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Abstract

Abstract

The objective of elaborating “magnets by design” can be achieved by tailoring the
molecular structures of coordination complexes. The designed molecules are expected to
exhibit the characteristics required for specific applications, virtually resulting from their
rich structural diversity. Mononuclear Ni-based complexes with large magnetic anisotropy
and polynuclear Ni- and Co-based molecules are designed in this dissertation. The
syntheses, magnetic studies, and electrochemical properties of the complexes containing

non-innocent bridge ligand are investigated.

The Ni(ll) mononuclear complexes with trigonal bipyramid geometry are prepared by
tuning the axial ligands and the counter anions. The effect of the nature of the axial ligands
and the structural change induces by the counter anions on magnetic anisotropy is studied

experimentally and analyzed with the help of theoretical calculations.

Large organic molecules are used to design trinuclear complexes with large magnetic
anisotropy and weak exchange coupling. Several polynuclear Ni- and Co-based complexes
with TTC? acting as an innocent bridging ligand and HHTP as a typical non-innocent ligand,
are crystalized with various structures (TTC = Trithiocyanurate; HHTP =
Hexahydroxytriphenylene). For the complexes containing the non-innocent ligand (HHTP),
radical anions are produced by electrochemistry. The combination of
spectroelectrochemical and Electron Paramagnetic Spectroscopy coupled to
electrochemistry studies allow investigating the delocalization of the electrons on the

generated organic radicals and the exchange coupling among the metal ions.
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Abstract

Résumeé

L’objectif consistant a élaborer des «aimants par conception» peut étre atteint en
adaptant les structures moléculaires des complexes de coordination. Les molécules
congues devraient présenter les caractéristiques requises pour des applications
spécifiques, qui résultent de leur riche diversité structurale. Des complexes
mononucléaires a base de Ni avec une grande anisotropie magnétique et des molécules
polynucléaires a base de Ni et de Co sont préparés et étudiés dans cette thése. Les
synthéses, les études magnétiques et les propriétés électrochimiques des complexes
contenant un ligand pontant non innocent sont étudiées.
Les complexes mononucléaires Ni(ll) a géométrie bipyramide trigonale sont préparés avec
des ligands axiaux et les contre-anions différents. L'effet de la nature des ligands axiaux et
du changement structural induit par les contre-anions sur l'anisotropie magnétique est
étudié  expérimentalement et analysé a l'aide de calculs théoriques.
Des molécules organiques sont utilisées pour concevoir des complexes trinucléaires a
grande anisotropie magnétique et a couplage d'échange faible. Plusieurs complexes
polynucléaires a base de Ni et de Co ol le TTC?* agit comme un ligand pontant innocent et
le HHTP3 comme un ligand non innocent typique sont cristallisés avec diverses structures
(TTC = Trithiocyanurate; HHTP = Hexahydroxytriphényléne). Pour les complexes contenant
le ligand non innocent (HHTP), les anions radicalaires sont produits par électrochimie. La
combinaison de la spectro-électrochimie et de la spectroscopie a résonance
paramagnétique électronique couplée a des études d'électrochimie permet d'étudier la
délocalisation des électrons sur les radicaux organiques générés et le couplage d'échange

entre les ions métalliques.
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Chapter |

Introduction

1.1 General introduction

1.1.1 Background

Since the theory of coordination complexes was first reported by Werner in 1893, it has
been developed for more than one century and has become one of the most active and
innovative research frontiers in inorganic chemistry. It crosses other branches of chemistry,
like physical chemistry, organic chemistry and analytical chemistry. Furthermore, it
extends to materials, physics, biology and other disciplines, forming some new emerging
research topics.?3 The study of Prussian blue analogues*® and metal phosphonates,’® the
prototypes of coordination polymers, laid a solid foundation for the later research on

coordination chemistry.

With the development of technology in the area of electronics, information, energy and
medicine, such complexes with special physical,® chemical'®!! and biologic functions!?!3

are booming in the international community.

14 which are constructed by coordination bonds and weak

Coordination complexes,
interaction forces between molecules, have potential applications in many areas, such as
ion exchange,'®> adsorption and selective catalysis,'® optoelectronics!’ and magnetic
materials.’® By changing the metal ions, ligands or the ratio of metal ions to ligands, the
coordination modes will be various, which plays a significant role in molecular properties.

The flexibility and tunability of coordination complex make it possible to create new

molecules and new units for building one, two- and three- dimensional frameworks.!?
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Therefore, the design and synthesis of these complexes attract considerable attention

from all over the world.

As an essential part of multifunctional materials, magnetic materials have shown
significant economic and social benefits in the modern high-tech field. Traditional
magnetic materials are limited in some high technologies and cutting-edge technologies
due to their high density and huge magnetic loss. While molecular magnets have small
volume, are relatively light, possess high transparency, good solubility in comparison with
traditional magnetic materials. And through changing metal ions and organic ligands,
structure diversification and composite process can be achieved much more easily. The
magnetic properties are greatly influenced by the structure and composite of the
complexes, thus, development of magnetic materials with desirable and controllable

magnetic properties becomes extremely important.

1.1.2 Motivation and objectives

As magnetism is a crucial part in many aspects of our daily life and particularly in electric
technology, it is important to create new molecule-based materials and gain a better
understanding of their magnetic properties. As more investigation and research efforts has
been made in this field, new magnetic materials with promising and desirable properties
are desperately needed. The main advantage of molecular magnets is their tailorability,
resulting from the rich structural diversity, to exhibit the required properties for targeted

applications, realizing “Magnets by design”.

In this context, three main objectives to be achieved in this dissertation: the design of
mononuclear complexes with large magnetic anisotropy, the design of polynuclear
complexes built from anisotropic mononuclear species and the design of polynuclear

complexes with non-innocent ligand that can be electrically addressed.
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1.2 Molecular magnetism

1.2.1 A brief introduction of the history of magnetism

The history of magnetic materials dates back to ancient Greece and China. The first definite
statement of magnetism owes to a Greek philosopher Thales of Miletus in the 6% century
BC.2° He proposed that the attraction of iron was the natural feature of lodestone rather
than the action by some god. In ancient China, there is evidence of a use of magnetic
compass as divination devices as early as 2" century BC and later used for navigation and

orientation in the 11" century.

The man who regarded the science of magnetism in earnest was William Gilbert, who was
considered as the “father of magnetism”. He wrote the book named “De Magnete” that
was first published in 1600, giving a clear understanding why the earth itself is a giant
magnet.?! A “little earth”, terrella in Latin, was constructed to show the field of the earth.
A key experiment was conducted by Oersted, in 1820, that opened new perspectives in
the understanding of magnetism by showing that an electric current influenced the
magnetism, and subsequently Maxwell provided the mathematical frame to describe
electromagnetism. While Pierre Curie who investigated the temperature dependence of
the magnetization, discovered the law named after him. He introduced three types of
magnetic bodies: diamagnets, paramagnets and ferromagnets in his thesis, translating as

“Magnetic properties of matter at variable temperatures”.

Moving to the first decades of the 20t century, the discovery of electron by Joseph John
Thomson and the ensuing refinement of the theory through quantum mechanics opened
a new era of scientific discovery. Heisenberg, as one of the founding fathers of modern
guantum mechanics, discovered the tools for describing the magnetic properties, starting
a revolution that we are still observing. The quantum mechanics provided a base for the
modern understanding of magnetism nowadays, based on the theory of the motion and
interactions of electrons in atoms.?? During this period, many new concepts were

introduced, among which the most important are spin and exchange, that had a
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fundamental impact on magnetism. Meanwhile, there has been a shift in the size and
number of objects under investigation. Investigations were focused on two main aspects,
one was to measure in average a grain of matter which contained a huge number of
molecules; and another that require more efforts concerned isolated objects and then

single molecules.?>?

1.2.2 Molecular magnets

With the development of structural, magnetic characterization methods and quantum
mechanical approach, molecular magnets soon developed as a vital area of

interdisciplinary science, which produced novel types of magnetic materials.

Molecular magnetism deals with the magnetic properties of an assembly of molecules,
which contain one or more magnetic centers and also with the properties of individual
molecules. It provides the potential to build novel spintronic devices,?® high-density
storage devices,?® magnetic refrigerant?’.28 as well as quantum bites (qubits).?° Molecular
magnetism is the natural continuation of the old field of research named
“Mangetochemistry”,3° based on the use of magnetic measurements to obtain structural
information. And later Olivier Khan, who founded our laboratory when his research work
was carried out, is considered as the father of molecular magnetism. He made a key
contribution in understanding the exchange coupling in coordination complexes,

promoting the Goodenough-Kanamori rules both in theoretical and experimental ways.3'

34

1.2.3 Some important principles in molecular magnetism

Any discussion about magnetism must start with electrons. The magnetism of an atom
originates from the motion of electrons, which results in two types of magnetic moment
for free atoms in zero field. One is called spin magnetic moment, resulting from the
movement of electron around its own axis; the other one is called orbital magnetic

moment that is associated with the circulation of electron around nucleus. Generally, the
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spin magnetic moment is roughly a thousand times larger than orbital magnetic moment

in transition metallic complexes, playing a key role in magnetism.

Before talking about molecular magnets materials, it is essential to introduce some basic

definitions and principles in molecular magnetism.

When a paramagnet is placed in a magnetic field H, the magnetic moments tend to align
with this field, lowering the energy of the system. The magnetization is defined as: M = -
O0E/6H, and the magnetic susceptibility, y = 6M/6H, shows how fast the paramagnet is
magnetized in an external field. The magnetization is linear to susceptibility when magnetic

field is much weaker than thermal energy and the following equation holds: M = yH.

The spin Hamiltonian approach is generally used to interpret the magnetic data. The spin
Hamiltonian replaces all the orbital coordinates with spin coordinates according to the idea
that orbital moment is normally quenched by ligand field. This is the case in many systems
because, in most cases, real molecules possess enough distortion to lead to orbitally non-

degenerate state and justifies the use of a spin Hamiltonian to interpret the magnetic data.

1.2.3.1 Zeeman effect and Zero-field splitting (ZFS)

Paramagnetism originates from unpaired electrons. The orientation of the electronic spin
S is quantized with the projection of the spin on the axis of quantization, described by the
guantum number Ms, taking the values from -S to +S in integer step. Therefore, the state S
is 25+1-fold degenerate. In an external magnetic field, the degeneracy of energy states is

called “Zeeman effect”, and the energy of these states can be described as:
E=gBHMs

Here, g is the Landé factor, S the Bohr magneton, H the applied magnetic field and Ms is

the projection of the spin S.

In the situation where the applied magnetic field is much weaker than thermal energy M

= xH and the molar susceptibility is given by:
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Np?

x=M/H =379

25(S+1)

where N is the Avogadro number, k the Boltzmann constant, T the temperature. Therefore,
X is inversely proportional to T. This is the Curie’s Law: y = C/T. And the Curie constant Cis

a material-dependent property.

The lift of the degeneracy of the spin sub-levels Ms can also be observed in the absence of
a magnetic field, this is called Zero-Field Splitting (ZFS). It mainly occurs in transition
complexes due to the presence of more than one unpaired electron. ZFS originates from
the simultaneous effects of a distortion from high symmetry (cubic for example) and Spin-
Orbit Coupling (SOC). In the presence of a magnetic field, ZFS leads to magnetic anisotropy.
For molecules with strict axial symmetry, axial magnetic anisotropy is present leading
either to an easy axis (Ising type) or to an easy plane (XY type) of magnetization: the
magnetic moment can, thus, either blocked along one axis or freely rotate within a plane.
If the symmetry is lower than axial, an additional anisotropy appears within the plane.3*
The ZFS parameters are mainly defined via D and E parameters, where D describes the
axial component and E the transversal component (in the unit of cm™). In the magnetic-
frame axes, the axes of the anisotropy tensor are the magnetization axes. If E =0, the main
axis of the anisotropy tensor is often collinear with the principle symmetry axis of the
complex. From the shape of the ZFS spin Hamiltonian, an easy axis of magnetization
corresponds to a negative D value (D << 0) while an easy plane corresponds to positive D

value (D > 0):

1
E(Mg) =D |MZ = 2S(S+1)

Consequently, when D << 0 the largest Ms sub-levels have lower energy, while for positive

D value the smallest Ms sub-levels have lower energy.3®




Chapter | Introduction

Figure 1.1 The behavior of an S = 2 state (center), and in an applied magnetic field, the Zeeman
splitting and the effect of ZFS with a positive D value are illustrated on left and right, respectively.

Figure I.1 displays the case of an S = 2 system (represents d* transition metals) that ground
state is orbitally non-degenerate (in the middle). In the presence of an applied magnetic
field, the energy levels with different quantum numbers (Ms = 0, £1, £2) are separated,
referring to Zeeman effect (left). In the absence of applied magnetic field, the degeneracy
is partially resolved due to ZFS before introducing the influence of external magnetic field
(right). In this case, before the external magnetic field affecting the energy levels, the

energy is lowest when Ms=0 (D > 0).
1.2.3.2 Exchange coupling

When more than one magnetic center is present in the molecule, there is a magnetic
interaction via the bridging ligands, which affects the magnetic properties of the molecules,
named exchange coupling interaction. For example, two magnetic center of spin Sa and Sg
in a binuclear system, respectively, we define a total spin number for the pair which will
take all values from |Sa + Sg| to |Sa - Sg| in steps of 1. When two spin 1 ions interact with
each other, the total spin value will be S = 2, 1, 0. Exchange coupling can be expressed by
an isotropic exchange parameter J. Considering the Hamiltonian below, a positive value for
J is obtained when the two spins are parallel in the ground states, described as
ferromagnetic coupling interaction. In contrast, an antiparallel alignment of spins in the

ground state correspond to a negative J value, responding to antiferromagnetic coupling.

H:_2]§A§B
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1.2.3.3 Total Spin Hamiltonian

The total spin Hamiltonian is the sum of the ZFS, the exchange and Zeeman Hamiltonians.

To deal with ZFS, the spin Hamiltonian without first-order angular momentum is:

A

—

HZFS = SA . ’D\ . SA
where D is a symmetric and traceless tensor, S the spin operator and g the g-tensor.

It can be rewritten in the form below:
—~ PN 4o S(S+1) 42 &z A~ A
H=p-g-S-H+D SZ—T + E (5% —Sy)+(—2]AB-SA-SB)

Here, fx, fy and S, are the components of the spin operators, S the spin state; H the
magnetic field. Jag is the exchange coupling parameter, and fA and §B the corresponding
spin operators. D is the axial ZFS parameter, and E the ZFS rhombic parameter. D and E are

related to the diagonal Dii components of the ZFS tensor.3!

D =3D,/2
E= |Dxx_Dyy|/2

1.2.3.4 Jahn-Teller effect

The Jahn-Teller effect, also named Jahn-Teller distortion, is an internal disposition of
complex for the geometrical distortion of molecules to lower the overall energy of the

species and thus remove the degeneracy, originating from the electronic configuration.

In an octahedral complex of transition metals, the Jahn-Teller distortion occurs when the
ground state is orbitally degenerate. For example, when the e4 orbitals are occupied with
an odd number of electrons: d°, d” in low spin or d*in high spin. In the case of d° system,3%37
the ty4 orbitals are fully occupied (6 electrons) and e4 orbitals are filled with the remaining

3 electrons: two electrons occupy the d,z orbital and one electron in the d,2_,2 orbital or
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the opposite situation. For the former state, the Jahn-Teller effect would push the axial
ligands away to minimize the overall energy, leading to an elongated octahedron, while for

the latter situation, a compressed octahedron would be generated.

The Jahn-Teller effect is also present in other symmetries than octahedral. In an ideal high
spin trigonal bipyramidal Ni(ll) complex (d®), three electrons occupy the degenerated dy,
and dy2_y2 orbitals (Figure 1.2, left).3® The Jahn-Teller effect lowers the energy of the

molecule by removing the degeneracy of the orbitals (Figure 1.2, right), leading to a non-

degenerate ground state.

Trigonal
bipyramid

e" (dyz, dyz) =H=t# ___________ -

Jahn-Teller
distortion

Figure 1.2 The ideal trigonal bipyramidal d-orbital splitting (left) and the orbital splitting mode after
removing the degeneracy by Jahn-Teller effect (right) for a high-spin Ni(ll) complex. Reproduced from
reference [38].38

1.2.4 Magnetic characterizations and data analysis

To discover the magnetic properties of molecular magnets, several measurements should
be carried out. First, molecular structure should be collected through Single Crystal X-Ray
Diffraction. Subsequently, the measurements for magnetic susceptibility and
magnetization data are performed using a Superconducting QUantum Interference Device

(SQUID). Through fitting the magnetic susceptibility and magnetization data, the spin state,
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magnetic anisotropy (both magnitude and sign) can, in principle, be determined, as well as

exchange interaction coupling between adjacent metal ions for polynuclear complexes.

SQUID is a very sensitive device for measuring even extremely weak magnetic field. The
SQUID we use for direct-current (dc) measurement in our laboratory is SQUID XL7, which
can measure the magnetic moments from 2 K to 400 K, within an applied magnetic field

up to 7 Tesla.

Significant information on the magnetic properties of the complexes can be provided by
the plots of magnetization (M) vs. field (H) and the susceptibility (x) vs. temperature (7). In
general, energy variation affects the magnetization of a sample in an external applied

magnetic field, and their relationship can be described in the following way:

0E

M:_a_H

The molar magnetization M is calculated by summing the magnetic moments which

weighted by Boltzmann law:3!

_ N Zn(aEn/aH)e‘En/kBT

M Y., e~En/ksT

Here M is the magnetization, Na Avogadro’s number, H the dc magnetic field, ks the
Boltzmann constant and T temperature. More simplified equations were proposed based

on some assumptions and approximations,3! for example the van Vleck formula:

(1?2
E 2 _ (0
NaH Zn(Ggr — Ey)eEn /kaT
M = . ©
Zn e—En /kBT
(1)?
©
Na Zn(in T — Er(lz))e_E"O /ksT
B
X =

(0)
—-E kgT
Zne n /ks

And the Brillouin function is written as follows:

10
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M = NpgugS|[Bs(x)]

25+1 25+1 1
Here: Bg(x) = ——coth——x — —coth (1)
28 25 28 28

‘= gusSH
ke

E,(lo) is the energy of level n in zero dc magnetic field, E,(ll) and E,(lz)are first- and second-

order Zeeman coefficients, respectively.

If H>> kgT, the Brillouin function approximately equals to 1, the system reaches a

maximum; saturated magnetization:
M = NpgusS

This situation corresponds to the alignment of all spins in the direction of the applied

magnetic field.

When H << kgT, the equation below is the simplified Van Vleck equation when the external
applied magnetic field is low and the temperature is high.®® It can explain the dc

susceptibility data for polynuclear complexes at high temperature.

x(S+1) gusH(S +1)  Npg®ug®S(S+1)
M =N, S§——=N S =

AdUB 3 A9HB 3kgT 3kgT
it reflects the state which can satisfy the Curie Law:3°

_C_ Npg®ug®s(S+1)
T 3kgT

X

Generally, Msis expressed as a Bohr Magneton per mole, noted as NB8. The spin S of ground
state can be obtained when the value reaches its saturation, thus the measurement at low
temperature is necessary, to minimize thermal agitation. As an indication, it should be
noted that a value of the applied magnetic field of 7 Tesla corresponds to an energy close

to 7 cm™ (10 K) for a 1/2 spin. It is therefore necessary to perform the measurements of

11
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magnetization at temperatures below this value in order to saturate the magnetization,

otherwise the thermal agitation would randomly orient the magnetic moments.

1.2.5 The first Molecular magnet

Before introducing the molecular magnets based on Ni(ll) and Co(ll), an extremely
significant complex is necessary to mention: Mn'"'sMn'V4012(02C2H3)16(H20)4 (Mn12(0Ac)),

the first molecular magnet.

This molecule was first synthesized by Lis et al. in 1980,%° and the dodecanuclear molecular
structure is shown in Figure 1.3. The mixed valances of Mn is displayed in this “Core-Shell”

structure: four Mn(1V) made up the cubane core and eight Mn(lll) surrounded as a shell.

Figure 1.3 Schematic view of Mn1,(OAc) cluster. The eight large white circles represent the Mn(lll) ions
(§=2), and the shaded circles are Mn(IV) ions (S = 3/2). Reproduced from reference [41].%

Caneschi and his colleagues provided the main evidence of a ground state S = 10 using
magnetization measurements in 1991, and the simultaneous use of high field EPR and
alternating-current (ac) susceptibility confirmed the result of magnetization. Later in 1993,
Sessoli et al. discovered that the magnetization of this Mn1, cluster was highly anisotropic.
The magnetization hysteresis loop illustrated the difference from an ordered bulk magnetic
material (see Figure 1.4), in which the magnetization hysteresis resulting from the
movement of domain walls.*! Hill et al. used a multifrequency, high sensitive electron

paramagnetic resonance (EPR) technique to make an extremely detailed investigation of

12



Chapter | Introduction

the energy level diagram of this Mn12(OAc) single crystals in 1998, confirming that the D

value was negative (easy axis of magnetization).
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Figure 1.4 Magnetization hysteresis loops of Mnj2(0OAc), collecting along the crystal c axis.
Measurement temperatures were 2.2 K (®) and 2.8 K (o). Reproduced from reference [41].#

The study on Mn12(OAc) opened up a new field of exploration, marking a breakthrough in
the field of magnetism. More and more molecular magnets were synthesized with
transition metals, first with polynuclear complexes and later with mononuclear ones. We
will focus, here, on Ni and Co containing molecules in this dissertation. | will present some

results from the literature and try, when adequate, to do comments.

1.3 Mononuclear molecules with anisotropy

Since the molecular magnets have emerged as promising materials in many fields
mentioned above, more and more efforts are paid in exploring new approaches for
designing new complexes with large magnetic anisotropy. Magnetic anisotropy causes a
preferred direction of a spin, so it is aligned with the easy direction in the presence of a
very weak magnetic field. Thus, molecules which possess a strong magnetic anisotropy
may have large remnant magnetization and behave as an individual magnet without
external magnetic field. Till recently, the prediction and control of magnetic anisotropy in
transition metal ions have remained elusive, even though the crystal field theory can give
some instructions to the main parameters, such as the electronic configuration and the

symmetry. ZFS is the most common source of magnetic anisotropy in first-row transition

13
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metal complexes. It stems from the simultaneous effects of low symmetry (than cubic) and

SOC.

1.3.1 Design of anisotropic mononuclear complexes

In the simple case of axial anisotropy responsible of ZFS, magnetic anisotropy may be the
Ising type (easy axis of magnetization) or XY type (easy plane of magnetization). This
depends on many parameters such as the number of single electrons, the symmetry of the
complex (Cav, Dan, C3y, D34, etc...), the electronic structure of the ligands that may impose a
weak of a strong electronic interaction along the z axis, etc.... Rajaraman and his coworkers
studied a series of Ni(ll) mononuclear complexes* and confirmed that the magnetic
anisotropy was determined by the coordination environment: the donor ligand,
coordination numbers, coordination geometry etc.... To realize the design of molecules
with predictable magnetic properties, it is essential to study the relationship between

magnetic anisotropy and coordination environment.

As the magnetic anisotropy is closely related to the molecular structure features: the
coordination numbers, the corresponding symmetries and the electronic configuration.
The calculations on the fundamental understanding of the relationship between magnetic
anisotropy and molecular structure are still a prevalent field.3>%*48 Oshio et al. correlated
the magnetic anisotropy with electronic configuration and symmetry of complexes, in the

case of Op and D systems.*?

Actually, there are seldom molecular complexes with absolute high symmetry, which
demands simply constructed ligands and the lack of Jahn-Teller distortion. The complexes
which are described as specific shapes, such as octahedron, trigonal bipyramid, are based
on the relative positions of metal ions and donor atoms in the principle of similarity. In
most cases, the complexes have more asymmetry than what is considered for calculations,
resulting from the interaction among the molecules in the lattice by, for example, hydrogen
bonds or electrostatic that impact the electronic configuration of the ligands linked to the
metal ions. These tiny effects are important because magnetic anisotropy energies are

relatively weak, in the orders of few cm™ in many cases. It is, however, possible to use

14
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calculations in order to have a general trend on the effect of the electronic configuration
of the metal ion and its symmetry on the magnitude and nature of the ZFS that is directly

related to magnetic anisotropy.

Gomez-Coca et al. did some calculations on the molecular orbitals of mononuclear
complexes Fe'(NH3)x models, attempting to predict the orbital energies through using the
extended-Hiickel method.*> The influences of electronic configuration and coordination
geometry on magnetic anisotropy are summarized in the Figure |.5. What needs to be
noticed is that the D values can have the opposite signs due to the distortion originated
from Jahn-Teller effect. In this report, d® electronic configuration with o-donor ligands is
considered as the one that most likely to induce a large and negative D value. The work
reported by Mossin provides a similar conclusion.>® While for n-donor ligands, leads to

large and negative D-value for the d? and d’ electronic configuration.
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Figure 1.5 Estimation of the D Values for High-Spin Mononuclear Transition-Metal Complexes with
Different Electronic Configurations and Coordination Modes Using Ammonia Ligands. Green and blue
squares indicate large and small negative values, while red and orange represent large and small
positive values, respectively. Cases with more than one color indicate that the non-distorted structure
has a zero D value, and different options are possible depending on the symmetry of the Jahn-Teller
distortion. Reproduced from reference [45].4°

Considering the electronic configuration of the metal ions and their coordination
geometries, the results of the paper of Ruiz et al. are displayed in Figure I.5. They can be
used to rationally design mononuclear complexes with predictable magnetic anisotropy,

providing the possibility to link the electronic density on the metal ions to its symmetry.
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1.3.2 Some mononuclear complexes based on Ni(ll) and Co(ll)

1.3.2.1 Some Ni(ll) molecular magnet
[Ni(pydc)(pydm)]-H.0

A mononuclear complex [Ni(pydc)(pydm)]-H,O (Figure 1.6), showing two slow relaxation
processes, was reported by Miklovi¢ and his coworkers in 2015.%%>? (here, pydc = pyridine-
2,6-dicarboxylate, pydm = 2,6 bis(hydroxymethyl)pyridine), which is the first example of a
field-induced single molecular magnet in the class of hexacoordinated Ni(ll) complexes. In
this crystal structure, significant intermolecular interactions (hydrogen bonds and mn-it

stacking) were identified.>%>2

a)

b)

Figure 1.6 (a) molecular structure; (b) - interactions of molecular units (C-C = 3.194 A). Reproduced
from reference [51].5*

In the study of its magnetic properties, they found that it behaves magnetically as typical
S =1 spin system with ZFS. By fitting the dc magnetic data in Figure 1.7, a relatively large
and negative D value (-13.7 cm™) can be obtained, resulting from its highly axially
compressed pseudo-octahedral chromophore [NiOsN;] with significant rhombic

contribution. From its dynamic magnetic data obtained by applying an oscillating magnetic
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field, two relaxation processes were evident: one was attributed to the single molecule

and the other to the presence of rt-it interactions.
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Figure 1.7 Magnetic functions of this complex: left —temperature dependence of the effective
magnetic moment (inset — molar magnetic susceptibility); right — field dependence of the
magnetization per formula units. Lines — fitted. Reproduced from reference [52].52

1.3.2.2 Some Co(ll) molecular magnets
[Co(Mestren)CI](ClO4) (1) and [Co(Mestren)Br](Br) (2)

Two Co(ll) mononuclear complexes: [Co(Mestren)Cl](ClO4) (1) and [Co(Mestren)Br](Br) (2),
both of which are pentacoordinate trigonal complexes were reported.>? Figure 1.8 shows
the molecular structure of 1 that has a perfect Csy symmetry and the ClOs ion is omitted

for clarity. Complex 2 is isostructural with complex 1, containing a perfect Czv symmetry.
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Cll

Figure 1.8 View of molecular structure of [Co(Mestren)Cl]* cation. Reproduced from reference [53].°3

Negative D values were obtained from fitting the experimental magnetization data (see
Figure 1.9), corresponding to the ab initio calculation results, expressing Ising-type
anisotropy for the two complexes. For these two complexes, the |D| value is larger for
complex 1 (8.12 + 0.06 cm?) than complex 2 (2.40 + 0.05 cm™), arising from the weaker o-
donating from the N atoms in the equatorial plane of the ligand and the stronger m-
donating from the Br in the axial position. The origin of the negative D value is due to the
fact that the coupling between the ground and the first excited states involves the z
component of the spin orbit operator (L;) leading to non-zero component along the z
direction of the spin (S;) and thus to an alignment of the magnetic moment along the one
axis (easy axis of magnetization) . This paper gives us instructions in predicting the

magnetic anisotropy.

3.0 ;

M (NR)

HoH (T)

Figure 1.9 Experimental (o)and calculated (=) M vs. uoH plots collected at 2, 4, and 6 K for 1 (left) and 2
(right). Reproduced from reference [53].%3.
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[Co(N3)LH3]Cls and [Co(Ns)CoL]Cls

A mononuclear Co(ll) molecular magnet and its antiferromagnetically coupled binuclear
derivative, possessing a quasi-identical local C3y symmetry, were prepared in our group in
2017.°* In the binuclear complex, an azido ligand was used as a bridge to connect the two

Co(ll) ions due to its large distance (Figure 1.10).

Figure 1.10 ORTEP drawing of the mononuclear and binuclear complexes [Co(N3)LH3]** (left) and
[Co(N3)CoL]?* (right) of 1 and 2, respectively. hydrogen atoms are omitted for clarity. Reproduced from
reference [54].%*

The mononuclear complex behaves as a single molecule magnet because of its easy axis of
magnetization. The magnetic data can be fitted with a negative D value as expected for its
trigonal symmetry. The magnetic properties of the binuclear complex are mainly governed
by the antiferromagnetic coupling between the Co(ll) ions despite the negative local
negative D values of the mononuclear species. Through fitting the susceptibility and
magnetization results (Figure 1.11 and Figure 1.12), the parameters were obtained as

follows: D; =-7.1 cm™ for 1 and for 2, D, =-5.35cm™, J=-6.6 cm™.
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Figure .11 ymT = f(T) for 1 and 2: (O) experimental data and (=) calculated data. Reproduced from
reference [54].5*

1.2

1.0

0.8

0.6

M (NB)

0.4

0.2

: : 0.0
00 05 10 15 20 25 30 00 05 10 15 20 25 3.0 35

B/T (T/K) B/T (T/K)

Figure 1.12 M = f(B/T) for 1 and 2: (O) experimental data and (=) calculated data. Reproduced from
reference [54].5*

1.4 Polynuclear magnetic complexes built from anisotropic

mononuclear species

A molecular complex possessing ZFS will have two low-lying levels as the ground state that
are degenerate for half integer spins (Ms = £3/2 or +1/2 for S = 3/2). The application of a
small magnetic field lifts the degeneracy of the Ms ground levels and leads to a two-level
system, which can be considered as a qubit. For integer value of the spin (S =1 for example),

ZFS must be such that the Ms = £1 is the ground level. Usually, a rhombic term is also
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present so that the degeneracy of the Ms = £1 levels are lifted and lead to a two level
system in zero applied magnetic field. Such systems are also interesting in qubits. If one
needs to go further and build a quantum gate, it is necessary to have two qubits very
weakly interacted together. This can be achieved by designing bi- and trinuclear molecular
complexes with large single ion ZFS and weak antiferromagnetic exchange coupling
interaction. It is also possible to use non-innocent ligands that can be addressed electrically
of by light to couple the mononuclear species. In the following, we present some systems

from the literatures that may be candidates for weakly interacting qubits systems.

1.4.1 The choice of bridging ligand

In coordination and organometallic chemistry, the nature of bridge ligands has a great

influence on the properties of the polynuclear complexes.

Ligands were first described as “innocent” or “suspect

n (II

non-innocent”) by Jgrgensen:
Ligands are innocent when they allow oxidation states of the central atoms to be defined.>>
An innocent ligand was defined as a ligand in a metal complex where the oxidation state is
unequivocal. They do not actively participate in reactions where they preserve their
electronic structure. Non-innocent ligands are the ones that display redox active behavior,
leading to a variability of oxidation states. Typically, the redox reactions within the

complexes with non-innocent ligands occur either in metal ions or ligands.
It is necessary to state that:

i) The term “non-innocent” not simply applied to redox-active ligands alone, but also refers

to the complexes where the metal ions can change oxidation state.
ii) A redox-active ligand can be both innocent and non-innocent.>®>’

As the nature of bridging ligands greatly influences the behavior of complexes in
polynuclear complexes, we will discuss the complexes with both non-innocent ligands and

innocent ligands.
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1.4.1.1 Innocent ligands

The electronic and steric structure of ligands are key factors to the characteristics of
molecular complexes based on transition metals. In most instances, ligands play a role of
spectator in reactions.”®%0 Since the number of innocent ligands is very large and so we will
only comment on them when we describe some polynuclear complexes with innocent
ligands. Furthermore, there is very few reports in the literature on complexes with very

weak antiferromagnetic exchange coupling interaction and large local ZFS.

1.4.1.2 Non-innocent ligands

In contrast to innocent ligands, the non-innocent ligands are ligands cooperative in
reactions. Figure 1.13 lists many representative structures which probably behave as non-

innocent ligands and their charge transfer process.>’
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Figure .13 Representative structural changes associated with electron transfer to selected molecules,
including potentially redox-active ligands. Reproduced from reference [57].%7

In the complexes with non-innocent ligands, bridge ligands not only act as a linker, but also

provide a place for electron transfer.
Radical containing

Single electron reduction from neutral ligands or single electron oxidation from dianions
will probably result to radical containing ligands, as either intermediate products or final
complexes. The coupling between radical and metal ions broaden the scope of research
area to the interaction between two different paramagnetic centers.®! Many research
works on radical containing redox-active ligands have been reported.®>%¢ For mononuclear
transition complexes, nitronyl nirtoxides with an unpaired electron that can delocalized

over the coordinating oxygen atoms, are the most common ligands that used for stable
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free radicals.” While derivatives of benzoquinone are wildly used in producing radical

containing complexes.5871

T. David Harris et al. introduced chloranilic acid (CA) as a linker to obtain new metal-organic
frameworks (MOFs) based on iron. The CA, a bis-bidentate ligand, has readily access to
three oxidation states and have the potential to generate an organic radical through redox

reactions (Figure 1.14).%°

Cl Cl Cl

Cl Cl Cl

Figure 1.14 Redox series of deprotonated benzoquinoid bridge based on CA: Left to right, L*, L3 and
L2. Reproduced from reference [65].%

The structures of compounds (Mez2NH32)2[FezL3]-2H,0-6DMF (1) and
(Cp2Co)1.43(Mez2NH3)1.57[FezL3]-4.9DMF (2) that two-dimensional networks are reported in
Figure 1.15. Compound 1 has a trigonal structure comprised of Fe ion centers bridged with
L": [(Fe™)2 (L3~°)2(L%)]%. By reduction, the L% in 1 results in 2: [(Fe™), (L3~°)3]* that has three
radicals. Compound (Me2NH2)2[Zn2L3]-2H20-6DMF (3) is [(zn")2 (L?7)3]*. The bands
observed at 1491, 1487, 1617 cm™ for compounds 1-3 in Raman spectra are assigned to C-
O stretching mode of the bridging ligand. The one for 3 can be L7, and the shift to lower

frequency represents the ligand-based reduction from 1 to 2.
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Figure 1.15 Top: the repeating unit of complex 3 (left), 1 (middle) and 2 (right); Bottom: Raman spectra

collected for complex 3 (purple), 1 (red) and 2 (blue), following excitation at 473 nm (1 and 2) and 405

nm (3). Reproduced from reference [65].5°

Valence tautomerism

Besides the radical containing, another significant feature related to non-innocent ligands
is valence tautomerism. In general, valence tautomerism (Figure 1.16) occurs in the system
where the metal ions can easily be oxidized and reduced, such as Cu(l)/Cu(Il)’>”3 and

Co(ll)/Co(IN).7477

Figure 1.16 Valence tautomer equilibria of complexes with quinonoid chelating ligands. Reproduced
from reference [57].%’
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A dinuclear cobalt complex [(CoTPA);(DHBQ)](PFe)s 1:(PFe)3s, TPA is tris(2-
pyridylmethyl)amine, and DHBQ is deprotonated 2,5-dihydroxy-1,4-benzoquinone was
successfully synthesized by Tao and coworkers.”® The crystal structure analysis reveals that
the oxidation state of the complex is 3+, and the spin state can be expressed as Co'"->—
DHBQ3>—Co""5. At 5 K, the ymT value is 0.33 cm3 K mol?, corresponding to S = 1/2 state
(right of Figure 1.17). While at high temperature, the complex is high spin. A thermal
crossover is observed due to thermally activated electron transfer, with large hysteresis

loop attributed to the m—m interactions of the TPA ligands (left of Figure 1.17).

By irradiating under a 532 nm light at 5 K for 30 min, the complex changes from Co""5—
DHBQ3*—Co""S to Co"">*—DHBQ*—Co"™, and the light-induced Co"">—DHBQ?*—Co'*

can relax back to its original state.
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Figure 1.17 Left: 2D cationic network; Right: temperature dependence of yuT — T plots and the insert is
photoinduced changes after irradiation at 532 nm. Reproduced from reference [70].7°

1.4.2 Polynuclear complexes with bridging ligands

1.4.2.1 Polynuclear complexes based on Ni

[Ni(p-Im)NiL](ClOa4)3

Our group prepared a binuclear Ni(ll) complex,”® with a cryptand organic chelating ligand

and an imidazolate bridge (Figure 1.18, left). The imidazolate can undergo -t stacking with
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two benzene rings of the chelating ligand, contributing to the stabilization of the whole
structure. Large magnetic anisotropy of Ising type (easy axis of magnetization) and weak
antiferromagnetic coupling were reported as shown by the magnetic susceptibility (Figure

1.18, middle) and magnetization results (Figure 1.18, right).

*
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N6 Ni2| S 1 N7
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L L 0.00
0 50 100 150 200 250 300
T(K)

Figure 1.18 Left: molecular structure of the binuclear complex; Middle: Thermal dependence of ymT
(experimental, o) and ym (experimental, A); Right: magnetization vs. B/T. Reproduced from reference
[78].78

The large magnetic anisotropy results from the penta-coordination of Ni ions, especially a
slight distortion of the coordination geometry of Ni(ll) from square pyramid to trigonal
bipyramid. Two Ni ions are found to have easy axis of magnetization that are almost
collinear even though their geometries are different. The ZFS values for the Nil(ll) species
was found larger than 50 cm™!, while the exchange coupling parameter J is around -5 cm™.
This is one of the rare examples where exchange coupling is weaker that the axial ZFS

parameters.
[Nis(amox)s(ps-O)(u3-OH)2]Cl2:6H0

An oxime-bridged hexanuclear Ni(ll) complex: [Nis(amox)e(pes-O)(3-OH)2]Cl2:6H20 (amoxH
= 4-amino-4-methyl-2-pentanone oxime), was reported, and its structure is showed below
(Figure 1.19, left).”® Each Ni%* ion was surrounded by two N atoms of an amox’ ligand and
four O atoms of two bridging oxime groups, one ps-0% and one ps-OH". In this complex,
the six Ni** were arranged to form a Chinese-lantern like cage with a ps-O% in the center

(Figure 1.19, right).
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Figure 1.19 Left: plot of the polynuclear [Nis(amox)s(ps-O)(p3-OH)2]?* cation; right: the Chinese lantern-
like Ni cage of this complex. Reproduced from reference [79].7°

Three possible magnetic pathways are assumed to explain the coupling interactions
between the six Ni%* ions (Figure 1.20), corresponding to three different J values. J;
represents the interactions between the Ni?* ions in the trans position: Ni-O-Ni, and Jz is
the Ni-O-Ni coupling interactions within each triangle (upper and lower), and, finally, the J
values between the upper or lower triangles through the central oxo bridge and the Ni-N-
O-Ni of the oxime, named Js. Through fitting their magnetic data, three J values are as
follows: J; =-150.4(2) cm™, J2 = 0 cm?, J3 = -25.0(1) cm™, g = 2.26, among which J; is the

dominant coupling parameter. And strong antiferromagnetic couplings are observed.

29



Chapter | Introduction

Figure 1.20 Three possible magnetic pathway (J1, J> and Js) in this complex. Reproduced from reference

[79].7°

1.4.2.2 Polynuclear complexes based on Co

(LCo)2(u-bpym) (1) and [(LCo)2(n-bpym)][BPh4] (2)

+
@ @l + - NI =N
2 LCo(tol) "/ Nm [CpaFe] [BPhy] LC/” 7N
Lco' | co'lL o' [ el
~ / K N B /
@) @) U pona
A A P
1 2

L = CH(MeC=NDipp),, Dipp=2,6-iPr,CgH;

Figure 1.21 Synthesis of the binuclear cobalt complexes 1 and 2. Reproduced from reference [80].2°

2,2-biyrimidine (bpym) has the potential to execute reduction reactions by accepting one
or two electrons from metal ions and thus forming the bpym*® radical anion or bpym?
dianion. Wang et al. firstly obtained a binuclear Co(ll) complex 1: (LCo)2(u-bpym), and then

complex 2,%% in which the bpym moiety is oxidized to bpym*® anion (Figure 1.21).

The ymT value at room temperature are 3.52 and 4.96 cm®K mol™ for 1 and 2, respectively

(Figure 1.22). The results are in good agreement with two high spin Co(ll) for 1 and two high
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spin Co(ll) and one radical anion for 2. Reasonable results are obtained by fitting: D =-16.6
cmtand J=-17.5 cm™ (the exchange coupling between Co ions) for complex 1; D = -23.0
cm?, J; = -160.5 cm™ and J; = -0.147 cm™ for complex 2 (J; is the magnetic coupling
between Co ion and radical, J; presents the magnetic coupling between two Co ions).
Complex 1 has no single molecule magnet behavior while the radical mediate magnetic
coupling between high-spin cobalt ions leads to single molecule magnets behavior.
Complex 1 can be reproduced by reduction, which make it possible to exhibit a reversible

magnetic “on-off” switch.
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Figure 1.22 dc magnetization susceptibility measurements of 1 and 2 from 2-310 K. The red lines
represent the best fits as discussed in the text. Reproduced from reference [80].8°

[Cos(HHTP)(TPA)3](BFa)a

A trinuclear Co(lll) complex was prepared with a tri-bidentate bridging ligand,
2,3,6,7,10,11-hexahydroxytriphenylene (HHTP), and three blocking ligand: Tris-(2-
pyridylmethyl)amine (TPA).8! Molecular structure and its packing structure are displayed
in Figure 1.23. The valence Co ions in the molecule is +3, leading to the -5 [cat, cat, sq]
oxidation state of the HHTP ligand. The threefold symmetry of the cation, linked by -t

interactions, demonstrates that the bridging ligand has its charge delocalized.
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Figure 1.23 Left: Perspective view of the complex cation [Cos(HHTP)(TPA)3]**; Right: View of the
packing structure. H and BF4 anions are omitted for clarity. Reproduced from reference [81].8!

The magnetic measurement result (Figure 1.24, left) shows that the ymT value at room
temperature is around 0.44 cm? K mol™, which corresponding to the spin-only state of a S
=1/2 paramagnet. the ymT value decreases slightly to 0.33 cm® K mol* when cooling down
to 2 K, verifying the charge delocalization over the whole triphenylene ring. Three
reversible wave peaks can be observed in the electrochemical measurement (Figure 1.24,
right). The redox reaction occurs from state [sq, sq, sq] to state [cat, sq, sq], state [cat, cat,

sq] and state [cat, cat, cat]. The stepwise oxidation and reduction can be considered as the

evidence of their ligand-centered nature.
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Figure 1.24 Left: Plot of yuT verse T for [Cos(HHTP)(TPA)s](BF4)a. Right: Cyclic voltammetry of
[Cos(HHTP)(TPA)3](BF4)4 in CH3CN. Reproduced from reference [81].8!
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1.4.2.3 Polynuclear complexes based on other transition metal ions
(PPha)s[Fe"'3(hptp)(CN)e]

A non-innocent ligand containing three coordination sites is introduced in preparing a
trinuclear Fe(lll) complex: (PPha)s[Fe"s(hptp)(CN)s] (hptp = N,N’,N”,N"”’,N""”’,N""""'-
(triphenylene-2,3,6,7,10,11-hexayl)-hexapicolinamide).®? The obtained crystals contain 6

or 6.5 MeCN molecules, possessing almost identical structures (Figure 1.25, left).

X, T/cm’ mol" K

0 100 200 300
TIK

Figure 1.25 Left: top view and side view of [Fe'"s3(hptp)(CN)e]* in a crystal of
(PPha)s[Fes(hptp)(CN)s]-6.5MeCN. Right: xmT vs. T plot for dried crystals. Reproduced from reference
[82].22

The xmT versus T plot (Figure 1.25, right) is carried out on the dried crystals
(PPha)s[Fe"'s(hptp)(CN)s]. At room temperature, the yuT value found is 1.26 cm3 K mol?,
which is consistent with the simultaneous effects of three isolated low spin Fe(lll) species.
The fit of the data with a regular triangular model H = -2J(81:S2 + 52°S3 + S3:S1) can be
employed to fit the magnetic data, resulting in g = 2.12, and J = -1.0 cm™. The very weak

antiferromagnetic is proved by calculations.

The non-innocent ligand is able to generate radicals. The Cyclic voltammetry and a
differential pulse voltammetry (DPV) results (Figure 1.26) reveal one reversible wave peak
for three-electron process for 3Fe"/3Fe' and three stepwise reversible wave peaks, which

are assigned to the one-electron process of the bridging ligand: hptp®/(hptp®?)*>
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/(hptp?)*/(hptp™3)3. Radicals are revealed in the intermediate products by diverse
measurements, so as the strong coupling between the electrons in the d orbitals of Fe(lll)

ions and those of the rt-radicals in bridge ligand.

Ccv

[i\/\ jW\_/
h | 1 i I t I | 1 |
-1.5 -1.0 0.5 0.0 0.5

E/V vs. FelFc'

Figure 1.26 Cyclic voltammetry and a differential pulse voltammetry (DPV) results for
(PPhg)s[Fes(hptp)(CN)g] in (n-BusN)BF4-PhCN. Reproduced from reference [82].22

[(MegTPyA)zFezL]“+ (n = 2/3)
The quinonoid bridging ligand was introduced to synthesize single molecule magnets based

on Fe. A dinuclear complex [(MesTPyA)FesL]%* (1) was obtained (top of Figure 1.27), and

the Fe ions are both +2.83
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[(MesTPyA)z2Fez(L)]1?

[N(4-BrCeHa)s]™*

78 oC]CHzCIz ’

Figure 1.27 Oxidation of complex 1 (upper) to 2 (lower). Reproduced from reference [83].83

The ymT value is 6.65 cm3 K mol? at room temperature and reaches its maximum (8.9 cm?
K mol?) at 12 K (blue line in Figure 1.28), indicating a weak ferromagnetic coupling (/= 1.21
cmt) between iron centers through the bridging ligand and giving the ground state S = 4,
with a Ds-4=-4.9 cm™. The ac magnetic measurements reveal the relaxation barrier is Uess
= 14 cm. However, after one-electron oxidation, the slow magnetic relaxation can be
switched off by generating a mixed-valence Fe(ll)/Fe(lll) dinuclear complex:
[(MesTPyA) Fe,L]** (2) (bottom of Figure 1.27). The ymT value equals to 9.97 cm3K mol™? at
300 K, and 12.38 cm3 K mol* at around 40 K, which is consistent with the S = 9/2 ground
state (the red line in Figure 1.28). The magnetic data is fitted with Ds-g/, = +3.4 cm™*and J
= 8.9 cmL. The strong ferromagnetic exchange is attributed to electron hopping through a

double-exchange mechanism,?* and the double-exchange parameter B = 69(4) cm™.
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Figure 1.28 Variable-temperature dc magnetic susceptibility data for 1 (blue) and 2 (red), collected
under an applied field of 1 T. The black lines correspond to fits of the data. Reproduced from reference
[83].83

M ns(TpC"m'Me)a((TBSQ)3Ph) and Ni3(CTH)s((TBSQ)sPh)(PFs)s

A tris-bidentate ligand 1,3,5-tris(5’-tert-butyl-3’,4’-dihydroxyphenyl)benzene ((TBCat)sPh)
was prepared as a bridge for Mn(ll) and Ni(ll) complexes: the manganese(ll)-hydrotris[3-
(4’-cumenyl)-5  methylpyrazolyl]lborate  complex  Mns3(Tp““™Me)3((TBSQ)sPh) and
Ni3(CTH)3((TBSQ)sPh)(PFe)s (CAT = dl-5,7,7,12,14,14-hexamethyl-1,4,8,11

tetraazacyclotetradecane).®
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Figure .29 xT vs. T curve for the Mn(Il) complex (left) and Ni(ll) complex (right). Reproduced from
reference [85].8°

The magnetic measurements results (Figure 1.29) are consistent with the ground states of

Mn complex and Ni complex S = 6 and S = 9/2, respectively, which suggests the
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tris(semiquinone) form of the bridging ligand in these complexes (Figure 1.30). The
magnetic properties provide a clear indication that each paramagnetic center has a strong
antiferromagnetic coupling with each semiquinone radical, while the interactions between
the metal centers, on one hand and the radicals, on the other hand are ferromagnetic. The
ferromagnetic coupling between the three semiquinone units is enhanced by the n-

connectivity of the ligand.

S5=5/2

TpCum.MeMnll O

S=5/2 /O 0\
TpCum.MeMniI Mn”TpCUm Me
5 g s=502

Figure 1.30 The ground state of Mn3(Tp“™Me);((TBSQ)sPh). Reproduced from reference [85].%°

1.5 This thesis

The main topic of this thesis aims at obtaining some active polynuclear magnetic
complexes built from anisotropic mononuclear species. It is constituted by two key parts.
The first part focus on the syntheses and the study of magnetic properties of Ni(ll)
mononuclear complexes with trigonal bipyramidal geometry, and the second part is the
design of polynuclear Ni(ll) and Co(ll) complexes with multiple structures with innocent

ligand and non-innocent ligand and the study of their characterizations.

The overall architecture of this dissertation is organized as follows:

In Chapter |, starting from the background, motivation and objectives, historical evolution

of molecular magnetism is introduced, and then some key items in the field of molecular
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magnetism. The syntheses of mononuclear species and polynuclear complexes are

followed.

A family of mononuclear Ni(ll) complexes based on Mestren (Mestren = tris(2-
(dimethylamino)ethyl)amine) are studied in Chapter Il, including their molecular structures,

magnetic properties.

Chapter Il focus on the polynuclear Ni(ll) and Co(ll) complexes with TTC3 (TTC =
Trithiocyanurate) as the bridging ligand. Their molecular structures and magnetic

properties are discussed.

Molecular structures of three polynuclear Ni(ll) and Co(ll) complexes, bridged by HHTP
(HHTP =2,3,6,7,10,11-Hexahydroxytriphenylene), are studied in Chapter IV. Their magnetic

properties, electrochemical properties are also presented.

The overall conclusions and perspectives of this dissertation are presented in Chapter V.
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Chapter I
Engineering the Ising-type anisotropy in Ni(ll)
complexes based on Tris(2-

(dimethylamino)ethyl)amine (Mestren)

2.1 Introduction

Single molecule magnets (SMMs) are molecules that are able to display a slow relaxation
of their magnetization leading to a magnetic hysteresis loop, a significant feature of SMM:s.
The first SMM is a polynuclear molecule based on transition metal ions Mn'" and Mn'V:
Mn12(OAC)16. It has a large spin ground state (S = 10) and an Ising type magnetic anisotropy
due to the fact that the largest Ms values (+10) are the ground sub-levels (negative axial
zero-field splitting parameter D value)."* Magnetic hysteresis is interesting if one aims to
design bistable molecules for classical information storage. That is why much efforts were
devoted during the last twenty years to prepare polynuclear complexes with a high spin
ground state and Ising type anisotropy. It turned out, however, that it was difficult to
produce molecules based on transition metal ions possessing magnetic bistability at high
temperature. Efforts were then focused on designing new mononuclear complexes with
half integer spin values (mainly S = 3/2 Co(ll) complexes) with large negative axial ZFS

parameter D in order to observe magnetic bistability.>1°

Another motivation in this area of research is the design of magnetic molecules that can
behave as quantum bits (gbits) for quantum information. The very first molecular magnets
investigated (Mn12 and Fe8) were evaluated as possible gbits and the first proposals to
use molecular magnets as gbits were based on the quantum properties of Mn12. However,

these polynuclear complexes are too fragile to be manipulated in solution and organized
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on surfaces and particularly to be assembled in arrays of interacting molecules.
Mononuclear complexes may be excellent candidates for gbits and among them Ni(ll)
complexes may have the required properties and more importantly their magnetic
behavior may be tuned by chemical design. As stated in the previous chapter, a gbit is a
two quantum levels system and Ni(ll) complexes that have a spin S = 1 can be driven to
have two quantum levels if ZFS leads to Ms = £1 sub-levels as the ground levels and if a

weak rhombicity is present as shown in the scheme Il. 1.

Mg=0 i——y

two-level system Mg = +1 [ \ ¢ 2E

Scheme II.1. Zero-field splittingofa S=1

Therefore, in order to have a robust two-level system, a mononuclear Ni(ll) complex must
be designed to present a large axial ZFS parameter (D) and a weak rhombic parameter E.
If |D| is large, the characteristics of the two-level system are entirely determined by the
magnitude of the rhombic parameter. Recently, several mononuclear molecular magnets
based on Ni(ll) were reported, where large and negative D value were obtained, presenting
the Ising-type magnetic anisotropy.'*** It is worth noting that for Ni(ll) complexes where
S =1, a blocking of the magnetization is very difficult to achieve because quantum
tunneling remains important. This is due to the difficulty to make the rhombic term of the
ZFS strictly equal to zero. Such systems are, thus, good candidates for quantum and not

classical information.
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As mentioned in chapter I, the magnetic anisotropy is closely related to the symmetry of
the molecules. To enlarge the value of the axial ZFS parameter D and thus magnetic
anisotropy, molecules with low symmetry must be prepared. Generally, Ni(ll) complexes
tend to be hexa-coordinated, with octahedral or distorted octahedral geometries, in which
the angular momentum is quenched. In order to have appreciable orbital angular
momentum, low symmetry that can be obtained by controlling the coordination sphere

using suitable organic ligands is thus necessary.

Our group is involved in the study of the relationship between magnetic anisotropy and
molecular structures. Several Ni(ll) and Co(ll) complexes possessing trigonal bipyramidal
symmetry were reported with large and negative axial ZFS parameters.>!%1617 The ligands
employed in these systems are the Tris(2-(dimethylamino)ethyl)amine (Mestren) and the
related  sulfur  containing  ligand  2-(tert-butylthio)-N-(2-(tert-butylthio)ethyl)-
N((neopentylthio)methyl)ethan-1-amine (NS3'®V). The complex [Ni(Mestren)Cl](ClO4)
shows a giant and negative magnetic anisotropy (D close to -200 cm™), due to near first-
order spin orbit coupling (SOC) imposed by the quasi C3y symmetry of the complex. The
effect of the halides ligand field was demonstrated by substituting Cl by Br in the Ni(ll)
coordination sphere in [Ni(Mestren)Br]Br, that gave D = -147 cm™.. However, as expected
no blocking of the magnetization was observed in both complexes because of the quantum
tunneling of magnetization (QTM) due to the presence of a very weak rhombic parameter
(E =1.5 cm™) that mixes the low-lying Ms = +1 sublevels.'? For the related Co(ll) containing
complexes [Co(Mestren)Cl](ClO4) and [Co(Mestren)Br]Br, the D values were much weaker
in absolute values (-8.1 cm™® and -2.4 cm™ respectively), but a blocking of the
magnetization was observed leading to an opening of the hysteresis loop at low
temperature for [Co(Mestren)Cl](ClO4).> The difference in the magnetic behavior between
the Ni(ll) and the Co(ll) complexes is due to the nature of the spin state; the Kramers ion
(Co(Il), S = 3/2) may have a strict C3, symmetry and thus a strict zero rhombic parameter,
while this is not the case for the Ni(ll) non Kramers ion (S = 1) that is subject to a Jahn-
Teller effect that slightly reduces the axial C3y symmetry and leads to a non-zero rhombic

parameter and thus to QTM that prevents the blocking of the magnetization. Three Co(ll)
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complexes with different axial ligands were prepared with the NS3® to perform the
correlation between geometrical structures and the magnitude of anisotropy:
[Co(NS3™Y)CI](CIO4), [Co(NS5®Y)Br](ClO4) and [Co(NS3®Y)NCS](CIO4). It was found that the
complex with a strict zero rhombic ZFS parameter has a slower relaxation of magnetization,
even though the magnitude of its axial ZFS parameter is smaller than the other two. The
main reason is that the rhombic terms in the other two complexes provide channels for
quantum tunneling.!’ This confirms that the blocking of the magnetization is controlled by

the rhombic parameter rather than by the axial ZFS parameter.

Based on the existing results, we expanded the research on Ni(ll) containing complexes by
preparing a series of [Ni(Meestren)X]Y (X =Cl, Br, I; Y =X, ClO4", BPhs -:-). Changing the axial
ligand X and the nature of the counter anion Y leads to complexes with various geometrical
structures, allowing us to explore (i) the effect of the axial ligand/counter anion on the
overall structure and on the local structure of Ni(ll) and (ii) the effect of the local structure
on the ZFS parameters. The prepared complexes were characterized by infrared
spectroscopy, element analysis, X-ray single crystal diffraction and magnetic
measurements. We did not carry out any Electron Paramagnetic Resonance studies to
accurately determine the values of the ZFS parameters, we rely only the magnetic data.
For one case (X =Y = Cl), we performed theoretical calculations that allows rationalizing

the magnetic behavior observed.

2.2 Experimental section

2.2.1 Syntheses

All the reagents used for these syntheses were purchased commercially and were used

directly without further purification unless exceptionally stated.

Caution: The Perchlorate salts may have unpredictable behavior and may explode. They

must be handled with care under a protected hood and must never be heated.
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Tris(2-(dimethylamino)ethyl)amine: Mestren

The ligand Mestren was synthesized according to a previous report.8

HoN NH
2 V\ N /\/ 2 _ N V\ N /\/ N ~
a, CH;COOH, CH;CN/HCHO
b, NaBH, H
NH, - N ~
Tris(2-aminoethyl)amine Tris(2-(dimethylamino)ethyl)amine
Tren Megtren

Scheme I1.2 Synthesis of Ligand Mestren

Agueous formaldehyde (49.0 mL, 660 mmol, 37 wt%) was added to a solution of 3.00 mL
(19.9 mmol) of tris(2-aminoethyl) amine and 135 mL of acetic acid in acetonitrile (600 mL)
and allowed to stir for 1 h. Subsequently, the reaction mixture was cooled to 0 °C and 10.0
g (26.4 mmol) of sodium borohydride was slowly added. After being stirred for 48 h, all
solvents were removed, the residue was made strongly basic with 3 M aqueous sodium
hydroxide and extracted several times with dichloromethane (DCM). The DCM extracts
were combined, dried (MgS0Qa), and the solvent removed. The residue was dissolved in
pentane, filtered, and the filtrate reduced to dryness to give Mestren as pale-yellow oil
(4.32 g, 94%). 'H NMR (CDCl3, 300 MHz, ppm from TMS): & 2.56 (m, 6H, CH2N(CH3),), 2.32
(m, 6H, NCH2CH2N(CH3)2), 2.19 (s, 18H, NCHs).

[Ni(Mestren)CI]Cl (Complex 2-1)

A 3 mL EtOH solution of Megtren (150 pL, 0.6 mmol) was added dropwise to a 5 mL EtOH
solution of NiCl;-6H,0 (119 mg, 0.5 mmol) with stirring. A green solution was obtained
immediately. After 3 h stirring, diethyl ether was diffused into the abovementioned
solution to obtain X-ray quality crystals 2-1. Yield: 65%. Space group: from Orthorhombic
[40 K (a), 100 K (b)] to Cubic [200 K (c)], P212121 to P2:3. Elem. Anal. for
[Ni(Mestren)CI]CI(H20)0.3 Calc: C, 39.44; H, 8.44; N, 15.33. Found: C, 39.54; H, 8.17; N, 15.25.
Mw = 369.40 g/mol. The structure was studied at three different temperatures. At 40 K,

the space group is orthorhombic: single-crystal unit cell of 2-1(a): Orthorhombic, space
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group P212121, a = 11.374(4) A, b = 11.919(5) A, ¢ = 12.038(4) A, ¢ = 90°, 8=90°, y = 90°, V
= 1632.0(10) A3. When the temperature increases to 100 K, the space group remains the
same except for some small changes of the cell parameters, leading to the single-crystal
unit cell of 2-1(b): Orthorhombic, space group P212121, a = 11.478(6) A, b = 11.966(7) A, ¢
=12.096(8) A, a = 90°, 8 = 90°, y = 90°, V = 1661.5(16) A3. At 200 K, a phase transition is
observed: -single-crystal unit cell of 2-1(c): Cubic, space group P213, a = 11.8520(5) A, b =
11.8520(5) A, c = 11.8520(5) A, a =90°, 8=90°, y = 90°, V = 1664.8(2) A3. When the crystals
were exposed to air for a few weeks, their aspect was altered with the appearance of “oily”
like powder as if they have captured water molecules form the atmosphere (it is worth
noting that they keep their pristine aspect if kept in a closed vial). Then, three weeks later
crystals suitable for X-ray diffraction are obtained from the “oily” like powder. The
structural resolution shows the presence of two water molecules within the crystal lattice:
[Ni(Megtren)Cl]Cl-(H20), 2-1(d). Single-crystal unit cell: Orthorhombic, space group Pbca,
a=9.1699(4) A, b = 15.6319(5) A, c = 26.5895(10) A, a = 90°, 8=90°, y = 90°, V = 3811.4(3)
A3. IR (KBr) v/cm™: 3432 (m), 2988 (m), 2927 (s), 2878 (s), 2839 (w), 1640 (w), 1486 (s),
1474 (s), 1458 (s), 1440 (m), 1393 (m), 1352 (m), 1290 (s), 1273 (m), 1239(m), 1168 (m),
1096 (s), 1047 (m), 1032 (s) 1016 (s), 1002 (s), 935 (s), 910 (s), 804 (m), 773 (s), 743 (w),
598 (w), 477 (m), 411 (w), 378 (w), 319 (w).

[Ni(Mestren)CI]BPhs (Complex 2-2)

A 3 mL EtOH solution of Megtren (150 pL, 0.6 mmol) was added dropwise to a 5 mL EtOH
solution of NiCl>-6H,0 (119 mg, 0.5 mmol) with stirring. After one hour, NaBPh4 (200 mg,
0.58 mmol) was added slowly, a green solid formed. The solid was filtered and then washed
with EtOH for three times and then dried in air. Yield: 295 mg, 92%. Crystals suitable for X-
ray single crystal diffraction were obtained by dissolving the solid into acetone and then
leaving the solution to evaporate slowly. Elem. Anal. for [Ni(Mestren)CI]BPh4 Calc: C, 67.16;
H, 7.83; N, 8.70. Found: C, 67.11; H, 7.74; N, 8.58. Mw = 643.77 g/mol. Single-crystal unit
cell: Monoclinic, space group P21/n, a = 12.5673(3) A, b = 12.3077(3) A, c = 21.6480(6) A,
a =90°, 6 = 97.7550(10)°, y = 90°, V = 3317.77(15) A3. IR (KBr) v/cm™: 3458 (w), 3055 (m),
3034 (m), 3010 (m), 2982 (m), 2895 (w), 2875 (w), 1947 (w), 1885 (w), 1812 (w), 1760 (w),
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1578 (m), 1475 (s), 1426 (m), 1343 (w), 1287 (m), 1270 (m), 1239 (m), 1172 (w) 1135 (w),
1100 (m), 1043 (m), 1016 (m), 935 (m), 905 (m), 844 (w), 803 (m), 774 (s), 752 (s), 736 (s),
708 (s), 612 (s), 468 (w).

[Ni(Mestren)CI]PF¢ (Complex 2-3)

A 3 mL EtOH solution of Megtren (150 pL, 0.6 mmol) was added dropwise to a 5 mL EtOH
solution of NiCl-6H,0 (119 mg, 0.5 mmol) with stirring. After one hour, KPFs (100 mg, 0.54
mmol) was added slowly, a green solid formed. It was filtered, washed with EtOH for three
times and then dried in air. Yield: 180 mg, 38%. Crystals suitable for X-ray single crystal
diffraction were obtained by recrystallization from a hot MeOH solution. Elem. Anal. for
[Ni(Mestren)CI]PFs Calc: C, 30.70; H, 6.44; N, 11.93. Found: C, 30.72; H, 6.38; N, 11.90. Mw
= 469.50 g/mol. Single-crystal unit cell: Trigonal, space group R3-2, a = 10.2529(5) A, b =
10.2529(5) A, ¢ = 16.0206(9) A, ¢ =90°, 8 =90°, y = 120°, V = 1458.49(16) A3. IR (KBr) v/cm~
1. 3440 (w), 2990 (m), 2928 (m), 2906 (m), 2855 (W), 1629 (w), 1485 (s), 1476 (s), 1461 (m),
1437 (m), 1411 (w), 1358 (w), 1299 (m), 1250 (w), 1105 (s), 1052 (s), 1043 (s), 1025 (s), 940
(m), 911 (m), 877 (s), 839 (s), 809 (s), 776 (s), 557 (s), 479 (w), 419 (w), 383 (w), 322 (w).

[Ni(Mestren)CI]CFsSO;3 (Complex 2-4)

A 3 mL EtOH solution of Mestren (150 pL, 0.6 mmol) was added dropwise to a 5 mL EtOH
solution of NiCl,:6H,0 (119 mg, 0.5 mmol) with stirring. After one hour, NaCF3SOs (100 mg,
0.58 mmol) was added slowly, a green solid formed. It was filtered, washed with EtOH for
three times and then dried in air. Yield: 155 mg. 33%. Crystals suitable for X-ray single
crystal diffraction were obtained by recrystallization from a hot CHCls solution. Elem. Anal.
for [Ni(Mestren)CI]CF3SOs Calc: C, 32.97; H, 6.38; N, 11.83. Found: C, 33.41; H, 6.53; N,
11.84. Mw=473.61 g/mol. Single-crystal unit cell: Orthorhombic, space group Pnma, a =
16.1142(4) A, b = 10.3982(3) A, ¢ = 12.2412(3) A, a = 90°, 8 = 90°, y = 90°, V = 2051.12(9)
A3, IR (KBr) v/cm™: 3441 (w), 2987 (m), 2905 (m), 2851 (m), 2296 (w), 1623 (w), 1474 (s),
1461 (m), 1435 (w), 1355 (w), 1270 (s), 1226 (s), 1202 (w), 1151 (s), 1101 (s), 1050 (m),
1032 (s), 950 (m), 938 (s) 910 (m), 807 (m), 776 (s), 755 (w), 639 (s), 572 (m), 517 (m), 479
(w), 414 (w), 291 (m).
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[Ni(Megtren)Br]ClO4 (Complex 2-5)

A 3 mL EtOH solution of Mestren (150 pL, 0.6 mmol) was added dropwise to a 10 mL EtOH
hot solution (45 °C) of NiBr,-3H,0 (136 mg, 0.5 mmol) with stirring. After one hour, NaClO4
(70 mg, 0.57 mmol) was added slowly, a yellow-green solid formed [Hazardous: Perchlorate
salts are explosive and must be handled with caution, we always take care to use very small
amount]. It was filtered, washed with EtOH for three times and then dried in air. Yield: 167
mg, 36%. Crystals suitable for X-ray single crystal diffraction were obtained by
recrystallization in a hot MeOH solution. Elem. Anal. for [Ni(Mestren)Br]ClO4 Calc: C, 30.77;
H, 6.46; N, 11.96. Found: C,30.62; H, 6.32; N, 12.04. Mw = 468.44 g/mol. Single-crystal unit
cell: Cubic, space group P213, a = 12.4541(7) A, b = 12.4541(7) A, c = 12.4541(7) A, ot = 90°,
6=90°, y =90°, V= 1931.7(3) A3. IR (KBr) v/cm™: 3436 (w), 2983 (m), 2900 (m), 2850 (m),
2014 (w), 1630 (w), 1486 (s), 1474 (s), 1459 (s), 1434 (m), 1355 (w), 1296 (m), 1245 (w),
1172 (w), 1091 (s), 1051 (m), 1019 (m) 1004 (w), 937 (m), 910 (m), 806 (m), 775 (s), 740
(w), 622 (s), 480 (w), 418 (w), 385 (w).

[Ni(Mestren)Br]PFs (Complex 2-6)

A 3 mL EtOH solution of Megtren (150 pL, 0.6 mmol) was added dropwise to a 10 mL EtOH
hot solution (45 °C) of NiBr,:3H,0 (136 mg, 0.5 mmol) with stirring. After one hour, KPFe
(100 mg, 0.54 mmol) was added slowly, a green solid formed. It was filtered, washed with
EtOH for three times and then dried in air. Yield: 130 mg, 38%. Crystals suitable for X-ray
single crystal diffraction were obtained by recrystallization in MeOH. Elem. Anal. for
[Ni(Mestren)Br]PFs Calc: C, 28.04; H, 5.88; N, 10.90. Found: C, 28.10; H, 6.03; N, 10.73. Mw
= 513.96 g/mol. Single-crystal unit cell: Trigonal, space group R3-2, a = 10.3670(8) A, b =
10.3670(8) A, ¢ = 15.9714(13) A, a =90°, 8 = 90°, y = 120°, V = 1486.6(3) A3. IR (KBr) v/cm~
1:3437 (w), 2989 (m), 2927 (m), 2906 (m), 2855 (w), 1629 (w), 1485 (s), 1475 (s), 1460 (m),
1437 (m), 1357 (w), 1299 (m), 1247 (w), 1174 (w), 1104 (m), 1053 (m), 1043 (m), 1022 (m),
939 (m), 912 (m), 876 (s) 838 (s), 807 (s), 775 (s), 601 (w), 557 (s), 479 (w), 419 (w), 384 (w).
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[Ni(Mestren)I]l (Complex 2-7)

A 5 mL EtOH solution of Mestren (202 pL, 0.8 mmol) was added dropwise to a 10 mL EtOH
solution of Nil> (210 mg, 0.67 mmol) with stirring. A red solution was obtained immediately.
After 3 h stirring, it was filtered and then diethyl ether was diffused into the filtrate to
obtain X-ray quality crystals. Yield: 65%. Elem. Anal. for [Ni(Meetren)l]l Calc: C, 26.55; H,
5.57; N, 10.32. Found: C, 26.48; H, 5.37; N, 10.14. Mw = 542.90 g/mol. Single-crystal unit
cell: Cubic, space group P23, a = 12.3830(3) A, b = 12.3830(3) A, c = 12.3830(3) A, o = 90°,
8 = 90°, y = 90°, V = 1898.79(14) A3. IR (KBr) v/cm™: 3445 (w), 3011 (w), 2969 (m), 2916
(m), 2873 (m), 2802 (w), 1645 (w), 1480 (s), 1471 (s), 1454 (s), 1439 (m), 1352 (m), 1289
(s), 1271 (s), 1237 (m), 1167 (w), 1097 (m), 1059 (w), 1051 (w), 1033 (s), 1013 (s), 998 (s),
933 (s), 908 (s), 801 (s) 770 (s), 740 (w), 601 (w), 581 (w), 475 (m), 410 (w), 375 (w).

2.2.2 Physical Measurements

General Procedures

Elemental analyses for C, H, N were performed on a Thermo Scientific Flash analyzer. IR
spectra were recorded on a Bruker TENSOR - 27 FT - IR spectrometer equipped with an
attenuated total reflectance (ATR) sample holder in the 4000 - 250 cm—1 range. NMR
spectra were recorded on a Bruker Aspect 300 NMR spectrometer. X-ray diffraction data
were collected by using a Bruker Kappa VENTURE PHOTON 100 diffractometer with
graphite-monochromatic Mo Ka radiation (A = 0.71073 A). Magnetic data were collected

using a Quantum Design MPMS XL7 SQUID magnetometer.
Crystallography

X-ray diffraction data for complexes 2-1(a, b, c, d), 2-3, 2-5 and 2-6 were collected by using
a VENTURE PHOTON100 CMOS Bruker diffractometer with Micro-focus luS source Mo Ka
radiation. X-ray diffraction data for complexes 2-2, 2-4 and 2-7 were collected by using a
X8 APEXII CCD Bruker diffractometer with graphite-monochromated MoKa radiation. All

crystals were mounted on a CryolLoop (Hampton Research) with Paratone-N (Hampton
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Research) as cryoprotectant and then flashfrozen in a nitrogen-gas stream at 100 K. The
temperature of the crystal was maintained at the selected value by means of a 700 series
Cryostream (for X8) or N-Helix (for VENTURE) cooling device to within an accuracy of +1 K.
The data were corrected for Lorentz polarization, and absorption effects. The structures
were solved by direct methods using SHELXS-97%° and refined against F? by full-matrix
least-squares techniques using SHELXL-20182° with anisotropic displacement parameters
for all non-hydrogen atoms. All calculations were performed by using the Crystal Structure

crystallographic software package WINGX.?!

The crystal data collection and refinement parameters are given in Table A 1, Table A 2 and

Table A 3 (all the crystallographic data are presented in Appendix).

Magnetic Measurements

The direct-current (dc) magnetic measurements were performed on powdered samples
that were mulled in eicosane to prevent torqueing of the samples in high applied magnetic
fields on a Quantum Design MPMS-XL7 SQUID magnetometer operating with a working
temperature range of 1.8 — 300 K and dc-applied fields ranging from -7 to 7 T.
Polycrystalline samples were ground using a small mortar and pestle, transferred to a
gelatin capsule of known mass, and weighed. A small amount of melted eicosane was
added and left to solidify. The entire capsule was then weighed, and a piece of brown tape
was applied to hold the capsule together. The capsule was then inserted into a clear plastic
drinking straw. Holes were punched into the straw to allow air to escape. Diamagnetic
corrections were applied for the sample holder from previous direct measurements, and
molar diamagnetic susceptibilities were calculated from Pascal’s constants. The use of
eicosane to prevent torqueing effects is fine when magnetization data are being measured
at low temperature, where the diamagnetism of eicosane is relatively weak. This is not the
case for magnetic susceptibility data above 50 K, where the diamagnetism of eicosane
must be exactly evaluated in order to have the right behavior for the thermal dependence
of yT. This is important in order to have an accurate evaluation of the g-value that is used

subsequently to fit the magnetization data at low temperature. Therefore, we have carried
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out the magnetic measurements using eicosane as explained above and also using a pellet

of the compound to be studied. Only when perchlorate is present, no pellet was used.

The fit of the magnetic data is always made considering the ¥T =f(T) and the magnetization
data at different temperatures simultaneously, using the PHI software or a modified

version of the MAGPACK software.?%23

2.3 Results and discussion

2.3.1 Molecular Structures Description

For complexes 2-1 to 2-7, the general structure of the cation is the same: penta-
coordinated Ni(ll) is linked to four amino nitrogen atoms from ligand Mestren and one
halogen ion (Cl, Br or I') acting as an axial ligand, resulting in the trigonal bipyramid
coordination geometry. The charge balances are provided by a series of anions: halogen
ions (Cl"or I), ClO4’, PFs’, CF3SOs37, BPhs. Some selected interatomic distances and angles of

these complexes are listed in Table Il.1.1, Table I.2 and Table II.3.

2.3.1.1 Molecular structure of Complex 2-1

For the complex 2-1, a phase transition is observed below 200 K from cubic to
orthorhombic (see above for details). At T = 40 K, the complex 2-1(a) crystallizes in the
orthorhombic system and the structure was solved and refined in the P212121 space group.
The Ni-N bond distances and the NNIN angles in the equatorial plane are different (Figure
1.1, left and Table II.1) leading to a distorted trigonal bipyramid geometry. The Ni atom lies
0.225 A below the equatorial plane of the three N atoms with the axial angle N2NiCl1,
N3N1Cl1, N4N1Cl1 of 98.355°, 95.922° and 94.271°, respectively. The axial length of Ni-N1
is 2.1088 A, slightly longer than Ni-N2 (2.0883 A) and shorter than the other two equatorial
distance (2.1634 A for Ni-N3, and 2.1237 A for Ni-N4). The Ni-Cl distance is 2.3116 A, with
a NINiCl1 angle of 177.512°. When increasing the temperature to 100 K, the main
molecular structure is maintained except for a slight change in cell parameters. All the

distances of Ni-N bonds and Ni-Cl1 bond become slightly longer than the corresponding
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ones at T = 40 K, leading to a longer axial bond distances, while the NINiCl1 angle
(177.405°) is slightly smaller. At T = 200 K, the structure of the crystal changes to cubic
(space group P213) and the molecular symmetry becomes strictly Csv. In this structure, the
distance between Ni and the plane formed by three equatorial N2 atoms is 0.224 A, similar
to 2-1(a). The Ni-N1 bond is 2.1066 A, the Ni-Cl1 bond is 2.3100 A and the Ni-N2 bonds are
2.1208 A, shorter than the corresponding axial distance and the average equatorial bond
lengths in 2-1(a) and 2-1(b). The N2N1Cl1 angle is equal to 96.067° and the N2ZN1IN2 angle
to 118.897°.

Figure 1.1 A view of the cation for complex 2-1 at 40 K (left) and 200 K (right), respectively. C — grey; Cl
— sky blue; H and counterions were omitted for clarity.

During our experiment, we tried to do the powder X-ray diffraction on the crystals at
variable temperatures to discover when the phase transition happens. However, the
microcrystalline powder captured water molecules during the measurements leading to an
X-ray powder diffraction pattern with many peaks showing the alteration of the powder.
Therefore, the attempt to explore the temperature of phase transition by PXRD failed. Later,
we found that the crystals turned from solid to “oily” like after being exposing to air for
two hours or more, indicating its strong hygroscopicity. When left in air for about one
month, the “oily” like compound recrystallized and yielded a single crystal 2-1(d) with two
water molecules in the structure. The new complex 2-1(d) crystallizes in the orthorhombic
system (the same with 2-1(b)) and the structure was solved and refined in the Pbca space

group at T=100 K. There is no phase transition in this case when the temperature changes.
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The comparison with 2-1(b) (measured at 100 K) shows that the molecular structure of 2-
1(d) is slightly different. The axial bonds are shorter (2.0866 A for Ni-N1 and 2.2815 A for

Ni-Cl1), accompanied with a smaller axial angle N1N1CI1 of 176.591°.

The packing structure of 2-1(d) is displayed in Figure 11.2. From the right of Figure 11.2, we
can observe that four H-bonds: Cl---H-O are formed in the structure. The CI-H distances are
2.3458 A, 2.4344 A, 2.2777 A, and 2.3531 A, respectively, which have a key impact on

stabilizing the molecule structure.

Figure I1.2 Left: the packing structure of 2-1(d); Right: the H-bonds in 2-1(d). C — grey; Cl — sky blue; O —
red; N — blue; Ni— green; H — white. Some H atoms were omitted for clarity.

More information about the molecular structures and the details comparison of these four
structures are shown in Table Il.1.1. And the crystallographic data structure refinements for

complex 2-1(a,b,c,d) are shown in Table A 1.

Table 11.1.1 The selected distances and angles of complex 2-1

Complexes 2-1(a) 2-1(b) 2-1(c) 2-1(d)
Temperature 40K 100 K 200 K 100 K (2H,0)
dni-nt (A) 2.1088(48) 2.1140(37) 2.1066(13) 2.0866(22)
dninz (A) 2.0883(48) 2.0978(37) 2.1208(16) 2.1618(20)
dins (A) 2.1634(49) 2.1693(38) / 2.1576(20)
dina (A) 2.1237(48) 2.1267(37) / 2.0802(19)
dnicin (A) 2.3116(15) 2.3198(14) 2.3100(4) 2.2815(80)
N2NIN3 () 113.883(18) 113.924(14) / 129.627(78)
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N3NiN4 (°) 128.531(18) 128.177(14) / 111.888(72)
N2N1iN4 (°) 114.225(18) 114.598(14) / 115.328(72)
NZNIN2 (°) / / 118.897(61) /

NININZ (°) 83.976(18) 84.406(14) 83.932(56) 82.709(77)
NININ3 (°) 83.878(18) 83.972(14) / 84.478(77)
NININ4 (°) 83.948(18) 83.632(14) / 85.461(78)
NINICI1 (°) 177.512(14) 177.405(10) 180.00 176.591(65)
NZNiCl1 (°) 98.355(14) 98.020(10) 96.067(44) 94.238(60)
N3NiCl1 (°) 95.922(13) 95.837(10) / 96.376(60)
N4NIClI1 (°) 94.271(13) 94.488(10) / 97.250(63)

2.3.1.2 Molecular structures of Complexes 2-2, 2-3 and 2-4

The cations of the complexes 2-2, 2-3 and 2-4 possess a similar structure to complex 2-1
(Figure 11.3), the main difference being the nature of the counter ions: BPhs for 2-2, PFe
for 2-3, and CF3SOs™ for 2-4, which causes some geometrical distortion. These complexes
crystallize in the monoclinic, trigonal and orthorhombic system, respectively. Their
structures were solved and refined in the P21/n, R3-2, and Pnma space group. For 2-2, large
differences of the bond lengths can be found in the structure. For the axial direction, Ni-
N1 and Ni-Cl bond distances are equal to 2.0963 A and 2.2909 A, respectively, with an axial
NINICl angle of 173.833°. The equatorial distances of Ni-N vary from 2.0795 A to 2.1665

A, with the angles NNIN' from 106.647° to 138.829°. Compound 2-3 has a strict Csy
symmetrical structure. The Ni-N1a, Ni-N2eq and Ni-Cl1 bond lengths are equal to 2.0888 A,
2.1326 A and 2.2909 A, respectively. The axial (NININ2) and equatorial (N2ZNIN2) angles
are equal to 83.789° and 118.849° respectively. In the structure of 2-4, the carbon atoms
of the Megtren ligand are disordered. The distance Ni-Cl (2.3031 A) is longer than the ones
in 2-2 and 2-3. The Ni-N1 bond length is 2.0915 A, the Ni-N2 bond is 2.1407 A and the Ni-
N3 bond is 2.1077 A. NIN1Cl is 178.619°, and the equatorial angles are 121.992° (N2ZN1N3)
and 113.001° (N3NIN3), separately. More details of the three structures can be found in
Table 11.2. The crystallographic data structure refinements for complex 2-2, 2-3 and 2-4 are

shown in Table A 2.

58



Chapter Il Engineering the Ising-type anisotropy in Ni(ll) complexes based on Tri(2-
(dimethylamino)ethyl)amine (Meetren)

If we focus on the Ni-N equatorial distances that capture the main features of the
coordination sphere geometry around the Ni(ll) ions, we can summarize the differences
among the three complexes as follows: the coordination sphere of complex 2-2 is very
distorted because it has three different Ni-Neq bond distances ranging from 2.08 to 2.17 A;
for complex 2-4, the coordination sphere in the equatorial plane is less distorted because
two Ni-Neq bond distances are the same, while complex 2-3 has a perfect C3v symmetry
with the same Ni-N¢q bond distances. These differences must have an impact on the ZFS

parameters.

Figure 11.3 A view of the cation for complex 2-2. C — grey; Cl — sky blue; H and counterions were
omitted for clarity.

Table 1.2 The selected distances and angles of complexes 2-2, 2-3, 2-4.

complexes 2-2 2-3 2-4
dnini (A) 2.0963(7) 2.0888(80) 2.0915(90)
dni-nz (A) 2.1199(7) 2.1326(40) 2.1407(12)
dni-nz (A) 2.1665(7) / 2.1077(80)
dnina (A) 2.0795(7) / /
dni-ar (A) 2.2909(5) 2.2909(20) 2.3031(4)

NZNIN3 (°) 138.829(28) / 121.992(21)

N3N1N4 (°) 111.321(28) / /

N2N1N4 (°) 106.647(28) / /
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NZNIN2 (°) / 118.849(78) /
N3NIN3 (%) / / 113.001(28)
NININZ (°) 84.184(26) 83.798(86) 83.739(40)
NININ3 (°) 83.070(27) / 84.490(21)
NININ4 (°) 86.134(26) / /
NINICI1 (°) 173.833(25) 180.000 178.619(29)
N2NiCl1 (°) 95.215(22) 96.202(86) 94.879(33)
N3NICI1 (°) 93.464(20) / 96.263(21)
N4NiCI1 (°) 99.899(25) / /

2.3.1.3 Molecular structure of Complexes 2-5, 2-6 and 2-7

The complexes 2-5, 2-6 and 2-7 crystallize in the cubic, trigonal and cubic systems
respectively. Their structures were solved and refined in the P213, R3-2, and P213 space
groups respectively. All of the three complexes have strict C3y symmetry (Figure 11.4) and
the coordination sphere around the Ni(ll) ion is almost the same for the three complexes.
The only difference concerns the Ni-X bond distances, it increases when going from 2-5 to
2-7 (Table I1.3). The crystallographic data structure refinements for complexes 2-5, 2-6 and

2-7 are shown in Table A 3.

Figure 11.4 A view of the cations for complexes 2-5 (left) and 2-7 (right). C — grey; H and counterions
were omitted for clarity.
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Table 11.3 The selected distances and angles of complexes 2-5, 2-6, 2-7.

complexes 2-5 2-6 2-7
dnint (A) 2.1008(25) 2.0932(32) 2.1025(25)
dni-nz (A) 2.1265(34) 2.1345(27) 2.1230(25)
dnix (A) 2.3116(1) 2.4454(60) 2.6420(40)

N2NIN2 (°) 118.952(12) 118.776(59) 118.952(96)

NININ2 (°) 84.086(11) 83.603(68) 84.087(96)

NINIX (°) 180.000 180.000 180.000

N2NIX (°) 95.914(85) 96.397(68) 95.913(68)

X = Br for 2-5 and 2-6; X = | for 2-7

The comparison of the structures of the different compounds (Table II.1.4) allows making
some comments on the influence of the counter anions on the coordination sphere of Ni(ll),
on one hand, and on the organization of the molecules in the lattice, on the other hand.
First, it is important to remind that a Ni(ll) in a trigonal bipyramid geometry is not stable
because Jahn-Teller effect should lead to distortion of its coordination sphere (mainly in
the equatorial plane) to minimize its electronic energy. This is because the electronic
ground state is orbitally degenerate and is thus subject to a Jahn-Teller distortion. It is,
thus, not expected for these complexes to have a strict C3, symmetry. However, the Jahn-
Teller stabilization may be weak and be only observed at very low temperature or be
dynamic so that even at low temperature it cannot be detected by crystallographic
measurements. This was the case of the first compound of this series ([Ni(Mestren)Cl]ClIO4)
that was reported by our group.'? Crystal packing may also be responsible of precluding

the distortion if the stabilizing energy is not so large.

However, it is possible to have general conclusion on the role of the anion. From the above
data, we observe that ClO4 and PFs generate trigonal structures for the crystal with a strict
Cs3v symmetry for the complexes; aligned with their local three-fold axes along the ¢
crystallographic axis of the crystal (see Table 11.1.4). This can be attributed to the possibility
of these two anions of tetrahedral and octahedral geometry to adapt the trigonal

symmetry of the complex. There is one exception for X = Br and Y = ClO4", where a cubic
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structure is obtained, but still with a local three-fold axis for the complex. The situation is
similar but different when the anion is a spherical object such as a halide, the local complex
symmetry is C3y but the crystal structure is cubic (for X = Y = Cl, this happens only at 200 K).
These results confirm the idea that a potential trigonal anion directs the overall structure

IH

to be trigonal while a spherical anion leads to a more “symmetrical” cubic structure except
the one exception mentioned above. The fact that the local Ni complex structure for all
these complexes remains strictly trigonal (above 100 K for X =1 and Br and above 200 K for
X =Cl) supports the idea that when the anion possesses itself a high symmetry, the complex
keeps its three-fold axis. This is consistent with the fact that the stabilization energy

brought by the Jahn-Teller effect remains weaker than the thermal energy at which the

structure is solved.

When the anion is CF3SOs", the complex has a mirror plane with two equal Ni-Neq bond
distances. Despite the trigonal structure of the anion, the three-fold axis of the complex is
lost. This may be due to the size of the anion and the nature of the packing in the crystal.
We will not analyze more these effects. When BPhs is used, the three Ni-N¢g bond
distances are different, and the local symmetry is the lowest probably reflecting the low

symmetry of the anion.

The most interesting situation occurs when X =Y = Cl. As mentioned above, at T =200 K
the complex crystallizes in the cubic system with a C3, symmetry for the complex. A phase
transition to the orthorhombic system is observed when cooling down to 100 K
accompanied by a local distortion of the coordination sphere of the complex. This
distortion could be driven by the Jahn-Teller effect where the vibronic coupling in this case
might be larger than for the other compounds. Further cooling down to 40 K induces only
very slight changes in the structural parameters. The other interesting feature is the
capture of water molecules with a change to the orthorhombic system in the Pbca space
group with the Ni-Cl bonds, corresponding to the pseudo three fold axis where the easy
anisotropy magnetic axis is, almost (CINiNiCl torsion angle of 17°) all aligned along the ¢
crystallographic axis (Figure 11.2, left). The three Ni-Neq bond distances are different as for

the complex with BPha'.
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Table 11.1.4 The comparison of the structures of the different compound.

Complexes Axial ligand Counter Crystal Cs Measure
Ni(Mestren)X-Y X anionY system symmetry temperature (K)
* Cl ClO4 trigonal 4 100
2-3 Cl PFs trigonal v 100
2-6 Br PFs trigonal v 100
2-1(c) cl cl cubic v 200
* Br Br cubic v 100
2-5 Br ClOy cubic v 100
2-7 I I cubic v 100
2-1(a/b) cl cl orthorhombic x 40/ 100
2-1(d) cl cl orthorhombic x 100
24 cl CF3SO3 orthorhombic x 100
2-2 cl BPhy monoclinic x 100

ugn

The complexes with are the results from reference [12].%2

2.3.2 Magnetism

Measurements of dc magnetic susceptibilities (yT) have been conducted on complexes 2-
1 to 2-7 in the temperature range of 300 - 2 K and the magnetic field of 1 T. The
magnetization vs. the applied magnetic field have been measured in the field 0 — 6 T and
under several temperature conditions: 2, 4, 6 and 8 K. The data were corrected for the

diamagnetic contribution of the sample holder and eicosane.

2.3.2.1 Magnetic properties of Complex 2-1

In order to investigate the effect of the phase transition and the capture of water molecules
in 2-1 by magnetic study and be able to compare the results, we carried out the following

experiments:

1- Microcrystalline powder of the hydrated form of 2-1(d) was prepared as explained in
the experimental section. It was introduced in the SQUID magnetometer at low
temperature and the M = f(uoH) data measured at different temperatures. Then the

sample was heated up to 300 K in order to record the yT = f(T) curve.
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2- At T = 300 K, the sample was kept in the SQUID (under reduced pressure) and the
magnetization measured for 15 hours. This allows the dehydration of the sample as we
have already checked in a separate experiment and leads to compound 2-1(c) that is
cubic and where the complex has a local trigonal symmetry. The evolution of the
magnetization value with time (Figure 11.5) shows that the magnetization increases with

time.
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Figure 1.5 Magnetization versus time at T = 300 K showing the evolution from the hydrated 2-1(d)
compound to the non-hydrated 2-1(c) compound.

3- The dehydrated sample was then cooled down from 300 to 2 K in order to measure the
dependence of its T with temperature, and at then the M = f(uoH) curves were
recorded at different temperatures. Cooling induces a phase transition for cubic to

orthorhombic (compounds 2-1(a/b)) where the structure of the complex is not trigonal.

Therefore, the magnetization data at low temperature of compound 2-1(c) cannot be
measured because of the phase transition. In addition, the T data of 2-1(c)and 2-1(a/b)
cannot be fitted because the presence of the phase transition. Only the magnetization data
of 2-1(a/b) can be analyzed. While for the compound 2-1(d) that contains the two water

molecules, yT and magnetization were measured and analyzed.

The temperature dependence of yT for the whole cycle is shown in Figure Il.6.
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Figure 11.6 Left: Temperature dependence of the xT product for the whole cycle; Right: the collected xT
values of the hydrated sample 2-1(d) at T = 300 K.

The hydrated sample (2-1(d)) (Figure Il.6-left, red curve) shows a steady thermal variation
of T expected for a mononuclear Ni(ll) complex with no accident. At 300 K (Figure 11.6-
right), ¥T increases from about 1.49 cm3mol K and reaches saturation after 550 minutes
at a value close to 1.53 cm3 mol* K corresponding to the dehydrated compound (2-(c)).
When cooling down the dehydrated sample (Figure Il.6-left, blue curve) from 300 K, a
sudden decrease of 4T is observed around T = 190 K, then the curve keeps the same
expected behavior. The breakin the ¥T curve corresponds to the phase transition observed
by X-ray crystallography from compound 2-1(c) to 2-1(b). It is worth noting that the »T
values are impacted by the structural change even at 300 K, which is due to a change of
the value of the g factor. It is not possible to fit the 4T data for the non-hydrated sample
because the break in the curve. The data for the hydrated compound (2-1(d)) were fitted

using the following spin Hamiltonian:

P

_ _ . Sr(Sr+1
A =guBS~H+DISZZ—T(TT)l

+E(S2 - $2)
where S, S, S, S,, are spin operators, H is the applied dc magnetic field vector, g the
Landé factor, us the Bohr Magneton, D and E the axial and rhombic ZFS parameters,

respectively. The simultaneous fitting of the ¥T = f(T) and the M = f(uoH) data at T= 2, 4
and 6 K gives the following values: g = 2.38, D =-50.0 cm™, E=0.91 cm™ and TIP = 2.6x10
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4 cm3 mol? (Figure 11.7 and Figure 11.8). For the dehydrated samples (2-1(a/b/c)), only the
magnetization data at low temperatures were fitted, which correspond to compound 2-
1(a/b). The best fit leads to the following values g = 2.38, D=-34.8 cm™, E=0cm™ and TIP
= 2.6x10% cm3 mol™? (Figure 11.9).It is worth noting that even if the fit leads to a rhombic
parameter E = 0, this parameter cannot be strictly zero because of the distortion in the
equatorial plane of the Ni(ll) complex that deviates the symmetry from a strict trigonal one

and induces rhombicity. However, this value must be very weak.

The important difference between the hydrated and the dehydrated samples two
polymorphs is the value of the axial parameter that is larger (in absolute value) for the
former than for the latter. The analysis of the ZFS parameters of these two compounds is

performed in the theoretical section.
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Figure 1.7 Temperature dependence of the T product for 2-1(d).
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Figure 11.8 Magnetization vs. uoH (left) and vs. poH/T (right) at variable temperatures for 2-1(d).

The magnetization value at saturation for an S = 1 system is: Mg = g*S (2.38 us (Bohr
Magneton)) for 2-1(a) and 2.38 ug for 2-1(d)). The observed magnetization values at 6 T for
the two compounds at T= 2 K are much smaller than this value and the M = f(uoH/T) curves
are not superimposed. All these characteristics are qualitative indications of the presence

of large ZFS for the two complexes.
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Figure 11.9 Magnetization vs. uoH (left) and vs. uoH/T (right) at variable temperatures for 2-1(a).

2.3.2.2 Magnetic properties of Complexes 2-2, 2-3, 2-4

The thermal variation of the yT products for complexes 2-2, 2-3 and 2-4 are plotted
separately in Figure 11.10, Figure 11.12 and Figure 11.14. The magnetization vs. the applied

dc magnetic field for complex 2-2, 2-3 and 2-4, collected at different temperatures, are
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plotted in the form of M= f(uoH) and M= f(uoH/T) in Figure 11.11, Figure 11.13 and Figure
I1.15, respectively. The figures show that these three complexes have similar magnetic

behaviors.
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Figure 11.10 Temperature dependence of the T product for 2-2.

For 2-2, the T vs. T product shows that the 4T values is constant from room temperature
to 40 K. The observed value is around 1.29 cm? mol= K, which is close to the expected
result for a spin-only Ni(ll) mononuclear complex (1.21 cm®mol™ K when g = 2.20). When
the temperature decreases, the 4T collapses to 0.35 cm®mol K, illustrating the existence

of ZFS. Through fitting the magnetic data, g-value was found equal to 2.28.
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Figure 11.11 Magnetization vs. uoH (left) and vs. uoH/T (right) at variable temperatures for 2-2.
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The magnetization vs. the applied dc magnetic field for complex 2-2 is displayed in Figure
I1.11. The observed magnetization at T =2 K and uoH = 6 T is 1.21 us, well below the
saturated one (2.28 ug) and weaker than the values found for the the [Ni(Mestren)CI]Cl

compounds. The fit of the data leads to ZFS parameters: D =-24.0cm™, E=3.16 cm™.

The xT vs. T product for complex 2-3 is presented in Figure 11.12. The xT value at room
temperature is 1.43 cm3 mol™ K, but it starts to decrease at 100 K when conducting the
measurement from 300 K - 2 K. The value at room temperature is higher than the expected
one, ascribed to the orbital contribution. The magnetization vs. the applied dc magnetic
field is plotted in Figure 1.13. The largest magnetization observed at T=2 Kand ugH=6T
(1.36 us) is lower than the saturated one. By fitting the magnetic data, we can obtain the
results as follows: g = 2.40; D =-40.7 cm™; E=0.70 cm™. It’s necessary to mention that the
XT vs. T product and the plot of M vs. uoH cannot be well fitted simultaneously because of

its symmetric molecular structure.
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Figure 11.12 Temperature dependence of the T product for 2-3.
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Figure 11.13 Magnetization vs. uoH (left) and vs. uoH/T (right) at variable temperatures for 2-3.

The yTvs. T product for complex 2-4 is presented in Figure Il.14. At room temperature, the
T value is 1.49 cm3 mol™ K, higher than the expected 1.21 cm3mol™ K (g = 2.20). The 4T
value decreases at 110 K as the temperature goes down. The magnetization vs. the applied
dc magnetic field is displayed in Figure 11.15. The largest magnetization is measured as 1.43
usat 2 Kand 6 T, lower than the saturated one. Fitting the magnetic data leads to: g = 2.45;
D=-365cmY E=1.07 cm™.

1.6

1.4
]
g 12
X i
mE [ = - -1
3 10 D=-36.5cm 1
'_
=
E=1.07cm?
0.8 ff -
O.GVAAAAlAAAAlAAAAlAAAAlAAAAlAAAA
0 50 100 150 200 250 300
T (K)

Figure 11.14 Temperature dependence of the T product for 2-4.
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Figure 11.15 Magnetization vs. uoH (left) and vs. uoH/T (right) at variable temperatures for 2-4.

The fit of the magnetic data of these three compounds that possess the same axial ligand
(Cl) but differ by their counter anions needs to be commented. Compound 2-2 (Y = BPhy)
has the most distorted geometry with the larger deviation of around 20° for the NNiN angle
in equatorial plane from the average value (around 119°) that is expected to introduce a
large deviation from strict axiality and thus decrease the absolute value of D and induce a
relatively large E value. The fit of the data is excellent, and the values obtained from the fit

are reliable and their magnitude are in agree with the structural analysis.

The situation for compound 2-3 is different. The coordination sphere of Niis strictly trigonal
and is this case a very large (in absolute value) D is expected, while the fit of the data leads
to a value of -40.7 cm™ larger than that of compound 2-2 but still too weak. Examining the
fit of the 4T data (Figure 11.12), one notices that the agreement with the experimental data
is poor. The experimental data decreases more quickly below 100 K than the fit data, which
is the signature of a larger ZFS. However, it is not possible to obtain a different set of
parameters with larger D when fitting the T and magnetization data in the same time with
a better agreement for the yT curve. The reason is probably due to the high symmetry of
the complex and thus to the presence of a quasi first order spin orbit coupling leading to
splitting of the states that do not follow the Hamiltonian we are using. This was the case of

the trigonal [Ni(Mestren)Cl]ClO4 that had the same behavior.?
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For compound 2-4 (Y = CF3S03), the distortion in the equatorial plane is weaker than for 2-
2; two NiNeg bond lengths are equal and the largest deviation of the NNiN angles from the
average one is only 6°. The axial ZFS parameter is thus expected to be larger than for 2-2
but weaker than for the more symmetric complex 2-3. This tendency is respected but the
value found from the fit is probably underestimated as for 2-3 because the fit of the yT
data is poor.

In summary, the magnitude of the axial ZFS parameters (in absolute values) is the one
expected; the complex that has the largest distortion leads to the weaker D value (in
absolute). But, only the fit of the data of the more distorted complex (2-2, Y = BPhs) leads
to reasonable ZFS parameters because in this case the distortion is large enough and the

Hamiltonian used to fit the data is suitable.

2.3.2.3 Magnetic properties of Complexes 2-5 and 2-6.

Complexes 2-5 (X = Br, Y = ClO4) and 2-6 (X = Br, Y = PFg) have the strict trigonal symmetry.
The data have the general same behavior as for the other complexes, we will thus not
comment in detail the experimental values that can be found in the Figures below. Usually,
in order to get an accurate value for the g factor that is then used to fit the ZFS parameters,
we perform the measurement at high temperature using a pellet. But because the
presence of perchlorate, compound 2-5 was not pressed and the data were recorded by
blocking the crystals with eicosane. So, only the magnetization data are fitted (Figure 11.16).

The fit leads to the following values: g =2.53; D =-69.7 cm™ and E was set to be zero.
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Figure I1.16 Magnetization vs. uoH (left) and vs. uoH/T (right) at variable temperatures for 2-5.

For complex 2-6, despite the poor quality of the yT curve at high temperature, we
performed a fit for T = f(T) and the magnetization data (Figure I1.17 and Figure 11.18) that
ledtog=2.48, D=-859cm'and E=0.92cm™.
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Figure 11.17 Temperature dependence of the T product for 2-6.
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Figure 11.18 Magnetization vs. uoH (left) and vs. uoH/T (right) at variable temperatures for 2-6.

It is not straightforward to comment the ZFS parameters obtained from the fit. They are
probably lower than the real values for the same reasons as for 2-3. It is, however, worth
noting that the D is larger (in absolute value) when X = Cl than when Br is the axial ligand.
This tendency was already observed for similar complexes but with Co(ll) and associated
to the weaker m-donating effect of Br than CI that influences the energy of the d orbitals
and subsequently the axial ZFS parameters. A detailed analysis requires full ab initio

calculations on these compounds that is underway.

2.3.2.4 Magnetic properties of Complex 2-7

For complex 2-7, the temperature dependence of the T product is presented in Figure
11.19. The 4T product gives a constant value of 1.47 cm3mol™ K at room temperature that
is almost constant down to 150 K and corresponds to a g value of 2.43. Below 150 K, T
decreases and reaches a value of 0.7 cm3mol™ K at T=2 K. Around T = 15 K, there is a very
weak bump in the T curve. This bump was observed in almost all the other compounds
apart from 2-2 where the distortion is large, and a good fit of the data could be obtained
with a relatively weak D value. The magnetization vs. the applied dc magnetic field,
collected at different temperatures, are plotted in the form of M= f(uoH) and M= f(uoH/T)
in Figure 11.20 and Figure 11.21. The magnetization reaches its maximum (1.32 ug) at T=2 K

and uoH =5 T, lower than saturated magnetization.
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When fitting the magnetic data, we found that the T product and magnetization cannot
be well fitted simultaneously with the same parameters. The best fitting results for
magnetic data are displayed in the left of Figure 11.19 and Figure 11.20, which gives the
parameters: g = 2.44; D=-63.7 cm’}; E=0.59 cm™. In this case, the fitting for magnetization
is good but not for ¥T. The hump at 15 K in 4T requires a D value around -80 cm™ and a
larger E parameter (larger than 1 cm), but in this case the fit of the magnetization data is
not as good as with previous values. It's as if the curve of T was shifted by a constant.
Thus, we tried to introduce a paramagnetic S = 1 and g = 2 impurity, which is considered as
another type of Ni with small or no axial magnetic anisotropy. When the impurity is 23.8%,
a perfect yT fitting is obtained (right, Figure 11.19), but the fitting of the magnetization data
(Figure 11.21) is not as good as the one without impurity. Here, the fit parameters are: g =
2.56; D =-88.1 cm™; E=1.78 cm™. In this situation, the rate of impurity has a key impact.
The 4T fit gets better when increasing the ratio of the impurity (the maximum is 23.8%).

Taking an impurity with a g > 2 decreases the amount of the impurity.
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Figure 11.19 Temperature dependence of the xT products and their fitting without impurity (left) and
with impurity (right) for 2-7.
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Figure 11.20 Magnetization vs. uoH (left) and vs. uoH/T (right) at variable temperatures (without
impurity) for 2-7.
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Figure I1.21 Magnetization vs. uoH (left) and vs. uoH/T (right) at variable temperatures (with impurity)
for 2-7.

In summary for this compound, D (in absolute value) is large and has a value close to the
compounds that the crystallographic data show to be trigonal. It is much larger that the

distorted complexes.

All the fitting results together with local symmetry of the complexes are summarized in

Table I1.1.5.
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Table I1.1.5 ZFS parameters and g-value obtained from fitting for complexes 2-1 to 2-7

2-7 2-7
complex 2-1(a) 2-1(d) 2-2 2-3 2-4 2-5 2-6 (without (impurity
impurity)  23.8%)

g 2.38 2.38 2.28 2.40 2.45 2.53 2.48 2.44 2.56
D(cm?) -348 -50.0 -240 -40.7 -36.5 -69.7 -85.9 -63.7 -88.1
E(cm?) 0 0.91 3.16 0.70 1.07 0 0.92 0.59 1.78

C; x x x v x v v v v

The parameters extracted from the fit of the magnetic data show that the complexes that
possess a local Cz symmetry axis have large D in absolute value, while the distorted ones
have weaker D. Compound 2-3 is an exception, it has a D value of -40.7 cm-1 despite its
trigonal symmetry. However, the fit is not of good quality particularly for the T product.
Figure 11.10 shows the presence of a bump around 15 K as for the complexes that possess

a large D (in absolute value). Therefore, | D| must be larger.

In order to analyze further the data, we carried out ab initio calculations using the ORCA
package?* on compounds 2-1(d) and 2-1(b) that have a distorted local structure; they

correspond to the hydrated and non-hydrated forms of 2-1 (X =Y = Cl).

2.4 Theoretical Calculations

Before presenting the results of the calculations, we present briefly in a qualitative manner
the electronic configuration of Ni(ll) complexes in a trigonal symmetry and the
corresponding ZFS and its impact on magnetic anisotropy. Then, we show the effect of

distortion on the magnitude of ZFS.

As briefly mentioned in the introduction, in the framework of the monoelectronic
approximation the lift of the degeneracy of the d orbitals of a Ni(ll) complex placed in
trigonal symmetry Cs, leads to three levels of symmetry e, e and a; as depicted in Figure

11.22.
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distorted Cj,

Figure 11.22 Lift of the degeneracy of the d orbitals in a strict C3, and a distorted Cs, symmetry.

In the case of a strict C3y symmetry, the ground electronic state (°E) is degenerate, the
angular orbital momentum is different from zero and the spin orbit coupling is of first order.
The electron (red in Figure 11.22) circulates freely between the xy, x?-y? orbitals that have
same m values creating a large orbital momentum perpendicular to the xy plane that
blocks the spin angular momentum along the z direction. In other terms the spin sub-levels
are splitted with the ms = +1 lying lower than the ms = 0 with an energy difference
corresponding to the spin-orbit coupling parameter C. However, because of the Jahn-Teller
effect, the complexes will have a small distortion that leads to a lift of the degeneracy of
the e orbitals as depicted in Figure 11.22. The electronic ground state (before considering
the spin orbit coupling) is not degenerate anymore; its angular momentum is, therefore,
equal to zero so that the spin sub-levels remain degenerate and no ZFS occurs. The ZFS
appears when considering the interaction between the ground state and the excited ones
that may be coupled by the spin-orbit operator. The lowest excited state is obtained by the
promotion of an electron (red) from xy (x2-y?) to the x?-y? (xy) orbitals. Because these two
orbitals possess the same m; values, the coupling between the ground and the lowest
excited states occurs via the I;s; component of the spin orbit operator that couples states
with the same m; and the same ms values. One can show that the coupling between the
ms = +1 sublevels of the ground and the excited states is larger than between the ms=0
ones leading to a larger stabilization of the ground ms = +1 sub-levels and thus bringing a

negative contribution to the overall axial ZFS parameter value. This effect is similar to the
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first order spin orbit coupling because the electron “circulates” between two orbitals of the
same m; values, but it has a weaker effect in the distorted case because the two orbitals
have different energies while they are degenerate for the strict Cz, symmetry. The effect of
the second lowest electronic excited state must be considered. It may bring a negative
contribution to D as the first excited state making D more negative or it may have an
opposite effect rendering D less negative and thus reducing the overall anisotropy. The
second lowest excited state is obtained from an excitation involving the xz (yz) and the xy
(x2-y?). In this case, there is change in the m; value (from *1 to 2, see Figure 11.22) so that
the I;s. + Ls: part of the spin orbit operator must be considered. Therefore, the ms sub-
levels belonging to the ground and the second lowest excited states that have different
values couple together. The result is a larger stabilization of the ms = 0 sublevel of the
ground state bringing a positive contribution to D (Figure 11.23); which is an opposite effect
to the lowest excited states reducing the negative overall D value. However, because the
second excited state is higher in energy that the lowest one, its (positive) contribution to D
is weaker than that of the lowest excited state (that is negative) so that D remains negative.
The overall D value is thus expected to be negative in these complexes despite the
distortion. The other excited states also contribute and only ab initio calculations may allow

a detailed analysis of their effect.

mg= 0
excited state correspondin, .
: P £ omg ] 0 +1 e
to the promotion of an electron A 1
between the e orbitals with s
different m; values
ground state .
T . mS - :l:l
mg -1 0 +1 N tal
mg 0

Figure 11.23 Scheme showing the larger stabilization of the ms = £ 0 sublevels of the ground state.
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In order to analyze in detail these effects, we carried out ab initio calculations using the
ORCA package for compounds 2-1(b) and 2-1(d) (hydrated) using the structures at T= 100
K. The full calculation considering dynamical correlation effects leads to the ZFS shown in
Table I1.6. The calculations give large axial ZFS parameters that are relatively close, probably,
reflecting the close degree of distortion within the two compounds. In order to analyze the

effects of the electronic states, their energy and their relative contributions are given in

Table 11.7.
Table I1.1.6 Calculated ZFS parameters for compounds 2-1(b) and 2-1(d).
D (cm™) E (cm?)
2-1(b) -87.5 0.4
2-1(d) -68.1 1.36
Table 1.7 Energy levels before SOC and their contribution to D and E.

E (cm™) Contribution | Contribution E (cm™) Contribution | Contribution

2-1(b) toD toE 2-1(d) toD to E

0.0000 0.0000 (3) 0.0000 0.0000 (3) 0.0000 0.0000
1691.1 (3) -148.04 (3) 0.11100 2048.1 (3) -124.11 0.1010
5069.3 (3) | 22.290(3) -18.242 5410.0 (3) 21.145 -10.142
5906.5 (3) 15.906 (3) 15.119 6182.6 (3) 15.770 8.3940
7628.2(3) | 3.5950(3) 2.5140 8209.5 (3) 3.0220 -0.551
8831.7(3) | 2.9750(3) -2.5470 9440.9 (3) 2.6120 -0.094

10344 0.669 0.56100 10903 0.64100 -0.035

15589 -0.167 0.14600 15477 -0.1080 -0.0060

17546 -0.0040 0.00300 17559 -0.0040 0.0010
19054 (1) | 19.113 (1) -0.00500 19396 (1) 18.712 -0.0080
21624 (1) -6.5340 (1) 5.5910 21964 (1) -6.3740 3.5370
22442 (1) | -5.9370 (1) -5.1920 22713 (1) -5.8570 -3.4720

23540 0.0860 0.078000 23907 0.09200 0.0680

24688 0.12400 -0.10400 25087 0.12400 -0.0650

26635 -0.0090 0.0040000 27193 -0.0080 -0.0010

27343 0.22100 -0.23400 27612 0.043000 -0.0690

28388 -0.0050 0.0060000 28649 -0.0310 0.0310

29051 -0.0530 0.054000 29381 -0.10700 0.065

31381 -0.2000 -0.22000 31960 -0.13800 -0.018

32027 -0.00400 -0.00200 32604 0.027000 0.010

32257 -0.0570 0.064000 32777 0.27600 -0.039
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32513 1.1830 -0.015000 33102 0.78400 0.054
33071 -1.7130 1.1820 33607 -1.6440 -0.195
33208 -1.4800 -0.97700 33852 -1.3460 0.202
66493 -0.00100 0.0010000 66903 -0.00100 0.000
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Figure 11.24 Energy of the d orbitals

The energy of the d orbitals obtained from calculation are given in Figure 11.24. For 2-1(b),
the energy of the d orbitals is similar to what one expects from a trigonal symmetry with
weak distortion i.e. the xz and yz orbitals are close in energy (difference of 300 cm?), the
xy and x%-y? orbitals are almost degenerate and the z? orbital is at higher energy than the
other four. While for 2-1(d), the first three orbitals are relatively close, the xy is higher (by
about 3200 cm™) and the z2 is much higher. From this scheme, one observes that the xy
and the x2-y? orbitals are much closer for 2-1(b) than for 2-1(d). The excitation among these
two orbitals that have the same m; values brings a negative D that is larger (in absolute
value) when the orbitals are closer. The examination of Table II.7 shows that the first excited
state is closer to the ground state for 2-1(b) than for 2-1(d) and the contribution to D is
larger in the former than in the latter. The overall D values keep the same relative
magnitude as the contributions of the first excited states because these states have the
largest contributions to D (in absolute values). However, the overall D value, even though

is still negative, is weaker (in absolute value) than the contribution of the lowest excited
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state (-87.5 in comparison to -148 cmfor 2-1(b)). The rationalization of the E value is much
more difficult because as one observes (Table 11.7), it comes from different contributions

that can be large and of opposite signs.

Figure 11.25 shows the composition of the wave functions of the ground and the first two
excited states. One observes that the ground state is mixture of two Slater determinant
with one electron on the xy and the x2-y? orbitals. This is also the case of the wavefunctions
forming the first excited state that lies at 1691 cm™ (Table 11.6) above the ground state. The
transition from the ground to the excited state involves only the the xy and the x?-y? orbitals
bringing, therefore, a large negative contribution to D (-148 cm?, Table 11.7). One can also
observe that the excitation from the ground to the second lowest excited state occur only
between orbitals having different m; values, therefore, bringing a positive contribution to
D (+22.3 cm™, see Table I1.7). Table 11.7 shows that almost all the excited states contribute

in an opposite way to the first excited state reducing the overall negative D value.
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Figure 11.25 Composition of the wavefunctions corresponding to the ground and the first two excited
states; the numbers corresponds to the weight of each Slater determinant and only those larger than
10% are depicted.
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The comparison of the calculated ZFS parameters to those obtained from fitting the
magnetic data is not good at all. Only the sign and the magnitude were reproduced, but
the relative values do not correspond to experience. There are several reasons. The most
important one is the difficulty to fit the magnetic data when the axial ZFS parameter is very
large because the excited states are much higher in energy than the temperature at which
the experiment is carried out. In order to obtain accurate ZFS parameters, it is necessary
to perform High Field-High Frequency Electron Paramagnetic Resonance Spectroscopy (HF-
HFEPR) that will allow in the present case to determine the rhombic term. The axial term
is still too large to be determined by HF-HFEPR, one must use neutron scattering and/or

terahertz spectroscopy. These studies are underway.

2.5 Conclusions

We presented the syntheses, the structural studies and the magnetic properties of seven
trigonal bipyramidal mononuclear Ni(ll) complexes, that have the same core structure:
Ni(Meb6tren)X-Y. Complexes 2-1to 2-4 have a Cl as axial ligand and different counter anions
(CI, BPha', PFs, CF3S037), complexes 2-5 and 2-6 have Br as an axial ligand and ClO4™ and

PFs as counterions, and I acting as both axial ligand and counter anion for complex 2-7.

For 2-1, the complex has two different states: dehydrated one and hydrated. The
dehydrated one undergoes a phase transition around 200 K that can be observed from X-
ray single crystal diffraction and from magnetic studies. The water molecules in the
hydrated complex stabilize the molecular structure in orthorhombic crystal system. The
difference in the coordination sphere of Ni(ll) is mainly within the equatorial plane and
lead to ZFS parameters that are not very different. Theoretical calculations confirm the

negative value of D for the two compounds.

For complex 2-2 to 2-4, the size of the counter anions and the packing in the crystal
determine their significant molecular structure difference. The low symmetry of the anion

leads to a low local symmetry for complex 2-4. Complexes 2-5 and 2-6 both have a Br axial
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ligand and possess strict C3y symmetry. The magnetic studies show axial ZFS parameter is

larger than the distorted ones as expected.

Complex 2-7 has I as axial ligand and counter anion. The crystal has a cubic symmetry and
the complex is strictly trigonal. The fit of the magnetic data was not possible. It was
necessary to introduce S = 1 impurity to have a good fit. The complex will be prepared and

studied in order to solve this problem.

We have prepared and performed the preliminary studies of a series of mononuclear Ni(ll)
complexes that possess relatively large negative D values and a relatively weak E values
leading to a very interesting situation where the two low-lying levels ms = +1 (separated
by 2E) are well separated from the ms = 0 sub-level (D) by more than few tens of cm™.
Therefore, at low temperature the complexes can be considered as two-level systems and
can play the role of quantum bits with relatively large relaxation time (7). In order to
determine the relaxation time of the different complexes, we will perform pulsed EPR
experiments on single crystals. If the relaxation time is large enough (more than 0.1 ms),
the next step consists in preparing binuclear complexes with weak exchange coupling that

can be used as quantum gates.

We have in this thesis already explored the possibility of preparing trinuclear complexes
based on Ni(ll) and Co(ll) with weak exchange coupling as a first step to construct quantum

gates. This is the subject of the next chapter.
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Chapter 1l
Ni(ll) and Co(ll) molecular magnets based on

Trithiocyanurate (TTC)

3.1 Introduction

Multinuclear complexes based on transition metals with well-defined polyhedral
geometries have emerged rapidly as an area of coordination chemistry, which allow the
possibilities in many fields, like catalysis,* optoelectronics? and magnetic materials.? In this
chapter, we focus on the design of trinuclear complexes containing Co(ll) and Ni(ll)
complexes. The synthesis approach consists in assembling three mononuclear complexes
around a central tris-bidendate organic ligand. The mononuclear precursors have two
types of ligands: (i) chelating ligand(s) that impose high thermodynamic stability so that
they cannot be substituted by the central one and (ii) terminal ligands that can be
substituted by the atoms of the central ligands. This imposes a larger thermodynamic
stability of the central ligand than with those present on the mononuclear precursor. The
mononuclear complex must be designed in a way to keep a large ZFS when linked to central
assembling. Furthermore, the central ligand must be large enough in order to minimize
the exchange coupling between the metal ions. In summary we aim at designing trinuclear
complexes with large local ZFS and weak antiferromagnetic exchange coupling interaction
to be candidates for quantum logic gates. This work is exploratory and not easy to achieve

knowing the different specifications.

We choose trithiocyanurate ion (TTC?, see Figure lll.1) as the central assembling tris-
bidentate. TTC* has a symmetric structure with three N and three S atoms in a planar ring.
The N and S atoms provide coordination sites for central atoms. They are able to produce

multinuclear complexes with diverse coordination modes. TTC? has the ability to act as a
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bidentate ligand by chelating N, S atoms to form mononuclear,* binuclear,® trinuclear®’ or
multinuclear® complexes. Also, polynuclear complexes can be generated through
coordinating with either N or S atom, as for [Aus(PPhs)3(TTC)]-Et.0 where only the S atoms
act as coordination sites.’ The first study of coordination polymer with TTC was carried out
by Beezer,'® who found that it is possible to assign the molar ratio between metal ions and

ligands by tuning their stoichiometry and the pH of the solution.

Figure 111.1 Schematic view of trithiocyanurate ion (TTC?).

Because its chelating power, TTC* plays a significant role in industry, especially in
wastewater treatments. The univalent and divalent heavy metals can be removed from
the waste water.'1? Besides, its applications in biology cannot be ignored.'? Until now,
several coordination complexes containing the TTC? ligand are reported, most of which

are trinuclear complexes mostly based on Cu, Mn, Zn, Ni and Co.6%1417

A trinuclear Ni(ll) complex [Ni3(TTC)(pmdien)s](ClO4)s was obtained by Kopel and his team
in 2009 (pmdien = pentamethyldiethylenetriamine). The Ni(ll) ion in this molecule is penta-
coordinated with three N atoms of one pmdien molecule and one N atom and one S atom
of TTC* bridge, forming a distorted trigonal bipyramidal geometry coordination. The paper
reports a ferromagnetic exchange interaction among the Ni(ll) bridged through the TTC*
ligand and a single molecule magnet behavior. The Ni(ll) ions in this trinuclear complex
have a pentacoordinate geometry as required for large negative ZFS. And the coupling is
expected to be weak because the large distance between the metal ions. The paper reports
a ferromagnetic exchange coupling that seemed to us larger than one would expect and

more importantly, a bump in the 4T = f(T) curve is present that should not be there. We,
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thus, decided to investigate the magnetic behavior of this complex and then to extend to

other Ni(ll) and Co(ll) ones with different peripheral ligands.

In this thesis, we describe the syntheses and characterization of the two trinuclear Co(ll)
complexes: [Co3(TTC)(pmdien)s](ClO4)s (3-1) and [Cos(TTC)(TPA)3](ClO4)3(H20)2 (3-2) (TPA
= Tris(2-pyridylmethyl)amine), three Ni(11) complexes:
[Ni3(TTC)(APMPDA)4(ClO4)](ClO4)2(H20)s(CH30H) (3-3),
[Nis(TTC)3(TMEDA)e(ClO4)(CO3)](H20)3(CH30H)2 5 (3-4) and [Ni3(TTC)(pmdien)s](ClO4)3(H20)
(3-5) (APMPDA = N1-(3-Aminopropyl)-N1-methylpropane-1,3-diamine; TMEDA =
tetramethylethylenediamine). The prepared complexes were characterized by infrared
spectroscopy, element analysis, X-ray single crystal diffraction and magnetic

measurements.

3.2 Experimental section

3.2.1 Syntheses

All the reagents used for these syntheses were purchased commercially and were used

directly without further purification unless exceptionally stated.

Caution: The Perchlorate salts may have unpredictable behavior and may explode. They
must be handled with care under a protected hood and must never be heated. We always

take care to use very small amount.
[Cos(TTC)(pmdien)s3](ClO4)s (Complex 3-1)

10 mL pmdien (105 pL, 0.5 mmol) methanolic solution was added to a 20 mL methanol
solution of Co(ClO4),2:6H,0 (182.9 mg, 0.5 mmol) dropwise; the solution turned to dark red
immediately. It was stirred for 30 min, then 2 mL methanol solution of Na3(TTC) (70 mg,
0.167 mmol) was added to the solution slowly, violet precipitate was obtained. The
reaction was left overnight. The solid was filtered and washed with methanol for three
times. It was dried under the vacuum and yield 79.02%, 154 mg. The powder was

redissolved in acetonitrile/acetone (v/v 1:1), and diethyl ether diffused into the solution
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to obtain red brown crystals suitable for X-ray single crystal diffraction. Elem. Anal. for
[Cos(TTC)(pmdien)3](ClO4)3 Calc: C, 30.82; H, 5.95; N, 14.37. Found: C, 30.36; H, 5.98; N,
13.92. Mw = 1169.30 g/mol. Single-crystal unit cell: Hexagonal, space group P-62c, a =
13.3628(8) A, b = 13.3628(8) A, c = 49.734(3) A, a = 90°, 8 = 90°, y = 120°, V = 7690.9(10)
A3. IR (KBr) v/cm™: 3426 (s), 2975 (m), 2902 (m), 2873 (m), 2814 (w), 2383 (w), 2092 (w),
2018 (w), 1835 (w), 1741 (w), 1710 (w), 1633 (w), 1473 (s), 1449 (s), 1433 (s), 1300 (w),
1285 (w), 1224 (s), 1178 (w), 1142 (s), 1090 (s), 1044 (m), 1019 (m), 1004 (w), 984 (m), 930
(m), 908 (w), 869 (m), 800 (s), 777 (m), 771 (m), 749 (w), 636 (m), 624 (s), 579 (w), 493 (w),
459 (w), 440 (w), 383 (w), 301 (w).

[Cos(TTC)(TPA)3](ClO4)3(H20)2 (Complex 3-2)

1 mL methanol solution of Na3(TTC) (70 mg, 0.167 mmol) was added to a 20 mL methanol
solution of Co(ClO4),'6H,0 (183 mg, 0.5 mmol) dropwise, generating some green-grey solid.
It was stirred for 30 min, then 10 mL TPA methanolic solution (145.2 mg, 0.5 mmol) was
added to the suspension slowly, and the red-brown powder was obtained. The reaction
was left overnight. The solid was filtered and washed with methanol for three times, dried
under vacuum. A yield of 77.5% (201 mg) was obtained. The powder was redissolved in
acetonitrile, and the red-brown crystals suitable for X-ray single crystal diffraction were
obtained by diffusing diethyl ether into the solution. Elem. Anal. for
[Co3(TTC)(TPA)3](ClO4)3(H20), Calc: C, 43.98; H, 3.76; N, 13.50. Found: C, 44.01; H, 3.73; N,
13.71. Mw = 1556.52 g/mol. Single-crystal unit cell: Triclinic, space group P-1, a = 12.5812(4)
A, b=13.7959(4) A, c = 21.1712(6) A, o = 73.5590(10)°, 8 = 84.140(2)°, y = 75.5840(10)°, V
= 3411.46(18) A3. IR (KBr) v/cm™: 3421 (s), 3066 (w), 3026 (w), 2918 (w), 2856 (w), 2103
(w), 2019 (w), 1873 (w), 1635 (m), 1606 (s), 1572 (w), 1483 (m), 1437 (s), 1309 (w), 1289
(w), 1265 (w), 1235 (s), 1143 (s), 1090 (s), 1053 (s), 1020 (m), 1098 (w), 1008 (w), 907 (w),
868 (m), 840 (w), 770 (s), 733 (w), 636 (m), 625 (s), 502 (w), 475 (w), 420 (m), 331 (w).
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[Ni3(TTC)(APMPDA)4(Cl04)](Cl04)2(H20)s(CH3OH) (Complex 3-3)

1 mL methanol solution of Na3(TTC) (70 mg, 0.167 mmol) was added to a 20 mL methanol
solution of Ni(ClO4),-:6H,0 (182.9 mg, 0.5 mmol) dropwise, generating a yellow-green solid.
It was stirred for 30 min, then 10 mL APMPDA (80.6 uL, 0.5 mmol) methanolic solution was
added to the suspension slowly with stirring. The precipitate disappeared, and the solution
turned to blue. The reaction was left overnight. It was then filtered, and the solution left
to evaporate slowly to obtain blue crystals suitable for X-ray single crystal diffraction. Elem.
Anal. for [Niz(ttc)(APMPDA)4(ClO4)](ClO4)2(H20)s(CH3OH) Calc: C, 27.34; H, 6.88; N, 14.94.
Found: C, 27.10; H, 5.99; N, 14.95. Mw = 1405.83 g/mol. Single-crystal unit cell: Monoclinic,
space group P21, a =15.1573(6) A, b =23.8748(9) A, c = 15.1614(5) A, a = 90°, 8 = 98.363(2)°,
y =90°, V =5428.2(3) A3. IR (KBr) v/cm™': 3437 (s), 3334 (s), 3286 (s), 2932 (m), 2880 (m),
2406 (w), 2024 (w), 1600 (m), 1448 (s), 1438 (s), 1332 (w), 1305 (w), 1280 (w), 1268 (w),
1242 (s), 1214 (w), 1141 (s), 1121 (s), 1092 (s), 1015 (m), 990 (m), 932 (m), 917 (w), 875 (s),
813 (w), 772 (m), 752 (w), 636 (m), 626 (s), 506 (w), 480 (w), 409 (w), 338 (w).

[Nig(TTC)3(TMEDA)s(ClO4)(CO3)(H20)3](CH30H)2.5 (Complex 3-4)

1 mL methanol solution of Na3(TTC) (70 mg, 0.167 mmol) was added to a 20 mL methanol
solution of Ni(ClO4),-6H,0 (182.9 mg, 0.5 mmol) dropwise, generating some yellow-green
solid. It was stirred for 30 min, then 10 mL TMEDA (150 pL, 1 mmol) solution was added to
the suspension slowly while stirring. The solid disappeared and the solution turned to
green. The reaction was left overnight. It was then filtered, and the filtrate was left to
evaporate slowly to obtain green crystals suitable for X-ray single crystal diffraction. Elem.
Anal. for [Nig(TTC)3(TMEDA)e(ClO4)(CO3)(H20)3](CH30H), 5 Calc: C, 31.22; H, 6.05; N, 15.76.
Found: C, 31.17; H, 5.99; N, 15.63. Mw = 1865.75 g/mol. Single-crystal unit cell: Trigonal,
space group P31c, a = 13.6676(7) A, b= 13.6676(7) A, c =24.7022(14) A, a =90°, 8 =90°, y
=120°, V =3996.2(5) A3. IR (KBr) v/cm™: 3389 (s), 2973 (w), 2888 (m), 2840 (m), 2796 (w),
2393 (w), 2095 (w), 1629 (w), 1567 (w), 1453 (s), 1433 (s), 1284 (w), 1267 (w), 1228 (s),
1194 (w), 1168 (w), 1121 (m), 1108 (m), 1097 (s), 1063 (w), 1047 (w), 1024 (m), 1010 (w),
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954 (m), 878 (s), 803 (s), 765 (m), 738 (w), 636 (w), 624 (m), 566 (w), 492 (w), 447 (w), 391
(w).

[Ni3(TTC)(pmdien)s3](ClO4)3:(H.0) (Complex 3-5)

The synthesis of Complex 3-5 was carried out according to a previous report in the
literature.'® But, we never succeeded to obtain single crystals of this compound. Only
microcrystalline powder was obtained. Therefore, all the following measurement were
made the microcrystalline powder after checking that its powder diffraction diagram fits

the calculated one base on the published structure (reference CCDC 676655).

A solution of pmdien (0.2 mL, 1 mmol) was added to a 50 mL EtOH solution of
Ni(ClO4)2:6H,0 (366 mg, 1 mmol) dropwise, and then an aqueous solution of Nas(TTC) (140
mg, 0.33 mmol) (2 mL) was slowly added with stirring. A green solid was obtained directly
during the addition. The reaction was left for stirring for 1 h. The solid was filtered and
washed with EtOH for three times and dried under vacuum and yield 77%, 305 mg. Elem.
Anal. for [Nis(ttc)(pmdien)s](ClO4)3(H20) Calc: C, 30.36; H, 6.03; N, 14.16. Found: C, 30.17;
H, 5.87; N, 14.09. Mw = 1186.59 g/mol. IR (KBr) v/cm™: 3425 (s), 2992 (w), 2961 (w), 2902
(w), 2852 (w), 2804 (w), 2397 (w), 2106 (w), 1867 (w), 1635 (m), 1474 (s), 1426 (s), 1404
(s), 1306 (w), 1291 (w), 1226 (s), 1187 (w), 1179 (w), 1143 (s), 1127 (s), 1083 (s), 1040 (m),
1028 (m), 1015 (w), 974 (m), 936 (m), 918 (w), 880 (s), 803 (s), 775 (m), 764 (m), 636 (m),
624 (s), 584 (w), 494 (w), 459 (w), 445 (w), 392 (w).

3.2.2 Physical Measurements

The physical measurements refer to the section 2.2.2. The powder X-ray diffraction

measurement was carried out on a Panalytical X-Pert Pro MPD with Cu Kal as ray source.

For the X-ray Crystallography measurement, the data for complex 3-1 was collected by
using a VENTURE PHOTON100 CMOS Bruker diffractometer with Micro-focus IuS source
Mo Ka radiation. X-ray diffraction data for complexes 3-2, 3-3, 3-4 and 3-5 were collected

by using a X8 APEXIl CCD Bruker diffractometer with graphite-monochromated MoKa
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radiation. All crystals were mounted on a CryoLoop (Hampton Research) with Paratone-N
(Hampton Research) as cryoprotectant and then flash frozen in a nitrogen-gas stream at

100 K.

3.3 Results and discussion

3.3.1 Molecular Structures Description

3.3.1.1 Molecular structure of Complexes 3-1 and 3-2

Complex 3-1 crystallizes in the space group P-62c (Table A 4). A perspective view of the
cation structure for complex 3-1 is shown in Figure IlIl.2. Two crystallographically
independent molecules can be observed in the unit cell (see Figure lll.2a), reference
isomers 3-1(i) and 3-1(ii) below. They both are composed of one TTC ligand, three Co(ll)
ions and three pmdien capping ligands. All the Co ions are penta-coordinated with one
pmdien tridentate ligand and N and S from TTC in their coordination sphere. Their charge

balance are provided by three perchlorate anions for one trinuclear complex.

For isomer 3-1(i), the plane of TTC is slightly bent (Figure 1l1.2a, left), the plane of three Co
ions lies 0.2303 A away from the plane of three S atoms and 0.3362 A from the plane of N
atoms. For isomer 3-1(ii), the Co(ll) ions lie in the same plane of the TTC ligand (Figure
[1.2a, right), while the carbon atoms of pmdien ligands are disordered. We analyzed with
SHAPE'®?0 and found that the coordination sphere of Col and Co2 are both trigonal
bipyramids (all analysis results are presented in Table Ill.1). The smaller the value is, the
closer the coordination geometry to the ideal model is. Comparing to Col, the
coordination geometry of Co2 is slightly more distorted. The distance between Co ion and
TTC ligand varies from isomer 3-1(i) to 3-1(ii). The Co-N bond length of 3-1(i) (2.1398 A) is
longer than 3-1(ii) (2.1203 A), while the Co-S is shorter (2.3607 A and 2.3788 A for 3-1(i)
and 3-1(ii), respectively). The NICo1S1 (69.926°) is larger than N5C02S2 (69.317°). More
information is listed in Table 111.2, Table IIl.3 and Table A 4.
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(a)

(b) o R

Figure 111.2 (a): Crystal structure of complex 3-1. (b) and (c): Molecular structure of complex 3-1(i) and
3-1(ii), respectively. Perchlorate anions, H atoms are omitted for clarity.

Table 1l.1 Shape analysis of five-coordinate geometry in complex 3-1. For3-1(ii), the Co2(AA): the
coordination atoms involved are N6A, N6A; Co2(AB): N6A, N6B, and Co2(BB): N6B, N6B.

Label JTBPY SPY TBPY vOC PP

Symmetry Dsh Cay D3 Cav Dsp
Col 4.585 6.402 1.599 8.610 30.716
Co2(AA) 5.522 5.050 2.061 5.813 28.738
Co2(AB) 4.923 6.083 1.825 8.142 29.240
Co2(BB) 4.765 6.496 2.135 8.123 32.242

Abbreviation: JTBPY Johnson trigonal pyramid J2, SPY — Spherical square pyramid, TBPY — Trigonal
bipyramid, vOC — Vacant octahedron, PP — Pentagon.

Table 111.2 Some relevant Co-ligand bond lengths (&) for Complexes 3-1 and 3-2.

Complex 3-1 Complex 3-2

dco-na 2.1398(57) deoint 2.3807(19)  deo2-n2  2.2063(13)
dcors1 2.3607(19) dco1-s1 2.3936(5) dcoz-s2 2.4709(6)
dcoi-n2 2.0796(55) dco1-na 2.2066(16) dco2-ns 2.2183(17)
dcoi-n3 2.1899(53) dcoi-ns 2.0933(19) dco2-ng 2.1288(19)
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deorna  2.0821(47) | deorns  2.1135(20) deoznioe  2.1387(16)
dco2-ns 2.1203(59) deo1ny 2.1062(16)  dcozn11  2.0968(17)
dcozs2 2.3788(30) dcos-n3 2.1791(19)  dcozniz  2.1228(18)
deoznea  2.1769(28) | dcozss  2.4746(8)  dcoania  2.0930(21)
dcoa-nes  1.9807(27) | dcos-niz 2.1977(19)  deoznis  2.1113(18)
deozny  2.1749(79)

Table 111.3 Some relevant Co-ligand angle (°) for Complex 3-1 and 3-2.

Complex 3-1 Complex 3-2
S1CoIN1 69.926(16) S1CoIN1 66.138(43)  N9Co2N10  134.045(67)
S1CoIN2 117.342(20) S1CoIN4  170.545(49)  N9Co2N11  103.268(68)
S1CoIN3 101.349(16) S1CoIN5  108.953(52) N10Co2N11  105.239(69)
S1CoIN4 119.629(17) S1CoIN6 94.489(52) S2Co2N2 66.324(46)
N1Co1IN2 97.937(19) S1CoIN7  104.367(54) S2Co2N8 171.566(47)
N1CoIN3 170.947(18) | N1CoIN4  122.618(60) S2Co02N9 110.032(49)
N1CoIN4 103.543(19) | N1ColIN5 82.331(62) S2C02N10  105.599(48)
N2CoIN3 83.791(18) N1CoIN6  160.615(63)  S2C02N11 96.663(52)
N2CoIN4 122.947(21) | N1CoIN7 77.019(64) S3Co3N3 67.394(46)
N3CoIN4 82.687(18) N4CoIN5 77.150(67) S3Co3N12  176.396(49)
S2Co2N5 69.317(24) N4CoIN6 76.758(65) S3Co3N13  99.175(54)
S2Co2N6A  110.415(11) N4CoIN7 75.873(67) S3Co3N14  100.942(56)
S2C02N6B  122.126(84) | N5CoIN6  104.602(68)  S3Co3N15  104.284(58)
S2Co2N7 101.944(24) N5CoIN7  128.893(70) N3Co3N12  110.260(64);
N5Co2N6A  98.726(94) N6CoIN7  110.244(69) N3Co3N13  85.615(68);
N5Co2N6B  102.712(70) N2Co2N8  119.913(63) N3Co3N14  167.065(71);
N5Co2N7 171.261(27) | N2Co2N9 82.919(64)  N3Co3N15  92.717(71);
N6ACo2N7 84.146(92) N2Co2N10  80.212(65) N12Co3N13  77.753(70)
N6BCo2N7 81.735(68) N2Co2N11  162.966(68) N12Co3N14  81.098(71)
N6ACo2N6A  139.008(93) N8Co2N9 77.218(64)  N12Co3N15 78.36(7)
N6ACo2N6B  127.306(98) | N8Co2N10  74.992(62) N13Co3N14  91.017(76)
N6BCo2N6B  115.597(10) | N8Co2N11  77.095(67) N13Co3N15 153.813(76)
N14Co3N15  95.755(76)

For complex 3-2 (Figure III.3), the Co(ll) sites are all hexa-coordinated because the TPA

ligand is tetradentate, its coordination sphere is composed of one S atom and five N atoms
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from the TTC bridge ligand and the TPA ligand. Three types of Co(ll) ions are observed in
this molecular structure. The Co-N distances (the N atoms in TTC ligand) range from 2.3807
A to 2.1791 A and the Co-S distances from 2.3936 A to 2.4746 A (see Table 111.2), with a
decrease in Co-N bond length and an increase in Co-S bond length from Col to Co3. The
SHAPE analysis results indicate a difference in the coordination geometry of the Co ions:
the coordination sphere for Col and Co2 is between octahedral and trigonal prism, while
that of Co3 is closer to an octahedron (details in Table 111.4). The angle of N1Co1S1 is equal
t0 66.138°, and N2C02S2 is 66.324°, and N3C03S3 is 67.394°, displaying a rise in the angle
of NCoS. More information about the molecular structure can be found in Table 111.2, Table

I11.3 and Table A 4.

Comparing with 3-1, the distance of Co-TTC in 3-2 is longer in average, and the angle is

smaller, which probably has an impact on their magnetic properties.

Figure 111.3 Molecular structure of complex 3-2. Three perchlorate anions, H atoms and water
molecules are omitted for clarity.

Table 11.4 Shape analysis of six-coordinate geometry in complex 3-2.

Label JPPY TPR ocC PPY HP
Symmetry Csv Dsn On Csy Deh
Col 14.907 7.356 8.811 11.728 31.007
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Co2 17.194 7.721 7.480 13.939 30.990
Co3 24.692 11.938 3.553 21.026 29.146

Abbreviation: JPPY — Johnson pentagonal pyramid J2, TPR — Trigonal prism, OC — Octahedron, PPY —
Pentagonal pyramid, HP — Hexagon.

3.3.1.2 Molecular structure of Complexes 3-3 and 3-4

Complex 3-3 crystallized in the space group P21 (see Table A 5). A perspective view of the
cation structure for 3-3 is shown in Figure 1ll.4. Two independent molecules exist in the
unit cell (Figure Ill.4a): isomer 3-3(i) and 3-3(ii). In both two molecules, three Ni(ll) ions
share four APMPDA capping ligands: each Ni(ll) ion has one individual APMPDA ligand, and
two of them share one additional capping ligand, and the remaining Ni ion is coordinated
to a perchlorate ion. Therefore, the Ni(ll) ions are all hexa-coordinated. The SHAPE analysis
results reflect the octahedral coordination geometry of these Ni(ll) ions (details in Table

[11.5). Two perchlorate ions provide the charge balance.

For isomer 3-3(i), the Nil and Ni2 share the fourth capping ligand, and Ni3 is the one which
connected with one perchlorate ion. The carbon atoms in the fourth capping ligand are
disordered (Figure Ill.4b). For isomer 3-3(ii), Ni4 is coordinated with one capping ligand and
one disordered perchlorate ion, while the remaining three capping ligands are equally

distributed by Ni5 and Ni6 (Figure lll.4c).

The differences in the distance between Niions and TTC ligands are displayed in Table Ill.6.
The Ni-N bond lengths decrease from 2.1385 A to 2.1025 A in isomer 3-3(i). The Ni-S bond
lengths in isomer 3-3(i) have the same tendency with Ni-N bond lengths, from 2.5520 A to
2.4758 A. For isomer 3-3(ii), the bond lengths of the Ni ion coordinated to perchlorate is
shorter (the bond length of Ni4-N4 equals to 2.0731 A and Ni4-S4 is 2.4709 A) than the
those of the other two Ni ions. The Ni-N bond lengths increase to 2.1237 A (Ni5-N5) and to
2.1429 A (Ni6-N6). The Ni-S bond length decreases from 2.5534 A (Ni5-S5) to 2.5337 A (Ni6-
S6). In average, the Ni ions coordinated to perchlorate ions have shorter Ni-N and Ni-S
bonds. Correspondingly, the NN1S angles are relatively larger. For isomer 3-3(i), the

N1N11S1 and N2N12S2 angle are equal to 66.385° and 66.735°, while the N3N13S3 one is
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equal to 68.015°. The same trend can be observed in isomer 3-3(ii): the N4N14S4 angle
(68.407°) is larger than the other ones (66.560° for N5N15S5 and 66.009° for N6N16S6).

More detailed information about the angles can be found in Table III.7.

Figure 11.4 (a): Crystal structure of complex 3-3. (b) and (c): Molecular structure of complex 3-3(i) and
3-3(ii), respectively. Perchlorate anions, H atoms are omitted for clarity.

Table 1I1.5 Shape analysis of six-coordinate geometry in complex 3-3. For Ni4, the Ni4A: the
coordination atom involved is 017A; Ni4B: O17B.

Label JPPY TPR ocC PPY HP

Symmetry Csy D3 On Csy Dén
Nil 29.408 13.842 1.711 25.853 30.212
Ni2 29.356 15.001 1.442 25.905 29.259
Ni3 27.324 13.663 1.721 24.138 29.613
NidA 26.896 11.803 2.866 22.667 31.524
Ni4B 28.253 13.741 2.168 24.934 28.045
Ni5 29.057 14.086 1.670 25.409 30.467
Ni6 28.841 13.385 1.714 25.449 30.553
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Abbreviation: JPPY - Johnson pentagonal pyramid J2, TPR — Trigonal prism, OC — Octahedron, PPY —
Pentagonal pyramid, HP — Hexagon.

Table I11.6 Some relevant Ni-ligand bond lengths (A) for Complex 3-3 and 3-4.

Complex 3-3 Complex 3-4
dnizn: 2.1385(64) dniz-n3 2.1025(67)  dnis-ns 2.1237(60) dniz-N1 2.0600(22)
dNi1»51 2.5520(24) dNi3.53 2.4758(22) dNiS-SS 2.5534(28) dNil»Sl 2.5008(84)
dNil»N7 2.2035(67) dNig.N13 2.1204(73) dNiS-N19 2.1827(92) dNil-N4 2.1365(25)
dnizns 2.0861(78)  dnisnia 2.0522(77)  dnisnz1 2.1700(74) dniz-ns 2.1560(20)
dNil»Ng 2.0753(64) dNig.N15 2.0602(76) dNiS-NSO 2.0953(76) dNil»Ol 2.1848(18)
dnizn2z - 2.1757(93) dniz-o1 2.4824(73) dnisns1 2.0918(65) dni1-02 2.1636(19)
dnia-nz 2.1154(61) dnia-na 2.0731(72) dniene 2.1429(67) dniz-n2 2.0871(27)
dnizs2  2.5276(21) dnis-sa  2.4709(23)  dnisss  2.5337(21) dnizs2  2.4714(80)
dNiZ-NlO 22125(68) dNi4—N16 20822(67) dNi6—N20 21515(67) dNiZ—N3 21506(24)
dNiZ-Nll 20892(71) dNi4-N17 20577(78) dNi6-N22 21985(73) dNi2—S3 24518(66)
dni2-n12 - 2.0805(62) dnia-nis  2.0546(89) dnisnzz  2.0849(67) dniz-Nes 2.1263(24)
dnis-o17a  2.5361(14)
dniz-nzs 2.1796(74) dnie-n2a  2.0843(61) dnizny  2.1641(21)
dnis-o178 2.6419(21)
Table 111.7 Some relevant Ni-ligand angles (°) for Complex 3-3.
3-3(i) 3-3(ii)
SIN1IN1 66.385(180) NIN1IN7 95.249(241) S4N14N4 68.407(193) N4N14N16  100.535(257)
SINIIN7 92.576(181) NINIIN8  165.329(267)  S4Ni4N16 97.532(181) N4N14N17 96.567(293)
S1TNIINS 99.254(235) NTNIIN9  96.672(244) S4N14N17  160.131(222)  N4Ni4N18  160.138(322)
- - o - 97.042(376)
S1N1IN9 162.389(192) N1NiIN27  89.456(299) S4N14N18 95.216(252) N4N14017
67.202(498)
— S - 91.162(288) -
S1NIIN27 88.406(253) N7NIIN8  88.141(284) S4N14017 N16N14N17  98.013(284)
79.153(483)
N7NITN9 93.822(284) S2N1IZN2  66.735(170)  N16Ni4N18  92.482(335) S5NI15N5 66.560(203)
- o - 162.255(356) .
N7NiIN27  175.194(305) S2Ni2N10  92.373(166)  N16Ni4017 S5N15N19 93.974(229)
167.701(483)
NSNIIN9 87.058(336)  S2Ni2N11 164.866(188) N17Ni4N18  96.394(307) S5NI5N21  84.384(211)
o - - 77.442(357) o
N8N1IN27 97.339(281) S2N12N12  99.105(175)  N17Ni14017 S5N15N80 99.938(226)
83.049(536)
— __ - 71.258(401) o
NONIIN27 86.587(306)  S2Ni2N25  86.059(205)  N18Ni14017 SSNI5N81  162.046(191)
99.592(549)
N2N1ZN10 93.255(246)  N10Ni2N12 88.576(249) N5N15N19 96.190(308) N19NI5N80  87.048(314)
N2Ni2N11 99.176(241)  N10Ni2ZN25 178.322(264) N5Ni5N21 87.457(314) N19NI5N81  93.463(281)
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N2Ni2N12  165.771(247) N1INi2N12 94.766(257) N5NI5N80  166.249(266) N2INI5N80  88.631(318)
N2N12N25 85.580(269)  N11Ni2N25 87.383(282) N5N15N81 96.395(273) N2INI5N81  89.447(279)
N10N2ZN11 94.00(26) N1ZNi2N25 92.258(271) N19Ni5N21 175.047(311) NB8ONI5N81  96.744(277)

S3N13N3 68.015(183)  N3N13N13 100.746(268) S6NI6N6 66.009(169) N6N16N20 89.261(247)
S3N13N13 97.647(210) N3N13N14 158.902(277)  S6N16N20 87.310(171) N6N16N22 94.389(268)
S3N13N14 94.594(215) N3N13N15 96.458(271) S6N16N22 94.219(204) N6N16N23  163.756(247)
S3N13N15  160.761(216)  N3Ni1301 79.919(246) S6N16N23 97.935(175) N6N16N24 97.922(239)

$S3N1301 86.628(181) N13N13N14 93.123(290) S6N16N24  162.482(179) N20N16N22  176.350(266)
N13Ni3N15  96.385(291) N14N1301  87.468(271)  N20Ni6N23  87.439(250) N22N16N24  93.953(270)
N13N1301  175.618(270) N15N1301  79.233(270) N20Ni6N24  87.474(251) N23N16N24  97.666(250)
N14N13N15  97.719(296) N2ZN16N23  89.067(271)

Different from the other complexes, complex 3-4 that was prepared using the bidentate
tetramethyl ethylene diamine ligand is hexanuclear. It crystallizes in the space group P31c
(see Table A 5). A cage-like molecular structure was obtained (Figure l1l.5), containing three
TTC bridging ligands, six Ni(ll) ions and six TMEDA capping ligands, and one carbonate ion.
Six Ni-TMEDA species are connected by three TTC bridge ligands and one carbonate ion.
The complex has a three-fold symmetry axis perpendicular the carbonate leading to two
types of Ni(ll) in the molecular structure: Nil and Ni2. Nil ions are hexa-coordinated with
two N atoms from TEMDA capping ligand, one S atom and one N atom from TTC, one O
atom from carbonate ion and one O from water molecule. For Ni2 ions, they are also hexa-
coordinated, however, their coordination atoms are two S atoms and two N atoms from
two TTC ligands and one capping ligand. The SHAPE analysis results confirm their
octahedral coordination geometry (details in Table 111.8), and the one of Ni2 is slightly more

distorted.

The information about the bond lengths involved Ni-TTC bridge ligands are listed in the
Table I11.6. We can find that the Ni1-S1 is the longest (2.5008 A) among all the Ni-S bonds
(2.4714 A for bond Ni2-S2 and 2.4518 A for bond Ni2-S3), and the Ni1-N1 (TTC) bond is the
shortest (2.0600 A) among all the Ni-N bonds (2.0871 A for Ni2-N2 and 2.1506 A for Ni2-
N3). For the angles (see Table 111.9), SIN1IN1 (67.489°), is smaller than the ones with Ni2
(68.299° for S2N12N2 and 68.430° for S3N12N3).
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In the molecular structure of complex 3-4, some unknow solvent molecules were detected
in the structure, but too disordered to model. Therefore, the solvent contributions to the
scattering have been removed by the SQUEEZE procedure?! in PLATON.?? SQUEEZE
calculated a void volume of approximately 402 A3, occupied by 201 electrons per unit cell,

which points to the presence of solvent molecule per formula unit.

Figure I11.5 View of the structure of complex 3-4 (left) perpendicular and (right) along the pseudo three
fold axis of the molecule. Perchlorate anion, methanol molecules and H atoms are omitted for clarity.

Table 111.8 Shape analysis of six-coordinate geometry in complex 3-4.

Label JPPY TPR ocC PPY HP

Symmetry Csy D3n On Csy Den
Nil 25.793 11.918 2.376 22.092 29.693
Ni2 26.654 9.862 3.641 22.601 31.057

Abbreviation: JPPY - Johnson pentagonal pyramid J2, TPR — Trigonal prism, OC — Octahedron, PPY —
Pentagonal pyramid, HP — Hexagon.

Table I11.9 Some relevant Ni-ligand angles (°) for Complex 3-4.

Complex 3-4

SIN1IN1 67.489(657) N1N1IN4  174.242(922) N4N1101 88.329(797)
SIN1IN4  106.909(729)  NINiIN5 94.095(897) N4N1102 90.977(906)
SINI1IN5 97.711(735) NINi1101 92.227(759) N5N1101  173.498(845)
S1IN1101 83.319(595) NINi1102 94.773(800) N5N1102 99.664(902)
S1N1102 155.993(507)  N4N1IN5 85.229(932) 01N1102 81.296(774)
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S2N12N2 68.299(677) N2Ni2S3 92.016(737) S3N12N6 98.385(684)
S2N12S3 151.086(255)  N2Ni12N3 92.484(918) S3N1ZN7  102.747(640)
S2N12N3 90.679(596) N2N12N6 94.955(877) N3N12ZN6  165.109(895)
S2N12N6 104.054(643)  N2Ni2ZN7  165.232(854)  N3Ni2N7 92.635(852)
S2N12N7 97.796(672) S3N12N3 68.430(66) N6N12ZN7 83.357(853)

3.3.1.3 Molecular structure of Complex 3-5

Below is the symmetrical molecular structure of complex 3-5 reported in the literature!®
(Figure 111.6, left). All the Ni(ll) ions are penta-coordinated with TTC bridge ligand and one
pmdien capping ligand. The coordination geometry can be described as deformed trigonal
bipyramid. Since the failure in crystallization, powder X-ray diffraction was carried out on
the powder product we obtained. The comparison of pattern of 3-5 powder and calculated
pattern from literature (CCDC 676655) confirms that they are the same compound (Figure

11.6, right). Detailed information can be found in the literature.!®

Complex 3-5 powder
Calculated pattern-CCDC 676655

Intensity (a.u.)

5 10 15 20 25 30 35
2 Theta (degree)

Figure 1.6 Left: Crystal structure of complex 3-5 in literature.!® Perchlorate anion and H atoms are
omitted for clarity. Right: PXRD pattern of complex 3-5 powder.

3.3.2 Magnetism

Measurements of dc magnetic susceptibilities (yT) have been conducted on complexes 3-
1 to 3-5 in the temperature range of 300 - 2 K and in the magnetic field of 1 T. The

magnetization vs. the applied magnetic field have been measured in the field 0 —6 T and
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under several temperature conditions. The data were corrected for the diamagnetic

contribution of the sample holder and eicosane.

3.3.2.1 Magnetic properties of Complex 3-1 and 3-2

The thermal variation of the molar magnetic susceptibility (xT) for complexes 3-1 and 3-2
are plotted in Figure ll.7. The shape of the curves show that xT has the similar behavior for

these two complexes.
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Figure 111.7 Temperature dependence of the xT product for complexes 3-1 (left) and 3-2 (right)

The xT product is constant from ca. 70 K to room temperature for both complexes. xT is
equalto 7.3 and 6.6 cm3®mol K at room temperature for complex 3-1 and 3-2 respectively.
The computed g-values considering a S = 3/2 spin moment are equal to 2.26 and 2.22 for
3-1 and 3-2 respectively. Upon cooling, the xT values decrease and reach, at T=2 K, 4.36
and 2.97 cm®mol* K for 3-1 and 3-2 respectively, which is the result of the presence of ZFS

and probably some antiferromagnetic exchange coupling through the TTC bridge.
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Figure 111.8 Magnetization vs. uoH (left) and vs. uoH/T (right) at variable temperatures for 3-1.
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Figure 111.9 Magnetization vs. uoH (left) and vs. uoH/T (right) at variable temperatures for 3-2.

The magnetization vs. the applied magnetic field at variable temperatures for complexes
3-1 and 3-2 are plotted in the form of M = f(uoH) and M = f(uoH/T) in Figure I11.8 and Figure

[11.9. Similar behaviors are displayed for these two complexes.

For complex 3-1, the magnetization reaches the maximum (around 6.82 ug) at T=2 K and
UoH = 6 T. The saturated magnetization for three S = 3/2 possesing g = 2.26 and no ZFS or
antiferromagnetic coupling is equal 10.17 ug (Mso: = g * S in the unit of Bohr Magneton).

The behavior is also observed for complex 3-2.
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To quantify the magnitude of the ZFS parameters for the two complexes, we fitted the

magnetic data with the spin Hamiltonian A = ¥, g;uzS, - H + X, D; [flzz—@] +

YiE(SE —S5) + (=25 - X1 Si - $j) for S=3/2 where S, Siy, Sy, Sy, are the local spin
operators, His the applied dc magnetic field vector, g the Landé factor, iz the Bohr
Magneton, Jij the exchange coupling parameter, Di and E; the local axial and rhombic ZFS
parameters, respectively. When the metal ions are not related by a symmetry axis, one
must thus fit using local ZFS and three different exchange coupling parameters. In order to
simply the procedure and because the coordination spheres of the metal ions are not very
different, we first try to fit with one local axial ZFS parameter D (= D; = D, = D3), the same
for the E parameter. We also, first, assume, one exchange parameter. If, it is not possible to
reach a good fit with these approximations, we introduce different D values and exchange
coupling parameters by examining the structure, in order to minimize their number. But
when the metal ions are related by a symmetry axis as for complex 3-1, only one D, E and
J parameters are present. For 3-1, there are two different trinuclear complexes, so ideally
there should be a set of parameters for each, but the coordination sphere of the metal ions
is very close, we thus performed the fit for one set of D, E and J parameters for compound
3-1. The best fit of the data leads to D and E values equal to 18.4 and 0.17 cm™ respectively
and J=0.07 cm’, referring to a very weak ferromagnetic coupling between the Co(ll) ions.
The very weak value of the exchange coupling parameter is expected, and it is found to be
ferromagnetic. However, the coupling may well be antiferromagnetic with slightly different

ZFS parameters. We did not explore the different possibilities, but we will further comment

this value together with the ZFS values in the theoretical section.

For complex 3-2, the three Co(ll) ions have different coordination spheres and the best fit
leads to three different ZFS and three different exchange coupling parameters. The ZFS
parameters are equal to 8.0 cm™?, 13.5 cm™ and 31.8 cm™ for D values corresponding to
Col, Co2 and Co3, and the corresponding E values are 2.65 cm™, 2.95 cm™ and 8.50 cm’?,
respectively. The magnetic coupling between Col and Co2 is 0.02 cm™ (J12), 0.04 cm™ for

Col and Co3 (J13), and -0.30 cm™! for the interaction between Co2 and Co3 (J23).
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3.3.2.2 Magnetic properties of Complex 3-3 and 3-4

The temperature dependence of the molar magnetic susceptibility (xT) for complex 3-3

and 3-4 are plotted in Figure 111.10. The curves show a similar behavior of xT for the two

complexes.

For complex 3-3, the xT product is constant between 115 K to room temperature, with a

value equal to 3.75 cm3mol K at room temperature corresponding to three S = 1 species

with g = 2.34. Upon cooling, xT decreases and reaches a value of 0.57 cm®*mol*Kat T=2

K. For 3-4, xT is equal to 6.93 cm® mol1 K at room temperature corresponding to six S = 1

species with g = 2.20. Upon cooling, xT decreases slightly more rapidly than the previous

trinuclear complex.
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Figure 111.10 Temperature dependence of the xT product for complexes 3-3 (left) and 3-4 (right).

The magnetization vs. the applied magnetic field at different temperatures for complexes

3-3 and 3-4 are plotted in the form of M = f(uoH) and M = f(ueH/T) in Figure 111.11 and Figure

[11.12. Similar behavior is displayed for these two complexes. The magnetization values at

saturation are lower than those expected for the three and six S = 1 species in the absence

of ZFS.
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Figure I11.11 Magnetization vs. uoH (left) and vs. uoH/T (right) at variable temperatures for 3-3.
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Figure I11.12 Magnetization vs. uoH (left) and vs. uoH/T (right) at variable temperatures for 3-4.

Despite the different geometries of the three Ni(ll) ions in 3-3, the data could be fitted with
one D and one J parameters: D = 3.37 cm™ and J = -2.14 cmillustrating a relatively weak
antiferromagnetic coupling between the Ni(ll) ions, but much larger than for the Co-
containing complexes. For 3-4, because of the three-fold symmetry of the complex, two
ZFS (D7 and D;) and three exchange coupling parameters (J11, J12 and J22) are needed. J13,
and J;; correspond to the exchange coupling parameters among the three Nil through the
carbonate bridge and the three Ni2 through the TTC bridge, while Ji, expresses the
coupling between Nil and Ni2 through the TTC bridge (see coupling scheme in Figure 111.13).
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In order to minimize the number of parameters to be fitted, we assumed J2 = J12. The best
fitleadsto D;=6.3cmtand D> =2.4cm™; and J;1=0.44cm™tand Ji2=J22=-2.39 cm™L. It is
worth noting that the exchange coupling parameters between the Ni ions bridged by the
TTC ligands are very close for the two complexes. The ZFS parameters are relatively weak
as expected from the octahedral geometry of the metal ions. Their nature (negative and

positive sign) can only be understood by analyzing the results of theoretical calculations.

Ni2
Ji2
Ni1 / Ni1
Ji1
N
Ni2 Ni2
Ni1

Figure 111.13 Scheme of exchange coupling interactions of 3-4.
3.3.2.3 Magnetic properties of Complex 3-5.

As stated above, this complex was our first target and we discovered that it was already
reported. But the reported magnetic data did not correspond to what one may expect
from the crystal structure. We, thus, decided to investigate its behavior for two reasons:
(i) it has the structure that we think is the best suited to have a large negative D value for
the Ni(ll) ions and the coupling is expected to be very weak and (ii) understand the
published magnetic data. But, as mentioned above, we did not succeed to grow a single
crystal suitable for structural studies. Instead, we obtained another complex (already
reported) made from 7 Ni(ll) ions. We, thus, performed the study on a powder whose PXRD

pattern correspond to the trinuclear complex (Figure 111.6).

The dc magnetic susceptibility measurement was carried out from 2 Kto 300 Kat B=1T.
The temperature dependence of the molar magnetic susceptibility (x7) is plotted in Figure
I11.14, left. it corresponds to the expected curve for a trinuclear Ni(ll) complex. The data

from the literature (Figure 111.14, right) have the same behavior at high temperature when
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one observes that xT slightly decreases upon cooling. But, around 20 K xT increases and

then decreases (the authors used the reduced xT/Co, where Co = Napiouts’/Ks).
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Figure 111.14 Left: temperature dependence of the xT product for complexes 3-5; Right: Product
function in literature. Reproduced with permission from reference [18]. 8

The magnetization vs. the applied magnetic field at T = 2 K for complex 3-5 are plotted in
the form of M = f(uoH) in Figure 111.15: left is our result and the right from literature. The
two magnetization curves are similar and have an inflexion point. The main difference
comes from the behavior at weak fields. The data from the literature were fitted
considering a ferromagnetic coupling among the Ni(ll) ions and antisymmetric exchange
with the following values g = 2.40; J = +3.31 cm™}; D = 17.1 cm! for the anisotropy model;
and gx = 1.265; g, = 2.009; J = +1.67 cm™; d, = 4.95cm™* for the antisymmetric exchange
model (d; is the single antisymmetric exchange parameter). But, the bump in the xT curve

could not be reproduced.

It is possible to fit our data with J=-1.75 cm™* and D = 0. The J value reproduces the inflexion
point of the magnetization curve but not the value of the magnetization at higher fields.
An inflexion point in the magnetization curve is expected because a S = 0 ground state is
expected from the antiferromagnetic coupling among the three Ni(ll) ions. When the
coupling is weak, the first excited state S = 1 is close in energy and can be populated upon
increasing the magnetic field. If the ZFS parameter is introduced, it is not possible to

reproduce the magnetic data, which is strange because the geometry of the Ni(ll) ions is
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trigonal bipyramidal as for the complexes reported in the previous chapter where the ZFS

parameter is negative and very large.

In summary, we do not succeed to fit the magnetic data may be because the powder has
an impurity that cannot be detected by XRPD because it is amorphous, as it is unexpected
to not be able to reproduce the data for such simple trinuclear complex that possess a

three-fold symmetry axis and thus one D and J values.
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Figure I11.15 Field dependent magnetization at variable temperatures for complexes 3-5 (left), and in
literature (right). Reproduced with permission from reference [18].18

3.4 Theoretical Calculations

3.4.1 Theoretical studies for Complexes 3-1 and 3-2

In order to analyze the origin of the ZFS within the trinuclear complexes, its magnitude and
its sign, we carried out theoretical wave function-based calculations at the CASSCF and
then when necessary at the NEVPT2 levels using the ORCA package. The calculations of the
ZFS are made on the mononuclear species only and not on the whole complex because the
size of the molecules is too large. When the mononuclear moieties are related by
symmetry as in the case of complex 3-1, it is sufficient to perform the calculation on one
species. When no symmetry is present, the calculations are performed on the three

different moieties as for 3-2. We also calculated when possible the exchange coupling
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parameters at different levels, using Density Functional Theory and also WF based theory

when possible.

The results of the calculations made on the Co(ll) moiety of complex 3-1 at the NEVPT2
level give the following ZFS values: D = 25.9 cm™ and E = 3.1 cm™. The agreement with the
D value extracted from the fit of the magnetic data (D = 18.4 cm™) is fair but the E value is
larger (0.17 cm™). One possible reason is the presence of an exchange coupling that is not
taken into account in the calculations. In order to analyze the sign and the magnitude of
the ZFS parameters, we will consider the different electronic states and their contribution
to ZFS and then, we will analyze the wavefunction of each state to understand the origin
of its contribution. Figure 111.16 and Table 111.10 give the energy of the first five quartet
states before spin-orbit coupling that contribute to the overall ZFS D value and the
composition of the wavefunctions after considering SOC for each electronic state. Among
the five quartet states, three have a large contribution (Q1, Qs and Q4). Q1 have a negative
contribution of -5 cm™, while Qs and Qs have larger (in absolute values) positive

contributions of 14.7 and 10.5 cm™.
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Figure 111.16 Energy of the electronic states before SOC for the Co(ll) moiety of complex 3-1 and
contribution of each state to the overall D value after considering SOC.
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Table 111.10 Energy of the electronic states before SOC for the Co(ll) moiety of complex 3-1,
contribution of each state to the overall D value after considering SOC and composition of the
wavefunction of each state.

Contribution
,1 . ey
States E(cm™) to D (cm?) Wavefunction composition
Q 0 0 74% | dz2dx2-y2dxy|/ 11% |dz2dxzdyz|/
0 11% | dz2dxydxz|

Q1 3074 -5 64% | dz2dxydyz|/ 30% |dz2dx2-y2dxz|
Q 3312 0.69

50% |dz2dx2-y2dyz|/ 23% |dxydx2-y2dxz|/
Qs >244 14.7 20% |dz2dxydxz|

54% |dz2dx2-y2dxz|/ 24% | dxydx2-y2dyz|/
Qa 6215 10.5 20% | dz2chydyz|
Qs 14829 0.12

The ligand field orbitals are depicted in Figure 111.17. They correspond to what is expected
for a trigonal geometry that is slightly distorted leading to a slight energy difference within

the xz, yz and the xy, x?-y? orbitals of 849 and 1060 cm™ respectively.

E (cm™!

- ?%23 + d,2

|

3884 dxy—?— %dxz_yz 2824
849 dyzﬂ' % dy,

Ll

Figure 111.17 Lift of the degeneracy of the d orbitals of the Co(ll) moiety in complex 3-1.

In order to rationalize the sign of D for each electronic state, we can analyze the
composition of their wavefunctions made from linear combination of the different Slater

determinants based of the ligand orbitals (Table 111.10) and expressed in Figure 111.18.
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Figure 111.18 Composition of the wavefunctions of the quintet electronic states Qo, Q1 and Qs. The
composition of the Qg state is not drawn because it is similar to that of Qs and have thus a similar
contribution.

The coupling between Qp and Qi through the SOC operator correspond to excitations
between the Slater determinants of Qo and Q1. One observes that the excitation from Qo1
and Qp> to Qi1 and Q2 involve orbitals with different m; values (from (xz,yz) to (xy, x>-y?)),
which as explained in the previous chapter give positive contributions to D. The excitation
between Qoz and Qi1 and Qa2 involve orbitals possessing the same m; values leading to a
negative contribution to D. These qualitative arguments do not allow to rationalize the
sign of D of Q1 but demonstrate that D cannot be large, because it is the result of positive
and negative contributions. The full calculations show that it is negative but weak (-5 cm”
1). When considering the excitations between Qo and Qs, one observes that apart form one
(Qos to Qz1), they all involve orbitals with different m; values thus contributing positively to

D. The effect of Q4 is similar to Qs. Therefore, the overall D value is due to the opposite
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contribution of the excited states and in this case the positive contributions are the
dominant one. It is worth noting that for the strictly Csy symmetrical complexes
[Co(Mestren)X]?* (X = Cl, Br, NCS, N3), the negative contribution of the first excited state is
the dominant one and the overall D value was always found to be negative.?>?* The main
difference with the symmetrical case is the composition of the first excited state Qi
wavefunction that has Slater determinants equivalent to Qgs that brings negative
contributions to D and that are absent in the Qi of the present complex. Therefore, in order
to have an overall negative D value in trigonal bipyramid complexes, the first excited state
must have a large negative contribution and this contribution is largest when the
symmetry is as close as possible to Cs,. Keeping a symmetry close to Cs, is difficult to
achieve in the present case because the bite angle of the TTC? ligand is too weak (70°)
(Figure 111.19, the pseudo three-fold axis is along the N1Co1N3 direction) instead of 98° and
103° for N1Co1N2 andN1Co1N4 that brings the sulfur atom out the equatorial plane of the

pseudo trigonal bipyramid geometry and thus reduces the symmetry of the complex.

Figure 111.19 Scheme of the geometry around the Co moiety showing the weak N1Co1S1 bite angle of
the TTC? bridge of complex 3-1; the pseudo three-fold axis is along the N1Co1N3 direction.

The calculations give directly the orientation of the D tensor relatively to the molecular
frame as depicted in Figure 111.20. The z axis (blue) is oriented very close to the pseudo
three-fold axis of the Co moiety and because the three-fold axis of the molecules, the axes

of three tensors lie in the same plane as the TTC? ligand.

114



Chapter Il Ni(Il) and Co(Il) molecular magnets based on Trithiocyanurate (TTC)

Figure 111.20 Orientation of D tensor axes; x (red), y (green) and z (blue), the N22CoN16 direction
correspond to the pseudo three-fold axis of the Co moiety.

The exchange coupling parameter was calculated considering a dinuclear Co(ll) species
using broken symmetry DFT and WF-based methods. Depending on the type of
calculations ferro- or antiferromagnetic exchange coupling interaction are found but
always with values lower than 0.05 cm™. It is, therefore, not possible to conclude on the

nature of the exchange interaction apart that it is very weak.

The calculations for complex 3-2 where the Co(ll) ions are in octahedral give following
values for the three Co ions: Col (D; = 6.9 cm™, E; =0.9 cm™, E/D = 0.13), Co2 (D2 = 11.6
cm?, E;=1.6 cm™, E/D=0.22), Co3 (D3 =35.1cm™, E3=7.3 cm?, E/D = 0.21). Despite the
octahedral geometry, the ZFS is relatively axis since E/D is smaller than 0.33. The calculated
values are in good agreement with those extracted from fitting the magnetic data : Col
(D;=8.0cm™, E; =2.7 cm™), Co2 (D2=13.5cm™, E2=2.9cm™), Co3 (D3=31.8cm™, E3 =
8.5cm™, E/D=0.21). The examination of the energy of the states before spin orbit coupling
and their contribution to ZFS (after considering the spin orbit effect) (Table 111.11) show
that the first two excited states contribute positively to D while the third (fourth for Co3)
contribute negatively. The negative contributions are not very different (see Table Il1.11).
The origin of the difference between the ZFS values of Col and Co2 on one hand and Co3
on the other hand is the larger positive contribution to D of the first two excited states for

the latter than for the formers. This larger positive contribution of the two first excited
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states of Co3 is due to the smaller energy separation with the ground state (1682 and 2019
cm1), while for Col and Co2 this separation is 4150 and 5472 cm™ and 3384 and 4535 cm"
! respectively. The more the excited states are close to the ground state the larger their
contribution to D are, which is the case here.

Table 111.11 Energy (cm?) of the first 5 quintet states for the three Co(ll) ions before spin orbit coupling,
contribution of each state to the axial ZFS parameter D and values of the ZFS parameters D and E.

Species State Energy ContDrl(t::Lr:f)n to D (cm™) E(cm®)
Qo 0.0 0
Ql 4149.9 11.2
Q2 5472 7.0 6.9 0.9
Col
Q3 8398.1 -13.9
Q4 10262.4 2.7
Q5 12112.7 0.2
Q0 0.0 0.0
Ql 3384.5 13.2
Q2 4535.7 7.4
Co2 Q3 8920.4 12.1 11.6 16
Q4 10324.2 2.2
Q5 12040.9 0.7
Qo0 0,0 0
Ql 1682.1 19.2
Q2 2018.9 17.1
co3 Q3 10212.4 1.6 351 73
Q4 10228.1 -9.3
Q5 11771.2 2.1

We will not analyze the composition of the wavefunctions as for 3.1, the interpretation
being the same. Here the axes of the D tensors (Figure 111.21) are not oriented along the
Co-ligand directions apart for Co3 where the y direction of the tensor is close to the

pyridine-Co-pyridine direction as depicted in Figure I11.22.
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Figure 111.21 Relative orientation of the D tensor axes for the three metal ions; (left) the bridging ligand
lies in the plane of the page and (right) the bridging ligand is perpendicular to the page plane, x (red),
y (green) and z (blue).

Figure 11.22 Orientation of the D tensor axis for Co3; x (red), y (green, z (blue).

It is worth noting that the principle axes (blue) of the of three Co(ll) ions lie almost in the
plane of the bridging ligand (Figure I1.21). This was also the case for the previous complex.
Further analysis is necessary in order to check whether this observation is a coincidence

or whether the bridging ligand imposes by its electronic properties such orientation.

3.4.2 Theoretical studies for Complex 3-3

The same calculations were carried on the trinuclear Ni complexes 3-3 and 3-5 but not on

the hexanuclear one 3-4. For 3-3, the compound has two different trinuclear independent
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molecules with different environments for each Ni mononuclear species, which makes 6
different mononuclear species to consider for calculations. But, the environment of the
three Ni species in the two independent trinuclear molecules are close, we will, therefore,
give the results for one trinuclear species, the one where the organic ligands are not
disordered and are labeled Ni4, Ni5 and Ni6. The D values for Ni4, Ni5 and Ni6 are D; =9.3
cm?, Ds = -2.4 cm™ and Ds = 1.8 cm™ respectively. Table I1.12 gives the energy of the
electronic states and their contribution to D.

Table I11.12 Energy (cm™?) of the triplet (T;) and singlet (S;) states that have the largest contributions to

D for the three Ni(ll) species before spin orbit coupling, contribution of each state to the axial ZFS
parameter D and values of the ZFS parameters D and E.

Species State Energy ContDrl(t;l:r"c!?)n to D (cm™) E(cm®)

T0 0 0
T1 8853.8 23.6
T2 9518.4 21.1

Ni4 T3 12745.8 -32.1 9.3 1.4
S2 24079.2 -7.6
S3 24581 -7.1
sS4 27747.6 12.3
TO 0 0
T1 10987.3 -27.6
T2 11324.2 6.6

Ni5 T3 12038.5 17.9 2.4 0.5
S2 26366.4 135
s3 26744.1 -6.3
S4 27367.6 -6.8
TO 0 0
T 11144.7 19.0
T 11275.6 18.0

Ni6 T3 12118.4 -34.7 1.8 0.5
s2 26525.6 7.0
s3 26707.3 6.7
S4 27452.2 13.4

It is worth noting that the overall D values for the three species comes from the
contributions of almost all the triplet states and also from part of the singlet states that
contribute in a non-negligible manner. It is, therefore, not easy to relate the overall D
values for each species to some local structural parameters as in the case of high

symmetrical coordination spheres. The magnetic data were fitted with one D value that
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was found equal 4.4 cm™, which is a fair average of the values obtained from calculations.
We also calculated the exchange coupling parameters Jss, J4s and Js6 by broken symmetry
DFT and found -0.9, -1.4 and -1.8 cm™ respectively. These values are in fair agreement with
the value obtained from fitting the magnetic data (-2.1 cm™) and confirm that the coupling
is antiferromagnetic. The exchange coupling parameter for the Ni complex is much larger
than for the Co(ll) containing complexes (-2.1 in comparison to 0.1 cm?), this may be due
to the presence of additional ferromagnetic pathways for the Co(ll) complexes absent in
the Ni(ll) ones, due to the larger number of electrons. Actually, for a Ni(ll) dimer there are
4 exchange pathways, while 9 are present for Co(ll) dimers. The additional pathways are
usually ferromagnetic because they involve orbitals of different symmetries and they may

counterbalance the dominant antiferromagnetic pathway.

3.4.3 Theoretical studies for Complex 3-5

Complex 3-5 has its three Ni species related by a three-fold symmetry axis, they, therefore,
have the same coordination sphere. The calculations were thus made on one Ni species
and gave the following ZFS parameters: D =-125.1 cm™ and £= 1.9 cm™ (E/D = 0.02). The

origin of the very large negative D value is the quasi trigonal symmetry of the Ni species as

e

depicted in Figure 111.23.

1
A4

Figure 111.23 View of the Ni(pmdien)TTC mononuclear coordination sphere belonging to the trinuclear
complex 3-5.
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As for the other complexes, the energy of the electronic excited states and their
contribution to the overall D value are given in Table 111.13. The first excited triplet state T1
has the largest contribution to D that is negative as found for the [Ni(Mestren)X]%*
complexes.? All the other states contribute positively (apart from S2) reducing the overall
D value. Because of the relatively high symmetry, the d orbitals are relatively pure in the
magnetic axes frame (frame of the D tensor), their relative energy are given in Table 111.14.
One observes that they are grouped in three sets: two, two and one with a small energy
separation within the first and the second sets as expected from a trigonal bipyramid
distortion in the equatorial plane.

Table 111.13 Energy (cm™) of the triplet (T;) and singlet (S;) states that have the largest contributions to

D for the Ni(ll) ion before spin orbit coupling, contribution of each state to the axial ZFS parameter D,
composition of the states wavefunstions and values of the ZFS parameters D and E.

Contribution | Composition of the wave

Species State Energy D (cm?) E(cm®)

to D (cm™) functions
92%|dz2dxy|/ 8%
T0 0 0 |dz2dx2-y2 |
- 20124 186.9 92% |dz2dx2-y2|/ 8%
. : |dz2dxy|
39% |dz2dxz|/ 28%
T2 10. 19.
8510.8 9.8 | dyzdxy|/ 13% |dyzdz2|
40% |dyzdz2 |/ 26%
T3 9149.5 16.7 |dxzdxy| / 14% |dz2dxz|
\i -125.1 1.9
T4 13026.2 4.2
T5 13195.7 3.3

80% |dz2dx2-y2|/ 8%
S2 17397.4 21.0 |dxydz2| / 5% dxy
without an electron

S3 22898.9 -6.3
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Table 111.14 Energy (cm?) of the d orbitals

Orbitals Energy
dxz 0
dyz 608.2

dx2-y? 2689.6
dxy 4428.8
dz? 10183.6

The origin of the large negative D contribution can be easily understood when examining
the composition of the wave functions of TO and T1, where one observes that the coupling
between the two states is due to an excitation among the dx?-y? and the dxy orbitals that
have the same m; values (Figure I11.24). The coupling between TO on one hand and T2 and
T3 on the other hand involves excitation between orbitals with m; differing by +1, thus

contributing positively to D.
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Figure 111.24 Composition of the wave functions for TO, T1 and T2.

The calculations for complex 3-5 correspond to what is expected from its geometry and is
similar to the Metren based complexes of Chapter 2. However, the experimental magnetic
data were fitted without including ZFS parameters which is surprising. We tried to simulate
the magnetic data by using the ZFS calculated parameters and different exchange coupling
parameters values in the range found for the other TTC3 bridged complexes. The curves
obtained are very different from the experimental ones and only when D is very weak the
agreement starts to be fair. We do not have an explanation, yet, for these observations.

One possibility is that the compound we prepared and measured is not the right one, but
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XRPD pattern fits the calculated one based on the single crystal structure and the

elemental analysis correspond to the expected data.

3.5 Conclusions

In summary, we prepared five polynuclear complexes with the TTC? bridging ligand and
studied their molecular structures and magnetic properties. Complex 3-1 and 3-2 are both
trinuclear molecules based on Co(ll), with pmdien and TPA as blocking ligands, respectively.
The analysis of the theoretical calculations allows rationalizing the ZFS parameters for 3-1.
For 3-2, the analysis is much difficult because the very low symmetry of the octahedral
coordination sphere of the Co(ll) ions, but the ZFS values extracted form fitting the

magnetic data are in fair agreement with calculations.

For Ni(ll), when using the tridentate blocking ligand APMPDA in the objective of obtaining
pentacoordinate geometry close to a trigonal bipyramid, the structure shows that the Ni
coordination sphere was octahedral. The sixth site was occupied by an additional APMPDA
ligand that bridges two Ni(ll) of the trinuclear complex and the third Ni species had a
coordinated perchlorate. The octahedral coordination geometry was preferred, probably,
because this geometry is more stable and also because the tridentate ligand is not bulky
enough to prevent the approach of the sixth ligand in the coordination sphere of Ni(ll). The
magnetic data could be fitted with the same ZFS parameter for the three different Ni(ll)
and corresponds to the average value of those obtained from theoretical calculations. The
good fit of the magnetic data with one ZFS parameter was possible, probably, because the

geometry of the three Ni(ll) species is not so different.

When using the bidentate ligand TMEDA that blocks only two coordination sites, a
hexanuclear complex obtained. The coordination sphere of three of the Ni(ll) metal ions
has the blocking ligand and two TTC? bridges, and the other three Ni(ll) has one blocking
ligand, one TTC?, one solvent molecule and one oxygen atom from a bridging carbonate.

Again here, it was not possible to have a pentacoordinate geometry around Ni(ll).
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In order to impose a pentacoordinate trigonal bipyramidal geometry, we used the
triendentate pmdien ligand that has methyl group on the amine groups as bulky species
to prevent the formation of an octahedral geometry and obtain a complex similar to the
Co containing one 3-1. Such complex was reported in the literature as stated above. The
theoretical calculations give the large axial D parameter we expected, but unfortunately
the magnetic data do not correspond to those expected. Further work must be done of
this compound to understand the origin of its magnetic behavior. Finally, the exchange
coupling interaction was found to weak, larger than the for the Co(ll) complexes, and

antiferromagnetic as expected.
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Chapter IV
Ni(ll) and Co(ll) molecular magnets based on

Hexahydroxytriphenylene (HHTP)

4.1 Introduction

As mentioned in Chapter |, the polynuclear molecular complexes with large ZFS and weak
antiferromagnetic exchange coupling interactions have the potential to be good
candidates for quantum gates thanks to the coupling between two or three individual gbits.
Another way to build quantum gates is to use a central spin to couple peripheral ones that
may allow the manipulation of the different states providing that the Lande factors g of
the central and the peripheral species are different. The detail of the mechanism is
complicated and is out of the scope of this thesis that focuses on designing the complexes,

while, of course, having in mind the motivation.

One possible approach is to use non-innocent ligands to control the coupling between the
mononuclear species in a polynuclear complex by oxidation and/or reduction. Such system
would be viable on a substrate where electron injection can be carried out. Therefore, the
objective is to design trinuclear complexes using a non-innocent bridging ligand that can

be oxidized and/or reduced.

Triphenylene derivatives, good n-donating molecules, are representative non-innocent
ligands that can undergo reversible interconversions among three oxidation states:
catecholate (cat, 2-), semiquinonate (sq, 1-) and quinone (g, 0). The different states can be
characterized by their absorption spectra where usually a band is present in the near-IR
region corresponding to ligand-to-ligand charge transfer. During the redox reaction a m-

radical can be generated and magnetically couple with the metal ions.*”’
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2,3,6,7,10,11-hexahydroxytriphenylene (HHTP) is a good candidate to prepare trinuclear
complexes when deprotonated (Scheme IV.1). Generally, HHTP™ is used as a connector in
constructing porous Metal Organic Frameworks (MOFs).81° The fully deprotonated species
HHTP®, a typical redox-active linker, has the potential to act as a non-innocent bridging

ligand, as shown in Scheme 4.1, where only three states are presented.

(o} o) (o)

o o (0]
. ” e o M e o ”
"0 O +3¢ o @,O +3e 0 O

o o) o

(o} o (0]

[cat-cat-cat], 6- [sg-sg-sq], 3- [a-0-a], O

Scheme IV.1 The three main species of deprotonated HHTP.

The ligand can also be in intermediate states between those depicted in scheme IV.1. The
most pertinent ones that allow the coordination of metal ions are depicted in Scheme IV.2.
Among them, two are radicals and have single electrons. The more oxidized species
containing the quinone groups are not expected to form trinuclear complexes because of
the reduced electron density on the quinone parts. It is worth noting that the electrons
are expected to be delocalized onto the whole molecule. The [sg-sg-sq]*3 can have three
single electrons only if the symmetry of the molecule is strictly trigonal, which is usually
not the case, particularly, in the solid state. In such a case, only one single electron remains

unpaired. For the same reasons, the [cat-sg-sq]* intermediate is expected to be

diamagnetic.
o o} o} o]
o o o o
© OO‘ -¢ 0 O -¢ O O -¢ O ‘ ‘
0 O +e -0 0,0 + e -0 O,‘ + e o O
o o o (o}
o o o o
[cat-cat-cat]® [cat-cat-sq]™> [cat-sg-sq]* [s9-sg-sq] "

Scheme IV.2 The four species of deprotonated HHTP that can coordinate to metal ions
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Two Co based systems: Cosz(HHTP)(H20)12 (a trinuclear complex) and Cos(HHTP)2(H20)6 (a
bidimensional network) were reported by Yaghi et al. The valence of the HHTP linker in the
first complex was found to be 6- because the complex is neutral; the ligand is thus in the
completely reduced [cat-cat-cat]® state. While for the second, electroneutrality leads to
an average charge of is 3- for HHTP corresponding to the [sq-sg-sq]** state.!! Apart from
the coordination networks, HHTP is also popular for building porous Covalent Organic
Frameworks (COFs).1?*® However, rare single molecules with HHTP have been reported,
which is probably due to the difficulty of obtaining single crystals. So far, only one
trinuclear complex formed by HHTP and a first-row transition metal ion can be found in
literature: Cos(HHTP)(TPA)s(BF4)a. In this complex, the metal ions are in the oxidation
degree Ill and the HHTP bridge in the oxidation state [cat-cat-sq]*>". Its magnetic study
shows that yT at room temperature is equal to 0.44 cm3K mol?, corresponding to the spin-
only value for an S = 1/2 system. It demonstrates that the generated radical is the only
magnetic center.!” We can also find some examples based on other metal ions, like
ruthenium?®1? and titanium,2° but due to their different features, we will not discuss more
about them here. When non-innocent ligands are introduced to react with redox-active
metal ions (like Co, Fe, Mn...),2}2 the transfer of electron from the metal to the ligand and

vice versa is possible to take place, which gives rise to valence tautomerism.

In this dissertation, three polynuclear complexes were successfully obtained: the
hexanuclear [(Ni2O)3(HHTP)2(TMEDA)6](H20)9 (4-1), and the two trinuclear
Ni3(HHTP)[BH(TPP"Ph)3]5(C3Hs0)o.5 (4-2) and Cos(HHTP)[BH(TPP"P");]5 (4-3). The prepared
complexes were characterized by infrared spectroscopy, element analysis, X-ray single
crystal diffraction, magnetic measurements, UV-Vis spectroscopy and electrochemical

studies.
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4.2 Experimental section

4.2.1 Syntheses

All the reagents used for these syntheses were purchased commercially and were used

directly without further purification unless exceptionally stated.
Potassium Tris(3,5-diphenyl-1H-pyrazol-1-yl)(hydrido)borate KBH(TPP"Ph);

The ligand KBH(TPP"P"); was synthesized through two steps according to a previous

report,?* (see Scheme IV.3).

Dibenzoylmethane (10 mmol, 2.24 g) and hydrazine monohydrate (64%) (10 mmol, 0.5 g)
were mixed in a mortar and ground, then 2 drops of concentrated sulfuric acid were added
into the mixture. The mixture was ground for 10 min and left still for 1 hour. The solid
obtained was washed with 10% of Na>COs solution and then water was added; the
suspension was kept stirring at 80 °C for 30 min. A yellow solid formed after cooling. The
solid was mixed with 200 mL of hot heptane (reflux). After cooling and separation by
filtration, the solid was left to dry in vacuum, a beautiful white solid TPP"P" was obtained.

Yield: 1.64 g, 75%. Chemical formula: C1sH12N2, Mw = 220.27 g/mol.

7 g of TPPPPh and 0.57 g of KBH4 were mixed and ground in a mortar, then the mixture was
transferred to a round flask equipped with a bubbler to observe the release of hydrogen.
The flask was heated to 150 °C slowly to maintain a reasonable gas release with stirring.
The temperature was gradually increased to 250 °C and the heating kept for 3 hours. The
end of the H; release was observed after 1 hour. The generated solid was washed with 80
mL of hot toluene and then filtered. The solid was dissolved in acetone and filtered on
celite. Acetone was removed under vacuum. The residue was washed with heptane (5 mL)
and then dried under vacuum. A white solid was obtained with a yield of 65%: 4.9 g.

Chemical formula: KCssH34BNs. Mw = 708.39 g/mol.
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Scheme IV.3 Synthesis of Ligand KBH(TPP"Ph);
[(Ni2O)3(HHTP)2(TMEDA)s](H20)s (Complex 4-1)

A 10 mL methanolic solution of TMEDA (tetramethy ethylenediamine) (1 mmol, 150 plL)
was added dropwise into the methanolic solution of Ni(BF4)2'6H.0 (0.5 mmol, 170.2 mg).
HHTP (0.167 mmol, 54 mg) was dissolved in 30 mL of methanol with 140 pL (triethyl)Jamine
(TEA). The two solutions were mixed slowly, and a blackish blue solid was generated
immediately, the mixture was kept stirring overnight. The solid was filtered and washed
with methanol, and then dried in air. Yield, 31%, 130 mg. Crystals suitable for X-ray analysis
are obtained by vapor diffusion of diethyl ether into a DMF solution of the precipitate.
Elem Anal. for [(Ni2O)3(HHTP)2(TMEDA)s](H20)9 Calc: C, 45.46%; H, 6.99%; N, 8.84%; Found:
C,45.41%; H, 6.74%; N, 8.81%. Mw = 1902.04 g/mol. Single-crystal unit cell: Trigonal, space
group, R32. a =18.443(2) A, b =18.443(2) A, c =22.759(3) A, a =90°, B = 90°, y = 120°, V =
6704.2(17) A3. IR (KBr) v/cm™: 3386 (m), 2892 (w), 2843 (w), 1645 (m), 1546 (s), 1514 (s),
1454 (s), 1431 (s), 1407 (s), 1365 (s), 1326 (s), 1296 (s), 1250 (s), 1215 (s), 1124 (w), 1084
(w), 1046 (w), 1024 (w), 955 (m), 933 (w), 865 (m), 804 (s), 771 (w), 688 (w), 628 (m), 552
(m), 499 (w), 447 (w), 391 (m), 381 (m), 290 (w).

Nis(HHTP)[BH(TPP"P")3]3(CsHe0)o.5 (Complex 4-2)

KBH(TPP"Ph); (1.89 g, 2.7 mmol) was dissolved in 60 mL CHCl3, and the colorless solution
was added into a methanolic solution of NiCl,'6H,0 (0.71 g, 3 mmol) with stirring. A pink

precipitate was generated immediately. Two hours later, the solid was filtered and washed
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with small amount of CHCls, then dried in vacuum. The pink solid obtained corresponds to

Ni[BH(TPP""")3]Cl.

HHTP (32.5 mg, 0.01 mmol) was dissolved in a methanolic solution (15 mL) containing 0.6
mL of tetrabutylammonium hydroxide (TBAOH). The obtained dark violet solution was
added to a 15 mL CH,Cl, solution of Ni[BH(TPP"PP)3]Cl (229 mg, 0.3 mmol) with stirring. A
darkish blue suspension was produced. The reaction was left overnight, and then filtered.
A black precipitate was obtained, it was thoroughly washed with methanol. Yield 62%, 156
mg. The solid was redissolved in CHCl3, and the final solution was obtained after
chromatography (SiO2). The solvent was completely removed using a rotatory evaporator.
The solid obtained was dissolved in acetone and crystals suitable for X-ray analysis were
obtained by slowly evaporating acetone. Elem Anal. for Nis(HHTP)[BH(TPP"P")3]3(C3He0)o s
Calcd: C, 73.19%; H, 4.53%; N, 9.94%; Found: C, 73.14%; H, 4.35%; N, 10.04%. Mw =
2535.19 g/mol. Single-crystal unit cell: Triclinic, space group, P-1. a = 14.2552(18) A, b =
17.287(2) A, c=32.407(4) A, a = 94.408(4)°, B = 101.051(4)°, y = 101.473(4)°, V = 7626.4(17)
A3. IR (KBr) v/cm™: 3456 (w), 3062 (w), 2617 (w), 1603 (w), 1545 (s), 1502 (s), 1479 (s),
1462 (s), 1364 (m), 1329 (m), 1282 (w), 1232 (w), 1170 (m), 1118 (w), 1064 (m), 1013 (m),
972 (w), 915 (w), 844 (w), 827 (w), 803 (s), 759 (s), 696 (s), 669 (m), 619 (w), 571 (m), 543
(m), 403 (w), 353 (w).

Cos(HHTP) [BH(TPP"Ph);3]; (Complex 4-3)

KBH(TPP"Ph); (1.89 g, 2.7 mmol) was dissolved in 60 mL CHCl3, and the colorless solution
was added into a methanolic solution of CoCl,'’6H,0 (0.71 g, 3 mmol) with stirring,
generating a blue precipitate immediately. After two hours, the solid was filtered and
washed with small amount of CHCls, then dried in vacuum. The blue solid obtained

corresponds to [CoBH(TPP"Ph);]Cl.

HHTP (32.5 mg, 0.01 mmol) was dissolved in a 15 mL methanolic solution containing 0.6
mL of tetrabutylammonium hydroxide (TBAOH). The dark violet solution was added into a
15 mL CH.Cl solution of Co[BH(TPP"P")3]CI (228 mg, 0.3 mmol) with stirring, producing a

darkish blue suspension. The reaction was left overnight. A black precipitate was obtained
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by filtering and the solid was washed with methanol for three times. Yield 28%, 70 mg. The
residue was redissolved in CHCl3, and the final solution was obtained after
chromatography (SiO2). The solvent was removed by vacuum. The solid was dissolved in
acetone and crystals suitable for X-ray analysis were obtained by evaporating acetone
slowly. Elem Anal. for Co3(HHTP)[BH(TPP"P)3]5 Calcd: C, 73.30%; H, 4.46%; N, 10.06%;
Found: C, 73.14%; H, 4.33%; N, 10.03%. Mw = 2506.87 g/mol. Single-crystal unit cell:
Triclinic, space group, P-1. a = 16.821(3) A, b =17.771(3) A, ¢ = 26.730(4) A, a = 97.162(5)°,
B = 90.043(5)°, y = 105.344(4)°, V = 7641(2) A3. IR (KBr) v/cm™: 3430 (w), 3058 (w), 2614
(w), 1949 (w), 1545 (s), 1501 (s), 1478 (s), 1463 (s), 1431 (s), 1415 (s), 1360 (m), 1326 (m),
1274 (m), 1228 (w), 1168 (m), 1119 (w), 1063 (m), 1010 (m), 970 (w), 914 (w), 865 (w), 821
(w), 803 (w), 759 (s), 695 (s), 673 (m), 618 (w), 569 (m), 536 (m), 425 (w), 400 (w), 356 (w),
252 (w).

4.2.2 Physical Measurements

The physical measurements refer to section 2.2.2. For the X-ray Crystallography
measurement, the data for complex 4-1 was collected by using a X8 APEXII CCD Bruker
diffractometer with graphite-monochromated MoKa radiation. The X-ray diffraction data
for complexes 4-2 and 4-3 were collected by using a VENTURE PHOTON100 CMOS Bruker
diffractometer with Micro-focus IuS source Mo Ka radiation. All crystals were mounted on
a CryolLoop (Hampton Research) with Paratone-N (Hampton Research) as cryoprotectant
and then flash frozen in a nitrogen-gas stream at 100 K. The electronic spectra were
collected by the Cary 5000 spectrophotometer, ranged from 175 nm to 3000 nm. The data

of electrochemical measurements were collected by AUTOLAB PGSTAT320.
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4.3 Results and discussion

4.3.1 Molecular Structures Description

4.3.1.1 Molecular structure of Complex 4-1

The compound crystallizes in the trigonal space group R32 (Table A 6). The molecular
structure of complex 4-1 is a hexanuclear complex formed by two identical layers of three
Ni-TMEDA species bridged by HHTP; the complex has a three-fold symmetry axis. The two
layers of Nis(HHTP)(TMEDA)s are linked via their Ni(ll) ions by three O atoms (Figure IV.1
and Figure IV.2-left). Two oxygen atoms coming from the two HHTP ligands (02 and 01)
and one (03) is an oxo that was generated during the synthesis (Figure IV.1). The Ni(ll) ions
in the molecule are all hexa-coordinated, and the SHAPE analysis?>?® indicates that the
geometry of Ni(ll) ion is octahedron (Table 1V.3). However, the geometry is close to an
elongated octahedron along the O1NiN2 direction where the bond distances are larger
than the four others. The shortest distances involving a bridging oxygen atom are with O3
(Ni-03 = 1.996 A), while the Ni-O1 bond lengths are longer and are different (Ni-O1 = 2.261
and 2.066 A). The NiO3Ni angle is close to 90°, while the NiO1Ni ones are much smaller
(close to 81°) (see Table IV.1 for selected bond distances and angles). The top view of the
structure reveals that the two layers are non-overlapping, being displaced from each other
by an angle close to 30° (Figure IV.2-left). The side view shows that the HHTP planes are
bent (right, Figure IV.2). The distance between the two triangular planes defined by the
central benzene rings is equal to 3.194 A, which is in the range of n-r stacking. However,
because the two triangular planes are bent on the edges (Figure IV.2-left), the shortest C-
C distance between them is equal to 2.78 A (dotted line in Figure IV.2-right) , which
corresponds to large interaction between the two HHTP ligands through the carbon atoms

of the C-O groups.
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Figure IV.1 View of the coordination sphere around the Ni atom.

Figure IV.2 The top view (left) and the side view (right) of complex 4-1.

According to the molecular structure and elemental analysis results, the chemical formula
of 4-1 can be proposed as [(Ni20)3(HHTP)2(TMEDA)e](H20)s. Assuming that the oxygen
atom O3 bridging the Ni(ll) belonging to the two layers are 0%, the charge of HHTP is
computed to be equal to 3-, which corresponds to the [sg-sg-sq]*3 state. Because of the
three-fold symmetry axis, one may assume that each HHTP has three single electrons
localized on the three sq parts and the short C-C bonds between the two layers leads to
antiferromagnetic coupling between them as depicted in Figure I1V.3-right. The C-C distance
being much longer than an ordinary C-C single bond (around 1.5 A),?’ therefore, it is a weak

interaction between the two electrons, rather than a real C-C bond.
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Figure IV.3 Left: The structure of one single layer within complex 4-1; Right: the scheme of the
interaction between two electrons within the two layers.

The single layer structure within complex 4-1 is displayed in Figure 1V.3-left. Generally, C-
C bond lengths vary from 1.39 A (bond in a benzene ring) to 1.6 A (single bond).?” Within
HHTP, the C1-C6 bond (1.4663 A) and the C3-C4 bond (1.4436 A and 1.4506 A) are longer
than the other bonds (from 1.39 A to 1.40 A), and are in the range between of C-C benzene
ring bond and single bond. An ordinary C-O single bond is around 1.4 A and a C-O double
bond is normally 1.2 A.27 For the C-O bonds within the complex, the C1-O1 bond is equal
to 1.3124 A, and C6-02 1.2866 A, which is intermediate between single and double C-O
bond and consistent with the bond lengths found in semi-quinone. The Ni-O1 and Ni-O2
are equal to 2.0658 A and 1.9988 A, respectively. The distance between the Ni(ll) ions and
the connecting 03 atom is 1.9964 A, and 03 atom lies 0.079 A below the plane of 01, 02

and Ni. The angle of OTN102 is 82.550°, and OIN103 and 01'N103 are equal to 83.975°
and 79.088°. More details about some selected bond lengths and angles can be found Table

IV.1.

Table IV.1 Some selected bonds distances and angles of complex 4-1.

Bond length (A) Angles (°)
dni-ng 2.0865(38) dci-c2 1.3894(46) | 0IN102  82.550(11)
dinz 2.1329(33) dea-c3 1.3990(36) | O01Ni101'  75.860(91)
dni-o1 2.0658(29) dea-cs 1.3943(47) | O0INI03  83.975(70)
dni-02 1.9988(26) des-c 1.4013(37) | O2ZNi103  166.336(78)
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dvi-or 2.2606(25) deice 1.4663(59) | OT'Ni03  79.088(64)

dci-o1 1.3124(34) dnio3 1.9964(10) | NiO3NY’  90.089(23)
d 1.2866(43) d 1.4436(56) NININ2  85.944(12)
Ce-02 ’ G4 1.4506(46) ! '

01’ and Ni’ represent the O1 and Ni in the other layer.

4.3.1.2 Molecular structure of Complex 4-2

Our first objective was to prepare trinuclear complexes using the HHTP ligand, but we were
not successful when using “simple” tetra- or tridentate ligands as blocking ligands for Ni(ll).
Actually, we think that we obtained such complexes in solution but never had single crystals.
When we used the bidentate TMEDA as the blocking ligand, the reaction was carried out
using 2 molar equivalents of TMEDA for one Ni. However, we always obtained the
hexanuclear complex 4-1 even when an excess or less of the TMEDA was used, the only
complex obtained was 4-1. This means that this complex is thermodynamically very stable
and the driving force may well be the dimerization of the trinuclear species due to the
presence of the radicals. In order to prevent such dimerization, we used a very bulky ligand
to block the coordination sphere of Ni(ll). This is how complexes 4-2 and 4-3 were obtained.

And we were lucky to obtain single crystals suitable for structural determination.

The compound 4-2 crystallizes in the triclinic space group P-1 (Table A 6). Complex 4-2 is
constructed by one HHTP bridging ligand, three Ni ions and three blocking ligand
[BH(TPP"Ph)3]- (left, Figure 1V.4). The capping ligand is bulky preventing the Ni(ll) ions from
coordinating with other atoms from solvent and form dimerization as for 4-1. Therefore,
the Ni(ll) ions are all penta-coordinated with two O atoms from HHTP, three N atoms from
ligand [BH(TPP"P")3]". The three Ni(ll) ions are non-identical, as well as their coordination
geometries. The results of SHAPE analysis show that the geometry of Nil is trigonal
bipyramid and for Ni2 and Ni3 are both vacant octahedrons (close to a square pyramid;

details are displayed in Table IV.3).

The framework of complex 4-2 is shown in Figure IV.4-right. The Ni-O distances vary from

1.9568 A (Ni1-02) to 2.0388 A (Ni1-O1). The longest and shortest Ni-O bond lengths are
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those bonds containing Nil, and the minimum difference of Ni-O bond lengths occurs in
the ones with Ni2. Correspondingly, the angle of 0IN1102 is the largest (81.953°), and
03N1204 has the smallest angle: 81.841°. For the Ni-N bond distances, Nil-N2 is the
shortest (1.9878 A) and Ni1-N3 is the longest (2.0681 A).

The chemical formula is posed by molecular structure and elemental analysis: NiZ*3(HHTP)?
[BH(TPPMPM)3]:3(C3He0)o.s. The valence of HHTP ligand in 4-2 is 3-, corresponding to its semi-
guinonate state [sg-sg-sq]. From measuring the C-O bond distances, we can find that bond
length C9-03, C15-05 and C10-04, C16-06 are either 1.29 A and 1.27 A, however, the
longest and shortest bond lengths appear in the bond C4-02 (1.3010 A, close to a C-O single
bond ) and C3-01 (1.2464 A, close to a double C-O bond), indication the trisemiquinonate
form.?® According to the previous reports and because of the absence of a three-fold
symmetry axis,'*® we assume that two of these three electrons pair together leading to

one single electron on HHTP.

The C-C bond of the OCCO group is larger for the oxygen atoms linked to Nil than for the
others. In summary, it appears that not only the coordination sphere of Nil is different but
also the Nil1-O bond and also the C-C bond of the OCCO group. The OCCO group linked to
Nil has a larger sq character than the two others suggesting that the single electron is
localized near Nil, while the other two electrons have paired and would be more
delocalized on the whole bridging HHTP. Selected bond lengths and angles are listed in
Table IV.2.
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Figure IV.4 Molecular structure (left) and a simple frame (right) of complex 4-2. H atoms, solvent and
the carbon atoms in capping ligand are removed for clarify.

Table V.2 Some selected bonds distances and angles of complex 4-2 and 4-3.

Complex 4-2 Complex 4-3
dniz-nt 2.0083(59)  dnis-niz 2.0385(57) dcoint 2.0458(24)  dcoz-niz 2.0407(24)
duizne  1.9878(40)  dninie  2.0190(50) | dcorn:  2.1418(23)  dcesmia  2.1128(21)
dniz-ns 2.0681(60)  dnis-nis 2.0284(56) | dcoi-ns 2.0421(21)  deoz-nis  2.0543(24)
dniz-o1 2.0388(43) dniz-os 1.9713(47) | dcor-or  1.9603(19)  dcoz-os  2.1099(17)
dnizo2  1.9568(47)  dnzos  2.0223(49) | dcoro2  2.1123(19)  deozos  1.9603(20)
dni2-n7 2.0566(79) dcs-o1 1.2463(72) dcoz-n7 2.1523(24) dcso1 1.3158(34)
dni2-ns 2.0313(68) dca-o2 1.3010(90) dco2-ng 2.0403(24) dca-o2 1.2579(34)
dnizne  2.0402(63)  dcoos  1.2928(12) | deorne  2.0307(21)  desos  1.2766(27)
dni2-03 1.9845(59) dcio-oa  1.2704(81) dcoz-0o3  2.0768(19) dcio-oa  1.2918(32)
dnizos  2.0208(58)  dcisos  1.2905(91) | dcozos  1.9599(16)  dcisos  1.2559(34)
01N1102 81.953(18)  dcisos 1.2784(87) | 01Co102 80.793(73)  dcicos  1.3044(28)
03N1204 81.841(23) 05Ni1306 81.919(82) | 03Co204 80.786(72) 05C0306 80.752(72)

4.3.1.3 Molecular structure of Complex 4-3

The compound 4-3 crystallizes in the triclinic space group P-1 (Table A 6). Complex 4-3
possess a similar structure as 4-2, constructed by one HHTP bridging ligand and three
Co[BH(TPPhPh)3]* species (the molecular structure and its framework are displayed in Figure
IV.5). The Co ions in this structure are all penta-coordinated with two O atoms from HHTP,

three N atoms from ligand [BH(TPP"P")3]". The SHAPE analysis results present the trigonal
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bipyramid geometry for the three Co ions (details are displayed in Table 1V.3), and the one

for Co2 is slightly more distorted.

The pseudo trigonal geometry of the three Co ions allows to define an equatorial plane
made of two N atoms from the blocking ligand and one O atom form HHTP and two apical
positions containing one N atom from the blocking ligand and one O atom from HHTP. The
apical Co-N bond lengths for Col and Co2 are around 2.15 A larger than the corresponding
one for Co3 and larger than the Co-O apical bond length. There are two different Co-Onnre
bond lengths around 1.96 A and 2.10 A. The C-O bond lengths of each OCCO groups are
different (1.26 and 1.30 A) and the C-C bonds are in the range 1.45-1.48 A. In summary, at
the difference of the Ni-containing complex 4-2 where the structural surroundings of one
Ni(ll) was different, here the difference in the structural features around the Co atoms is
less marked and the structural parameters of the Co coordination sphere are compatible
with Co(ll) metal ions than with Co(lll). Another difference with the Ni complex is the large
distortion of the HHTP ligand that is more planar for Nis than for Cos (Figure 1V.6). Selected

bond lengths and angles are listed in Table IV.2.

Figure IV.5 Molecular structure (left) and a simple frame of complex 4-3. H atoms and the carbon
atoms in capping ligand are removed for clarify.

Table IV.3 SHAPE analysis of coordination geometry in complex 4-1, 4-2 and 4-3.

4-1 Label JPPY TPR ocC PPY HP
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Symmetry Csy D3sp On Csy Den
Ni 27.012 11.801 1.347 24.287 28.888
Label JTBPY SPY TBPY vOC PP
Symmetry D3sp Cav D3 Cay Dsn
4-2 Nil 4.097 3.575 2.132 4.061 29.034
Ni2 7.787 1.086 5.657 0.667 30.199
Ni3 7.785 0.881 5.819 0.872 29.496
Col 3.715 3.061 1.960 3.979 29.428
4-3 Co2 3.795 3.510 2.054 4.171 29.017
Co3 3.670 3.974 1.783 5.083 29.130

Abbreviation: JPPY — Johnson pentagonal pyramid J2, TPR — Trigonal prism, OC — Octahedron, PPY —
Pentagonal pyramid, HP — Hexagon; JTBPY Johnson trigonal pyramid J2, SPY — Spherical square
pyramid, TBPY — Trigonal bipyramid, vOC — Vacant octahedron, PP — Pentagon.

The chemical formula proposed by molecular structure and elemental analysis is
CoZ*3(HHTP)3[BH(TPPPh)3]-3. Similar to 4-2, HHTP is in the oxidation state of tri-semi-
guinonate [sg-sg-sg] and the 3- negative charge. Two of the electrons couple but it is not
possible from analyzing the bonds lengths to suggest whether the single electron lies near

one Co(ll) ion or delocalized along the aromatic ring.

Figure IV.6 The comparison of the molecular structures of complex 4-2 (left) and 4-3 (right).
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4.3.2 Magnetism

Measurements of dc magnetic susceptibilities (yT) have been conducted on complexes 4-
1 to 4-3 in the magnetic field of 1 T and the temperature range of 300 - 2 K. The
magnetization vs. the applied magnetic field have been measured in the field 0 — 6 T and
under several temperature conditions: 2 K, 4 K, 6 K and 8 K. All the magnetic properties
measurements were conducted with pellet samples, eliminating the diamagnetic

contribution of eicosane.
4.3.2.1 Magnetic properties of Complex 4-1

The temperature dependence of the yT product for 4-1 is plotted in Figure IV.7. The 4T
value is at around 7.67 cm3mol~ K at room temperature, close to the value of six spin only
Ni(ll) ions (7.67 cm3mol™ K when g = 2.20), which confirms the absence of radicals on the
HHTP. When cooling down, the yT value remain almost constant down to 35 K and then
decreases sharply to reach a value of 2.3 cm3mol™K at 2 K. This behavior is consistent with
very weak antiferromagnetic coupling between the Ni(ll) ions or no coupling but only zero-
field splitting. It is surprising that only a very weak coupling is present despite the oxo
bridging the Ni(ll) ions of the two different layers. The magnetization vs. the applied dc
magnetic field for complex 4-1, collected at different temperatures, are plotted in the form
of M= f(uoH) and M= f(uoH/T) in Figure IV.8. The largest value can be observed as 10.40 us
at T=2 K and uoH = 6 T, smaller than the saturated magnetization (13.20 us for g = 2.20).
The magnetization data reveal the existence of ZFS from the non-superimposition of the M

= LoH/T curves (Figure IV.8-right).

The simultaneous fitting of the T =f(T) and the M = f(uoH) data gives the following values:
g=2.27,D=6.31 cm™, Jnioni = -0.52 cm™. The analysis of the magnetic data indicates a very
weak antiferromagnetic coupling between the two Ni(ll) ions connected by one O atom
within the (TMEDA-Ni);O species. However, no detectable coupling can be observed
between HHTP? bridge. The Ni coordination spheres are elongated octahedra with the

bridging oxo ion lying in the xy plane (the z axis is defined along the elongation axis). The
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two x2-y? orbitals are, thus, orthogonal because the NiONi angle is close to 90°. The
exchange coupling through the oxo ligand should thus be ferromagnetic. The exchange
coupling through the 01, an oxygen atom belonging to HHTP involves a z? orbital of one Ni
and a x?-y? orbital of the other Ni. This coupling is expected to be antiferromagnetic
because the NiONi angle is around 81° leading to a non-zero overlap integral. However, the
magnitude of the contribution is expected not to be large because the single electron in
the z2 orbital is weakly delocalized on the bridging O (O1) because the rather large Ni-O1
bond length (2.261 A). There are two such antiferromagnetic contributions. The two (weak)
antiferromagnetic contributions, probably, compensate the ferromagnetic one leading

overall to the weak antiferromagnetic exchange observed.
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Figure IV.7 Temperature dependence of the xT product for 4-1.
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Figure IV.8 Magnetization vs. uoH (left) and vs. uoH/T (right) at variable temperatures for 4-1.

4.3.2.2 Magnetic properties of Complex 4-2

The temperature dependence of the T product for 4-2 is plotted in Figure IV.9. No plateau
is observed. The value of yT is large (4.86 cm® mol™t K) at 300 K, higher than the spin-only
value for three high-spin Ni?* centers and one S =1/2 (4 cm®mol= K with gni = 2.20 and grad
= 2). 4T decreases continuously upon cooling from room temperature to 50 K, then more
abruptly and reaches a value of 0.8 cm3mol™K at 2 K (Figure IV.9). The magnetization vs.
the applied dc magnetic field for complex 4-2, collected at different temperatures, are

plotted in the form of M= f(uoH) and M= f(uoH/T) in Figure 1V.10.
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Figure IV.9 Temperature dependence of the xT product for 4-2. The insert is the simulation spin mode.
S1=S5,=53=1;S4=1/2.S; represents Nil, S;-Ni2, S3-Ni3, and S4is the radical.
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Figure IV.10 Magnetization vs. uoH (left) and vs. uoH/T (right) at variable temperatures for 4-2.

Based on its molecular structure and on the assumption that the radical is located close to
the trigonal bipyramid Ni, four magnetic centers can be considered: S; to S; corresponding
to Nil to Ni3 respectively and S4 to the organic radical that is assumed closer to Nil. The
magnetic data were, thus, fitted, assuming the model depicted in the insert of Figure IV.9,
where the direct coupling between the Ni(ll) ions was neglected, corresponding to the
following Hamiltonian : H = -2J(5:-Ss + 5>54 + S53S4). Fitting simultaneously the
magnetization and the susceptibility data leads to different sets of parameters that are
different but relatively close (Table 1V.4). The main difference concerns the ZFS parameters
E and D for Ni2 and Ni3. The ZFS parameters are in agreement with the expected ones for
Ni(ll) ions in the corresponding geometry: Ni2 and Ni3 have a geometry close to square
pyramidal and a positive large D value is expected.?® For Nil, we found that the D value has
almost no effect on the fit, this is because the radical was assumed close to this Ni that has
a trigonal bipyramid geometry (preliminary theoretical calculations confirm this
assignment) and undergoes an large exchange coupling. Finally, the exchange coupling
parameter between the radical and Nil was found to be large (-400 cm™) as expected from
a radical localized on the semi-quinone part of the ligand. For the same reason the coupling
between the radical and Ni2 and Ni3 is weak (-1.18 cm™). The g value for Nil is larger than

those of Ni2 and Ni3 as expected from their geometries.
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The fitting results for ¥T and magnetization displayed in Figure IV.9 and Figure V.10
correspond to the Set-3 that leads to the best fitting for the yT product but slightly less
perfect for the magnetization. Slight changes in the parameters can cause small changes to
the fitting curves: a better fitting for magnetization will result in a slightly less good result
for yT and it’s impossible to have one set of parameters that leads to perfect fittings for

both yT product and magnetization, Set-3 being the best compromise.

Table IV.4 Different results obtained by fitting.

Set-1 Set-2 Set-3 Set-4
g1 2.38 2.38 2.38 2.38
gz 2.17 2.17 2.17 2.17
g3 2.17 2.17 2.17 2.17
gs 2 2 2 2
D; (cm™) Any value from -60 to 40
D> (cm') 27.6 28.7 33.3 30.6
Ds (cm™) 27.6 28.7 333 30.6
E;(cm™) 0 0 0 0
E; (cm™) 0.7 0.7 10.0 0
Es (cm™) 0.7 0.7 10.0 0
Jia (cm™?) -400 -400 -400 -400
Jos (cmY) 0 -0.55 -1.18 -1.16
J3a (cm') 0 -0.55 -1.18 -1.16

4.3.2.3 Magnetic properties of Complex 4-3

The yT versus T plot for complex 4-3 is presented in the left of Figure IV.11. 4T is equal to
7.67 cm3mol™tK at room temperature. When cooling down from 300 K to 2 K, T decreases
slowly from 300 to 100 K and then suddenly and reaches a value of 3.4 cm®*moltKat T=2
K. The magnetization curves have the usual shape. The valueat T=2Kand H=6T s 4.6
us. This value is much weaker that the one corresponding to three S=3/2anda S=1/2
species (10 us assuming an average g value equal to 2). This may be due to a large ZFS that

reduces the magnetization value.
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We tried to simultaneously fit the yT and the magnetization curves with no success. It
turned out impossible to have even a reasonable fit. We, therefore, tried to fit first the
susceptibility data with the same spin Hamiltonian and the same model as for complex 4-
2. The simulation gives the following values: g1=g>=g3=2.49, gs=2; D1=D3=-31.7 cm?,
D; = -29.6 cm™Y; J24 = -210.8 cm™. The exchange parameter value is reasonable if one
assumes that the single electron of the radical is close to one of the Co(ll) ions. But, the
sign of the ZFS parameter does not correspond to the expected one for a distorted trigonal

bipyramid, where a positive D value is expected.?®

With these values, it is not possible to reproduce the magnetization data as shown in

(Figure IV.11-right).
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Figure IV.11 Temperature dependence of the T product (left) and magnetization vs. uoH (right) at
variable temperatures for 4-3.

By analyzing the magnetization data, one observes that the value of 4.6 ygat T=2 Kand H
=6 T may correspond to two Co(ll) ions. One possible assumption is that one Co(ll) was
oxidized to Co(lll) and the radical reduced. This situation is well-known in Co(ll)-
semiquinone complexes.?® It is , however, puzzling that the oxidation/reduction process
occurred at low temperature. It is important to note that the measurements of yT and M

were carried out successively without removing the sample from the SQUID magnetometer.
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The situation is summarized in Figure IV.12, where S;, S> and Sz represent the high-spin

Co(ll) ions (S = 3/2), S4 the radical (S = 1/2), and S,’ the low-spin Co(lll) ion (S = 0).

?z S,
/54\ —_— / \
S — 33 S;—5;

Figure 1V.12. Coupling spin models before and after the oxidation/reduction process for 4-3.

The magnetization data were, thus fitted considering two Co(ll) ions. A very good fit (Figure
IV.13) was obtained with g = 2.49, D = -10.2 cm™ and J = 0. No magnetic coupling was
detected between the two Co(ll) centers. More measurement should be carried out in

order to understand the behavior of this complex.
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Figure IV.13 Magnetization vs. uoH (left) and vs. uoH/T (right) at variable temperatures for 4-3.

4.3.3 Electronic Spectra and Electrochemical properties

All the electrochemical measurements were carried out in an electrochemical cell at room
temperature, under the atmosphere of Ar. Glassy carbon was used as working electrode,
with platinum wire and saturated calomel electrode (SCE) acting as counter electrode and
reference electrode, respectively. The step scan was set as 0.1 V/s. The solution of

complexes introduced in the cell is 1 mmol/L, 5 mL.
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4.3.3.1 Electronic spectrum and electrochemistry of Complex 4-1

The electronic spectrum of complex 4-1 in DMF is displayed in Figure IV.14. The absorption
in the near infrared region (1052 nm, £ = 30000 cm™*mol!L) can be ascribed to the m-rt*
ligand centered transition because it occurs at the lowest energy. The other two bands at
higher energy may be assigned to metal-to-ligand charge transfer or also to other
transitions centered on the ligand. Theoretical calculations are needed to assign the

different bands.
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Figure V.14 Room temperature electronic spectrum of complex 4-1 in DMF.

The electrochemical study was conducted on a 0.1 mol/L DMF solution of BusNPFs,
containing 4-1 with a concentration of 1 mmol/L. The cyclic voltammogram (CV) is
displayed in Figure IV.15. The scan starts at -0.12 V where the current is equal to zero and
goes towards negative potential values (-2.0 V) to perform reduction, and then back to -
0.12 V. Three reversible redox waves are observed at potential values of -0.64 V, -1.02 V
and -1.35 V vs. SCE. They correspond to the successive injection of three electrons into the
organic part of the complex. A fourth reduction process is observed around -1.7 V but it
seems not to be reversible. The process at -1.35 V seems also not to be completely
reversible. When the potential is scanned in the oxidation part above -0.12 V, a completely

irreversible wave due to the [sq-sg-sql/[sg-sg-q] process is observed (not shown). The
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origin of the irreversibility is the formation of the quinone that is a very poor ligand to Ni(ll),

probably leading to the de-coordination of the metal ion.

E (Vvs. SCE)

Figure V.15 Room temperature CV of 4-1 with BusNPF¢ as supporting electrolyte in DMF.

4.3.3.2 Electronic spectrum and electrochemistry of Complex 4-2

The Figure 1V.16 exhibits the absorption spectrum of complex 4-2 in CH,Cl,. The near-IR
band (1155 nm, £ = 10000 cm™molL) that can be assigned to the transition centered on
the HHTP? ligand is at lower energy (8660 instead of 9500 cm™!) than that of complex 4-1,

which is consistent of a larger delocalization of the electron in 4-2.
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Figure V.16 Room temperature electronic spectrum of CH,Cl; solution of complex 4-2.
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The electrochemical study was carried out in the same condition as for 4-1 (Figure 1V.17).
The open circuit potential is at 0.15 V. Upon reduction, three waves are observed: the first
at -0.28 V, corresponding to the reduction of the bridging ligand from HHTP3  to HHTP* i.e.
from [sg-sg-sq] to [cat-sg-sq], then, at -0.78 V corresponding to the reduction from [cat-sg-
sq] state (HHTP*) to [cat-cat-sq] state (HHTP>) and finally at -1.17 V, suggesting the
generation of HHTP®, the [cat-cat-cat] state. As the scanning goes back to the positive
direction, correspondingly, three oxidation waves are observed. The stepwise reversible
redox waves imply the one electron redox process on the bridging ligand. The first
reduction potential for the trinuclear complex is at less negative value than for the
hexanuclear one (-0.28 instead of -0.64 V). In addition, the difference between the redox
couples is larger in the trinuclear than in the hexanuclear complex, which is consistent with
a larger electronic interaction in the former than in the latter. This is reasonable because
the two additional electrons in the hexanuclear complex feel less electron-electron
repulsion than for the trinuclear one because their larger delocalization on two HHTP
ligands; while for the trinuclear one, the two electrons are on one HHTP ligand. In summary,
in the pristine complexes the overall electron delocalization on the HHTP3 (4-2) is larger
than that on the [HHTP-HHTP]® dimerized species (4-1), so the injection of one electron on
4-2 occurs at less negative potential. However, the injection of the second (and third)
electron is relatively easier on the hexanuclear complex because of the reduced electron-

electron repulsion due to its delocalization on two HHTP species.
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E (V vs SCE)

Figure IV.17 Room temperature CV of 4-2 with BusNPF¢ as supporting electrolyte in CH,Cl,.

The spectro-electrochemical studies on this complex at different values of the potential
are depicted in Figure 1V.18. The reduction from 0 to -0.5 V leads to the appearance of an
absorption band close to 1360 nm (7350 cm™) that can be assigned to a transition within
the reduced [cat-sg-sq] species. The energy of this band is lower than that corresponding
to the [sg-sg-sq] (1150 nm, 8660 cm™?) species suggesting that the electron delocalization
is larger in reduced form. Reducing further (-0.7 V) leads to a decrease of the intensity of
the 1360 nm band and to the appearance of a new band around 940 nm (at higher energy;
10640 cm™). This is consistent with reduced delocalization in the [cat-cat-sq] species.
Further reduction leads to other changes in the absorption spectra but their interpretation
is underway. It is tempting to assign the lower degree of delocalization in the [sg-sg-sq]
and the [cat-cat-sq] species that have single electrons to the fact that the single electron
is close to one of the three metal ions. While, the diamagnetic [cat-sg-sq] species has a
higher degree of delocalization because the three paired electrons are in molecular
orbitals delocalized on the organic ligand. Further studies are necessary to elucidate the

electronic properties of the different species.

152



Chapter IV Ni(ll) and Co(ll) molecular magnets based on Hexahydroxytriphenylene (HHTP)

0.28
0.24

0.20 M |

0.16 |

0.12

Optical density

0.08 |

0.04 [

0.00 |

500 1000 150 2000
A (nm)

Figure 1V.18 Electronic absorption spectra of 4-2 at different reducing potential values.

4.3.3.3 Electronic spectrum and electrochemistry of Complex 4-3

The electronic spectrum, displayed in Figure IV.19, is almost identical to that of the Ni-
containing compound. The near-IR band, at 1126 nm (8880 cm™?), is slightly shifted towards
higher energy in comparison to the Ni complex 4-2 (8660 cm™), showing that the organic

ligand has almost the same electronic configuration in the two complexes.
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Figure IV.19 Room temperature electronic spectrum of CH,Cl, solution of complex 4-3.

The electrochemical study of 4-3 was carried out in CHxCl; solution in the same condition

as for the Ni based complex. A similar CV is obtained (Figure IV.20) with the three reversible
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redox waves (-0.22, -0.66 and -1.04V) being at slightly less negative potential than for 4-2
(-0.28,-0.78 and -1.17 V).

E (V vs. SCE)

Figure 1V.20 Room temperature CV of 4-3 with BusNPF¢ as supporting electrolyte in CH,Cl,.

The CVs of the two compounds are shown in Figure 1V.21. The first redox couple
corresponding to the reduction of HHTP from [sg-sg-sq] to [cat-sg-sq] is shifted by only
0.06 V towards negative values for the Ni-containing complex in comparison the Co one.
But, the two following reduction processes are further shifted (0.12 V). This is consistent
with a slightly larger electron-electron repulsion for the Ni complex than for the Co one,
upon injecting electrons. The spectro-electrochemical studies would allow to have more
insight in the difference between the two complexes, but they have not been conducted
yet on the Co complex. On the oxidation side, one quasi reversible wave is observed around
+0.6 and +0.7 V for the Ni and the Co containing complexes respectively. For Co, the
oxidation wave is reversible, while for Ni two waves are observed for oxidation and only
one for reduction. At higher potential, no reversible waves could be observed. The one
electron oxidation of the ligand leads to the [sg-sq-q] species. The quinone part is a poor
ligand and de-coordination of one NiL species is expected. The de-coordination may be
avoided if the quinone is not localized on one end of the HHTP ligand, or when the solvent
is not a coordinating one as is the case of CH,Cl,. These studies are preliminary and must

be completed with CVs at different speeds and with spectro-electrochemical studies.
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Figure V.21 Comparison of the cyclo-voltammograms of 4-2 and 4-3.

4.4 Theoretical Calculations

Preliminary theoretical calculations were carried out on the Ni trinuclear complex 4-2.
They present two important features. The first is that the three electrons on the ligand
couple together and lead to a doublet (S = %4) ground state with the excited doublet and
quartet (S = 3/2) at 2600 and 4600 cm™ respectively, which correspond to an
antiferromagnetic exchange coupling parameter J around -3060 cm™ (H = -JS1 Sz with S;
=S, =1/2) between two of the three electrons and an exchange coupling parameter J’ of
about -440 cm™ between the remaining electron and the two others (H = -J’(Sz® S2 + S3* S1)
with Sz =15). This scheme is consistent with our assumption that the three electrons on the
HHTP3 can be described as a pair and a single electron. The second feature is that the
remaining single electron is localized near the Ni(ll) (Figure IV.22) that has the trigonal
bipyramid geometry (Nil) and undergoes an antiferromagnetic exchange coupling with
this Ni that was calculated to be around -200 cm1, which is half of the value found from

fitting the magnetic data.
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Figure IV.22 View of the molecular orbital that describes the single electron on HHTP,

The overall electronic picture that was suggested from the structural features of the
complex and from the magnetic data are perfectly consistent with the results of the
theoretical calculations. Complementary theoretical studies on the pristine complex are
underway in order to assign the absorption spectrum and also on the reduced species that

may allow to rationalize the spectro-electrochemical results.

4.5 Conclusions

To summarize, we presented the syntheses, molecular structures, magnetic studies,
electronic spectra and electrochemical properties of three polynuclear complexes, where
the metal ions are bridged by the non-innocent ligand HHTP. For the three complexes, the
charge of HHTP was found to be 3-, corresponding to the [sg-sg-sq] state. The synthesis
was made starting from the deprotonated tris-catecholate ligand that evolved in solution
during the reaction to give the three oxidized species [sq-sg-sq]. We did not investigate the

oxidation process during the reaction and this should be done in the future.

These three complexes must be further investigated and more importantly the different

species obtained from the three reduction steps must be chemically isolated and studied.

We have carried out preliminary EPR studies of the pristine (LNis)HHTP species and those

obtained by the three successive reduction processes. The EPR spectra follow the trend
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expected, but they were not fully analyzed yet. The trinuclear Co complex was not studied
by EPR, such study will help to understand its magnetic behavior in the solid state. However,
the analysis of the EPR spectra is expected to be difficult because, unlike Ni(ll), resonances
centered on Co(ll) can be observed by X-band EPR. The presence of valence tautomerism

would be detected in the EPR spectra.
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Chapter V

Conclusion and future work

5.1 Conclusion

In this dissertation, two main parts are presented.

The first part focuses on the study of the magnetic anisotropic of mononuclear complexes
based on Ni(ll) of general formula [Ni(Mestren)X]Y (X = Cl, Br, I; Y = CI', BPha', PFs’, CF3SO3’,
ClO4 and I') possessing a trigonal bipyramidal geometry. Depending on the nature of the
counter anion, complexes with strict C3y symmetry or distorted were obtained. The
magnetic data were fitted with different axial ZFS parameters with the larger values
(negative) corresponding to the high symmetry complexes. However, the spin Hamiltonian
approximation does not hold when the axial ZFS parameter is very large corresponding to
first order or quasi first order spin orbit coupling. Theoretical calculations were carried out
on two compounds (X =Y = Cl) that have different distortions and magneto-structural
correlations were made. Calculations on the other distorted complexes (X = Cl, Y = CF3S03
and X =Cl, Y = BPhy) are underway, which will allow to carry out a more complete magneto-
structural correlation. The rhombic parameters E are difficult to extract from the magnetic
data because their interdependence with the axial ones; High Field-High Frequency EPR
studies are necessary and are underway to experimentally determine these parameters

and try to elaborate correlation with their structure.

The second part of the dissertation concerns the elaboration of polynuclear Ni(ll) and Co(ll)

complexes with, on one hand, innocent ligands and, on the other hand, non-innocent ones.

For the innocent ligand, we used a tris-bidentate molecule in order to prepare polynuclear

complexes with controlled local ZFS and weak exchange coupling. This is relevant for
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complexes that may play the role entangled (by exchange coupling) quantum bits. The
exchange coupling was found to be very weak as expected but it was not straightforward
to determine whether it was ferro- or antiferromagnetic, even though the magnetic data
are consistent with an antiferromagnetic coupling. EPR studies are necessary to determine
the nature of the ground state for these complexes. Theoretical calculations were carried
out on the mononuclear species of the trinuclear complexes and magneto-structural
correlations were done to relate the structure to the axial ZFS parameters to the structure.
When the geometry is not very distorted as for the pentacoordinate Co(ll) species,
correlation is possible. However, for the highly distorted octahedral geometry, it is difficult

to draw simple conclusions.

For the non-innocent ligand, we used a tris-catecholate one that can undergo three
oxidation processes to lead to the tris semi-quinonate species that was found to
coordinate to the metal ions. We obtained, by serendipity, a hexanuclear Nig(HHTP),
complex made of two trinuclear species forming two parallel layers. The magnetic data are
consistent with very weakly antiferromagnetically coupled Ni(ll) metal ions. It was possible
to isolate the targeted trinuclear (LCo)sHHTP and (LNi)sHHTP complexes using a bulky and
chelating L ligand that prevents the formation of the hexanuclear complex. The HHTP
ligand was found to be in the tris semi-quinonate state bearing, therefore, a single electron.
Preliminary electrochemical studies on the hexanuclear and the trinuclear complexes
showed four and three reversible reduction processes respectively. The stepwise
reversible wave peaks observed in the electrochemical studies disclosed that they are
ligand-centered, which is testified by their electronic spectra. For the trinuclear complexes,
it is possible to reduce the ligand from the tris semi-quinonate species to the tris
catecholate one. Preliminary spectro-electrochemical studies were carried out on the
(LNi)sHHTP complex, but further studies are necessary. We also performed in situ EPR
study on the reduced species that confirmed the presence of a single electron on the HHTP
ligand, probably, interacting with the Ni(ll) ions as assumed from the magnetic data. The
EPR signal vanishes upon the first reduction step and another signal appears after the

second process as expected, but it has a different shape. The electrochemical behavior of
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the (LCo)sHHTP complex is similar to the Ni(ll) one. But, the magnetic data suggest that an
oxydo-reduction process occurred during the magnetic study. This behavior must be

elucidated.

5.2 Future work

The future work based on this study can be carried out in the following ways:

1. Conducting the theoretical calculations for the mononuclear complexes and making a
further comparison among the complexes to draw a more complete magneto-

structural correlation.

2. Carrying out the EPR measurements on these complexes to obtain the experimental g
and E values, providing more information for the fitting of magnetic measurements and
theoretical calculations. It is also necessary to use other techniques in order to
determine experimentally the accurate values of the axial parameters D that are too
large for EPR. Neutron Inelastic Scattering (NIS) studies are programmed in July and
terahertz spectroscopy will be done at National Magnetic Laboratory (USA, Florida)

during the summer.

3. For the complexes containing the non-innocent bridge, further electrochemical and
spectroelectrochemical measurements should be carried out coupled to theoretical
calculations to get insight into the nature of the ligand orbitals involved in the

electrochemical processes.

4. Doing more measurements to understand the oxidation behavior from the high-spin
Co(ll) ion to low-spin Co(lll) ion within complex Cos(HHTP)[BH(TPP"Ph)3]3 and to

determine the temperature of the phase transition if any.

5. Isolating the reduced intermediate species to be able to perform their magnetic study.

The preliminary in situ electrochemical-EPR studies are encouraging.
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6. Assembling the complexes as single monolayers on diamagnetic and ferromagnetic
substrates to investigate their magnetic and electronic behavior when interacting with

metallic (charge transfer) and ferromagnetic (induced magnetism) substrates.
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Appendix | The Crystallographic data

1.1 The complexes based on ligand Mestren

Table A 1 The crystallographic data structure refinement for complex 2-1

Complexes 2-1(a) 2-1 (b) 2-1 (c) 2-1(d)
: NiC12H30Cl2Ng,
Formula NiC12H30Cl2N4 2(H>0)
M; 360.01 396.04
Crystal size, mm?3 0-13x0.08x 0.13x0.12 x0.80 0-17x0.12
0.60 0.04
Crystal system orthorhombic cubic orthorhombic
Space group P212124 P2:3 Pbca
a, A 11.374(4) 11.478(6) 11.8520(5) 9.1699(4)
b, A 11.919(5) 11.966(7) 11.8520(5) 15.6319(5)
c, A 12.038(4) 12.096(8) 11.8520(5) 26.5895(10)
a, ’ 90 90 90 90
B,° 90 90 90 90
Y, ° 90 90 90 90
Cell volume, A3 1632.0(10) 1661.5(16) 1664.8(2) 3811.4(3)
2:7 4:1 4:1/3 8:1
T, K 40(2) 100(1) 200(1) 100(1)
Radiation type;
wavelength A Mo Ka ; 0.71073
Fooo 768 1696
i, mmt 1.502 1.483 1.473 1.307

165



Appendix | The Crystallographic data

fOrange, °

Reflection
collected

Reflections
unique

Rint
GOF
Flack parameter
Refl. obs. (I>20(/))
Parameters
wR: (all data)
R value (I>20(/))

Largest diff. peak
and hole (e-. A?3)

2.405 - 30.983

38824

4989

0.0613
1.062
0.025(7)
4385

0.1459
0.0566

2.280; -1.210

2.394 - 2.430 -
2.606 - 30.609
30.629 40.283
35367 79496 138587
5058 3510 5860
0.0619 0.0506 0.0491
1.057 1.132 1.035
0.027(6) 0.001(3) /

4496 2711 4174
178 196
0.1013 0.0853 0.1225
0.0447 0.0325 0.0475
1.407;-0.731 1.380;-0.723  3.687; -0.647

Table A 2 The crystallographic data structure refinement for complexes 2-2, 2-3, 2-4.

Complexes 2-2 2-3 2-4
Formula NiC12H30CIN4BC24H20 NiC12H30CIN4PFg NiC12H30N4CICF3SO3
My, 643.77 469.51 473.61

Crystal size, mm3
Crystal system
Space group

>o

a,

b, A

>o

c

Cell volume, A3
;7
T, K

0.28x0.21x0.17

monoclinic
P2:/n
12.5673(3)
12.3077(3)
21.6480(6)
90
97.7550(10)
90

3317.77(15)
4;1
100(1)

0.15x0.11 x0.03
trigonal
R3-2
10.2529(5)
10.2529(5)
16.0206(9)
90
90
120

1458.49(16)
3;1/6
100(1)

0.23x0.23x0.14
orthorhombic
Pnma

16.1142(4)
10.3982(3)
12.2412(3)

90

90

90

2051.12(9)
4;1/2
100(1)
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Radiation type;
wavelength A

Fooo
1, mm™t
Orange, °

Reflection
collected

Reflections
unique

Rint
GOF
Flack parameter
Refl. obs. (I>25(/))
Parameters
wR; (all data)
R value (I>2c(/))

Largest diff. peak
and hole (e-.A3)

MoKa ; 0.71073

1376
0.697

1.908 - 35.916

117 566

15 606

0.0304
1.030
/

13 647
394
0.0713
0.0255

0.542;-0.321

MoKa ; 0.71073

732
1.276

2.623 - 32.566

13 273

1356

0.0499
1.087
0.059(8)
1305
69
0.0861
0.0335

0.490; -0.616

MoKa ; 0.71073

992
1.224
2.089 - 37.646

57 176

5651

0.0231
1.097
/
5193
190
0.0633
0.0239

0.806; -0.631

Table A 3 The crystallographic data structure refinement for complexes 2-5, 2-6, 2-7

Complexes 2-5 2-6 2-7
Formula NiC12H3oBrN4C|O4 NiClegoBrN4PF6 NiC12H30|N4|
M, 468.47 513.96 542.91

Crystal size, mm3
Crystal system

Space group

>o

a,

b,

>o

0.14 x0.13 x 0.06

cubic
P2,3
12.4541(7)
12.4541(7)
12.4541(7)
90
90
90

0.13x0.09 x0.03

trigonal
R3-2
10.3670(8)
10.3670(8)
15.9714(13)
90
90
120

0.24x0.20x0.13

cubic
P213
12.3830(3)
12.3830(3)
12.3830(3)
90
90
90
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Appendix | The Crystallographic data

Cell volume, A3 1931.7(3) 1486.6(3) 1898.79(14)
;7 4;1/3 3;1/6 4;1/3
T, K 100(1) 100(1) 100(1)

Radiation type ;
o MoKa ; 0.71073 MoKa ; 0.71073 MoKa ; 0.71073
wavelength A

Fooo 968 786 1056
Qw, mm™t 3.233 3.133 4.269
Orange, ° 2.313-32.522 2.602 - 33.709 2.326 -30.781
Reflection
73 560 25974 28 240
collected
Reflections
] 2 355 1516 1827
unique
Rint 0.0671 0.0596 0.0245
GOF 1.091 1.097 1.027
Flack parameter 0.033(4) 0.054(5) 0.000(8)
Refl. obs. (I>20(/)) 2185 1424 1797
Parameters 72 69 1318
wR; (all data) 0.0865 0.0490 0.0394
R value (I>20(/)) 0.0316 0.0205 0.0142

Largest diff. peak

o 1.078;-0.472 0.557;-0.446 0.522; -0.966
and hole (e-.A3)

1.2 The complexes based on ligand TTC

Table A 4 The crystallographic data structure refinement for complexes 3-1 and 3-2.

Compounds 3-1 3-2
C03Cs7Hs4N1553,3(Cl04),
Formula Co3C30He9N12S3, 3(ClO4) 2(CaHsN)
M, 1169.29 1602.58
Crystal size, mm3 0.12x0.11x0.03 0.29x0.16 x0.07
Crystal system hexagonal triclinic
Space group P-62c P-1
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Appendix | The Crystallographic data

o oo
e I DI

Cell volume, A3
;7
T, K

Radiation type ;
wavelength A

Fooo
i, mm™t
frange, °
Reflection collected
Reflections unique
Rint
GOF
Flack parameter
Refl. obs. (I>20(/))
Parameters
wR: (all data)
R value (I>20(/))

Largest diff. peak
and hole (e-.A3)

13.3628(8)
13.3628(8)
49.734(3)
90
90
120

7690.9(10)
6;2
100(1)

MoKa ; 0.71073

3654
1.291
2.146 - 30.543
198724
7951
0.0727
1.242
0.046(3)
7551
346
0.1509
0.0580

1.109;-0.811

12.5812(4)
13.7959(4)
21.1712(6)
73.5590(10)
84.140(2)
75.5840(10)

3411.46(18)
2;1
100(1)

MoKa ; 0.71073

1642
0.942
1.921-32.651
99306
23611
0.0483
1.038
/
17 393
940
0.1115
0.0438

1.033;-0.795

Table A 5 The crystallographic data structure refinement for complexes 3-3, 3-4.

Compounds 3-3 3-4
C31H76CIN15Ni304S3, 2(ClOa4), CasHosN21NisO6So,
Formula
1.5(CH40) ClOg, [+ solvent]
My 1277.78 1779.60
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Appendix | The Crystallographic data

Crystal size, mm?3 0.28x0.10x0.03 0.14x0.09 x 0.02

Crystal system monoclinic trigonal
Space group P21 P31c
a, A 15.1573(6) 13.6676(7)
b, A 23.8748(9) 13.6676(7)
c, A 15.1614(5) 24.7022(14)
a,° 90 90
,° 98.363(2) 90
v, ° 90 120
Cell volume, A3 5428.2(3) 3996.2(5)
;7 2;1 2;1/3
T, K 100(1) 100(1)

Radiation type ;
wavelength A

MoKa ; 0.71073

MoKa ; 0.71073

Fooo 2692 1872
K, mm™? 1.363 1.714
Orange, ° 1.358 - 30.565 1.908 - 30.548
Reflection
157 352 57 241
collected
Reflections
. 32 855 8073
unique
Rint 0.0627 0.0798
GOF 1.031 1.278
Flack parameter 0.023(4) 0.296(9)
Refl. obs. (1>26(/)) 26 459 7 269
Parameters 1281 190
wR: (all data) 0.1756 0.4970
R value (I>25(/)) 0.0651 0.1781
Largest diff. peak
1.748; -1.543 -3.244; 3.528

and hole (e-.A3)
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Appendix | The Crystallographic data

1.3 The complexes based on ligand HHTP

Table A 6 The crystallographic data structure refinement for complexes 4-1, 4-2, 4-3.

Compounds 4-1 4-2 4-3
Formula CooHioaNuoNicO1e Ci153H111B3N18NisOs  Cis3H111B3Co3N1s0s
7(CsHs0) 8(CsHs0)
M, 1733.86 2912.70 2971.50
Crystal size, mm? Oaififgx 0.10x0.09x0.03  0.08 x 0.07 x0.03
Crystal system trigonal triclinic triclinic
Space group R32 pP-1 P-1
a, A 18.443(2) 14.2552(18) 16.821(3)
b, A 18.443(2) 17.287(2) 17.771(3)
¢, A 22.759(3) 32.407(4) 26.730(4)
Q,° 90 94.408(4) 97.162(5)
° 90 101.051(4) 90.043(5)
v, ° 120 101.473(4) 105.344(4)
Cell volume, A3 6704.2(17) 7626.4(17) 7641(2)
;7 3;1/6 2;1 2;1
T, K 100(1) 100(1) 100(1)

Radiation type ;
wavelength A

Fooo
M, mm™
frange, °

Reflection
collected

Reflections
unique

Rint
GOF
Refl. obs. (I>2a(/))

MoKa ; 0.71073

3300
1.260
1.558 - 32.697

50978

5491

0.0335
1.100
5109

MoKa ; 0.71073

3046
0.399
2.156 - 30.951

217860

47603

0.3232
1.015
16901

MoKa ; 0.71073

3120
0.391
2.171-30.676

523133

47141

0.3751
0.917
17910
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Appendix | The Crystallographic data

Parameters
wR; (all data)
R value (I>20(/))

Largest diff. peak
and hole (e-.A3)

214 1856
0.1197 0.3390
0.0417 0.1390

1.032;-1.551 1.483;-1.003

1961
0.1400
0.0769

1.220;-1.064
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Résumé

Résumeé

L'objectif consistant a élaborer des «aimants par conception» peut étre atteint en
adaptant les structures moléculaires des complexes de coordination. Les molécules
concues devraient présenter les caractéristiques requises pour des applications
spécifiques, résultant virtuellement de leur riche diversité structurelle. Des complexes
mononucléaires a base de Ni avec une grande anisotropie magnétique, des molécules
polynucléaires a base de Ni et de Co pontés par un ligand innocent et un ligand non
innocent sont congus dans cette these. Les synthéses, les études magnétiques et les
propriétés électrochimiques des complexes contenant un ligand pont non innocent sont

examinées, couplées aux calculs théoriques sur certains de ces complexes.

Les complexes mononucléaires Ni(ll) a géométrie bipyramide trigonale ont été préparés
en ajustant les ligands axiaux et les contre-anions. Dans cette partie, nous avons introduit
le ligand Mestren pour préparer les complexes (Meestren = Tris(2-
(diméthylamino)éthyle)amine). L'effet de la nature des ligands axiaux et le changement
structurel induit par les contre-anions sur l'anisotropie magnétique ont été étudiés
expérimentalement et analysés a |'aide de calculs théoriques. Les résultats ont révélé que
la taille des contre-anions et la nature du tassement dans les cristaux affectaient la
symétrie locale des structures moléculaires. Dans le complexe [Ni(Mestren)Cl]Cl-2H20, les
molécules d’eau ont réduit sa symétrie locale, en comparaison avec le complexe
déshydraté [Ni (Mestren)CI]Cl a 100 K. Les études magnétiques et théorigques ont révélé
gue le Ni(ll) les complexes présentant une symétrie plus élevée de la structure moléculaire
possedent un parameétre ZFS axial plus grand, D (en absolu), et un parameétre transverse E.
plus faible. Pour les complexes avec d'autres ligands axiaux, les complexes avec Cl

possedent une anisotropie magnétique plus grande.

De grandes molécules organiques ont été utilisées pour concevoir des complexes
polynucléaires a grande anisotropie magnétique et a couplage d'échange faible. Plusieurs

complexes polynucléaires a base de Ni et de Co avec TTC? agissant en tant que ligand
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Résumé

pontant innocent et HHTP en tant que ligand non innocent typique ont été préparés et
cristallisés avec diverses structures moléculaires (TTC = Trithiocyanurate; HHTP =

Hexahydroxytriphényléne).

Pour les complexes pontés par un ligand innocent (TTC*), les couplages d'échange se sont
avérés tres faibles, comme prévu. Les calculs théoriques ont été effectués, mais il est
difficile de tirer des conclusions simples sur la corrélation entre les structures moléculaires

et les parametres ZFS axiaux.

Pour les complexes contenant le ligand non innocent (HHTP), un complexe hexanucléaire
Ni(ll) de structure bicouche et deux complexes trinucléaires a base de Ni et de Co ont été
synthétisés et la charge du pont HHTP dans ces complexes a été trouvée étre 3-, a I'état
d'oxydation de la tri-semiquinone. Dans le complexe hexanucléaire Ni, la structure
moléculaire montrait que les interactions faibles entre les deux couches rendaient le
complexe thermodynamiquement stable et les données magnétiques révélaient un tres
faible couplage d'échange antiferromagnétique au sein de l'espéce dimere et qu'il
n'existait pas d'électrons non-appariés dans le complexe. Dans le complexe trinucléaire
Ni(ll), des radicaux ont été produits et délocalisés dans le cycle aromatique, ce qui a pour
résultat qu'un plus grand caractere de semiquinone apparait prés d'un ion Ni(ll). La
combinaison de spectroscopie spectro-électrochimique et paramagnétique d'électrons
couplée a des études électrochimiques a permis d'étudier la délocalisation des électrons
sur les radicaux organiques générés et le couplage d'échange entre les ions métalliques.
Les pics d'onde réversibles par étapes observés dans les études électrochimiques ont
révélé que les processus de réduction étaient centrés sur le ligand, ce qui a été attesté par
ses spectres électroniques. Le complexe trinucléaire a base de Co présentait une structure
moléculaire et un comportement électrochimique similaires a ceux du complexe
trinucléaire Ni. Cependant, les propriétés magnétiques suggéraient probablement qu'un
processus d'oxydo-réduction avait lieu a basse température pendant la mesure. Davantage
de mesures devraient étre effectuées pour fournir des preuves de ce tautomérisme de

valence, le cas échéant.
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