The asymmetric unit contains half a complex molecule. 
Thermal ellipsoids are shown at 50% probability level. Hydrogens are omitted for clarity. 

Structure code 7_Co CCDC Number 2046687 
Empirical Formula C50H78CoN6P2S2 μ [mm-1] 0.506 
Formula weight [g mol-1] 948.17 F(000) 1018 
Sample temperature [K] 100(2) θ range [°] 1.581 to 26.562 
Wavelength [Å] 0.71073 Reflections collected 27272 
Crystal System Monoclinic Unique Reflections 5439 
Space group C2 Rint  0.1008 

Unit cell dimensions [Å] 
a=26.121(3)  

Completeness to θmax 
[%] 

100 

b=9.373(2) β=99.44(2) restraints/parameters 1 / 286 
c=10.865(2)  GooF 1.010 

Volume [Å3] 2624.1(8) R1 (all data) 0.0782 
Z 2 wR2 (all data) 0.1003 

Crystal dimensions [mm] 0.305 x 0.127 x 0.070 
max. diff. peak / hole  
[eÅ-3] 

0.446 and -0.355 

Crystal shape and color Pink needles   
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Figure 4.2.15.1. IR data for complexes 3_Co, 4_Co, 6_Co and 7_Co. 

 

 

Figure 4.2.15.2. vis data for complexes 3-7_Co.  
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4.2.16. [(THF)2Li(μ2–Cl2)Dy{(THF)Cl(Ph(S(NtBu)2)2)(THF)Cl}DyCl2] 
DyCl3 (1eq, 26mg, 0.1mmol) and 7_Li2 (1eq, 42 mg, 0.1 mmol) were mixed together and 5mL 
THF were added to give a creamy suspension. After 10min heavy stirring, the solution became 
clear and pale yellow. The mixture was left to stir for 2 hours, upon which it was filtered and 
reduced. The oily crude product was extracted and triturated with pentane (3x 2mL) until it 
became a solid powder. The volatils were then removed and 1 mL THF was added. Crystals were 
grown over a week by slow evaporation of pentane into the concentrated THF solution at –35°C.  
Crystalline yield: 40%. LIFDI-MS analysis was unsuccessful. Anal. Calc. for 
C38H72Cl5Dy2LiN4O4S2 (1222.33 g/mol): C, 37.34; H, 5.94; S, 5.25; N, 4.58; Found: C, 36.45; 
H, 6.39; S, 3.28; N, 2.49.  

 

Figure 4.2.16: Structure of [(THF)2Li(μ2–Cl2)Dy{(THF)Cl(Ph(S(NtBu)2)2)(THF)Cl}DyCl2]. 
Atoms are represented as isotropic spheres because of the low crystal data quality.  

 

The crystal data is not given here since the data quality was poor. The compound was further 
analysed by SQUID magnetometry.  
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Magnetic characterization:  

Figure 4.2.16.1. Temperature dependence of the product χMT from 210K to 2K under 5000 Oe 
dc field. The value at 210K corresponds to two independent dysprosium ions. At low 
temperatures, no coupling is detected.  

Figure 4.2.16.2. Temperature and field dependency of the imaginary part of the magnetic 
susceptibility at the highest frequency of 1488 Hz. A peak is detected without external field, at 
around 9K while no peak is detected when a field of 1000 Oe is applied.  
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Figure 4.2.16.3. (top) dynamic susceptibility data under 0 Oe. Maxima for the out-of-phase signals 
are detected up to 8K. (bottom) Cole-Cole plot. Unfortunately, the Cole-Cole plot could not be 
fitted neither with one nor two relaxation processes, the sample must probably be diluted first. 
Nevertheless, the Cole-Cole plot indicates the presence of several relaxation processes, probably 
including a phonon bottleneck process.  

 

  



 

155 
 

4.2.17. [(THF)2Li(μ2–Cl2)Dy{(THF)Cl(Ph(S(NtBu)2)2)(THF)Cl}DyCl2] 
DyCl3 (1eq, 26mg, 0.1mmol) and 8_Li2 (1eq, 50 mg, 0.1 mmol) were mixed together and 5mL 
THF were added to give a creamy suspension. After 10min heavy stirring, the solution became 
clear and pale yellow. The mixture was left to stir for 2 hours, upon which it was filtered and 
reduced. The oily crude product was extracted and triturated with pentane (3x 2mL) until it 
became a solid powder. The volatils were then removed and 1 mL THF was added. Crystals were 
grown over a week by slow evaporation of pentane into the concentrated THF solution at –35°C.  
Crystalline yield: 40%. LIFDI-MS analysis was unsuccessful. Anal. Calc. for 
C52H92Cl6Dy2Li2N4O6S2 (M=1485.04g/mol): C, 42.06; H, 6.24; N, 3.77; S, 4.32. Found: C, 
42.13; H, 6.34; N, 4.43; S, 5.61. 

 

Figure 4.2.17. Crystal structure of [(THF)2Li(μ2–Cl2)Dy{(THFCl(Ph(S(NtBu)2)2)(THF)Cl}DyCl2]. 
The asymmetric unit contains a complex molecule and a LiCl(THF)2 molecule. Thermal 
ellipsoids are represented at the 50% probability level.  

Structure code DybiPhSN CCDC Number / 
Empirical Formula C52H92Cl6Dy2Li2N4O6S2 μ [mm-1] 2.606 
Formula weight [g mol-1] 1484.99 F(000) 3008 
Sample temperature [K] 100(2) θ range [°] 1.144 to 26.384 
Wavelength [Å] 0.71073 Reflections collected 142632 
Crystal System Orthorhombic Unique Reflections 13455 
Space group Pca21 Rint  0.0978 

Unit cell dimensions [Å] 
a = 20.027(2)   

Completeness to θmax 
[%] 

100 

b = 9.2298(10)  restraints/parameters 1367 / 650 
c = 35.588(4)  GooF 1.345 

Volume [Å3] 6578.4(12) R1 (all data) 0.1150 
Z 4 wR2 (all data) 0.2404 

Crystal dimensions [mm] 0.1 x 0.1 x 0.1 
max. diff. peak / hole  
[eÅ-3] 

4.263 and -5.191 

Crystal shape and color Yellow blocks   
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Magnetic characterization:  

Figure 4.2.17.1. Temperature dependence of the product χMT from 210K to 2K under 5000 Oe 
dc field. The value at 210K corresponds to two independent dysprosium ions. At low 
temperatures, no coupling is detected. The data is very similar to the previous Dy2 compound.  

Figure 4.2.17.2. Temperature and field dependency of the imaginary part of the magnetic 
susceptibility at the highest frequency of 1488 Hz. No peak is detected without external field, a 
peak around 6K is present when a field of 1000 Oe is applied.  
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Figure 4.2.17.3. (top) dynamic susceptibility data at 1000 Oe. Maxima for the out-of-phase signals 
are detected up to 5K. (bottom) Cole-Cole plot. Unfortunately, the Cole-Cole plot could not be 
fitted neither with one nor two relaxation processes, the sample must probably be diluted first.  
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4.2.18. [{(Ph2(S(NtBu)2)2)Cl}Co(μ2–Cl2)Co{Cl(Ph2(S(NtBu)2)2)}]2 (C7H8)x 
CoCl2 (1eq, 12.6mg, 0.1mmol, blue powder) and 8_Li2 (1eq, 50mg, 0.1mmol) were mixed 
together and suspended in 5 mL THF. The solution immediately turned darker (yellow to orange 
to brown) and all solids dissolved. Eventually, after a couple of hours, the solution turned intense 
dark blue. Upon stirring overnight, the solution was filtered and dried in vacuo. The obtained oil 
was extracted and triturated with 2mL portions of pentane until becoming solid. Some product 
is slightly soluble in pentane, which turned lightly blue. The volatils were then removed to obtain 
a dark blue powder. The crude product was then dissolved in a minimal amount of toluene and 
set to recrystallize at rt. Intense purple crystals were grown over a week while a blue powder 
precipitated. Attempts to recrystallize the blue by-product were unsuccessful. The purple crystals 
were further characterized by X-ray diffraction, EA and SQUID magnetometry. LIFDI-MS was 
unsuccessful. Anal. Calc. for C70H104Cl8Co4N8S4 (1 complex molecule and 2 toluene molecules) 
(M=1705.23g/mol) C, 49.31; H, 6.15; N, 6.57; S, 7.52. or Anal. Calc. for C133H200Cl16Co8N16S8 
(M = 3318.32 g/mol) (2 complex molecules and 3 toluene molecules) C, 48.14; H, 6.08; N, 6.75; 
S, 7.73. Found: C, 47.57; H, 5.91; N, 6.22; S, 7.57. 

 

 

Figure 4.2.18. Crystal structure of [{(Ph2(S(NtBu)2)2)Cl}Co(μ2–Cl2)Co{Cl(Ph2(S(NtBu)2)2)}]2. 
(C7H8). Thermal ellipsoids are shown at the 50% probability level. A toluene molecule 
cocrystallizes between the two biphenyl ligands.  

The crystal data is not given here since the data quality is poor. The compound was further 
analyzed by UV-vis and SQUID magnetometry.  
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Magnetic characterization: 

Figure 4.2.18.1. Temperature dependence of the product χMT from 210K to 2K under 5000 Oe 
dc field. The value at 210K corresponds to four independent cobalt ions with a significant angular 
contribution. At lower temperature, the value decreases because of antiferromagnetic coupling 
between the cobalt ions. The small increase around 10-20K is due to paramagnetic impurities.  

Fits of the coupling give an antiferromagnetic coupling between –5 and –10 cm-1.  
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Figure 4.2.18.5. UV-vis spectra of [{(Ph2(S(NtBu)2)2)Cl}Co(μ2–Cl2)Co{Cl(Ph2(S(NtBu)2)2)}]2 
(C7H8)in THF and toluene. Picture of the solutions (left is in THF and right is in toluene) and 
picture of the crystals under the microscope.  

The compound [{(Ph2(S(NtBu)2)2)Cl}Co(μ2–Cl2)Co{Cl(Ph2(S(NtBu)2)2)}]2(C7H8) presents 
solvatochromism: the purple crystals can be dissolved in either THF or toluene. In toluene, the 
solution remains purple, while the THF solution turns light blue.  

 

 

 

Conclusion for ditopic SN based compounds:  

The magnetic characterization of the three previous compounds shows the potential underlying 
in the ditopic SN ligands towards the design and synthesis of novel multinuclear SMMs. 
Although the magnetic characterization is challenging, the three presented compounds present 
interesting magnetic properties, even under zero field. In order to circumevent crystallization 
issues, the use of the –SiMe3 substituted sulfur diimine (S(N(SiMe3)2) as starting material for the 
ligands is recommended. 
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4.2.19. M(Mebox)2 complexes (M = Mn, Fe, Co, Ni) 
General procedure. In an Argon-filled glovebox, a solution of the deprotonated ligand in THF was 
added dropwise to a stirring suspension of MCl2 in THF at room temperature. The obtained 
mixture was let to stir overnight, then filtered and the solvent was reduced to 1mL. Crystals were 
obtained by slow evaporation of pentane in the THF solution at -35°C.  

Mn(Mebox)2(THF)2 Isolated 17.5 mg in crystalline yield (48%) from the reaction of KMebox 
(2eq, 50mg, 0.13mmol) with MnCl2 (1eq, 8.33mg, 0.06mmol). Block-shaped yellow crystals 
suitable for X-ray analysis were obtained after 48h. IR(neat): 3054w, 2926w, 2323w, 1810w, 
1528s, 1374s, 1239s, 1060s, 996s, 810s, 740s, 656m, 541m; p-1H NMR (500 MHz, THF-d8, ppm) 
δ -7.69 (bs), 11.56 (bs), 37.24 (bs). 13C NMR was unsuccessful due to strong paramagnetism. Anal. 
Calc. for C34H26MnN4O4 (M=609.49g/mol-1, without THF molecules): C, 66.99; H, 4.30; N, 9.19. 
Found: C, 67.24; H, 4.53; N, 9.16. LIFDI-MS (m/z, THF): 609.2g/mol 

 

Figure 4.2.19. Molecular structure of Mn(Mebox)2(THF)2. The asymmetric unit contains one 
complex molecule and two THF molecules without any disorder. 

Structure code Mn(Mebox)2(THF)2 CCDC Number 2095989 
Empirical Formula C42H42MnN4O6 μ [mm-1] 0.419 
Formula weight [g mol-1] 753.73 F(000) 790 
Sample temperature [K] 100(2) θ range [°] 1.367 to 28.401 
Wavelength [Å] 0.71073 Reflections collected 89253 
Crystal System Triclinic Unique Reflections 9072 
Space group P1̅ Rint  0.0677 

Unit cell dimensions [Å] 
a = 9.886(19)  α = 88.59(2) 

Completeness to θmax 
[%] 

100 

b = 12.349(2) β = 88.40(2) restraints/parameter 0 / 482 
c = 14.910(3) γ = 87.21(2) GooF 1.016 

Volume [Å3] 1817.0(6) R1 (all data) 0.0344 
Z 2 wR2 (all data) 0.0896 

Crystal dimensions [mm] 0.278  0.237  0.103 
max. diff. peak / hole  
[eÅ-3] 

0.381 and -0.374 

Crystal shape and color Yellow blocks   
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Magnetic characterization of Mn(Mebox)2. 

The dc data is given at the end of the series in order to compare all parent complexes with each 
other.  

Figure 4.2.19.1. ac susceptibility data at 1000 Oe. Maxima are visible up to 6K. Lines are guide 
for the eyes.  

 

 

Figure 4.2.19.2. Corresponding Cole-Cole plot. Lines are fits to the curves. The curves 
disposition in successive arcs suggests that a process different than Orbach is taking place. 
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Figure 4.2.19.3. Arrhenius plot and power law plot. Plotting ln(τ) vs ln(T) gives access to the 
Raman parameter n = 1.80, which is relatively close to 2 and may speak for a phonon bottleneck 
process.  

This means that the present compound is not a SMM but that the observable slow relaxation is 
due to the phonon bottleneck process.  
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Fe(Mebox)2(THF)2: Isolated 25.6 mg in crystalline yield (70%) from the reaction of KMebox (2eq, 
50mg, 0.13mmol) with FeCl2 (1eq, 8.33mg, 0.06mmol). Block orange-red crystals suitable for X-
ray analysis were obtained after 48h. Drying for several hours the crystalline material and 
recrystallizing it by the same procedure yields Fe(Mebox)2. IR(neat): 3055w, 2950w, 2330w, 
1810w, 1630m, 1540s, 1375s, 1221s, 976s, 740s, 656s, 528s; p-1H NMR (500 MHz, THF-d8, 
ppm) δ – 33.85 (bs, 1H, H1), – 15.35 (s, 2H, H), 8.95 (s, 2H, H), 41.03 (s, 2H, H), 49.55 (bs, 6H, 
CH3); 13C NMR (75 MHz, THF-d8, ppm) δ 47.20 (s, 1C), 51.71 (s, 1C), 118.36 (s, 1C) 176.16 (s, 
1C) 244.50 (s, 1C) 301.99 (s, 1C) 364.19 (s, 1C) 624.52 (s, 1C) 628.55 (s, 1C). Anal. Calc. for 
C34H26FeN4O4 (M=610.4g/mol-1): C, 66.90; H, 4.29; N, 9.18. Found: C, 65.48; H, 4.49; N, 9.02; 
LIFDI-MS (m/z, THF): 610.2g/mol.  

 

Figure 4.2.20. Molecular structure of Fe(Mebox)2(THF)2.The asymmetric unit contains one 
complex molecule and two THF molecules without any disorder. This structure is isostructural 
to Mn(Mebox)2(THF)2. 

Structure code Fe(Mebox)2(THF)2 CCDC Number 2095990 
Empirical Formula C42H42FeN4O6 μ [mm-1] 0.474 
Formula weight [g mol-1] 754.64 F(000) 792 
Sample temperature [K] 100(2) θ range [°] 1.37 to 30.95 
Wavelength [Å] 0.71073 Reflections collected 150736 
Crystal System Triclinic Unique Reflections 11341 
Space group P1̅ Rint  0.0414 

Unit cell dimensions [Å] 
a = 9.930(4)  α = 88.59(2) 

Completeness to θmax 
[%] 

98.9 

b = 12.250(2) β = 88.09(2) restraints/parameter 0 / 482 
c = 14.847(6) γ = 87.26(2) GooF 1.065 

Volume [Å3] 1803.22(13) R1 (all data) 0.0439 
Z 2 wR2 (all data) 0.0879 

Crystal dimensions [mm] 0.442  0.268  0.196 
max. diff. peak / hole  
[eÅ-3] 

0.570 and -0.371 

Crystal shape and color Red-orange blocks   
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Figure 4.2.21. Molecular structure of Fe(Mebox)2. The asymmetric unit contains one complex 
molecule, without any disorder nor solvent molecule. 

Structure code Fe(Mebox)2 CCDC Number 2095991 
Empirical Formula C34H26FeN4O4 μ [mm-1] 0.580 
Formula weight [g mol-1] 610.44 F(000) 1264 
Sample temperature [K] 100(2) θ range [°] 1.826 to 28.350 
Wavelength [Å] 0.71073 Reflections collected 54594 
Crystal System Monoclinic Unique Reflections 7045 
Space group P21/n Rint  0.0271 

Unit cell dimensions [Å] 
a = 11.23(10)   

Completeness to θmax 
[%] 

100 

b = 14.937(2) β = 93.65(2) restraints/parameter 0 / 392 
c = 16.803(3)  GooF 1.027 

Volume [Å3] 2830.1(7) R1 (all data) 0.0306 
Z 4 wR2 (all data) 0.0719 

Crystal dimensions [mm] 0.408  0.323  0.262 
max. diff. peak / hole  
[eÅ-3] 

0.367 and -0.294 

Crystal shape and color Red-orange blocks   
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Co(Mebox)2: Isolated 27.6 mg in crystalline yield (75%) from the reaction of KMebox (2eq, 50mg, 
0.13mmol) with CoCl2 (1eq, 8.33mg, 0.06mmol). Block orange-red crystals suitable for X-ray 
analysis were obtained after 48h. IR(neat): 3067w, 2939w, 2336w, 1810w, 1630m, 1547s, 1368s, 
1227s, 976s, 810s, 733s, 656s, 528s; p-1H NMR (500 MHz, THF-d8, ppm) δ –38.61 (bs, 1H, H1), 
– 29.32 (s, 2H, H), 5.48 (s, 2H, H), 43.72 (bs, 6H, H), 53.08 (s, 2H, H); 13C NMR (75 MHz, THF-
d8, ppm) δ 5.71 (s, 1C), 27.85 (s, 1C), 260.54 (s, 1C) 261.80 (s, 1C) 310.38 (s, 1C) 365.95 (s, 1C) 
450.75 (s, 1C) 586.56 (s, 1C) 748.57 (s, 1C). Anal. Calc. for C34H26CoN4O4 (M=613.48g/mol-1): 
C, 66.56; H, 4.27; N, 9.13. Found: C, 65.76; H, 4.70; N, 8.87. LIFDI-MS (m/z, THF): 613.2 
g/mol.  

 

Figure 4.2.21: Molecular structure of Co(Mebox)2. The asymmetric unit contains one complex 
molecule, without any disorder nor solvent molecule.  

Structure code Co(Mebox)2 CCDC Number 2095992 
Empirical Formula C34H26CoN4O4 μ [mm-1] 0.660 
Formula weight [g mol-1] 613.52 F(000) 1268 
Sample temperature [K] 100(2) θ range [°] 1.824 to 30.772 
Wavelength [Å] 0.71073 Reflections collected 98624 
Crystal System Monoclinic Unique Reflections 8715 
Space group P21/n Rint  0.0635 

Unit cell dimensions [Å] 
a = 11.17(17)   

Completeness to θmax 
[%] 

100 

b = 14.946(2) β = 93.62(2) restraints/parameter 0 / 392 
c = 16.818(3)  GooF 1.100 

Volume [Å3] 2803.0(7) R1 (all data) 0.0398 
Z 4 wR2 (all data) 0.0951 

Crystal dimensions [mm] 0.183  0.160  0.108 
max. diff. peak / hole  
[eÅ-3] 

0.468 and -0.498 

Crystal shape and color Red blocks   
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Magnetic characterization of Co(Mebox)2:  

Figure 4.2.21.1. Temperature dependency of the out-of-phase signal of the ac susceptibility at 0 
and 1000 Oe. A maxima is clearly achieved around 4.5K under 1000 Oe while no slow magnetic 
relaxation is detected without applied field.  

Figure 4.2.21.2. ac susceptibility data for Co(Mebox)2. (top) In and out-of-phase signals of the ac 
susceptibility under 1000 Oe. Lines are guide for the eyes. (bottom) Corresponding Cole-Cole 
plot and Arrhenius plot. Solid lines are fits to the curves.  
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Ni(Mebox)2 Isolated 22.6 mg in crystalline yield (28%) from the reaction of KMebox (2eq, 
200mg, 0.26mmol) with Ni(acac)2 (1eq, 33.4mg, 0.13mmol). Block deep-blue crystals suitable for 
X-ray analysis were obtained after 1w. . IR(neat): 3035w, 2901w, 2348w, 1810w, 1630m, 1534s, 
1368s, 1252s, 1208s, 1002s, 810s, 740s, 547m, 502m; p-1H NMR (500 MHz, THF-d8, ppm) δ –
121.93 (bs, 1H, H1), – 14.38 (s, 2H, H), 19.50 (s, 2H, H), 41.03 (s, 2H, H), 42.26 (bs, 6H, CH3); 
13C NMR (75 MHz, THF-d8, ppm) δ – 381.35 (s, 1C), – 105.17 (s, 1C), – 3.21 (s, 1C) 117.72 (s, 
1C) 291.19 (s, 1C) 292.44 (s, 1C) 359.58 (s, 1C) 442.38 (s, 1C) 572.78 (s, 1C). Anal. Calc. for 
C34H26NiN4O4 (M=613.3g/mol-1): C, 66.59; H, 4.27; N, 9.14. Found: C, 65.92; H, 4.23; N, 9.05; 
LIFDI-MS (m/z, THF): 613.2 g/mol. 

 

Figure 4.2.22. Molecular structure of Ni(Mebox)2 The asymmetric unit contains one complex 
molecule, without any disorder nor solvent molecule.  

Structures Fe(Mebox)2 , Co(Mebox)2 and Ni(Mebox)2 are isostructural. 

Structure code Ni(Mebox)2 CCDC Number 2095993 
Empirical Formula C34H26NiN4O4 μ [mm-1] 0.731 
Formula weight [g mol-1] 613.30 F(000) 1272 
Sample temperature [K] 100(2) θ range [°] 1.82 to 30.68 
Wavelength [Å] 0.71073 Reflections collected 85549 
Crystal System Monoclinic Unique Reflections 8720 
Space group P21/n Rint  0.0426 

Unit cell dimensions [Å] 
a = 11.262(4)   

Completeness to θmax 
[%] 

99.0 

b = 14.937(6) β = 93.70(9) restraints/parameter 0 / 392 
c = 16.914(6)  GooF 1.104 

Volume [Å3] 2839.4(18) R1 (all data) 0.0397 
Z 4 wR2 (all data) 0.0973 

Crystal dimensions [mm] 0.350  0.247  0.198 
max. diff. peak / hole  
[eÅ-3] 

0.466 and -0.569 

Crystal shape and color Deep blue blocks   
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Series a for M(Box)2; series b for M(Mebox)2; 1-4 for Mn-Ni 

Figure 4.2.22.1. Dc susceptibility data for all M(Mebox)2 complexes and the parent M(Box)2 
complexes (M=Mn, Fe, Co, Ni) (see D. Lüert’s PhD thesis).236  

Figure 4.2.22.2. UV-vis spectra for all M(Mebox)2 and M(Box)2 complexes 
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CASSCF-NEVPT2 calculations:  

Table 4.2.22.1. Magnetic parameters for Co(Mebox)2 as determined from CASSCF-NEVPT2 
calculations. The parent compound Co(Box)2 is shown here for comparison.  

Compound D (cm-1) E/D gx, y, z ∆𝐸 (𝑑𝑥𝑦, 𝑑𝑥2−𝑦2) (cm-1) 

Co(Box)2 –43 0.12 2.07, 2.21, 2.64 1 348 

Co(MeBox)2 –27 0.02 2.13, 2.14, 2.45 2 358 

 

The 3d orbital splitting for Co(Box)2 is more promising for SMM properties. However, the huge 
E/D value shows the presence of transverse anisotropy. The analysis of the ac data gives similar 
results.  

Magnetic details:  

Table 4.2.22.2. Experimental magnetic parameters for all M(Mebox)2 and M(Box)2 complexes 

Compound D (cm-1) E/D gx, y, z Ueff  (cm-1) τ0 (s) 

Mn(Box)2 0.0 0 2.05 – – 

Mn(MeBox)2 0.5 0 1.96 5.2 4.14 x 10-5 

Fe(Box)2 10.6 0 2.20 – – 

Fe(MeBox)2 6.8 0 2.20 – – 

Co(Box)2 –25.0 0 2.27, 2.27, 2.58 18.8 4.61 x 10-6 

Co(MeBox)2 –18.4 0.02 2.28, 2.20 2.50 10.3 2.76 x 10-10 

Ni(Box)2 67.5 0 2.00 – – 

Ni(MeBox)2 54.1 0 1.95, 1.95, 3.14 – – 

 

Conclusion for M(RBox)2 (R=H, Me) complexes:  

This series of transition metal complexes has the following advantages:  

- they possess several optical and magnetic properties,  
- the obtained complexes are highly stable in the solid state against potential oxidation, 
- the obtained crystals are of significant sizes, which enables advanced crystallographic 

experiments (charge density, polarized neutron diffraction…), 
- the box ligand is a well-known tunable platform, which is ideal to study electronic and 

steric effects of various substituents. This can be further exploit with lanthanides as well.  

They represent novel compounds that are suitable for benchmarking studies. 
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Annex 1: Crystallography service 
 

 

 

 

In this section, I would like to thank Prof. Dr. h.c. mult. Dr. rer. nat. em. Herbert W. Roesky 
and his postdoctoral fellow Dr. Mohd Nazish for the opportunity they gave me to contribute to 
their research through crystallographic analyses.  
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Note: 

Some of the presented crystal structures have already been published in peer-reviewed 
publications and can be found online in the references below. 

Publications:  

Publication I for NS_1-4  
Publication V for NS_7-8 (a, b, c) 
Publication XI for NS_14 
Publication XII for NS_11-12 
 
Summary of following crystal structures:  

Structures from Dr. Nazish Mohd (Roesky group) 

Probing the coordination of heavy main group elements with ligands containing phosphane-silylene donor 
groups 

- Crystal structure of NS_1 CCDC# 1994258 
- Crystal structure of NS_2 CCDC# 1994261 
- Crystal structure of NS_3 CCDC# 1994263 
- Crystal structure of NS_4 CCDC# 1994265  
- Crystal structure of NS_5  
- Crystal structure of NS_6 

Stable boron-silicon compounds and their radicals 

- Crystal structure of NS_7 CCDC# 2069375 
- Crystal structure of NS_8 (a, b, c) CCDC# 2069376-7 (two datasets)  
- Crystal structure of NS_9 
- Crystal structure of NS_10 
- Crystal structure of NS_11 CCDC#2120410 
- Crystal structure of NS_12 CCDC#2120409 

Sb-Si-Si-Sb radical species 

- Crystal structure of NS_13  

Silaimine compound 

- Crystal structure of NS_14 CCDC# 2067320 

Selenium and alkali-metal containing compounds 

- Crystal structure of NS_15 
- Crystal structure of NS_16 
- Crystal structure of NS_17 
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Crystal structure of NS_1: PhC(NtBu)2SiSeC6H4PPh2  

 

Figure 5.1: Molecular structure of NS_1 with thermal ellipsoids at 50% probability level. It 
consists of two fragments, one complex molecule and one and a half THF solvent molecules. The 
hydrogen atoms are omitted for clarity. The phosphane silylene ligand binds the selenium atom 
through the silicon donor atom only.  

The THF molecules are disordered in two and four positions, from which two were related a 
crystallographic two-fold axis. Both were refined with distance restraints and restraints for the 
anisotropic displacement parameters. The occupancy of the major components refined to 0.50(2) 
and 0.346(7), respectively. 

Structure code NS_1 CCDC Number 1994258 
Empirical Formula C39H49N2O1.50PSeSi μ [mm-1] 1.141 
Formula weight [g mol-1] 707.82 F(000) 2976 
Sample temperature [K] 100(2) θ range [°] 1.178 to 30.543 
Wavelength [Å] 0.71073 Reflections collected 121654 
Crystal System Monoclinic Unique Reflections 10844 
Space group C2/c Rint  0.0270 

Unit cell dimensions [Å] 
a = 36.923(8)   

Completeness to θmax 
[%] 

100 

b = 10.143(2) β = 110.6(2) restraints/parameters 464 / 531 
c = 20.797(4)  GooF 1.060 

Volume [Å3] 7293(3) R1 (all data) 0.0256 
Z 8 wR2 (all data) 0.0699 

Crystal dimensions [mm] 0.384 x 0.383 x 0.287 
max. diff. peak / hole  
[eÅ-3] 

0.424 and -0.577 



 

174 
 

Crystal shape and color Colorless blocks   
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Crystal structure of NS_2: PhC(NtBu)2SiZnCl2C6H4PPh2 
 

 

Figure 5.2: Molecular structure of NS_2 with thermal ellipsoids at 50% probability level. The 
hydrogen atoms are omitted for clarity. Both silicon and phosphorus donor atoms are involved 
in metal coordination.  

Structure code NS_2 CCDC Number 1994261 
Empirical Formula C33H37Cl2N2PSiZn μ [mm-1] 1.035 
Formula weight [g mol-1] 656.97 F(000) 1368 
Sample temperature [K] 100(2) θ range [°] 2.260 to 26.815 
Wavelength [Å] 0.71073 Reflections collected 57492 
Crystal System Monoclinic Unique Reflections 6795 
Space group P21/c Rint  0.07460 

Unit cell dimensions [Å] 
a = 17.348(3)   

Completeness to θmax 
[%] 

99.9 

b = 10.356(2) β = 113.7(2) restraints/parameters 0 / 367 
c = 19.683(7)  GooF 1.038 

Volume [Å3] 3237.9(15) R1 (all data) 0.0337 
Z 4 wR2 (all data) 0.0793 

Crystal dimensions [mm] 0.302 x 0.128 x 0.042 
max. diff. peak / hole  
[eÅ-3] 

0.403 and -0.395 

Crystal shape and color Colorless blocks   
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Crystal structure of NS_3: PhC(NtBu)2SiAlCl3C6H4PPh2 
 

Figure 5.3: Molecular structure of NS_3 with thermal ellipsoids at 50% probability level. It 
consists of two fragments, one complex molecule and half a DCM solvent molecule on a special 
position. The hydrogen atoms are omitted for clarity. The silicon atom is coordinating the 
aluminium atom while the phosphorus atom points towards it, indicating a weak interaction. 

One phenyl ring and the DCM molecule are disordered. For the refinement of the DCM 
molecule, distance restraints and restraints for the anisotropic displacement parameters were 
used. The occupancy of the main position of the phenyl ring refined to 0.79(2). 

Structure code NS_3 CCDC Number 1994263 
Empirical Formula C33.5H38AlCl4N2PSi μ [mm-1] 0.473 
Formula weight [g mol-1] 696.5 F(000) 1452 
Sample temperature [K] 100(2) θ range [°] 1.82 to 26.42 
Wavelength [Å] 0.71073 Reflections collected 76991 
Crystal System Monoclinic Unique Reflections 7136 
Space group P21/c Rint  0.0352 

Unit cell dimensions [Å] 
a = 9.089(2)   

Completeness to θmax 
[%] 

100 

b = 17.068(2) β = 95.11(2) restraints/parameters 377 / 419 
c = 22.497(3)  GooF 1.025 

Volume [Å3] 3476.1(10) R1 (all data) 0.0326 
Z 4 wR2 (all data) 0.0722 

Crystal dimensions [mm] 0.281 x 0.223 x 0.113 
max. diff. peak / hole  
[eÅ-3] 

0.343 and -0.275 

Crystal shape and color Colorless blocks   
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Crystal structure of NS_4: PhC(NtBu)2SiGaCl3C6H4PPh2 
 

Figure 5.4: Molecular structure of NS_4 with thermal ellipsoids at 50% probability level. It 
consists of two fragments, one complex molecule and one DCM solvent molecule (disordered on 
a special position). The hydrogen atoms are omitted for clarity. The silicon atom is coordinating 
the gallium atom while the phosphorus atom points towards it, indicating a weak interaction 

For the refinement of the DCM molecule, distance restraints and restraints for the anisotropic 
displacement parameters were used. 

Structures NS_3 and NS_4 are isostructural. 

Structure code NS_4 CCDC Number 1994265 
Empirical Formula C33.5H38GaCl4N2PSi μ [mm-1] 1.210 
Formula weight [g mol-1] 739.24 F(000) 1524 
Sample temperature [K] 100(2) θ range [°] 1.50 to 26.39 
Wavelength [Å] 0.71073 Reflections collected 57981 
Crystal System Monoclinic Unique Reflections 7096 
Space group P21/c Rint  0.0331 

Unit cell dimensions [Å] 
a = 9.034(2)   

Completeness to θmax 
[%] 

99.9 

b = 17.084(2) β = 95.28(2) restraints/parameters 20 / 403 
c = 22.542(3)  GooF 1.065 

Volume [Å3] 3464.3(10) R1 (all data) 0.0237 
Z 4 wR2 (all data) 0.0579 

Crystal dimensions [mm] 0.528 x 0.463 x 0.332 
max. diff. peak / hole  
[eÅ-3] 

0.391 and -0.295 

Crystal shape and color Colorless blocks   
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Crystal structure of NS_5:[{PhC(NtBu)2SiF2(C6H4PPh2)2Ag}{AlCl4}] 
 

Figure 5.5: Crystal structure of NS_5. Hydrogens are omitted for clarity. Thermal ellipsoids are 
represented at the 50% probability level. The asymmetric unit contains one complex molecule 
composed of two fragments and three toluene molecules.  

Structure code NS_5 CCDC Number / 
Empirical Formula C40H44.9Ag0.5Al0.5Cl2F2N2PSi μ [mm-1] 0.531 
Formula weight [g mol-1] 789.06 F(000) 3279 
Sample temperature [K] 100(2) θ range [°] 1.479 to 26.422 
Wavelength [Å] 0.71073 Reflections collected 146476 
Crystal System Monoclinic Unique Reflections 16046 
Space group P21/c Rint  0.1034 

Unit cell dimensions [Å] 
a = 13.773(2)   

Completeness to θmax 
[%] 

100 

b = 13.57(19) β = 91.80(3) restraints/parameters 952 / 1129 
c = 41.898(6)  GooF 1.026 

Volume [Å3] 7828.0(19) R1 (all data) 0.0516 
Z 8 wR2 (all data) 0.1437 

Crystal dimensions [mm] 0.188 x 0.164 x 0.153 
max. diff. peak / hole  
[eÅ-3] 

1.580 and -1.114 

Crystal shape and color Colorless blocks   
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Crystal structure of NS_6: PhC(NtBu)2SiP(Tip)C6H4PPh2 

 

Figure 5.6: Crystal structure of NS_6. Hydrogens are omitted for clarity. The thermal ellipsoids 
are represented at the 50% probability level. The asymmetric unit contains one complex molecule 
and one disordered ether molecule.  

Structure code NS_6 CCDC Number / 
Empirical Formula C53.10H71.95N2O1.27P2Si μ [mm-1] 0.147 
Formula weight [g mol-1] 848.65 F(000) 917 
Sample temperature [K] 100(2) θ range [°] 1.119 to 27.066 
Wavelength [Å] 0.71073 Reflections collected 118963 
Crystal System Triclinic Unique Reflections 11161 
Space group P1̅ Rint  0.0990 

Unit cell dimensions [Å] 
a=10.3137(14)  α=86.436(2)  

Completeness to θmax 
[%] 

100 

b=13.9512(18) β=113.7(2) restraints/parameters 243 / 602 
c=18.865(2) γ=76.474(2) GooF 1.045 

Volume [Å3] 2546.1(6) R1 (all data) 0.0410 
Z 2 wR2 (all data) 0.1179 

Crystal dimensions [mm] 0.282 x 0.266 x 0.190 
max. diff. peak / hole  
[eÅ-3] 

0.395 and -0.701 

Crystal shape and color Colorless blocks   
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Crystal structure of NS_7: PhC(NtBu)2Si(tBu)•–B(Br)Tip 
   

 

Figure 5.7: Molecular structure of NS_7. The asymmetric unit consists of one complex molecule. 
Light grey, baby blue, black, blue and dark red represent silicon, boron, carbon, nitrogen and 
bromine atoms, respectively. The hydrogen atoms are omitted for clarity. 

The tert-butyl groups and the Tip ligand are disordered. The disorders were treated with distance 
and anisotropic displacement parameter restraints. The occupancies of the major positions were 
refined to 0.811(5), 0.814(7), 0.625(15), and 0.797(5), respectively. 

Structure code NS_7 CCDC Number 2069375 
Empirical Formula C34H55BBrN2Si μ [mm-1] 1.253 
Formula weight [g mol-1] 610.61 F(000) 654 
Sample temperature [K] 100(2) θ range [°] 1.999 to 28.590 
Wavelength [Å] 0.71073 Reflections collected 67574 
Crystal System Triclinic Unique Reflections 8740 
Space group P1̅ Rint  0.0255 

Unit cell dimensions [Å] 
a = 9.526(2)  𝛼=81.14(2) 

Completeness to θmax 
[%] 

99.9 

b = 10.332(2) β = 89.09(3) restraints/parameters 1244 / 539 
c = 17.731(3) 𝛾=86.07(2) GooF 1.053 

Volume [Å3] 1720.2(6) R1 (all data) 0.0307 
Z 2 wR2 (all data) 0.0712 

Crystal dimensions [mm] 0.350 x 0.240 x 0.230 
max. diff. peak / hole  
[eÅ-3] 

0.516 and -0.374 

Crystal shape and color Dark red-orange blocks   
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Crystal structure of NS_8: PhC(NtBu)2Si(HMDS)•–B(Br)Tip 

 

 

Figure 5.8: Molecular structure of NS_8 with all disorders (a, b, c), with thermal ellipsoids at 
50% probability level. It consists of one complex molecule. The hydrogen atoms are omitted for 
clarity. A more detailed view zooming on the Si-B bond is shown for better clarity (bottom).   
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Figure 5.9: Molecular structure of NS_8 a/b with thermal ellipsoids at 50% probability level. 
Hydrogen atoms are omitted for clarity. 

 

 

Figure 5.10: Molecular structure of NS_8 c with thermal ellipsoids at 50% probability level. 
Hydrogen atoms are omitted for clarity. 

The isopropyl group on the Tip ligand is disordered. The disorder was treated with distance and 
anisotropic displacement parameter restraints. The occupancy of the major positions of the Tip 
ligand refined to 0.609(7). The Br/Cl disorder is in agreement with the LIFDI-MS results. The 
chlorine is probably coming from the starting material. The occupancy of the Cl atom refined to 
0.167(2). However, the B-Cl distance refined with 1.970(8) Å for the second data set and even 
2.121(17) Å for the first data set, which are much longer values than the ones calculated by theory. 
This indicates that the Br/Cl positions are not well resolved. 
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Structure code NS_8_first dataset CCDC Number 2069376 
Empirical Formula C36H64BBr1.09Cl0.10N3Si3 μ [mm-1] 1.230 
Formula weight [g mol-1] 706.42 F(000) 776 
Sample temperature [K] 100(2) θ range [°] 2.040 to 28.452 
Wavelength [Å] 0.71073 Reflections collected 120593 
Crystal System Triclinic Unique Reflections 10107 
Space group P1̅ Rint  0.0590 

Unit cell dimensions [Å] 
a = 10.148(2)  𝛼=87.80(4) 

Completeness to θmax 
[%] 

100 

b = 12.679(3) β = 83.69(4) restraints/parameters 2779 / 832 
c = 15.951(3) 𝛾=81.51(4) GooF 1.035 

Volume [Å3] 2017.1(8) R1 (all data) 0.0693 
Z 2 wR2 (all data) 0.1033 

Crystal dimensions [mm] 0.359 x 0.211 x 0.184 
max. diff. peak / hole  
[eÅ-3] 

0.455 and -0.345 

Crystal shape and color Dark red-orange blocks   
 

Structure code NS_8_second dataset CCDC Number 2069377 
Empirical Formula C36H64BBr0.83Cl0.17N3Si3 μ [mm-1] 0.983 
Formula weight [g mol-1] 706.42 F(000) 760 
Sample temperature [K] 100(2) θ range [°] 1.631 to 28.474 
Wavelength [Å] 0.71073 Reflections collected 127493 
Crystal System Triclinic Unique Reflections 10126 
Space group P1̅ Rint  0.0761 

Unit cell dimensions [Å] 
a = 10.137(2)  𝛼=88.12(4) 

Completeness to θmax 
[%] 

100 

b = 12.623(3) β=83.67(4) restraints/parameters 323 / 472 
c = 15.990(3) 𝛾=81.64(4) GooF 1.075 

Volume [Å3] 2011.7(8) R1 (all data) 0.0444 
Z 2 wR2 (all data) 0.1048 

Crystal dimensions [mm] 0.359 x 0.211 x 0.184 
max. diff. peak / hole  
[eÅ-3] 

0.866 and -0.910 

Crystal shape and color Dark red-orange blocks   
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Crystal structure of NS_9: PhC(NtBu)2Si(NMe2)•–B(Br)Tip 
 

 

Figure 5.11: Crystal structure of NS_9. Hydrogens are omitted for clarity. Thermal ellipsoids are 
represented at the 50% probability level. The asymmetric unit contains one complex molecule. 
The bromine atom and one tBu group were found disordered. The compound is EPR-active.  

Structure NS_9 is similar to NS_7 and NS_8 (also a radical species) and varies only due to the 
substituent on the silicon atom.  

Structure code NS_8 CCDC Number / 
Empirical Formula C32H52BBrN3Si μ [mm-1] 1.263 
Formula weight [g mol-1] 597.57 F(000) 1263 
Sample temperature [K] 100(2) θ range [°] 1.686 to 28.423 
Wavelength [Å] 0.71073 Reflections collected 133165 
Crystal System Monoclinic  Unique Reflections 8564 
Space group P21/n Rint  0.0498 

Unit cell dimensions [Å] 
a=11.0999(8)  

Completeness to θmax 
[%] 

99.9 

b=14.8915(11) β=102.589(2) restraints/parameters 145 / 398 
c=21.1549(15)  GooF 1.487 

Volume [Å3] 3412.7(4) R1 (all data) 0.0415 
Z 4 wR2 (all data) 0.0877 

Crystal dimensions [mm] 0.359 x 0.337 x 0.201 
max. diff. peak / hole  
[eÅ-3] 

0.406 and – 
0.354 

Crystal shape and color Red blocks   
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Crystal structure of NS_10: PhC(NtBu)2Si(NtBu)–B(Br2)Tip 
 

 

 

Figure 5.12: Crystal Structure of NS_10. The asymmetric unit contains one complex molecule. 
This compound was isolated during the work-up of reactions giving NS_7.  

Structure code NS_10 CCDC Number / 
Empirical Formula C34H55BBr2N2Si μ [mm-1] 2.409 
Formula weight [g mol-1] 690.52 F(000) 1448 
Sample temperature [K] 100(2) θ range [°] 1.510 to 26.481 
Wavelength [Å] 0.71073 Reflections collected 24265 
Crystal System Monoclinic  Unique Reflections 6805 
Space group P21/n Rint  0.1416 

Unit cell dimensions [Å] 
a=16.0881(19)   

Completeness to θmax 
[%] 

97.1 

b=12.4827(13) β=105.962(5) restraints/parameters 0 / 376 
c=17.868(2)  GooF 0.918 

Volume [Å3] 3450.0(7) R1 (all data) 0.0499 
Z 4 wR2 (all data) 0.1198 

Crystal dimensions [mm] 0.100 x 0.100 x 0.100 
max. diff. peak / hole  
[eÅ-3] 

1.849 and - 1.270 

Crystal shape and color Colorless blocks   
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Crystal structure of NS_11: PhC(NtBu)2SiB(Tip)C6H4PPh2 
 

 

 

Figure 5.13: Molecular structure of NS_11. Hydrogens are omitted for clarity. The thermal 
ellipsoids are represented at the 50% probability level. The asymmetric unit contains two complex 
molecules and two hexane molecules, which are disordered and badly resolved. Additional 
disorder can be refined on the complex molecules as well.  

Structure code NS_11 CCDC Number 2120410 
Empirical Formula C54H72.5BN2PSi μ [mm-1] 0.116 
Formula weight [g mol-1] 819.51 F(000) 1778 
Sample temperature [K] 100(2) θ range [°] 0.763 to 25.154 
Wavelength [Å] 0.71073 Reflections collected 198926 
Crystal System Triclinic Unique Reflections 17513 
Space group P1̅ Rint  0.2837 

Unit cell dimensions [Å] 
a = 10.415(3)  𝛼=104.60(2) 

Completeness to θmax 
[%] 

99.0 

b = 18.086(5) β = 90.81(2) restraints/parameters 687 / 1218 
c = 27.627(7) 𝛾=101.09(3) GooF 1.031 

Volume [Å3] 4931(2) R1 (all data) 0.1834 
Z 4 wR2 (all data) 0.2450 

Crystal dimensions [mm] 0.100 x 0.100 x 0.100 
max. diff. peak / hole  
[eÅ-3] 

0.511 and -0.605 

Crystal shape and color Red needles   
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Crystal structure of NS_12: PhC(NtBu)2SiB(Tip)C6H4PPh2Br 
 

 

Figure 5.14: Crystal structure of NS_12. The asymmetric unit contains one complex molecule 
and two and a half benzene molecules. The compound is EPR active. 

Structure code NS_12 CCDC Number 2120409 
Empirical Formula C63H75BBrN2SiP μ [mm-1] 0.821 
Formula weight [g mol-1] 1010.03 F(000) 2144 
Sample temperature [K] 100(2) θ range [°] 1.234 to 30.710 
Wavelength [Å] 0.71073 Reflections collected 191682 
Crystal System Monoclinic  Unique Reflections 17422 
Space group P21/c Rint  0.0543 

Unit cell dimensions [Å] 
a=17.7776(7)   

Completeness to θmax 
[%] 

100 

b=15.2236(6) β=111.865(2) restraints/parameters 0 / 689 
c=22.3727(8)  GooF 1.019 

Volume [Å3] 5619.4(4) R1 (all data) 0.0509 
Z 4 wR2 (all data) 0.0917 

Crystal dimensions [mm] 0.629 x 0.332 x 0.214 
max. diff. peak / hole  
[eÅ-3] 

1.071 and -0.335 

Crystal shape and color Red blocks   
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Crystal structure of NS_13: PhC(NtBu)2TipSbSi–SiSbTip(NtBu)2CPh 

 

Figure 5.15: Crystal structure of NS_13. Hydrogens are omitted for clarity. Thermal ellipsoids 
are represented at the 50% probability level. The asymmetric unit contains one complex molecule 
featuring a Sb-Si-Si-Sb zig-zag unit. The compound is a radical species and represents the first Sb-
Si-Si-Sb bridged compound.  

Structure code NS_13 (twin) CCDC Number / 
Empirical Formula C62H97Sb2O0.5N4Si2 μ [mm-1] 0.925 
Formula weight [g mol-1] 1206.11 F(000) 2524 
Sample temperature [K] 100(2) θ range [°] 1.189 to 29.770 
Wavelength [Å] 0.71073 Reflections collected 175058 
Crystal System Monoclinic Unique Reflections 13261 
Space group P21/c Rint  0.0827 

Unit cell dimensions [Å] 
a = 17.933(3)   

Completeness to θmax 
[%] 

99.9 

b = 10.375(2) β = 91.62(2) restraints/parameters 48 / 687 
c = 34.259(4)  GooF 1.021 

Volume [Å3] 6371.5(18) R1 (all data) 0.0970 
Z 4 wR2 (all data) 0.2707 

Crystal dimensions [mm] 0.100 x 0.115 x 0.229 
max. diff. peak / hole  
[eÅ-3] 

0.956 and -0.813 

Crystal shape and color Red-orange blocks   
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Crystal structure of NS_14: PhC(NtBu)2Si(HMDS)(NtBu)Si(NtBu)2CPh 

 

 

Figure 5.16: Crystal structure of NS_14 (structure solution with P. Niklas Ruth). The main 
component is depicted on top.  

The structure is highly disordered due to ligand scrambling during the reaction. While one 
amidinate ligand survived during the synthesis, the second one underwent a rearrangement 
resulting in the two present positions and the tBu/SiMe3 disorders.  

Structure code NS_14 CCDC Number 2067320 
Empirical Formula C36H64N6Si4 μ [mm-1] 0.176 
Formula weight [g mol-1] 693.29 F(000) 1512 
Sample temperature [K] 100(2) θ range [°] 1.803 to 29.155 
Wavelength [Å] 0.71073 Reflections collected 85318 
Crystal System Monoclinic Unique Reflections 11096 
Space group Cc Rint  0.0345 

Unit cell dimensions [Å] 
a = 11.985(2)   

Completeness to θmax 
[%] 

100 

b = 22.595(3) β = 94.22(2) restraints/parameters 1644 / 652 
c = 15.218(2)  GooF 1.035 

Volume [Å3] 4109.9(10) R1 (all data) 0.039 
Z 4 wR2 (all data) 0.0927 

Crystal dimensions [mm] 0.421 x 0.401 x 0.222 
max. diff. peak / hole  
[eÅ-3] 

0.370 and -0.196 

Crystal shape and color Colorless plates   
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Crystal structure of NS_15: PhC(NtBu)2Si(tBu)Se/PhC(HNtBu)2Br 

 

Figure 5.17: Crystal structure of NS_15. All hydrogen atoms but the ones on N1 and N2 are 
omitted for clarity. The asymmetric unit contains one toluene molecule and one disordered 
complex molecule (either the protonated amidinate or the silylene coordinated to either a 
selenium or a bromine atom).  

Structure code NS_16 CCDC Number / 
Empirical Formula C20.5H32.5N2Br0.5Se0.5Si0.5 μ [mm-1] 1.894 
Formula weight [g mol-1] 400.46 F(000) 1688 
Sample temperature [K] 100(2) θ range [°] 1.585 to 26.410 
Wavelength [Å] 0.71073 Reflections collected 42766 
Crystal System Monoclinic Unique Reflections 4330 
Space group C2/c Rint  0.0356 

Unit cell dimensions [Å] 
a = 30.533(3)   

Completeness to θmax 
[%] 

100 

b = 8.760(2) β=122.67(2) restraints/parameters 117 / 295 
c = 18.766(2)  GooF 1.052 

Volume [Å3] 4225.2(14) R1 (all data) 0.0268 
Z 8 wR2 (all data) 0.0499 

Crystal dimensions [mm] 0.350 x 0.236 x 0.122 
max. diff. peak / hole  
[eÅ-3] 

0.272 and -0.289 

Crystal shape and color Colorless blocks   
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Crystal structure of NS_16: PhC(NtBu)2Si(PTip)2K(Et2O)2  

 

Figure 5.18: Crystal structure of NS_16. Hydrogens are omitted for clarity. Thermal ellipsoids 
are represented at the 50% probability level. The asymmetric unit contains one complex 
molecule. The ether substituents on the potassium were found to be disordered.  

Structure code NS_16 CCDC Number / 
Empirical Formula C53H89KN2O2P2Si μ [mm-1] 0.218 
Formula weight [g mol-1] 915.39 F(000) 1000 
Sample temperature [K] 100(2) θ range [°] 1.755 to 28.424 
Wavelength [Å] 0.71073 Reflections collected 98547 
Crystal System Triclinic  Unique Reflections 13605 
Space group P1̅ Rint  0.0682 

Unit cell dimensions [Å] 
a = 10.689(3)  α = 74.09(2)  

Completeness to θmax 
[%] 

100 

b = 12.842(3) β = 87.80(2) restraints/parameters 420 / 668 
c = 21.852(3) γ = 69.97(2) GooF 1.000 

Volume [Å3] 2705.1(11) R1 (all data) 0.0346 
Z 2 wR2 (all data) 0.0918 

Crystal dimensions [mm] 0.465 x 0.251 x 0.198 
max. diff. peak / hole  
[eÅ-3] 

0.378 and -0.248 

Crystal shape and color Colorless blocks   
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Crystal structure of NS_17 : (PhC(NtBu)2Si)2Li2I(NtBu)2PhC 
 

 

Figure 5.19: Crystal structure of NS_17. The asymmetric unit contains one complex molecule 
and two ether molecules.  

Structure code NS_17 CCDC Number / 
Empirical Formula C61H107IN6O2Li2Si2 μ [mm-1] 0.554 
Formula weight [g mol-1] 1153.48 F(000) 2472 
Sample temperature [K] 100(2) θ range [°] 1.809 to 33.654 
Wavelength [Å] 0.71073 Reflections collected 296106 
Crystal System Monoclinic Unique Reflections 25265 
Space group P21/n Rint  0.0323 

Unit cell dimensions [Å] 
a=22.1702(16)   

Completeness to θmax 
[%] 

99.9 

b=13.8892(9) β=113.773(2) restraints/parameters 0 / 695 
c=23.8253(15)  GooF 1.027 

Volume [Å3] 6713.9(8) R1 (all data) 0.0619 
Z 4 wR2 (all data) 0.0887 

Crystal dimensions [mm] 0.410 x 0.342 x 0.274 
max. diff. peak / hole  
[eÅ-3] 

1.146 and -0.686 

Crystal shape and color Yellow blocks   
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M. Nazish for the opportunity they gave me to contribute to their research through 
magnetic characterization of some of their compounds.  

- My fellow PhD candidates for always providing new complexes and challenging me to 
further improve my knowledge and skills in magnetochemistry.  
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Note: For some compounds, further details are available in the corresponding articles published 
in peer-reviewed journals, as indicated below. 

 

Publications:  

Publication III for JJ_1-2 
Publication V for NS_7 
Publication XIII for DL_1 

Summary of the following magnetic data:  

- JK_K3 (Johannes Kretsch, AK Stalke) 
- NS_7 (Dr. Mohd Nasizh, AK Roesky) 
- JJ_1 (Jochen Jung, AK Stalke) 
- JJ_2 (Jochen Jung, AK Stalke) 
- DL_1 (Daniel Lüert, AK Stalke) 
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JK_K3: K(BzhH2BoxCH)n(THF)2K@18-crown-6 
Synthesis of JK_K3 (obtained as a dark red crystalline powder), as described in previously 
published literature237.  

 

Figure 5.1: Synthesis route to JK_K3 

 

Magnetic characterization of JK_K3:  

Motivation: elucidation of the magnetic status of the complex (diamagnetic or mono-radical/bi-
radical). The complex was found to be diamagnetic, as visible in the following picture.  

Crystalline material was crushed and charged in gelatin caps and covered with Fomblin oil Y45 
to avoid potential crystallite reorientation. The assembled sample was inserted in a plastic straw 
and brought to the SQUID instrument (MPMS XL equipped with a 5T magnet) in a Schlenk 
tube under argon. The temperature dependence of the product of the magnetic susceptibility and 

the temperature was measured from 300K to 2K under an external applied field H=5000 Oe. The 

obtained data was fitted with the program JulX (v. 1.16) written by E. Bill. The best fit was 

obtained with the following parameters: g=2 (fixed), TIP = 303.8∙10-6 emu (variable) and 1.4% 

magnetic impurities (S=1/2; denoted PI on Figure 5.2).  

The product χMT was found almost constant with the temperature and close to zero, clearly 
indicative of a diamagnetic species.  
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Figure 5.2:Temperature dependence of the product χMT from 300K to 2K under 5000 Oe dc 
field for JK_K3. The small increase observed around 210–250K is due to the Fomblin oil 
transition from frozen to liquid.  
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NS_7: PhC(NtBu)2Si(tBu)•–B(Br)Tip 
Synthesis reported in Publication V.  

 

Figure 5.3: Crystal structure of NS_7. The boron atom is bounded to the silicon atom, to a 
bromide atom and to a negatively charged Tip ligand. (see annex1) 

Magnetic characterization of NS_7:  

Motivation:  

- previous observation of the paramagnetic character of the molecule through EPR (by Dr. 
A. C. Stückl)  

- further DFT calculations to determine the energy values of the SOMO orbitals.  

Therefore, an additional check of the paramagnetic character of NS_7 was performed through a 
dc measurement on the SQUID magnetometer. The sample NS_7 was found paramagnetic.  

Crystalline material was crushed and charged in gelatin caps. No oil was used since the expected 
spin was ½. The assembled sample was inserted in a plastic straw and brought to the SQUID 
instrument (MPMS XL equipped with a 5T magnet) in a Schlenk tube under Argon. The 
temperature dependence of the product of the magnetic susceptibility and the temperature was 

measured from 200K to 2K under an external applied field H=5000 Oe. The obtained data was 

fitted with the program JulX (v. 1.16) written by E. Bill.232 The best fit was obtained with the 

following parameters: g=2 (fixed), TIP = 123.9∙10-6 emu (variable), Weiss Temperature T_W = -

0.528 K and 23% diamagnetic impurities (S=0). 

The product χMT showed a constant value of approx. 0.285 emuK until 40 K, thereafter, 
drastically dropping to 0.228 emuK. The value at low temperatures is not as close to zero as it 
should be, which can be explained by the 23% diamagnetic impurities found during fitting.  
Nevertheless, the curve shape is undoubtfully confirming the paramagnetic character of NS_7.  
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Figure 5.4: Temperature dependence of the product χMT from 200K to 2K under 5000 Oe dc 
field for NS_7. 
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JJ_1: [Cl2Mn(NtBu)2S(tBuN)2Mn{ClLi(THF)3}2] 
Synthesis, structure and magnetism reported in Publication III. 

 

 

 

 

 

 

 

 

 

 

Figure 5.5 : Crystal structure of JJ_1: The ligand L4 is coordinating two asymmetric manganese 
paramagnetic centers. One is further coordinated by two chlorine atoms, while the second one 
possesses two single chlorine bridges each coordinating a lithium atom with three THF molecules.  

 

Magnetic characterization:  

The motivation for magnetic investigation is described in Publication III. The main goal is to 
determine the magnetic exchange coupling between the two manganese centers and access 
whether or not the different ligand environments can induce enough asymmetry for interesting 
magnetic properties. 

Crystalline material was crushed and charged in gelatin caps with Fomblin Y45 oil. The 
assembled sample was inserted in a plastic straw and brought to the SQUID instrument (MPMS 
XL equipped with a 5T magnet) in a Schlenk tube under Argon. The temperature dependence 
of the product of the magnetic susceptibility and the temperature was measured from 200K to 

2K under an external applied field H=5000 Oe. The obtained data was fitted with the program 

Jul-2s written by E. Bill.232 The obtained fitting parameters are g = 2.0 (fixed); D = 0 cm-1; J =–1.0 
cm-1 , TIP = 1805 x10–6 cm3mol–1 and PI = 13.6% (the high impurity percentage is due to solvent 
loss and was proofed by elemental analysis, as described in the publication III).  
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Figure 5.6: Temperature dependence of the product χMT from 200K to 2K under 5000 Oe dc 
field for JJ_1. 

An antiferromagnetic coupling of J= –1.0 cm-1 was found between the two manganese centers.  

Figure 5.7: Temperature dependency of the out-of-phase signal of the ac susceptibility in JJ_1 

SMM behavior was not detected in JJ_1, even under applied field.   
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JJ_2: [(acac)Co(NtBu)2S(tBuN)2Co(acac)] 
Synthesis, structure and magnetism reported in Publication III. 

 

Figure 5.8: Crystal structure of JJ_2: The ligand L4 is coordinating two cobalt paramagnetic 
centers. These are further coordinated by a standard ‘acac’ ligand (from the starting material). 

 

Magnetic characterization:  

Motivation: Magnetic investigation was motivated by the same reasons than for JJ_1.  

Crystalline material was crushed and charged in gelatin caps with Fomblin Y45 oil. The 
assembled sample was inserted in a plastic straw and brought to the SQUID instrument (MPMS 
XL equipped with a 5T magnet) in a Schlenk tube under Argon. The temperature dependence 
of the product of the magnetic susceptibility and the temperature was measured from 200K to 
2K under an external applied field H=5000 Oe. The initial temperature-dependent susceptibility 
measurement for JJ_2 showed a high temperature χMT value of 5.1 cm3mol-1 K. This value is 
larger than the spin-only value expected for two independent cobalt ions with S = 3/2 (3.75 
cm3mol-1 K), but consistent with a sizable contribution of unquenched orbital angular 
momentum, common for Co(II). χMT decreases upon cooling, reaching 0.31 cm3mol-1 K at 5 K. 
This behavior strongly suggests that the spins of the Co(II) couple antiferromagnetically. 
Experimental χMT versus T data in the whole temperature range was modelled by using the 
simulation package julX for exchange coupled systems. The best fit to the data gives J = –6.1 cm-

1 (based on the spin Hamiltonian 𝐻̂ = –2JS1S2) with g = 2.59, D =–56.9 cm-1 and TIP = 244 x 10−6 

emu mol−1. 
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Figure 5.9: Temperature dependency of the product χMT from 200K to 2K under 5000 Oe dc 
field for JJ_2. 

JJ_2 possesses an appreciable antiferromagnetic exchange coupling between the two cobalt 
centres of J = –6.1 cm-1. Like in JJ_1, no SMM behaviour was shown.  

Figure 5.10: Temperature dependency of the out-of-phase signal of the ac susceptibility in JJ_2 
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DL_1: {(MeBox)2Gd(μ2-Cl2)Gd(Mebox)2} 
 

The synthesis of the compound is reported in D. Lüert’s PhD thesis.236 . 

 

Figure 5.11. Crystal structure of {(MeBox)2M(μ2-Cl2)M(Mebox)2} (M = Gd, Dy). The metal ion is 
represented in yellow brown. Hydrogens are omitted for clarity. Thermal ellipsoids are shown to 
the 50% probability level.  

Motivation: Several lanthanide complexes containing box ligand derivatives were magnetically 
investigated and the dysprosium and terbium analogs showed promising results. Amongst them, 
binuclear complexes were obtained. In order to quantify the magnetic exchange coupling 
strength, the gadolinium analogs were synthesized, and a dc measurement was performed to 
extract the coupling strength. Fitting was performed with the program PHI developed by N. F. 
Chilton, with the help of S. Demeshko.  

 



 

204 
 

 

Figure 5.12. Temperature dependency of the product χMT from 200K to 2K under 1000 Oe dc 
field for DL_1. The black line represents fit to the data.  

The coupling between the two Gd ions is found to be –0.035 cm-1 
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