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Résumé:

Ce travail de thése décrit (i) la synthése de complexes hétéromeétalliques d’ions
3d et 4f a partir de précuseurs de Mn, Fe et Co, de sels de lanthanides et de
ligands organiques et (ii) I'étude de leurs structures et propriétés. 41 complexes
polynucléaires ont été synthétisés dans le cadre de ce travail. Les structures
moléculaires de tous les composés ont été déterminées par diffraction des
rayons X. Les propriétés magnétiques de 22 complexes ont été étudiées, dont
quatre montrent une relaxation lente de leur aimantation considérée comme la
signature d’'un comportement de molécule-aimant. L'activité catalytique du
complexe {Mn,DyglLi,} calciné a aussi été étudiée et s'est avérée efficace pour
l'oxydation du monoxyde de carbone. L'étude systématique de complexes
isostructuraux de lanthanides a montré que lincorporation d’‘ions 4f peut
introduire de l'anisotropie magnétique et que I'ion Dy" est généralement le
meilleur candidat pour le ciblage de molécules-aimants hétérométalliques 3d- 4f.

Mots clés :
Aimants moléculaires

Single-Molecule Magnet

Effet tunnel quantique
Relaxation lente de I'aimantation

Abstract:

This dissertation describes the syntheses of 3d-4f-metal complexes starting from
preformed compounds of Mn, Fe and Co, lanthanide salts and organic ligands
and also the investigation of their structures and properties. 41 new polynuclear
heterometallic metal complexes were synthesised in the course of this work with
different interesting properties.

The structures of all obtained compounds have been confirmed using X-ray
diffraction. The magnetic properties of 22 complexes were studied, of which four
show frequency dependent out-of-phase signals as expected for SMMs. The
catalytic activity of calcinated {Mn,DygLi,} was investigated and proved effective
for the oxidation of CO.

It was established, that the use of precursors leads to new families of
compounds. Moreover the study of isostructural compounds across the
lanthanide series showed 1) that the incorporation of 4f ions introduces
magnetic anisotropy and 2) Dy"' is usually the best candidate for targeting 3d-4f-
SMMs.

Keywords:

- Single-Molecule Magnet

- Quantum tunnelling of magnetisation (QTM)
- 3d-4fcomplexes

Slow relaxation of magnetisation
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1 INTRODUCTION

1 Introduction

1.1 General introduction

Historically, magnetism is an effect recognised for thousands of years. A first
account is by the Greek Thales of Miletus (about 585 B.C.) who said loadstone (a
form of magnetite, Fe;O,) attracts iron. Later in the 11" century, this
phenomenon was used by the Chinese to create the floating compass
(Verschuur, 1993). In 1269 Petrus Peregrinus de Maricourt identified that
magnets have poles called North and South magnetic poles. He noted that
opposite poles attracted while similar magnetic poles repelled and that also
breaking a magnet was not destructive. Years later, in the 16th century, William
Gilbert created a new synthetic magnetic-iron that lost its magnetic force on
heating and regained upon cooling. In the 19" century, additional key
developments occurred and the understanding of the phenomenon of
magnetism was greatly influenced by pivotal contributions. Hans Christian
Oersted observed in 1819 that electricity affected magnets (Oersted 1820:
273ff). In 1823 Michael Faraday invented the electromagnet (Kloss, 1994), and
the use of magnets enabled the production of low-cost electricity with the help
of generators or transformators. Heinrich Rudolf Hertz clarified and expanded in
1885 the electromagnetic theory of light that had been put forward by Maxwell.
In 1907 the french physicist, Pierre-Ernest Weiss, developed the theory of
ferromagnetism based on the assumption that the interaction between magnetic
molecules could be described empirically considering an internal molecular field.
Niels Bohr identified in 1913 the underlying physics from which magnetism
results, i.e. the minute spin associated with an unpaired electron (Morrish,
1965).

In 1935, AEG put the first magnetic tape recorder on the market. The
development of magnetic information storage for computer technology started in
the 1930s with the magnetic drum memory machine invented by Gustav
Tauschek, which was used in a range of computers (Tauschek, 1933). Since
then, memory storage devices have become smaller and smaller, so that
nowadays ever larger amounts of information can be stored on hard disks, cash
cards or flash memories. The need for memory capacity is still growing
continuously, but the downsizing of the size of a bit represented by a certain
number of spin carriers has a lower physical limit (Wengenmayr 2002: 24ff), so
that new types of materials for the storing of information are required. One of
these new materials could be Single Molecule Magnets (SMMs). Since their
discovery in the 1990s, their synthesis and characterisation, the improvement of
their magnetic properties and their understanding has become the subject of
much research.

Conventional magnetic materials are prepared at high temperatures using
metallurgical methodologies. These materials are atom-based magnets which
means that their active spins are located in the atomic orbitals of the constituent
metal ions (Miller, 2000: 4392ff). These classical magnets are two- or three-
dimensional arrays of inorganic atoms, transition metals and/or lanthanide
metals, providing spin units (Pilawa, 1999: 191ff).
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Later on further development to design molecule-based magnets with bulk
magnetism led to a new field called Molecular Magnetism (Miller, 1994: 385ff).
These magnetic materials can no longer be synthesised in the metallurgical
manner because molecular magnets comprise purely organic and
organic/inorganic hybrid materials for which high temperature conditions usually
inhibit their formation. Thus they are prepared using conventional organic and
inorganic synthetic methodologies. Molecular magnetism has been promoted
mostly by the discovery of Single Molecule Magnet (SMM) behaviour first
reported in 1991 (Caneschi, 1991: 5B5873ff). It was discovered that the
[Mn,,0,,(0,CMe),s(H,0),] complex (Mn,,Ac) first synthesised in 1980 (Lis, 1980:
2042ff) exhibits slow relaxation of magnetisation of purely molecular origin at
low temperatures and thus represents a molecular approach to nanomagnets.
These molecules possess a spin ground state (S), where S = 2 and a uniaxial
magnetoanisotropy, D < 0. The combination of these properties can lead to an
energy barrier to the thermal relaxation of magnetisation. The magnetic
bistability arising from this energy barrier indicates potential applications for
these materials in information storage devices, whereby a single molecule could
act as the smallest possible unit of magnetic memory. They have many
important advantages over conventional nanoscale magnetic particles composed
of metal, metal alloys and metal oxides because of their uniform size, solubility
in organic solvents and readily alterable peripheral ligands. In order to obtain
new SMMs, polynuclear metal compounds which contain interacting metal
centres held together by bridging units, such as oxygen atoms derived from
oxides, hydroxide, alkoxide and carboxylates, have been synthesised. Extended
networks of magnetically coupled SMMs can lead to new magnetic behaviour
induced by the intrinsic properties of the magnetic units, such as the high-spin
state, the Ising-type anisotropy and quantum effects (Lecren, 2005: 1131 1ff).

1.2 Magnetic susceptibility

In electromagnetism the magnetic susceptibility is the degree of magnetisation
of a substance in response to an applied magnetic field. Magnetic
measurements can give information about the electronic structure and the
magnetic exchange interactions and stereochemistry of transition metal
complexes. This section should give an overview of how magnetic
measurements can be applied to this area of inorganic chemistry. For more
detailed information literature from (Carlin, 1986), (Mabbs, 1973), (O’'Connor,
1982), (Kahn, 1993) and (Kittel, 1953) are recommended.

1.3 Basic principles of magnetism

To understand the following sections on molecular magnetism, it is useful to
give a brief overview of the basic principles of magnetism. Broadly speaking,
substances can be classed as diamagnetic (containing no unpaired electrons) or
paramagnetic (with unpaired electrons). Diamagnetic substances are repelled by
an applied magnetic field, whereas paramagnetic materials are attracted into an
externally applied magnetic field.
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The magnetic susceptibility, y., is used to describe this behaviour of a
substance, in an applied magnetic field H:

oM
en= S0r (1.1)
M constitutes the additional magnetisation from the sample to the external
magnetic field H, where M is defined as the magnetic moment per unit volume.
Thus, the magnetic susceptibility characterises the interaction of a substance
with an external applied field (Gade, 1998: 307ff). In terms of a quantum
description, it is the interaction of the external applied field H, with the total
angular momenta of the occupied states.

The more commonly used molecular susceptibility, y.... is defined as

_ I\/Imol _ NA/-lr/-lz

Tmol =T T o 3T (1-2)
Generally y is the algebraic sum of two contributions:
x=x° + % (1.3)

where ¥° and y" represent the diamagnetic and paramagnetic susceptibilities,
respectively.

If a substance is paramagnetic, the magnetic field lines will be drawn into it,
reinforcing the field and M, is positive giving a positive value for the
susceptibility (y > 0). The opposite is found for diamagnetic substances and y <
0.

1.3.1 Diamagnetism

Diamagnetism is a fundamental property of matter which is always present,
even when it is masked by the often stronger paramagnetism. It is due to the
interaction of the magnetic field with the motion of electrons in their orbitals.

Diamagnetic susceptibility, °

, is usually independent of the temperature and the
strength of the applied field. When this is the only response, these substances
are composed of atoms which have no net magnetic moments because all the
orbitals are filled with electrons, which, as a result of the Pauli exclusion
principle, must have different spin directions. When a magnetic field is applied, a

negative magnetisation is produced and the susceptibility is negative.

1.3.2 Paramagnetism

Any atom, ion or molecule, which has one or more unpaired electrons, is
paramagnetic and thus possesses a net magnetic moment. On applying an
external field, it becomes energetically favourable for the individual magnetic
moments to align parallel to the external magnetic field, thereby reinforcing it.
Hence, these substances are attracted into a magnetic field resulting in positive
magnetisation and a positive value for the magnetic susceptibility.
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Paramagnetic substances do not retain any magnetisation in the absence of an
externally applied magnetic field, because thermal motion causes the spins to

become randomly oriented. Thus, the total

when the applied field is removed.

magnetisation will

become zero

Typical values for the susceptibility y are shown in Table 1:

Kind of magnetism

specific susceptibility
Xmol

temperature dependence

Diamagnetism -1-10° - -10"* cm3*-mol™’ none
Pauli-Paramagnetism 1-10®° - 102 cm3*mol™’ 1/T
Curie-Paramagnetism 1-10°-10" cm3*mol™’ 1/T or complex

Ferromagnetism 1102 -10° cm?®*-mol™’ complex
Antiferromagnetism 1107 - 1-10®° cm?*-mol™’ complex

Table 1: Typical ranges for y (Riedel, 2007: 243).

However, the diamagnetic effect is still present for all substances and the
measured data for any paramagnetic substance should be corrected to take
account of the diamagnetism.

1.3.3 Curie paramagnetism

The temperature dependence of the susceptibility of paramagnetic substances
was discovered by Pierre Curie in 1895 (Huheey, 2003: 534ff). He found that the
magnetic susceptibility is inversely proportional to the temperature, which can
be shown using the following example of an isolated S="2 spin.

E a A

—a— M=+l

SE=guH

N ¥ m=-Tp

H=0 H=+0
Scheme 1: Energy diagram of a spin, S = /2 system with and without a magnetic field

For one mole of S = 2 particles in zero field (H = 0) the two levels m =+ are
degenerate. If a magnetic field is applied, the two levels split into two
energetically different levels as shown in Scheme 1. The energy of each level is

then given by

E=m.gugH (1.4)

where mg is the spin quantum number, g the g-factor and ug the Bohr magneton.

Hence, the energies for the upper and lower levels are "2gugH and -2gugH,
respectively. The energy difference between the two levels is therefore AE=gugH,
which for g = 2 corresponds to approximately 1 cm™ at 1 Tesla field strength.
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The molar macroscopic moment of the electron is summed according to a
Boltzmann distribution (Carlin, 1986: 8f) which is given as follows:

M=N z#n Pn=N(M1/2P1/2+M_1/2P—1/2) (1 5)
n
Np o .
M =-MsOHg, Pn="0 with N=X,N, (1.8)
H
exp <1/2gyB —)
P,,= g Kig T = (1.7)
exp <1/2g/.1B m) +exp <-1/2g/.lB m)
exp(-“/zguBk_H—T)
P_1/2= H B H (1 8)
exp <1/zg/.1B m) +exp <-1/2g/JB m)
Substituting for P,, and P_,, one obtains the Brillouin function:
1 H 1 H
exp /2g,LlBﬁ — exp|- /2g/.18m
M="2Ngp, ﬁ' o (1.9)
o r) oo o)
exp < 2glg KgT exp |- /29U KgT
gugH
=1
M /2Ng,uBtanh<2kBT> (1.10)

. . gugH gugHY _ (gugHY.
For moderate fields and temperatures, with T «1, tanh(szT) = (2kBT)’ M thus

becomes:

gugH NgzuéH CH
=1 = == 1.11
M /2N9“8<2kBT> 4kgT T (1.11)

where C is the Curie constant specific to the given substance.

As the magnetic susceptibility is defined as y = % the susceptibility for an

isolated magnetic spin is as follows:

(1.12)

=0

X:

This equation is known as Curie’'s law.
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However, Curie’'s law can only be used for substances in which the
paramagnetic centres are isolated from each other by diamagnetic atoms, such
as free atoms and ions. In addition it is not valid at high fields and low
temperature.

In 1932 Van Vleck translated the temperature dependency of the paramagnetic
susceptibility into the language of quantum mechanics with the Van Vieck

formula:
M2 ©)
s, (§-2e ) oro (-
_ B (1.13)
X En©
Ynpexp <' KT )
where EE,O) is the energy of level n in zero field and ES) and E(,f’ are called first-

and second-order Zeemann coefficients, respectively (Kahn, 1993: 5ff).

1.3.4 Curie-Weiss paramagnetism

In some cases where paramagnetic atoms or ions interact, Curie's law is no
longer valid and the magnetic exchange between spin carriers needs to be
included in the model. As a result, in ferromagnets and antiferromagnets the
Curie-Weiss law is applicable, which is:

2 2 5
NB“g a<S(S+1) and 6= zJS(S+1) (1 14)

H .
I\/I—Cﬁ with C= e T

and the magnetic susceptibility becomes:

= c (1.15)
LNGE)) '
where 6 is the Weiss-constant ([6] = T). This equation is known as the Curie-

Weiss law.

If © > O, ferromagnetic effects predominate and if © < O, ferrimagnetic behaviour
or antiferromagnetic interactions predominate.

We define J as the total angular momentum, resulting from the coupling of L,
the orbital angular momentum with S, the spin angular momentum: J = L + S.
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The Curie constant C also includes the Landé g-factor:

012 N 2 +1 2
oo Nat? _ Nag™ W+ 1 (1.16)
3kg 3Kg

as it describes the relation between the magnetic moment u of a particle and its
total angular momentum.
J(J+1)+S(S+1)-L(L+1)

g=1+ 500+ 1) (1.17)

For isotropic systems and systems without spin-orbit coupling, g is
approximately 2. For systems with spin-orbit coupling the value for g can be
different, as these systems can show magnetic anisotropy. If so, one has to
consider a specific Spin-Hamiltonian, where g is a generalised g tensor.

Heff=UBB -‘g_)-S (118)
where h is the reduced Planck constant and B is defined as B = ygH.

Experimentally, the presence of magnetic anisotropy can be verified by plotting
the reduced magnetisation (M vs. H/T). In isotropic systems the isothermal lines
are superposed while in anisotropic systems the isothermal lines no longer
superpose.

Depending on the relative arrangement of the magnetic moments, substances
can be described as showing ferromagnetism, antiferromagnetism or
ferrimagnetism (Figure 1). In all three cases, spins are cooperatively coupled and
for ferro- and ferrimagnetic materials, a spontaneous magnetisation can arise
and the materials used in magnetic devices.

A\ X 24444 4‘*+*§§*§*+*
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Paramagnetism Ferromagnetism Antiferromagnetism Ferrimagnetism

Figure 1: Overview of possible spin arrangements
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1.3.5 Ferromagnetism

In ferromagnetic materials, within so-called “Weiss-domains” all spins are
aligned parallel, but the domains themselves are arranged in such a way that
they effectively cancel each other. Thus no overall magnetisation is observed
(Figure 2). These domains are separated by "Bloch-walls", which minimises the
total free energy of the system.

Figure 2: Weiss-domains with Bloch-walls

On applying an external magnetic field, providing it remains below the critical
temperature, the Curie temperature T, the Bloch-walls move in order to increase
the size of the domain with the magnetisation parallel to the applied field and
thus the material has all spins pointing in the direction of the external magnetic
field, at the saturation magnetisation. Above T., the thermal motion of the
particles increases sufficiently for the spin ordering to break down and the
magnetic moments show overall again in all directions and cancel each other
thus showing paramagnetic behaviour (Figure 3).

paramagnetic

Neel point Curie point

/

T (K)

Figure 3: The plot of magnetic susceptibility as a function of temperature for
paramagnetic, ferromagnetic and antiferromagnetic materials.
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Two different types of ferromagnets can be distinguished on the basis of their
hysteresis loops (Figure 4). Hard ferromagnets possess a broad loop and M is
large, when the applied field is reduced to zero. This makes them suitable for
use as permanent magnets. Soft ferromagnets, on the contrary, show a narrow
loop, so they are much more responsive to the change of the applied field.

This behaviour makes them suitable for the use in transformers, where a fast
response to rapidly oscillating fields is required (Shriver, 2006: 606).

-

M M

J H / H
Figure 4: Hysteresis loop of a hard (left) and a soft (right) ferromagnet with the
hysteresis measured using the same sweep rate.

1.3.6 Antiferromagnetism

In antiferromagnetic substances the spins are aligned antiparallel. The
temperature below which cooperative coupling operates is known as the Néel
temperature, Ty. From O K up to this temperature, the susceptibility increases
continuously since the increase in temperature facilitates the breakdown in the
antiparallel alignment of the moments in the external magnetic field and on
reaching this temperature the system becomes paramagnetic.

1/y

N\

N

Paramagnetic

6<0 6=0 0>0 T (K)

Figure 5: The plot of 1/y as a function of temperature for paramagnetic, ferromagnetic
and antiferromagnetic materials.
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1.3.8 Ferrimagnetism

Ferrimagnetism is a third type of collective magnetic behaviour (Figure 6). It
shows some similarities to both the previously described magnetic behaviours.
Ferrimagnetic substances are divided into Weiss-domains and show a magnetic
order below T like ferromagnetic substances. However, the alignments of the
moments are antiparallel. In contrast to antiferromagnetism, the different
magnitudes of the individual spin moments cancel incompletely, so that an
uncompensated magnetic moment remains and a spontaneous magnetisation is
observed. This magnetisation is therefore significantly weaker than in the case of
ferromagnetism.

A well-known example of a ferrimagnetic substance is magnetite (Fe;O,), which
was originally classified as a ferromagnet before L. Néel discovered the
phenomenon of ferrimagnetism (Néel, 1948: 137ff).

However, there are further possibilities for the spin alignment in addition to
those described here, e.g. spin frustration (Manson, 2000: 1135ff; Zheng, 2006:
165ff), spin canting (Riedel, 1975: 413ff; Morales, 1997: 5461ff) and helical spin
(Uchida, 2006: 359ff, Binz, 2006: 207202), and spin canting (weak
ferromagnetism) for which the cited literature can be consulted.

x|=

/Paramagnetic

xT

0 T T (K)

Figure 8: Magnetic characteristic of an ideal ferrimagnet (left) and the plot of ¥T as a
function of temperature for paramagnetic, ferromagnetic, antiferromagnetic
and ferrimagnetic materials (right).

1.3.9 Interaction types

In the following the microscopic causes of the spontaneous alignment of
magnetic moments in the magnetically ordered state should be discussed.
In contrary to diamagnetism or paramagnetism one needs a description of the
interaction between the magnetic moments is needed, as the formation of
magnetic order is a collective phenomenon.

Although the dipole-dipole-interaction plays an important role in the formation of
magnetic domains, the interaction energy is much too low and thus it is not
responsible for the formation of the magnetic order in a material. Also the spin-
orbit-interaction can be excluded as a significant reason. However, it is causing
an anisotropy of the magnetic interaction.

10
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A main reason for magnetic order is the exchange interaction. The exchange
interaction has a purely electrostatic origin and can only be explained with the
help of quantum mechanics. There are different types of exchange interactions:
direct and indirect interaction exchange.

1.3.9.1 Direct interaction exchange

Direct interaction exchange occurs between magnetic moments when the lattice
atoms are close enough that their wave functions can overlap sufficiently.
Indeed the coupling is strong, but decreases rapidly as the ions are separated.

If one imagines two atoms with one electron each, the electrons will localise
mainly between the nuclei, as the Coulomb interaction is then minimal.

As the electrons are then at the same place in space at the same time, the Pauli
exclusion principle dictates that both electrons will align in antiparallel
directions, therefore giving a negative exchange coupling resulting to
antiferromagnetic coupling.

If the nucleii are separated, the electrons will act correspondingly in order to
minimise the electron-electron repulsion. This leads to a parallel alignment of the
spins and so to a positive exchange interaction and thus ferromagnetic coupling.
The magnitude of direct exchange as a function of interatomic distance is
represented by the Bethe-Slater curve (Figure 7) (Slater, 1930: 509ff).
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Cr

Figure 7: Bethe-Slater curve

The direct interaction exchange is in contrary to the indirect interaction
exchange fairly short-ranging and thus the indirect interaction exchange is more
often realised. Examples for indirect interaction exchange are the
superexchange, the RKKY-exchange and the double-exchange.

11
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1.3.9.2 Superexchange

Superexchange is, in contrast to direct exchange, an indirect exchange since
spin-coupling is mediated via an extra atom (Figure 8).

Mn d,2 O p2 Mn d,2

Figure 8: super exchange using the example of MnO

In this case the spin of one metal atom (left Mn(ll)) couples with the electron
spin of the other metal atom (right Mn(ll)) through a third diamagnetic centre,
here an oxide ion. It is energetically favourable to have the electron spins of the
manganese atoms in this arrangement coupled antiparallel instead of parallel.
The more the orbitals overlap, the stronger this interaction becomes and the
higher the Néel temperature, which is e.g. 122K for MnO and 523K for NiO as a
result of the smaller ionic radius for nickel. In molecular complexes, the coupling
indeed often takes place through intervening ligands instead of a simple oxide
ion.

1.3.9.3 RKKY-exchange

The RKKY-exchange, named after M.A. Rudermann, C. Kittel, T. Kasuya and K.
Yosida, describes the indirect exchange between the magnetic moments of the
metal atoms. The coupling of the magnetic moments is hereby arranged by the
spin polarisation of the itinerant electrons in the metal. The RKKY exchange
coefficient j oscillates from positive to negative as the separation of the ion
changes, which means that, depending on the distance between the atoms in
the solid state the coupling is ferromagnetic or antiferromagnetic (Figure 9).

jA

RAEVA NI
VAR

Figure 9: Variation of the indirect exchange coupling constant, j, of a free electron gas
in the neighbourhood point magnetic moment at the origin r=0.
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In particular in the rare-earth metals, direct Heisenberg exchange interaction is
not possible, due to the evanescent overlap of the wave functions. This is
because the magnetic electrons in the 4f shell are shielded by the 5s and 5p
electrons, so that the magnetic order is takes place via the conduction electrons
(Rudermann, 1954: 99ff, Kasuya, 1956: 45ff; Yosida, 1957: 893ff).

1.3.9.4 Double-exchange

The semiconductor LaMnO; (perovskite type) containing the magnetically active
Mn'"' shows antiferromagnetic behaviour. However, La, A MnO;-phases, where
some of the La®*' ions are substituted by an alkaline earth metal ion A%*, show
electronic conductivity and ferromagnetic behaviour.

—r OB s
+| t, 02- ty

Mn3+ Mn4+

Figure 10: Double-exchange of the d-electron of Mn"

Here, Mn exists in two oxidation states (Mn" and Mn") and the electronic
conductivity is due to the electron transfer from the Mn" to the Mn' ion in
conjunction with an O% ion between the two Mn ions.

The mechanism of double-exchange (Figure 10) was first proposed in 1951 by
C. Zener (Zener, 1951: 403ff). In order to obey Hund’s rule the spin of the
electron transferred to the Mn'" ion must be the same as the spin of the electron
transferred to the O% ion and thus the behaviour is ferromagnetic.

13
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1.4 Single molecule magnets (SMMs)

A single molecule magnet (SMM) is a molecule that shows slow relaxation of
the magnetisation of purely molecular origin. It is a molecule that can be
magnetised. Below the blocking temperature it will remain magnetised for a
certain time (in the range of seconds up to several months) even after switching
off the external magnetic field (Sessoli, 2003: 278ff). This is a property of the
molecule itself. No interaction between the molecules is necessary for this
phenomenon to occur. This makes SMMs fundamentally different from
traditional bulk magnets. SMMs can be dissolved in a solvent or put in some
other matrix, like a polymer, and will still show this property. The prerequisites
for such a system are

- a high-spin ground state (S)
- a negative uniaxial zero-field splitting D (due to high magnetic anisotropy) and
- a negligible magnetic interaction between molecules.

The combination of these properties can lead to an energy barrier so that at low
enough temperatures the system can be trapped at the bottom of one of two
high-spin energy wells (Figure 12). The anisotropy leads to an energy barrier
which the spins must overcome when they switch from an “all up” alignment to
an “all down” alignment.

This barrier (U) is defined as

U =|D|S? (1.19)

where S is the dimensionless total spin state and D is the zero-field splitting
parameter in cm™ or K. The selection rule AMg = + 1 for an allowed spin
transition (Haken, 2006: 280ff), results in energy barrier U which separates the
two lowest energy levels of Mg = = S. A positive D value would result in the Mg
= O level being lowest in energy. This means that for a molecule to behave as an
SMM, it should have a negative D value. Theoretically the higher the barrier the
longer a material remains magnetised, and a high barrier is obtained when the
molecule contains many unpaired electrons and also when its zero-field splitting
value is large.

14
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An example is the {Mn,,-Ac} (Lis, 1980: 2042ff) cluster (Figure 11) which is
composed of a central {Mn",0,} cube surrounded by a ring of 8 Mn" ions
connected through bridging oxo ligands. The molecule has a spin state of 10
(involving 20 unpaired electrons) and D = -0.5 cm™ resulting in a barrier of 50
cm™ (Figure 12).
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Figure 12: Two potential diagram showing the relative positions of the zero-field split Mg
levels of an S; = 10 system and the energy barrier separating the Mg = +10
and the Mg = -10 states.

SMM behaviour is characterised by a hysteresis, which appears when
magnetisation is measured in a magnetic field sweep: on lowering the magnetic
field again after reaching the maximum magnetisation, the magnetisation
remains at high levels and it requires a reversed field to bring magnetisation
back to zero (Figure 13). It has been reported that the energy barrier U is
apparently dependent on {Mn,,-Ac} crystal size/morphology. In addition, it was
found that the magnetisation relaxation times vary as a function of particle size
and size distribution (Munto, 2006: 261 2ff).

15
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The series of steps, observed in Figure 13, are induced by resonant quantum
tunnelling (Sessoli, 1993: 141ff).
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-0.020 T T T T T T 1 1
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H(Oe)

Figure 13: The magnetic hysteresis loops of Mn,,-Ac are shown at the indicated
temperatures at a scan rate of 0.025 T/10 s (Thomas, 1996:145ff).

The effect of single molecule magnetism is readily probed through ac magnetic
susceptibility measurements, which provide a direct means of gauging the
relaxation rate. Here the magnetic susceptibility of a sample is measured using a
weak magnetic field that switches direction at a fixed frequency. If the effective
barrier to magnetisation relaxation is significant in comparison to the thermal
energy, then the measured susceptibility referred to as the in-phase (real
component (') of the ac susceptibility begins to diminish in comparison to the
out-of-phase signal (x"). Accordingly, the portion of the susceptibility that cannot
keep up with the switching field, the out-of-phase (imaginary component of the
ac susceptibility, y'') increases and thus the ration between the in-phase and
out-of-phase signal becomes bigger. When a magnetisation reversal barrier
exists, then y' and y" are also frequency-dependent. If the net magnetisation
relaxes fast enough to keep up with the oscillating ac field, then there is no
imaginary (out-of-phase) susceptibility (") and the real (in-phase) susceptibility
(x') is equal to the dc susceptibility (Figure 14).
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Figure 14: An example of ac susceptibility measurements as a function of temperature at
different frequencies, and as a function of frequency at different temperatures:
(a, c) in-phase and (b, d) out-of-phase signals of a Dy, compound (Abbas,
2010: 8067ff).

If just a single relaxation process is operational, then each plot of ¥' versus
frequency at different temperatures will display a peak at the temperature where
the switching of the magnetic field matches the relaxation rate, 1/1. Furthermore,
since 1/t this peak should shift to higher
temperatures when the switching frequency is increased. The relaxation time for
the magnetisation in a single molecule magnet can be thus expressed by the

increases with temperature,

Arrhenius relationship

u eff)

T = Toe(kBT (1.20)

where 1, is the pre-exponential factor and U, the effective energy barrier.
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A plot of In(t) versus 1/T should be linear, with the slope and intercept permitting
evaluation of U and 1, respectively (Figure 15).
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Figure 15: An example of 1 versus 1/T plot obtained from both temperature and
frequency dependent ac susceptibility measurements under zero dc field of a
Dy, compound (Abbas, 2010: 8067ff).

It has also been recognised that there can be additional influences on the SMM
behaviour such as quantum tunnelling (Sessoli, 1993: 141ff) or inter-complex
magnetic interactions (Wernsdorfer 2002: 416ff). Indeed at low enough
temperature, quantum tunnelling of the magnetisation can be experimentally
observed as it becomes faster than the thermally activated relaxation involving
U.s. When two Mg microstates on either side of the energy barrier have similar
energies, then there is an increased probability of quantum tunnelling of the
magnetisation (QTM). SMM complexes appear to be unique systems for
studying fundamental phenomenon such as quantum spin tunnelling. These
may find uses in future applications in molecular electronics such as quantum
computing. The quantum-mechanical approach is based on the Schrodinger
equation, a differential equation for the wave function W, which indicates where
a particle can be. This wave function is also in the "forbidden" region, e.g. within
or beyond a barrier, nowhere zero, but abate there exponentially with increasing
penetration depth. Even at the end of the forbidden area, its value is unequal
zero. Since the magnitude square of the wave function |W]? is interpreted as the
probability density for the position of a particle, there is a nonzero probability for
the particles to appear on the other side of the barrier.

The naming of tunnel effect reflects the fact that the particles cannot overcome
classical the barrier if the energy is not higher than the potential barrier. Thus
the effect can be rather seen as a "tunneling” through the barrier.

The interested reader is referred to literature such as (Leggett, 1987: 1ff), (Enz,
1986: 1765ff) or (Chudnovsky, 1988: 66 1ff).
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1.4.1 The role of the spin ground state for SMM’s

In many of the previously synthesised SMMs particular attention was paid to the
synthesis of clusters with as large a spin ground state as possible. This is easy
to comprehend, if one considers the equation to estimate the energy barrier in a
SMM:

AE o |D|-S? (1.21)

Thus, an increase of AE can be achieved by an increase of |D| and S. Ideally,
both factors, S and |D|, should be controlled, which in reality is synthetically
very difficult. Initially researchers concentrated first on controlling one
parameter. As spin S enters into Equation (1.21) as a squared contribution, the
increase of S held the promise of achieving an increase in AE more easily than
trying to control the parameter D and therefore it seemed to be logical to focus
on S to obtain new SMMs with larger energy barriers and, as a consequence of
this, also longer relaxation times. Therefore the most promising way forward in
the early days of SMM research seemed simply to try to increase S in order to
improve the SMM behaviour. Successful attempts to increase S are described in
numerous publications. In 2004 Murugesu et. al. could synthesise a Mnys-
cluster with a total spin of 51/2 (Murugesu, 2004: 4766f) and two years later
Ako et. al. obtained a Mn,g-cluster with a total spin of 83/2 (Ako, 2006: 4926ff),
which is still the compound with the largest spin ever. In contrast to the Mn.g,
where some of the spin moments are arranged antiparallel and cancel each
other, all spins in the Mn,y molecule are aligned parallel leading to the maximum
possible spin ground state of S=83/2. Thus, the synthesis of molecules, where
the spin moments within the molecule are arranged completely parallel remains
a major objective and challenge of SMM research. Since there is a parallel
arrangement of spins in the case of Mn,, a significant improvement in SMM
behaviour in terms of operating temperature might be expected for this
molecule. However, magnetic measurements showed that despite the large spin
ground state the Mn,4, molecule does not show SMM behaviour, since D is close
to zero and slightly positive (Ako, 2006: 4926ff). Hence, an energy barrier which
prevents the rapid relaxation of the spins does not exist and thus the idea that a
high S value will give access automatically to interesting SMM behaviour is an
oversimplification. Based on these findings, a detailed theoretical study of the
relationships between AE, |[D| and S was needed and led to calculations that
show that in many cases it is found that the anisotropy barrier does not increase
with S as S? but as S° in equation (1.21) (Waldmann, 2007: 10035ff; Ruiz, 2008:
52ff). This and successful improvements of SMM behaviour by focussing on
parameter |D| (Yang, 2007: 456f; Ishikawa, 2005: 2931ff; Milios, 2007: 2754f)
led in fact to the thought that the focus should be put on the anisotropy. One
example is the Mn,;Dy cluster (Ako, 2009: 544ff) in which the central
manganese ion of the Mn,gs cluster is substituted with a dysprosium ion.
Although this reduces the spin ground state, Mn,sDy shows SMM behaviour
resulting from the anisotropy of the dysprosium ion.
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Finally it is important to mention, that neither the first simplification for S nor the
new calculations are universally valid. Which correlation is finally found to exist
between AE and S must be investigated theoretically for each particular case, but
it seems to be proven, that a complex requires both large S and |D| values to
show SMM behaviour and the larger these values are, the higher will be the
temperature, where this behaviour can be observed.

1.4.2 Synthetic approaches for isolating polynuclear complexes

Several synthetic routes are being pursued to construct new magnetic materials
that, ideally, satisfy the criteria for SMMs. It is difficult to achieve a rational
synthesis of a high-spin species from simple reagents, and even then there is
the danger that the anisotropy will be too low to either give an SMM, or to give
one with a reasonable barrier (Murugesu, 2004: 4766f, Stamatatos, 2006:
4134ff, Ako, 2006: 4926ff). An alternative approach to new high-spin molecules
is to start with a preformed molecule, which already provide a certain nuclearity
and spin ground state, respectively, and then perturb it in some way, without
major structural change, in order to modify the constituent exchange parameters
and possibly alter the ground state to a larger value rather than a smaller one.
An early synthetic success using this approach was the formation of an
undecanuclear iron complex made by Lippard et al. (Gorun, 1987: 3337ff).

Among the various Mn'"' sources which have been explored in the past are
{Mn,;0}**"* and {Mn",0,}**. They have provided useful routes to a variety of
higher nuclearity complexes (Mishra, 2005: 54ff; Mishra, 2008: 1940ff).
However, there are only a few examples where [MngO,(piv),o(pPY).s] has been
used as a source for new manganese clusters (Mereacre, 2010: 4918ff). The
tridentate chelating ligands which have been used have been fairly flexible ones,
such as deprotonated N-butyldiethanolamine (N-n-bdeaH,), allowing the
alkoxide arms to bind and bridge with little structural restriction, thus giving a
variety of products (Heroux, 2009: 354 1ff; Akhtar, 2009: 3502ff).

The second strategy can be termed as self- or serendipitous assembly. A
prerequisite for the successful application of self-assembly is to take into
account the impossibility of fully understanding the influence of all factors
involved in a reaction on the resulting product (Galloway, 2008: 7438). Therefore
a wide range of conditions for any specific reaction is explored. The substitution
pattern of the ligand or ligands, the metal salt, the metal:ligand ratio, the
crystallisation solvent, the solution concentration and the crystallisation
temperature may all play a role in the formation of a complex. Although this
synthetic approach produces unpredictable results, minor variations in the
ligands may influence the structure and solubility. The use of mixtures of organic
ligands can, for example, form complexes of higher nuclearities (Scott, 2005:
6540ff). Another approach is to use co-ligands having carboxylate or hydroxyl
groups to construct large polynuclear clusters. The functional groups can
coordinate to more than one metal centre. In order to have N-donor and O-donor
atoms, several co-ligands such as pivalic acid or other carboxylic acids and azide
were used along with the N-n-butyldiethanolamine (n-bdeaH.,) ligand.
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Varying the co-ligand by increasing the number of donor groups might lead to
the incorporation of more metal centres. When alcohol-based solvents (ROH or
H,O) are employed, solvolysis reactions can occur, forming hydroxyl, alkoxy or
oxo bridges. Heterometallic complexes can be obtained by using two types of
metal ions along with co-ligands. The presence of two different metal centres
can give rise to interesting magnetic properties and can allow further
investigations of the exchange interaction between two different metal ions. This
can involve using two different transition metals or a combination of transition
and lanthanide metal ions. The lanthanides behave as hard acids preferring O-
rather than N-donors, while transition metal ions have the tendency to
coordinate to N-donors as well as O-donors. Consequently, a typical approach to
construct 3d-4f complexes is by self-assembly of different metal ions with
ligands containing both, O- and N-donors. This need is fulfilled with the use of
derivatives of diethanolamine ligands and hydroxymethyl- and
hydroxyethylpyridine, respectively.

Furthermore, it seems, that the environment of the lanthanide ion is of
extraordinary importance. Basically, the ground state of a lanthanide ion (e.g. “Fg
for Tb") is made up of a series of sublevels |J, J,>, with J, = =J, £(J-1), ... O,
e.g. |6, J,>, with J, = 6, =5, ... O for the 'Fgs ground state of Tb". These
sublevels split in a ligand field.

For uniaxial anisotropy, the levels with the highest |J,| (i.e. +6 for Tb") are
needed to be the most stable, i.e. lowest in energy (Kajiwara, 2011: 196ff).

For Tb", Dy" and to a lesser extent also Ho'", these sublevels have an oblate
profile, while for Er'" it is prolate. To minimise the destabilisation of these from
the negatively-charged ligand field, the ligand field needs to have the opposite
geometry so that concentrations of electron density in the ligand field are kept as
far away from the electron distribution in the sublevel.

Therefore for Tb", Dy" and Ho" to show uniaxial anisotropy, a ligand field is
needed which is prolate or predominantly axial in nature, with the harder more
negatively charged ligand atoms concentrated on opposite sides of the ion. This
is why the (Phth),Tb and (Phth),Dy sandwiches, with the coordinating atoms
forming an axially-extended square antiprism, work so well as Single-lon
Magnets, for example.

By contrast, Er'" requires an oblate ligand field in order to have axial anisotropy.

So for an Er'"-based SMM a ligand geometry with harder atoms concentrated in

a “belt” or equatorial plane around the Er'" ion is needed.
It seems as if one is better at generating lanthanide complexes in which the Ln"
ion has an axial/prolate ligand field, which is why usually the Dy and Tb
analogues are found to show the most favourable magnetic behaviour and thus

represent the most interesting SMMs, with Ho" "

is being worse and Er" being
even useless! Therefore, if a Dy compound is not showing SMM behaviour, it is
worth to look at the Er analogue, rather than assuming that this will be even

worse.
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1.5 Introduction to manganese chemistry

Manganese is quite common on earth with about the same relative
abundance as carbon. Major sources of the metal are Braunstein (MnO,) in the
form of e.g. Pyrolusite (MnO, ), Braunit (Mn,0O;) which is isostructural to a-
Fe,O; and the corresponding hydroxide Manganite (MnO(OH)), Hausmannite
(Mn;0O,) and the carbonate Rhodochrosite (MINnCO,).

Manganese lies at the top of group 7 in the periodic table and occurs mainly in
the oxidation states +2, +3, +4 and +7, but several oxidation states from -3 to
+7 are known. The most stable oxidation state is +2, as the d-shell is then half-
filled. The electronic configuration of Mn° is [Ar] 4s23d°.

Mn'" mostly adopts the coordination numbers 5, 6 or 7 and rarely even 8 (Ako,
2006: 5048ff), while Min"' is most commonly penta and hexa-coordinate. Mn' is
quite resistant towards oxidation and reduction due to the half-filled d-orbital set
mentioned above. For the high spin configuration there is no crystal field
stabilisation energy (CFSE). Mn" forms mostly high-spin complexes. Only very
strong-field ligands like CN or CNR lead to low-spin complexes (Wiberg, 2007).

Mn" has four d-electrons and tends to favour the high-spin configuration (Figure

16). In this case the fourth electron can fill the d,2_,2» or the degenerate d,2 orbital

-y
which causes the so called Jahn-Teller distortion that is often observed for Mn"
(Jahn, 1937: 220ff). The Jahn-Teller effect describes the geometrical distortion
of non-linear molecules, which have an electronically degenerate ground-state.
The molecule or ion will distort to remove the degeneracy and thus to prevent
the instability. The effect of the Jahn-Teller distortion is particularly obvious in
systems with d* high-spin configuration (Mn"), d’ low-spin configuration (Co'")
and d®° configuration (Cu") octahedral complexes, respectively.

A dxz_yz
E p—
€g
d,
. dxy
t29 dxz dyz

high spin Jahn-Teller effect

Figure 16: d* high-spin Mn'" configuration leading to Jahn-Teller distortion
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1.6 Introduction to iron chemistry

Iron is one of the essential elements necessary for living organisms and it is
found in the earth’s core as an abundant transition metal in different types of ore
in sufficient quantity to be converted into iron metal. Iron is widely distributed in
the earth’s crystals rocks as oxide and oxohydroxide minerals such as hematite
(Fe,0;), the mixture of hydrated Fe" oxide-hydroxide of varying composition,
limonite (FeO(OH)-nH,0), magnetite (FeO-Fe,0,), goethite (FeO(OH)),
lepidocrocite (y-FeO(OH)), akaganeite (B-Fe(O,OH,Cl) and also as the carbonate
siderite (FeCO;). Also sulphur containing minerals occur in form of e.g. pyrite
(FeS,) and a-metavoltine (Jambor, 1998: 2549ff). The importance of iron in
environmental, geological, industrial and biological fields makes the
understanding of iron chemistry of great significance.

One of the most characteristic features of Fe'" chemistry is its hydrolysis to form
rust (Fe(OH);, which is also formed as the result of an electrochemical oxidation
process on the metal in the presence of water, an electrolyte and oxygen (De Sa,
1991: 55). Iron lies at the top of Group 8 in the periodic table and occurs mainly
in the oxidation states +2 and +3. Fe"' has the electronic configuration
[Ar]3d®4s° and its compounds are usually high-spin d® unless a strong field
ligand is present and the d orbitals are wvell-separated to give a low spin
configuration, as it is the case in [Fe(CN)¢]*> (Cotton, 1972: 185ff).

Most Fe'"' complexes are octahedral but are nearly always distorted from ideal
octahedral geometry. The two possible arrangements of the five d-orbitals for
the octahedral case are shown below (Figure 17).

t29 t2g

low spin high spin

Figure 17: Two possible arrangements of five electrons in octahedral environment

1.7 Introduction to cobalt chemistry

Cobalt is an essential metal for the human body to form e.g. vitamin B,, and
naturally it is mostly found in form of different cobalt ores like Smaltite (CoAs,_;),
Cobaltite (CoAsS) and Linnaeite (Co;S,).

Cobalt occurs in oxidation states from -1 to +5, but the main oxidation states are
+2 and +3. Co" is mostly tetra, penta- or hexa-coordinate, while Co" is almost
exclusively hexa-coordinate. Normally Co" forms octahedral low-spin complexes
with tgg configuration and with no unpaired electrons, so diamagnetic

behaviour.
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The contrary is true for Co", where the low-spin configuration is an exception
and only very strong donors like cyano ligands will give low-spin complexes, e.g.
paramagnetic [Co(CN)g]* (Wiberg, 2007). However, there are also spin-crossover
complexes known, where Co'" is switching under certain conditions between
high-spin and low-spin configuration (Brooker, 2002: 2080ff; Faus, 1994:
5535ff).

Because of the paramagnetic characteristics of Co', it is magnetically much more
interesting than Co" as it provides three unpaired electrons, no matter if

tetrahedral or octahedral high-spin complexes are formed.

1.8 Introduction to rare-earth metal chemistry

The lanthanides (Ln) are unusual in that they are all found together in natural
ores. The most common ores are Bastnasite (LnCOsF) and Monazite (LnPQO,). In
both ores, two general observations can be made about relative abundance. The
abundance of the even atomic-numbered elements is about ten times greater
than the odd atomic-numbered elements (Harkins rule) and the abundance
decreases with increasing atomic number, odd or even. The rare-earth metals
are all electropositive with a remarkable uniformity of chemical properties.
Frequently the only significant difference between two lanthanides is their size.
The ability to choose a rare-earth metal of a particular size often leads to the
possibility to “tune” the properties of their compounds. The elements favour the
oxidation state +3 with a uniformity that is unprecedented in the periodic table.
Other properties vary significantly e.g. the radii of the Ln®* ions contract steadily
from 116 pm for La®** to 98 pm for Lu®*. The decrease in ionic radius is attributed
in part to the increase in Z, as electrons are added to the 4f subshell, but
detailed calculations indicate that subtle relativistic effects also make a
significant contribution. A Ln®' ion is a hard Lewis acid, as indicated by its
preference for F- and oxygen- containing ligands and its occurrence with PO,* in
minerals as mentioned above. The relatively large Ln®" ions can have high
coordination numbers and a variety of coordination environments in the solid
state which are also observed in solution. The spatially shielded f electrons have
no significant stereochemical influence and consequently ligands adopt positions
that minimise the ligand-ligand repulsions. The study of the coordination
chemistry of lanthanide elements is a rapidly growing area of interest because of
the potential applications of their complexes as magnetic resonance imaging
(MRI) contrast agents (Aime, 1998: 19ff), as catalysts in organic synthesis (Bao,
2007: 2333ff), as molecular magnetic materials (Ishikawa, 2005: 3650f), as
luminescent species (Liu, 2004: 2280f) and as single molecule magnets (Tang,
2006: 1729ff). In comparison to the advances in the synthesis and study of the
magnetic properties of polynuclear complexes of the d-block metals (Stamatatos,
2010; Tasiopoulos, 2004: 2117ff;, Abu-Nawwas, 2008: 198ff) rather little
attention has been dedicated to exploring the systematic synthesis and study of
the magnetic properties of 4f (Thiakou, 2006: 2869ff; Eliseeva, 2006: 4809ff;
John, 2005: 4486ff) and 3d-4f-metal complexes (Mereacre, 2010: 5293ff; Xiang,
2010: 4737ff;, Baskar, 2010: 4747ff).
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In the lanthanide series, the inner 4f electron shell is filled from lanthanum to
lutetium. Lanthanides have the advantages that they can have a large number of
unpaired f-electrons and considerable single-ion anisotropy. The origin of SMM
behaviour in lanthanide containing compounds is, however, more complicated
than that of most d-block transition metal ions since there is likely to be a
significant orbital component. The effect of spin-orbit coupling increases as the
atomic number increases, with the exception of the 4f’ configuration of
gadolinium, which has no first order angular momentum. As a result it is useful
to synthesise Gd" analogues of Ln"' complexes in order to interpret the magnetic
properties. However, this is only possible, if the system is not too complicate.
The limited magnetic investigations have focussed on Gd(lII)-Gd(lll) coupling
because of the relative simplicity as compared to the rest of the Ln" ions where
both orbital and crystal field effects have to be considered in the interpretation of
results. In general, the complexity of lanthanide systems is based on the
characteristics of the magnetic centres and the type of structural links between
them. The magnetic interactions between paramagnetic centres can take place
not only through single atoms but also through multi-atomic bridges such as
those provided by carboxylato and other O-C-O ligands. The latter have been
proved to be effective for the transmission of magnetic information through a
variety of bridging conformations e.g. bidentate or tridentate bridging. Usually,
when the lanthanide centres are functionalised with these kinds of ligands the
resulting structural motifs are complicated. However they present potentially
interesting magnetic properties (Yi, 1998: 2243ff). According to the literature,
weak ferromagnetic (Baggio, 2005: 8979ff;, Costes, 2002: 323ff) or weak
antiferromagnetic (Rohde, 2003: 2069ff; Lam, 2003: 149ff) interactions can be
found in pure polynuclear Ln" clusters and 3d-4fcompounds (Wang, 2010:
7276ff;, Zhao, 2010: 4911ff), respectively (3d-metal=Mn, Co). High-nuclearity
clusters of paramagnetic metal ions are of the interest in view of the fact that
they can exhibit SMIM phenomenon (Aubin 1996: 7746ff).

1.9 Introduction to 3d-4f complexes

Using a lanthanide element in permanent magnets is hardly a new concept. The
first work in this area was published in 1935, when Urbaine, et al. reported that
gadolinium is ferromagnetic (Urbain, 1935: 2132). Some of the lanthanides have
record magnetic moments, but unfortunately their Curie temperatures lie far
below room temperature. In the 1940’s, scientists and engineers had access to
reasonable quantities of high purity lanthanide elements and have systematically
studied the many unique properties, not just magnetic, of these elements and
their alloys. The magnetic properties of the binary lanthanide-iron alloy
compounds, including Nd-Fe, were examined at about the same time as the
lanthanide-cobalt systems in the 1960's and early 1970's. However, all the
binary lanthanide-iron alloys have at least one of the following problems, making
them unsuitable as permanent magnets:
1. A Curie temperature near or below room temperature,
2. Unfavourable anisotropy, usually an easy cone or an easy plane and
3. Antiferromagnetic coupling between the lanthanide and the iron magnetic
moments, resulting in low saturation magnetisation.
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However, it should be noted, that in the case of lanthanide ions, spin-orbit
coupling also plays a role, making it difficult to estimate the real
antiferromagnetic interaction due to the lack of a model for the anisotropy.
Lanthanide ions have radii that vary between 116 and 98 pm. By comparison,
high spin Fe®*' has an ionic radius of 65 pm. Thus the volume occupied by a Ln®*
ion is typically five to ten times greater than that occupied by a 3d-metal ion.
Unlike the 3d-metal atoms, which rarely exceed a coordination number of 6,
compounds of lanthanide ions often have high coordination numbers and a wide
variety of coordination environments. In contrast to lanthanide-transition metal
alloys, SMMs, which are molecular superparamagnets, derive their properties
from the combination of a large ground state spin value S respectively J for
lanthanide ions and a large and negative magnetoanisotropy (negative zero-field
splitting parameter, D). In the case of mixed metal 3d-4f systems, the presence
of lanthanide ions provides for some of the lanthanide ions both, large spin and
considerable magnetic anisotropy. As reflected in the large D values, these
systems could generate SMMs with properties significantly different from those
of pure transition metal SMMs (Zaleski, 2004: 3912ff;, Mori, 2005:2588ff). This
combination results in a significant energy barrier to magnetisation reversal and
hence slow relaxation of the magnetisation is observed at low temperatures. The
latter can either be detected as frequency-dependent signals in ac susceptibility
measurements or as hysteresis in magnetisation versus applied dc field sweeps
(Scheurer, 2010: 4784ff). There are now many homometallic SMMs, most of
them manganese or iron species (Saalfrank, 2001: 2765ff) and new approaches
aimed at producing heterometallic species have been more recently explored as
a route to distinctly different properties. As a result of such work, some mixed
transition metal/lanthanide SMMs have recently been reported (Mereacre, 2008:
3577ff, Chen, 2009: 808ff; Schray, 2010: 5185ff). However, a goal of this
research is to understand the chemistry of such 3d-4f-systems and to elucidate
their magnetochemistry. Therefore it is necessary to study new compounds
comprising mixed 3d-4f clusters. The exploration of new 3d-4f compounds with
manganese, iron and cobalt as transition metals hence seemed timely.
Nevertheless, the inherent anisotropy of most lanthanide ions and the difficulty
in analysing the magnetic properties of 3d-4f couples makes the description of
their magnetic properties challenging. This often makes identifying the origin of
the SMM behaviour in such compounds more complicated than is the case for
coordination clusters based solely on 3d metal ions. However, the use of
lanthanide ions is appealing since there is the possibility of combining large spin
states with the highly anisotropic nature of most of the single ions. Furthermore,
the systematic study of a family 3d-4f compounds can lead to insights regarding
the contributions to the overall magnetic behaviour provided by a given
lanthanide ion. For example, the Tb" ion is a source of six electrons and
significant anisotropy. Replacement of Tb'" with Gd" can add an additional
electron, but largely switch off the Ln"' spin-orbit coupling effects and
anisotropy. Introducing diamagnetic rare earths such as La" ,Y" or LuU" can
switch off the contribution from unpaired f-electrons altogether. However, a
fundamental problem in much of the work reported on 3d-4f systems is the lack
of systematic magnetic studies on a family of isostructural aggregates in which
the 4fion is varied across the series.
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Such an investigation could help provide answers to questions concerning, for
example, the relative contributions of the 3d- and 4f ions to the magnetic
properties of the molecule. It should also be possible to estimate how significant
the interactions between the 3d- and 4f ions are or, indeed, whether these
contributions to the overall magnetic behaviour are largely independent. It
should also be possible to discover the rules to help choose the best lanthanide
to optimize the magnetic properties of a cluster. Thus, to fulfil this concept a
number of compounds will be presented within this thesis with isostructural
families running across the lanthanide series in a large range in order to address
these issues.

1.10 Ligand selection

All ligands used in this thesis provide mixed oxygen (O) and nitrogen (N) donor
sets and are potentially multidentate.

N-n-butyldiethanolamine (n-bdeaH,) has been reported in reaction systems with
3d transition metal elements, such as manganese (Ako, 2006: 2579ff;
Malaestean, 2010: 1990ff), iron (Ako, 2007: 756ff), cobalt (Scheurer, 2010:
4784ff) and copper (Gruenwald, 2009: 2109ff), but the intersection of 3d
transition metal elements and lanthanides is a burgeoning field of chemical
research requiring more attention. As a result, the n-bdeaH, ligand was selected
in order to explore the range of accessible 3d-4f mixed metal complexes and
correlate their structures and properties. Coordination complexes containing the
n-bdeaH, ligand along with different co-ligands (e.g. pivalic acid) will be
presented in the forthcoming chapters.
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In the following figure, all the known coordination modes of this ligand are
depicted and it is obvious that n-bdeaH, is a very useful means to build high-
nuclearity clusters as a result of the manifold bridging modes available (Figure
18).
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Figure 18: Some reported coordination modes of ligand n-bdeaH, (mode | (Foguet-Albiol,
2005: 4282ff), mode Il (Biswas, 2007: 1059ff), mode Ill (Le Bris, 2007: 80ff),
mode IV (Saalfrank, 2005: 1149ff), mode V (Lermontova, 2006: 5710), mode VI
(Foguet-Albiol, 2005: 897ff), mode VII (Mishra, 2007: 602), mode VIl (Mishra,
2007: 602), mode IX (Zhang, 2005: 1185ff), mode X (Le Bris, 2007: 80ff))

2-Hydroxymethylpyridine (hmpH) was the second ligand used in this thesis.
hmpH can be regarded as a derivative of nbdaH,, but with only one alcohol arm
and also a more rigid system as a result of the presence of the pyridine ring. In
this case, the flexibility of n-bdeaH, is restricted and the number of reported
heterometallic structures with hmpH as ligand is limited (Taguchi, 2010: 199ff;
Stamatatos, 2008: 5006ff). In particular in the field of heterometallic 3d-4f metal
complexes, the number of publications with hmpH as ligand is small and the
subsequent work reported here shows, that the potential of this ligand seems
not to have been fully exploited.
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As a consequence of the more restricted flexibility of hmpH, the number of
coordination modes known so far is much lower than in the case of
diethanolamine derivatives (Figure 19).
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Figure 19: Coordination modes of ligand hmpH (Efthymiou, 2009: 3373ff; Stamatatos,
2009: 3308ff)

Moreover, the use of a derivative of hmpH with a longer alcohol arm, 2-
Hydroxyethylpyridine, was explored but it was not possible to obtain any new
and not already published results with this. However, with the this ligand, the
possibility of synthesising many unknown complexes containing 3d-4f metals
seems to be reasonable and could be fruitful for further study since, the more
flexible arm should lead to more variety in the form and properties of the
resulting metal complexes.

1.11 Co-ligand selection

After the discovery of the SMM phenomenon, various synthetic techniques were
applied in order to synthesise compounds that would exhibit this behaviour. One
of these techniques demands careful selection of a metal / ligand / co-ligand
system, in which the co-ligand is a useful tool to construct high-nuclearity
complexes. Carboxylate moieties are one of the most studied multibridging
groups in inorganic chemistry. They can undergo self-assembly complexation
reactions with metal ions to produce polynuclear metal compounds in which
they can assume various coordination modes and can bridge many metal
centres. Therefore pivalates of different transition metals have been used to
provide this carboxylic acid as co-ligand to obtain novel 3d-4f metal aggregates.
Polynuclear metal carboxylates are good candidates for the investigation of
magnetic exchange coupling interactions between neighbouring metal ions.
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Common coordination modes for carboxylate groups are illustrated below
(Figure 20).
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Figure 20: Common coordination modes of the carboxylate group.

1.12 Precursors as starting materials

In the following section the used polynuclear precursor compounds should be
introduced. As described, there are different ways to obtain polynuclear
compounds. One synthetic route to such compounds is alcoholysis of a
preformed small nuclearity cluster, such as those described below. This type of
reaction has several precedents in the literature (Mereacre, 2007: 9248f;
Parsons, 1996: 1825ff; Ammala, 2000: 1688ff) and it has often led to the
aggregation of small units into larger clusters.

1.12.1 [Mn";Mn",0,(0,CCMe;)5(pY)..5]'(HO.CCMes) 5] (1)

D
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Figure 21: Molecular structure of [MNngO,(piv) o(PY)2.s]

Among the various Mn'"' sources which have been explored in the past are
{Mn3o}6+/7+ and {I\/In”'402}8+.
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They have proved useful in developing routes to a variety of higher nuclearity
complexes (Mishra, 2005: 54ff; Mishra, 2008: 1940ff). However, there are only
very few examples where [MngO,(piv).o(pY).s] (Figure 21) was used as a source
for manganese (Mereacre, 2010: 4918ff; Mereacre, 2008: 3577ff; Mereacre,
2010: 5293ff) and it thus seemed to be worthwhile to explore the use of this as
a promising precursor for accessing new and interesting metal complexes.

The cluster consists of a {Mn",Mn",0,}'°* core and peripheral ligation is
provided by ten pivalates and two pyridines. The metal ions form two
tetranuclear units, which share a common edge, corresponding to the pair of
Mn'"" ions situated between the two sets of Min" ions.

1.12.2 [Mn"sMn",0,,(CH;C0OO0),,(CHCI,CO0),]-4H,0 (3)
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LY
Figure 22: Molecular structure of Mn,,-DCA

The use of Mn,, as starting material has not been reported in the literature. Up
to now, only the attachment of Mn,, aggregates on to gold surfaces has been
studied (Otero, 2009: 10107ff; Gémez-Segura, 2007: 3699ff; Gatteschi, 2008:
1701ff). In addition, several papers report on changing the ligation of this well-
known complex. Since the solubility of Mn,;,DCA is higher in organic solvents
like acetone or methanol, this makes Mn,,DCA accessible for other reactants.
Moreover, it was shown, that Mn,, with 16 DCA ligands exhibits SMM-
behaviour (Soler, 2003: 1777ff) and recent studies on 3 also show SMM
behaviour for this compound. Further investigations are currently done to fully
examine the properties of this compound.

Given that these properties remain in new compositions starting from this
compound, the idea to build up larger aggregates was explored. From previous
work, it seemed useful to explore incorporating lanthanide ions into the
fragments of the {Mn,,} precursor to improve the SMM-behaviour by increasing
the anisotropy and the nuclearity of the system.
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Here, the presence of four dichloroacetates gave also a means of finding out
more about the synthetic pathways and how the final product is formed during
the reaction by using the dichloroacetates as markers in the resulting product
showing the origin of the fragments used in forming the final product.

The structure is composed of a discrete dodecanuclear [Mn,,0,,(CH;CO0),,(CHCI,COO0),]
molecule and waters of hydration. The overall structure of the Mn,, complex consists of a
Mn",0, core surrounded by a Mn'"';Og4 ring (

Figure 22).

The ligation is provided by eight acetates sitting in equatorial positions and
connecting the Mn" ions of the outer ring. Above and below the disk-like
molecule there are eight other axial carboxylate groups (Figure 23).These
remaining eight acetates are separated into two groups, each comprising two
acetates and two dichloroacetates. Each group of four carboxylates is shields the
disc-like metal core in the axial direction. It is noteworthy that here the ligation
alternates between acetate and dichloroacetate and also that the dichloroacetate
ligands are always above and below the plane of the core (Figure 23).

@vnam
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Figure 23: Side view of the Mn,,-DCA cluster with the axial carboxylate groups in sight.

This appears to be a general trend. The thermodynamically most stable Mn,,
compounds are those where the unsubstituted carboxylates are in equatorial
positions around the core, forming the strongest bonds (short Mn-O distances)
while the weaker substituted carboxylates occupy the axial positions. This is
where the weakest bonds are formed as a result of the Jahn-Teller distortions
imposed by the Mn"" ions. This consistent location of the dichloroacetate ligands
in the axial positions also makes this derivative especially suitable for the
controlled adsorption on substrates such as gold or silicon giving a preferential
orientation of the molecules (Fleury, 2009: 2192ff).
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1.12.3 [Co",(u-OH,)(O,CCMe;),(HO,CCMes;),] (4)

The reaction of cobalt carbonate with pivalic acid, followed by crystallisation
from MeCN led to a violet crystalline product of 4 (Figure 24). The two cobalt(ll)
sites are bridged by two carboxylates in a syn,syn-mode and by u-bridging
water molecule. In 4 the coordination spheres of each six-coordinate Co site is
completed by two protonated pivalate ligands and by one deprotonated pivalate.
The deprotonated pivalates form strong hydrogen bonds of 2.55 A to the u-OH,.
This raises a question of whether the more accurate description is as a u-OH,
and two deprotonated pivalates or as a p-O and two HO,CCMe,; ligands.
Valence-bond sum analysis supports the presence of Co'". The Co-O bonds then
lie between those expected for Co"-(OH) (average 1.91 A) and Co'"-(H,0) (average
2.14 A) (Brown, 1985: 244ff; Allen, 1993: 31ff) this is consistent with the strong
hydrogen bonding found.

Figure 24: Molecular structure of Co,-pivalate

Synthetically this precursor was used to various Co compounds like Co, pivalate
(Aromi, 2003: 5142ff) or the Coss Cluster made by Alborés and Rentschler
(Alborés, 2009: 9366ff).

1.12.4 [Co",(us-0)(0,CCMe,)s(py)s]-0,CCMe;-H,0-3.5HO,CCMe, (5)

Figure 25: Molecular structure of Cos-pivalate

33



1 INTRODUCTION

Compound 5 is a typical oxo-centred carboxylate triangle of side 3.21 A, featuring
exclusively Co'" sites around a central us;-oxide (
Figure 25) possessing three diamagnetic Co" ions. Each edge of the triangle is

further bridged by two syn,syn-bridging pivalates, with a terminal pyridine
ligand completing the coordination environment around each octahedral cobalt
site. A similar oxo-centred cobalt(lll) triangle has been reported for acetate
(Beattie, 1996: 214 1ff).

Within this thesis this precursor was used for several reactions to see the
influence of the slight change from {Co,} to {Co;}. Unfortunately with this
precursor it was not possible to crystallise any product, except a Co",Dy"' (us-
OH),(bdea);(piv)s(OH,);1(NO3),, which was already made by Kléwer et al. (Kléwer,
2009: 57ff). However, this starting material seems to be a promising candidate
for the synthesis of further complexes due to two facts: There are no examples
in literature, where {Co;} was used as starting material and secondly the use of
diamagnetic Co"
to avoid magnetic contribution to a system.

is interesting in cases, where a non-paramagnetic ion is needed

1.12.5 [Femso(OzCCMes)e(Hzo)s]'OzCCM93'2HOzCCMes (6)

The reaction of Fe(NO;);-9H,O with 2,2-dimethylpropanoic acid gives after
recrystallisation precursor 6. The iron atoms form a triangle of side 3.31 A, with
an almost coplanar central oxygen atom sitting in the middle and on the three-
fold axis, displaced negligibly (0.009 A) out of the plane formed by the three iron
ions. Peripheral ligation is provided by six u-pivalates, where each side of the
triangle is formed by two pivalates. One water molecule is coordinated to each
iron.

Figure 26: Molecular structure of precursor compound 6

The trinuclear carboxylate complexes of the type {M;O(O,CR)sL;} (where M is a
di- or tri-positive transition metal ion and L is a terminal ligand) were among the
first polynuclear complexes studied with respect to their magnetic properties
(Kambe, 1950: 48ff). Such complexes contain a triangular arrangement of metal
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ions bridged by a central oxo-group and the carboxylate groups each span two
metal atoms about the periphery of the [M;(us-O)]™* core.

A great number of these complexes has been synthesised to date (Bond, 1998:
1845ff;, Wu, 1998: 1913ff; Taguchi, 2010: 9131ff; Kiskin, 2004: 734ff).

The structure of the Fe;O-triangle (Figure 26) was first published by Blake and
Fraser in 1975 (Blake, 1975: 193ff). The derivate used in this thesis with water
as coordinating solvent, was prepared by a slight modification of the literature
method (Batsanov, 1988: 266ff).

Previously the precursor [Fe;O(piv)s(H,0);] used here was shown to result in
polynuclear compounds (Mereacre, 2009: 3551ff) or respectively the 3d-4f
network [Fes(us-0)(u-O,C'Bu)s(im)s]z[La,(u-O,C'Bu).(n-0O,C'Bu),4]-2C,H;OH
(im=imidazole) (Isilak, 2009: 1102ff).

1.12.6 [(Fe";0),(0),(0,CCMe;),,(HO,CCMes;),] (7)

The use of the Fe;O-precursor 6 described above, has already led to numerous
new compounds in work from other groups. In contrast, 7 has so far exclusively
been a target molecule (Micklitz, 1989: 372ff, Celenligil-Cetin, 2000: 5838ff) and
never used as starting material. Compound 7 was simply made by adding
hydrogen peroxide to compound 6. The distinctive feature in this structure is a
central n?,u,-peroxo unit which, in conjunction with two pivalate moieties, bridge
two [Fe;O(0,CCMe;)s(HO,CCMej)]?* units.

Figure 27: Molecular structure of Feg-pivalate

1.12.7 [Dy,(0,CCMe,)s(HO,CCMes)s]-HO,CCMe, (8)

In all of the reactions presented here, a precursor complex of a transition metal
and a lanthanide salt (usually nitrate or chloride) were used as the source of the
metal cations. In order to understand the influence of the starting material on the
final product, the metal-containing starting materials could easily be altered. For
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example, it would be possible to investigate whether changing the counterions
would give the same product. Also, if the product obtained is independent of the
metal complexes or salts used, then this would support the fact that the
precursor compounds decompose in the reaction solution to single cations,
which then reassemble to give the final product. In other words, the final
product should be the same, even if the 3d metal is added as a salt and the
lanthanide comes from a pivalate complex. This was found not to be the case,
for example, when the reaction which resulted in the Mn,DyglLi, complex
(Compound 27) was carried out under the same conditions, but with the metal
sources changed from [MngO,(piv),o(pYy).s] and Dy(NO;);-6H,0 to Mn(NO;);-4H,0
and Dy,(piv),, (Compound 8). In this case instead of the Mn,DyglLi, complex
(Compound 27) described in this thesis, yellow-orange crystals appeared after
several hours, which did not contain lanthanide ions (qualitative test with oxalic
acid was negative) and which were too small to be studied by X-ray diffraction.

Although it was thus not possible to find out the structure of this alternative
product, FT-IR and elemental analysis showed, that a completely different
product was obtained, which shows that the formation of the products in
solution is more complicated than imagined.

The basic structural element of this compound is a centrosymmetrical dimer
formed by two Dy(O,CCH;); fragments and six non-protonated pivalates. The
two Dy" ions, which lie at a long, nonbonding distance are eight-coordinate and
are linked through bridging pivalato groups. In addition, each metal atom
coordinates four oxygen atoms from the mono-dentate pivalato anion and three
terminal oxygen atoms from pivalic acid (Fomina, 2004: 1349ff).

Figure 28: Molecular structure of Dy,-pivalate. H atoms and pivalates situated in the
crystal lattice are omitted for clarity.

1.13 Crystallisation methods

In order to substantiate the structure of a compound, single crystal X-ray
diffraction is the most useful method of choice. This makes it necessary to have
a crystalline compound, which is furthermore able to diffract X-rays sufficiently
to allow for a single crystal structure analysis.

There are various methods to achieve the first requirement, which are discussed
in detail below.
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The crystallisation methods for air-sensitive and non-air-sensitive compounds
differ in some details. Since within the scope of this dissertation experiments
were carried out exclusively under aerobic conditions, only the crystallisation
methods of non-air-sensitive compounds are discussed.

When the solubility of a compound in a solvent is exceeded, its solution
becomes supersaturated and the compound may precipitate or crystallize. The
rate of precipitation, the resulting particle size (whether colloidal or coarse), and
the particle size distribution depend upon two successive and largely
independent processes. These are nucleation and crystallisation (i.e., growth of
nuclei). When a solution of a salt is super cooled or when a chemical reaction
produces a salt in a concentration exceeding its solubility product, the
separation of excess solid from the supersaturated solution is far from
instantaneous. Clusters of ions or molecules called nuclei must exceed a critical
size before they become stable and capable of growing into colloidal size
crystals. These embryonic particles have much more surface for a given weight
of material than larger and more stable crystals. Therefore, they have a higher
surface free energy and greater solubility.

The occurrence of nucleation depends upon the relative supersaturation. If C is
the actual concentration of the solute before crystallisation and C, is its solubility
limit, then C - C, is the supersaturation and (C - C])/C, is the relative
supersaturation. Von Weimarn recognised that the rate or velocity of nucleation
(number of nuclei formed per liter per second) is proportional to the relative
supersaturation. This statement refers to homogeneous nucleation, where the
nuclei have the same chemical composition as the crystallising phase. If the
solution contains solid impurities, such as dust particles in suspension, these
may act as nuclei or centers of crystallization (heterogeneous nucleation).

Once nuclei have formed, crystallisation begins. Nuclei grow by the aggregation
of ions or molecules from solution. Crystallisation continues until the
supersaturation is relieved (i.e. until C = C,) and may result in the formation of
either colloidal or coarse particles. The rate of crystallisation or growth of nuclei
is proportional to the supersaturation:

dm  AgD
dt =~ d

(C'Cs)

This equation is similar to the Noyes-Whitney equation that governs particle
dissolution except that C < C, for the latter process, making dm/dt negative. In
both equations, m is the mass of material crystallising out in time t, D is the
diffusion coefficient of the solute molecules or ions § is the length of the diffusion
path or the thickness of the liquid layer adhering to the growing particles, and
A, is their specific surface area. The presence of dissolved impurities may affect
the rate of crystallisation and even change the crystal habit, provided that these
impurities are surface-active and become adsorbed onto the nuclei or growing
crystals.
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Von Weimarn found that the particle size of the crystals depends strongly upon
the concentration of the precipitating substance. At very low concentrations and
slight relative supersaturation, diffusion is quite slow because the concentration
gradient that drives the process is very small. Sufficient nuclei will usually form
to relieve the slight supersaturation. However, crystal growth is limited by the
small amount of excess dissolved material available to each particle and,
therefore, the particles cannot grow beyond colloidal dimensions.

At intermediate concentrations, the extent of nucleation is somewhat greater
and much more material is available for crystal growth. Therefore, coarse
crystals form rather than colloidal particles. At high concentrations, nuclei
appear so quickly and in such large numbers that supersaturation is relieved
before any appreciable diffusion can occur.

Low solubility is a necessary condition for producing colloidal dispersions.
Another phenomenon is that aging increases particle size. The gradual increase
in the particle size of crystals in their mother liquor is a recrystallisation process
called Ostwald ripening. Very small particles have a higher solubility than large
particles of the same substance due to their greater specific surface area and
higher surface free energy. In a saturated solution containing precipitated
particles with a wide range of particle sizes, the very smallest particles dissolve
spontaneously and deposit onto the larger particles. The growth of the larger
crystals at the expense of the very small ones occurs because this process
lowers the free energy of the dispersion. Adding small amounts of surface-active
compounds that adsorb at the particle surface slows down the process.
Increasing the solubility of the precipitate accelerates the spontaneous
coarsening of colloidal dispersions upon aging. The colloidal particles gradually
grow in size by Ostwald ripening, forming large crystals that can be removed
quantitatively by filtration. The supersaturation never again reaches sufficiently
high values for forming new nuclei because it is relieved by the continuous
growth of the existing nuclei (Hulliger, 1994: 151ff; Shinoda, 1983).

There are three ways to exceed the lower limit of the solubility:
- concentrating the solution
- changing of the temperature
- changing the composition of the solvent

For successful crystal growth two points are very important:
- the solution should be left without much air/mechanical disturbance and
- the parameters mentioned above should change as slow as possible.
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1.13.1 Evaporation

The method of slow evaporation fulfils all of these conditions very well and was
used in most of cases in the work described here. For his method, a vial
containing the crystallisation solution is closed with a cap, into which a varying
number of holes are punched with a needle, depending on the solvent used.
While with solvents like acetone with a low boiling point and a high vapour
pressure only a few holes are necessary, the evaporation of water or toluene can
be slow enough for any closure to be unnecessary. The interested reader is
referred to literature such as (Dunskii, 1978: 131ff) or (Pillai, 2009: 1643ff).

1.13.2 Vapour and Liquid Diffusion

Liquid and vapour diffusion methods are often used when evaporation methods
do not succeed. For both methods it is necessary to find two solvents or solvent
mixtures in which the compound is soluble in one system but insoluble in the
other.

For liquid diffusion (Scheme 2) the two solvent systems should be immiscible or
nearly immiscible, while for vapour diffusion (Scheme 3) the solvent systems
should be miscible. Crystal growth may be slowed and thus enhanced by
cooling the sample slightly.

Liquid diffusion normally requires that the less dense solvent system is carefully
layered on top of the more dense solvent system. The sample can be dissolved
in either one of the two solvents. Hence, crystals will grow at the interface
between the two layers. If spontaneous precipitation forms, the two layers
should be separated by a third solvent layer, which is not miscible with either of
the layers or with the compound, to slow down the reaction and thus grow

larger crystals.
e

—_—

ot
®

Scheme 2: Schematic of the liquid diffusion method

With the vapour diffusion method, also called vial-in-vial diffusion, the dissolved
sample is put in vial A (yellow), which is in turn placed in a slightly bigger vial B
(Scheme 3), which contains a small quantity of a solvent system in which the
sample is not soluble (blue). The outer vial is closed and vapour from the solvent
in vial B will then diffuse into the solution of vial A, causing a solvent system,
which becomes more and more disadvantageous for the compound to remain in
solution, leading to crystallisation in favourable conditions.
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The diffusion of the solvent (e.g. diethylether) is explainable with the vapour
pressure, bringing the solvent in the gas phase and the partial pressure of the
gaseous phase, which is causing the aseous phase diffusing into the other
solvent. The ratio between the concentration of the gas in the solution c,, and
its partial pressure pg,s is a constant, the so-called Henry constant k,;. The Henry
constant is temperature dependent and defined as:

Csol
ky = —
H pgas
.6 m_____ n m_____ n
time time
— — —

Scheme 3: Schematic of the vapour diffusion method

1.13.3 Thermal Gradient

The third and last method, which should be discussed here, is the thermal
gradient method, which often produces usually crystals of very high quality. In
this method, the saturated solution is placed in a sealed vial and is cooled down
slowly. As the solubility of the substance decreases with the decreasing
temperature of the solvent the product may crystallise.

Within this work, all three methods were applied.
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2 Structure and magnetic properties of manganese-
lanthanide aggregates

2.1 Structure of tetranuclear complexes

The reaction of the preformed precursor compound {Mng} (1), La(NO;); and
hmpH in acetone led to a brown solution from which well-formed dark brown
crystals of compound 9 could be isolated after four days. The structure will be
discussed in the following section.

2.1.1 Structure of [Mn",La",(hmp)s(piv).(NO3).] (9)

Figure 29: Molecular structure of [Mn",La",(hmp)s(piv),(NO,).,]

X-ray crystallographic studies reveal that complex 9 crystallises in the
monoclinic space group P2,/c with Z=2 possessing a {Mn'",La",} butterfly core
with centrosymmetric site symmetry. The crystal structure and its polyhedral
representation (along the a-axis) are shown in the figure above (Figure 30).

The butterfly core comprises two outer “wingtip” nona-coordinate La" ions and
two inner hexa-coordinate Mn'"' ions, representing the body. All four metals are
strictly coplanar. The oxidation states of Mn(1) and La(1) were determined by
consideration of the coordination geometry (bond lengths, coordination numbers
and the presence of Jahn-Teller elongation axes for Mn(1)) and by bond valence
sum calculations (Liu, 1993: 4102ff).

The Mn centres Mn(1) and the inversion-related Mn(1’) are each chelated by
one, while the lanthanum ions are each chelated by two deprotonated hmpH
ligands. The two independent pivalate ligands exhibit a syn-syn bidentate
coordination mode, connecting Mn(1) with La(1) and Mn(1’) with La(1’),
respectively. Two chelating nitrates complete the coordination sphere of the rare
earth metal ions.

The four metal ions are held together by six alkoxo oxygens. Two of them ((O1)
and (0O1°)) are us-bridging and come from one La"
respectively.

-chelating hmp=-ligand,
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Both are displaced 1.057(5) A above and below the plane formed by the metal
ions, respectively. The remaining four alkoxide oxygens ((02), (O3) and their
inversion-relations) are all u,-bridging. Two come from the Mn"-chelating, and
two from the La'-chelating hmp~ligands, respectively, resulting in the described
{Mn",La",04}°" unit.

Overall, Mn(1) shows the expected Jahn-Teller elongated octahedral geometry,
with the Jahn-Teller axis defined by O(1) and N(2), while the coordination
geometry of the deca-coordinate Ln'"' ions approximates to a bicapped square
antiprism. This stands in contrast to the Mn'",La"', butterfly compound found by
Akhtar et al. using n-bdeaH, as ligand (Akhtar, 2009: 1698ff), where the

lanthanum forms a tricapped trigonal prism environment.

I ¢ g ’ I e
NN NN

Figure 30: Polyhedral representation along the c-axis of compound 9 with La polyhedra
being violet and the Mn octahedra pink (left) and the metal core of 9.

Related butterfly complexes [Mn,Ln,O,(piv)g(pivH),(MeOH),] (Ln = Dy and Gd)
have been published by Winpenny (Benelli, 1999: 4125ff), while Brechin and co-
workers have also reported a {Mn'".,Dy'",} complex (Mishra, 2005: 2086ff).
Another butterfly complex [Mn,Ln,0,(0O,CPh)s(OMe).(MeOH),] (Ln = Y and Yb)
was reported in 2006 as well (Murugesu, 2006: 613).

Nevertheless complex 9 is the first example of this type of Mn,Ln, complex with
a lighter rare earth metal in combination with hmpH as ligand.

The investigation of the magnetic behaviour of compound 9 was not measured
due to limited time on the SQUID magnetometer and other compounds having
higher priority. However, the Jahn-Teller axes are oriented parallel and magnetic
measurements are planned to find out if compound 9 exhibits SMM behaviour.

In order to find out the oxidation states of the transition metals one method
which was used was bond valence sum calculation. The summary of the
calculation is shown at the end of any structure description.
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The interested reader is referred to literature on the subject such as
(Brown, 1985: 244ff) to find further explanation about the exact calculations
done to obtain the oxidation state of the coordinated metal ion.

Bond Valence Sum Calculations (Brown, 1985: 244ff):

respective atom
- - - Mn(1)
estimated oxidation state
Mn" 3.03
Mn" 2.79
Mn'Y 2.90
calculated oxidation state Mn'"

2.2 Structure and magnetic properties of hexanuclear complexes

Performing the same reaction, which led to compound 9, described above, but
replacing 1 {Mng} by 3 {Mn,,} as the preformed precursor compound used as
starting source for manganese, resulted in a hexanuclear compound of formula
[Mn",La",(u,-O)(us-O)(hmp),(OAc),(NO,):]-acetone (Figure 31). In the following
section the structure will be described and the magnetic measurements show
that 10 displays frequency dependent out-of-phase signals indicative of slow
relaxation of magnetisation and thus single molecule magnet behaviour.

221 Structure Of Mn|”4La|"2(lJ4'O)(lls'o)(hmp)7(OZCMe)(OchHC|2)
(NO;)5(OH,), 5]-3acetone (10)

Figure 31: Molecular structure of [Mn",La",(u,-O)(us-O)(hmp),(O,CMe)(O,CCHCI,)(NO;)s
(OH,)y s5]-3acetone with Jahn-Teller axes (turquoise). Organic hydrogen atoms
and solvent molecules are omitted for clarity.

and La" and the deprotonation levels of O,
OAc’, DCAc™ and the hmp™ ions were established by charge considerations, bond

The metal oxidation states of Mn
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valence sum calculations (Liu, 1993: 4102ff), inspection of metric parameters
(Table 2 and Table 3) and the observation of Jahn-Teller elongation axes of Mn'".

Single-crystal X-ray diffraction studies of the black crystals show a rather
unsymmetrical molecular structure of 10 (Figure 31), which crystallises in the
monoclinic space group P2,/c with Z=4 (Figure 32).

The molecular structure can be seen as a {Mn",La",}"®*" core, which consists of
the aforementioned {Mn'",La",} butterfly core of compound 9 (vide supra), with
an additional two Mn"' centres coordinated. Thus compound 10 represent an
extended version of compound 9. Here Mn(1) and Mn(2) form the body and
La(1) and La(2) represent the wings of the butterfly core, held together by one y,-

bridging oxygen and the oxygen atom of a deprotonated n':n:pus-

hydroxymethanol (hmp) ligand. Three further deprotonated hmp-ligands and a
ions to the core.

n':n%:us-bridging acetate connects the two additional Mn"

Figure 32: Crystal packing of 10 in the polyhedral representation, projected along the a
axis. La polyhedra are yellow and the Mn octahedra are violet (left) and the
metal core of 10.

All of the Mn"' centers are six-coordinate with near-octahedral geometry and
both La" ions are ten-coordinate with coordination polyhedra that may best be
described as bicapped square antiprismatic (Figure 33). However, this is just an
approximation, as, in particular, the coordination sphere of La(1) is fairly
distorted.

Figure 33: The bicapped square antiprismatic coordination polyhedra around La(1) and
La(2).
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Mn(1) and Mn(4) are chelated by one, while Mn(2) and Mn(3) are chelated by
two deprotonated hmp -ligands. Mn(1) is part of the aforementioned Mn,La,-
butterfly body and is connected to Mn(3) via a n?-bridging alkoxy coming from a
n':n*:us-acetate, which connects the latter Mn(3) with Mn(4). The latter is
additionally linked to La(2) by an u-dichloroacetate ligand coming from the
[Mn;,0,,(Ac),,(DCACc),] derivate used in the synthesis.

La(1) is surrounded only by the alkoxy groups of Mn-chelating hmp™-ligands,
while La(2) is chelated itself by a hmp -ligand. The deca-coordinate environment
is completed by three or, respectively, two nitrates.

The structure described here is not part of a isostructural series with a range of
lanthanides but rather an unrelated composition. Performing the same reaction,
in the attempt to introduce any other lanthanide, resulted in all cases with the
formation of [Mn",Mn'",(hmp)s(NO,),]-2acetone (Figure 34). The reason may be

" which is the largest of all rare earth metals and

the large ionic radius of La
which leads to the relatively high coordination number of ten in this compound.
However, even using cerium, where the coordination number of ten is not

unusual, exclusively the [Mn,(hmp)s(NO3),] complex was obtained.

Figure 34: Structure of [Mn",Mn',(hmp)s(NO;).]-2acetone. Organic hydrogen atoms and
solvent molecules are omitted for clarity.

This example represents very well the influence of changing the precursor. Here,
the replacement of [MngO.(piv)io(pY)ss]l by [Mn,,0,,(Ac),.(DCACc),] as Mn source
results in a cluster which contains more manganese ions, although the
stoichiometric amount of manganese was not changed.

Even though this particular derivative and the method using
[Mn,,0,5(Ac),,(DCACc),] as starting material have not been reported previously,
the Mn,-core has been studied sufficiently (Lecren, 2005: 11311ff; Wittick,
2006: 1534ff, Yang, 2003: 1857ff) and further investigation was not deemed
necessary for this thesis.
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Bond Valence Sum Calculations (Brown, 1985: 244ff):

resp. atom
Mn(1) Mn(2) Mn(3) Mn(4)
est. ox. state
Mn" 3.28 3.23 3.16 3.31
Mn'" 3.03 3.00 2.95 3.06
Mn'Y 3.13 3.07 3.01 3.16
calc. ox. state Mn'" Mn" Mn'" Mn'"
La1-06 2.395(13) Mn2-09 2.030(11)
La1-0O4 2.442(12) Mn2-N3 2.096(14)
La2-03 2.207(16) Mn2-01 2.123(10)
La2-04 2.583(13) Mn2-N2 2.210(13)
La2-06 2.617(13) Mn3-06 1.892(11)
La2-05 2.456(8) Mn3-07 1.904(9)
La2-02 2.469(9) Mn3-01 1.911(9)
La2-08 2.580(9) Mn3-N4 2.072(13)
La2-09 2.602(11) Mn3-N5 2.166(14)
La2-N7 2.708(15) Mn4-02 1.820(9)
Mn1-02 1.820(10) Mn4-08 1.893(10)
Mn1-0O3 1.908(12) Mn4-N6 2.033(12)
Mn1-01 1.923(11) Mn4-07 2.292(10)
Mn1-N1 2.051(19) Mn2-05 1.875(9)
Mn1-09 2.262(10) Mn2-04 1.883(11)

Table 2: Selected bond lengths for 10.

06-La1-04 110.6(4) 05-Mn2-04 174.2(5)
03-La2-04 91.7(4) 0O5-Mn2-09 83.8(4)
0O3-La2-06 108.0(4) 04-Mn2-09 99.5(5)
0O4-La2-06 99.8(4) O5-Mn2-N3 80.4(4)
0O5-La2-02 81.3(3) 04-Mn2-N3 96.4(6)
05-La2-08 75.8(3) 09-Mn2-N3 164.1(5)
02-La2-08 61.8(3) 05-Mn2-01 99.6(4)
0O5-La2-09 62.1(3) 04-Mn2-01 85.7(4)
02-La2-09 63.6(3) 09-Mn2-01 81.0(4)
013-La2-09 126.3(4) N3-Mn2-01 99.9(4)
08-La2-09 114.1(3) O5-Mn2-N2 95.7(5)
O5-La2-N7 123.3(6) 04-Mn2-N2 79.1(5)
0O2-La2-N7 79.3(4) 09-Mn2-N2 98.0(5)
013-La2-N7 75.7(6) N3-Mn2-N2 85.4(5)
08-La2-N7 134.3(4) O1-Mn2-N2 164.4(5)
09-La2-N7 61.5(6) Mn3-01-Mn2 134.6(5)
02-Mn1-03 170.6(6) Mn1-01-Mn2 103.6(4)
02-Mn1-01 100.2(4) Mn3-01-La2 103.3(4)
03-Mn1-01 87.8(6) Mn1-O1-La2 94.7(4)
02-Mn1-N1 91.5(7) Mn2-0O1-La2 100.4(4)
O3-Mn1-N1 81.3(7) Mn3-0O1-La1 98.7(4)
O1-Mn1-N1 166.1(6) Mn1-O1-La1 107.3(4)
02-Mn1-09 81.1(4) Mn2-0O1-La1 96.0(4)
03-Mn1-09 95.6(b) La2-O1-La1 12.66(9)
O01-Mn1-09 79.8(4) Mn4-02-Mn1 130.3(5)
N1-Mn1-0O9 109.8(5) Mn4-02-La2 106.7(4)
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06-Mn3-07 172.2(5) Mn1-0O2-La2 117.2(4)
06-Mn3-01 87.1(5) 02-Mn4-08 88.7(4)
O07-Mn3-01 99.2(4) 02-Mn4-N6 168.8(5)
06-Mn3-N4 80.8(b) 08-Mn4-N6 81.6(5)
O7-Mn3-N4 95.4(5) O011-Mn4-N6 92.0(5)
O1-Mn3-N4 151.5(5) 02-Mn4-07 94.8(4)
06-Mn3-Nb 93.5(6) 08-Mn4-07 95.0(4)
O7-Mn3-Nb 79.7(5) N6-Mn4-07 91.7(4)
O1-Mn3-Nb 115.7(5) Mn3-01-Mn1 112.3(5)
N4-Mn3-N5 90.8(b)

Table 3: Selected bond angles for 10.

2.2.2 Magnetic properties of [Mn",La",(u,-O)us-0O)(hmp)-(OACc).,
(NO3)s]

There are few studies of the magnetic properties of highly asymmetric
complexes such as the present case. The magnetic data of a powdered sample
of compound 10 were collected in the temperature range 1.8-300 K. A plot of
the xT product versus temperature, measured in a field of 1000 Oe, is shown in
Figure 35. The experimental yT product at room temperature is slightly lower
than the expected value (Benelli, 2002: 2369ff) as can be seen in the Table 4,
staying nevertheless in good agreement with the presence of four S = 2 Mn"
ions. However, this deviance is due to the antiferromagnetic interactions within
the molecule. The T product decreases continuously from a value of 9.93 cm?
Kmol" over the range of 300-20 K to reach an approximate plateau at about 3.5
cm?® Kmol”', representing the probable spin ground state of the molecule. This
quasi-plateau is followed by a sharp drop at 5 K to reach 2.86 cm® Kmol' at 1.8
K. Decreases in T of the latter type, at low temperatures, are often ascribed to
zero-field splitting of the cluster ground state and/or weak intermolecular
antiferromagnetic coupling. A more detailed conclusion requires a fitting of the
xT curve.

The observed magnetisation isotherms (2-5 K) for 10 reveal rather unusual
intersecting dependence of M on H, with the largest value of M at 1.8 Kand 7 T
being only 1.81 ug. Such a crossing point for the M versus H plots (here at
around 40000 Oe) is indicating of level crossing. Therefore, the observed
magnetisation for compound 10 is certainly influenced by excited states with
higher magnetic moment than the ground state.
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The field dependence of the magnetisation at low temperatures also does not
show saturation even at 7 T, which indicates the presence of magnetic
anisotropy and/or the lack of a well-defined ground state suggesting the
presence of low-lying excited states that are likely populated when a field is
applied. Furthermore, the plot of the M versus H/T at low temperatures for
compounds 10 show that the curves are not superposed, as expected for an
anisotropic system, giving a further indication of the presence of magnetic
anisotropy and also the low lying excited states already suggested.

For compound 10 the ac susceptibility behaviour was also measured. In zero dc
field, a frequency dependence of the ac susceptibility is observed (Figure 37). It is
clear that there is slow relaxation of the magnetisation below 4 K (Figure 37).
This feature alone (shape and frequency dependence) is not sufficient to
categorise this compound a SMM but strongly suggests this as slow relaxation
of magnetisation is a first identication for SMM behaviour. To substantiate this
hypothesis, a dc field was applied to see if the relaxation would slow down.
Indeed in SMMs with a relaxation partially influenced by quantum effects, the
application of a small dc field removes the state degeneracy of the two potential
diagram describing the magnetism of such a system and thus the possibility of
guantum tunnelling inducing the slowing down of the relaxation of the
magnetisation.

In the case of compound 10 it was not possible to analyse the relaxation
behaviour in this way since the the relaxation mode could not be moved at high
frequency (i.e. the slow relaxation could not be slowed down) under a small dc
field. This observation shows that if this compound is a SMM, it does not have a
relaxation influenced by quantum effects at 1.8 K and above. Lower temperature
measurements should help to establish the nature of the behaviour in more
detail.

xT
expected for each xT expected for
Ln at RT Ground state of each complex?®
Compound (cm3*Kmol™) Ln ion (cm3Kmol™)
Mn,La, (10) 0] 'So 12
xT measured at xT measured at
300K per 1.8 K per Magnetisation
complex complex at2 Kand 7T
Compound (cm3*Kmol™) (cm3*Kmol™) (ug)
Mn,La, (10) 9.93 2.86 1.81

Table 4: Magnetic data summarised from the dc measurements. ® taking into account
g factor of Mn metal ions of 2.
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Figure 35: Temperature-dependence of the 3T product under 0.1 T for compound 10.
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Figure 36: Plot of magnetisation M vs. H (left) and M vs. H/T (right) between 2 K and 5 K
for 10. The solid lines are to guide the eye.
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Figure 37: Temperature-dependent ac susceptibilities of 10 from 1.8 K to 10 K under zero
dc field at indicated frequencies.
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Figure 38: Frequency-dependent ac susceptibilities of 10 from 1.8 K to 4 K under zero

dc field at indicated frequencies.
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2.2.3  Structure of [Mn",Dy",(1,-O).(hmp).(pic).(piv)e(u-Ns),]:4CH;CN
(14)

An isostructural family of hexanuclear aggregates [Mn",Ln",(O)(hmp),(Pic),(Piv)g
(Ns),]*4MeCN (where Ln = EuU" (11), Gd" (12), Tb" (13), Dy" (14), Ho" (15) and
Er'" (18)) is reported. They were obtained from the reactions of 2-(2-
hydroxymethyl)pyridine (hmpH) with the preformed hexanuclear manganese
complex 1 {Mng}, and the respective lanthanide salt. The complexes 11-12 and
13-16 are respectively isomorphous and represent a new heterometallic 3d-4f
complex type for this class of ligand. The structural core of 11-16 consists of a
defect Ln, dicubane flanked by two Mn" ions. The magnetic properties of 11-15
were investigated by variable temperature magnetic susceptibility and
magnetisation measurements. The magnetic data of these compounds suggest
that antiferromagnetic interactions are present between adjacent paramagnetic
centers.

Compound 14 (Dy) crystallises in the triclinic space group P1 with Z=4. The two
independent molecules each contain four dysprosium atoms and two
manganese atoms. Single-crystal X-ray diffraction studies reveal that the core

structure of 14 has a tetranuclear arrangement of Dy"
11

ions with non-
crystallographic inversion symmetry centre. The Dy" ions form a structure which
is often encountered in polynuclear metal complexes, which has been described
as a butterfly structure (Vincent, 1989: 2086). As in most tetranuclear
compounds (Aromi, 2006: 1ff), the four Dy" ions are not precisely coplanar.
However, Dy(1), Dy(2), Dy(3) and Dy(4) are coplanar to within 0.0043(2) A.

The two u,-bridging oxygen atoms O(1) and O(2) are located on opposite sides of
the Dy, core and are displaced out of that plane by 0.953(5) A and 0.957(5) A,

respectively.

Figure 39: Molecular structure of [Mn",Dy",(u,-O),(hmp),(pic),(piv)s(u-N3),1-4CH,CN with
Jahn-Teller axes (turquoise). Organic hydrogen atoms and solvent molecules
are omitted for clarity.
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The oxidation states of the manganese and the lanthanide ions were determined
by consideration of the coordination geometry (bond lengths, coordination
numbers and the presence of Jahn-Teller elongation axes for Mn(1) and Mn(2))
and by bond valence sum analysis (Liu, 1993: 4102ff). Selected metrical
parameters are summarised in Table 6 and Table 7. All Dy" atoms are eightfold
coordinated, with Dy(1) and Dy(2) forming the butterfly body and Dy(3) and
Dy(4) the wings, respectively. Dy(1) and Dy(2) are coordinated by seven oxygens

and one nitrogen coming from the deprotonated hydroxymethylpyridine (hmpH)

ligand and the other two (Dy(3) and Dy(4)) are surrounded by six oxygens and
two nitrogens, one coming from the to the picolinic acid oxidised hmpH ligand
ions feature

and one from an end-on u,-coordinating azide coligand. Here all Dy"

a distorted dodecahedron environment (Figure 41).

Figure 40: The {Mn",Dy",(u,-O),} core of 14 (left) and part of the structure of 14 in the
polyhedral representation, projected along the b axis. All Dy polyhedra are
yellow and the Mn octahedra are violet.

The six independent pivalate ligands in the asymmetric unit exhibit two different
coordination modes. Two form a syn-syn bidentate bridge between Dy(1) and
Dy(4), and Dy(2) and Dy(3), respectively, while two others also bridge in a
syn,syn mode Dy(1) and Mn(2), or Dy(2) and Mn(1), respectively. The remaining
two pivalates chelate Dy(3) and Dy(4).

Figure 41: Distorted dodecahedron environment of Dy(1) and Dy(3), representing the
coordination polyhedra of all four Dy" ions in 14.

The Dy, butterfly core is held together by two u,-bridging oxygens (O(1) and
O(2)), which are also connected to the two manganese ions.
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Another four u,-bridging alkoxide oxygens, which are coming both from the
hmp-ligands chelating Dy(1) and Dy(2) and from the picolinate ligands, which
chelate Dy(3) or Dy(4), respectively, complete the {Mn",Dy",04}°* unit.

Performing the reaction with Tb (13), Ho (15) and Er (16) gave the isomorphous
product with four molecules of acetonitrile per molecule. For Eu (11) and Gd (12)
x-ray diffraction studies revealed that the structures are isostructural but with
two MeCN solvent molecules leading to a monoclinic unit cell.

The corresponding synthetic reaction was also carried out with samarium.
However, this gave a very different structure, with an unsymmetrical Mn,Sm,
core. Unfortunately the crystals were of poor quality, and the crystal structure
could not be fully refined.

|Sm | Eu | Gd | Tb | Dy | Ho | Er |

space group P1 C2/c P1
a=15.34 A a=101.89° a=29.67 A a=90° a=19.56 A | 0«=106.86°
b=16.62 A B=100.92° b=14.22 A B=108.16° b=20.77 A p=91.12°
c=2552 A 1=97.80° c=21.66 A 1=90° c=24.07 A | y=102.11°
(Mn,Sm,} {Mn,Ln,}-2CH,CN {Mn,Ln,}-4CH,CN

Bond Valence Sum Calculations (Brown, 1985: 244ff):

respective atom
estimated oxidation Mn(1) Mn(2)
state
Mn'" 3.27 3.27
Mn'" 3.04 3.04
Mn™ 3.12 3.11
calc. oxidation state Mn'" Mn'
Compound a b c Vv
Mn,Eu, (11) 29.671(3) 14.2200(9) 21.663(2) 8684.8(13)
Mn,Gd, (12) 29.7074(11) 14.2061(5) 21.6628(6) 8687(7)
Mn,Tb, (13) 19.7985(4) 21.0543(5) 24.4422(5) 9494(3)
Mn,Dy, (14) 19.5580(8) 20.7692(10) 24.0713(10) 9115.3(7)
Mn,Ho, (15) 19.7379(6) 21.0014(6) 24.3715(6) 9420(4)
Mn,Er, (16) 19.7596(1) 20.9834(1) 24.3329(2) 9421(1)
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Compound a B y
Mn,Eu, (11) 90 108.158(12) 90
Mn,Gd, (12) 90 108.147(3) 90
Mn,Tb, (13) 107.013(2) 91.141(2) 102.002(2)
Mn,Dy, (14) 106.861(3) 91.128(3) 102.110(4)
Mn,Ho, (15) 106.954(3) 91.068(3) 101.946(3)
Mn,Er, (16) 106.651(1) 90.906(1) 102.057(1)
Table 5: Summary of selected cell parameters.
Eu1-O5 2.352(8) Eu2-02 2.425(9)
Eu1-0O7 2.383(9) Eu2-01 2.442(8)
Eu1-0O1 2.399(8) Eu2-011 2.459(10)
Eu1-09 2.417(9) Eu2-010 2.523(9)
Eu1-0O4 2.425(9) Eu2-N1 2.619(11)
Eu1-0O1 2.449(8) Mn1-0O1 1.842(9)
Eu1-02 2.640(9) Mn1-0O4 1.956(9)
Eu1-N3 2.713(12) Mn1-0O6 1.998(9)
Eu1-08 3.046(11) Mn1-N2 2.076(12)
Eu2-0O5 2.340(9) Mn1-0O3 2.245(9)
Eu2-08 2.375(9) O1-Eu1 2.449(8)
Table 6: Selected bond lengths for 11.
O5-Eu1-07 81.4(3) O4-Eu1-02 74.8(3)
O5-Eu1-01 71.9(3) O1-Eu1-02 66.1(3)
O7-Eu1-01 130.9(3) O5-Eu1-N3 63.8(3)
O5-Eu1-09 133.8(3) O7-Eu1-N3 70.2(3)
O7-Eu1-09 91.7(4) O1-Eu1-N3 126.8(3)
O1-Eu1-09 136.2(3) 09-Eu1-N3 70.9(4)
O5-Eu1-04 86.4(3) O4-Eu1-N3 82.3(3)
O7-Eu1-04 152.5(3) O1-Eu1-N3 146.2(3)
O1-Eu1-04 66.5(3) O2-Eu1-N3 138.4(3)
09-Eu1-04 79.2(3) O5-Eu1-08 155.5(3)
O5-Eu1-01 110.4(3) O7-Eu1-08 74.3(3)
O7-Eu1-01 76.0(3) O1-Eu1-08 127.1(3)
O1-Eu1-01 75.9(3) 09-Eu1-08 46.1(3)
09-Eu1-01 112.0(3) O4-Eu1-08 114.4(3)
0O4-Eu1-01 131.5(3) O1-Eu1-08 66.4(3)
O5-Eu1-02 145.7(3) 0O2-Eu1-08 57.3(3)
O7-Eu1-02 126.9(3) N3-Eu1-08 104.5(3)
O1-Eu1-02 74.3(3) O5-Eu2-08 140.9(3)
09-Eu1-02 71.0(3) O5-Eu2-02 76.5(3)
08-Eu2-02 69.9(3) O10-Eu2-N1 74.5(3)
O5-Eu2-01 71.4(3) 01-Mn1-04 88.1(4)
0O8-Eu2-01 78.6(3) 01-Mn1-06 100.8(4)
0O2-Eu2-01 69.7(3) 04-Mn1-06 169.7(4)
O5-Eu2-011 140.2(3) O1-Mn1-N2 168.8(4)
0O8-Eu2-011 77.9(4) 04-Mn1-N2 80.8(4)
02-Eu2-011 127.0(4) 06-Mn1-N2 90.3(4)
O1-Eu2-011 142.4(3) 01-Mn1-03 102.8(4)
O5-Eu2-010 87.9(3) 04-Mn1-03 88.6(4)
0O8-Eu2-010 130.7(3) 06-Mn1-03 84.5(4)
02-Eu2-010 138.4(3) N2-Mn1-0O3 79.3(4)
O1-Eu2-010 140.8(3) Mn1-O1-Eu1 103.8(4)
O11-Eu2-010 52.8(3) Mn1-O1-Eu2 106.2(3)
O5-Eu2-N1 76.9(3) Eu1-O1-Eu2 105.5(3)
O8-Eu2-N1 104.8(4) Mn1-O1-Eu1 129.6(4)
0O2-Eu2-N1 64.5(3) Eu1-0O1-Eu1 104.1(3)
O1-Eu2-N1 128.9(3) Eu2-01-Eu1 105.6(3)
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011-Eu2-N1 \ 85.6(4) |
Table 7: Selected bond angles for 11.
Dy1-09 2.287(5) Dy3-05 2.416(5)
Dy1-02 2.333(5) Dy3-N1 2.596(7)
Dy1-O11 2.355(5) Dy4-010 2.266(4)
Dy1-0O1 2.386(4) Dy4-02 2.376(5)
Dy1-O7 2.494(5) Dy4-0O7 2.429(5)
Dy1-N3 2.564(6) Dy4-N2 2.572(7)
Dy2-010 2.286(5) Mn1-0O1 1.850(5)
Dy2-0O1 2.332(5) Mn1-0O11 1.908(5)
Dy2-012 2.343(5) Mn1-N5 2.026(7)
Dy2-02 2.390(4) Mn1-0O8 2.276(5)
Dy2-0O5 2.510(5) Mn2-02 1.847(5)
Dy2-N4 2.572(6) Mn2-012 1.908(5)
Dy3-09 2.256(5) Mn2-N6 2.057(7)
Dy3-01 2.378(5) Mn2-06 2.272(5)
Dy3-021 2.392(6)
Table 8: Selected bond lengths for 14.
09-Dy1-02 109.61(17) 0O5-Dy3-N1 64.19(19)
09-Dy1-011 89.27(18) 010-Dy4-02 73.52(17)
02-Dy1-011 132.42(17) 010-Dy4-07 74.03(17)
09-Dy1-01 72.73(17) 02-Dy4-07 67.92(16)
02-Dy1-01 77.78(16) 010-Dy4-N2 88.70(19)
011-Dy1-0O1 66.55(16) 02-Dy4-N2 132.10(18)
09-Dy1-07 148.99(16) O7-Dy4-N2 64.45(18)
02-Dy1-07 67.50(17) 01-Mn1-011 87.6(2)
011-Dy1-0O7 74.21(17) O1-Mn1-N5 167.2(2)
01-Dy1-0O7 76.61(16) O011-Mn1-N5 81.5(2)
09-Dy1-N3 65.83(18) 01-Mn1-08 104.9(2)
02-Dy1-N3 149.06(18) 011-Mn1-08 88.1(2)
0O11-Dy1-N3 78.48(18) 09-Dy3-N1 87.5(2)
O1-Dy1-N3 125.24(17) O1-Dy3-N1 131.37(19)
O7-Dy1-N3 132.81(19) 017-Mn1-08 86.7(2)
010-Dy2-01 107.46(18) N5-Mn1-08 81.5(2)
010-Dy2-012 90.99(18) 02-Mn2-012 87.6(2)
0O1-Dy2-012 132.80(17) 02-Mn2-N6 167.4(2)
010-Dy2-02 72.93(16) 012-Mn2-N6 81.1(2)
0O1-Dy2-02 77.72(16) 02-Mn2-06 104.1(2)
012-Dy2-02 66.61(16) 012-Mn2-06 88.1(2)
010-Dy2-0O5 148.37(16) N6-Mn2-06 81.2(2)
0O1-Dy2-0O5 66.73(17) Mn1-0O1-Dy2 129.5(3)
012-Dy2-05 74.91(18) Mn1-0O1-Dy3 107.8(2)
015-Dy2-05 70.39(18) Dy2-01-Dy3 108.92(19)
02-Dy2-05 75.49(16) Mn1-0O1-Dy1 101.7(2)
010-Dy2-N4 66.17(18) Dy2-0O1-Dy1 102.33(17)
O1-Dy2-N4 148.07(18) Dy3-01-Dy1 103.21(19)
012-Dy2-N4 79.13(19) Mn2-02-Dy1 130.0(2)
02-Dy2-N4 125.29(17) Mn2-02-Dy4 107.2(2)
O5-Dy2-N4 135.23(18) Dy1-02-Dy4 109.26(18)
09-Dy3-01 73.42(17) Mn2-02-Dy2 101.53(19)
09-Dy3-05 74.02(18) Dy1-02-Dy2 102.17(18)
0O1-Dy3-05 67.61(17) Dy4-02-Dy2 103.22(18)
05-Dy3-022 134.67(18)

Table 9: Selected bond angles for 14.
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2.2.4 Magnetic properties of [Mn'",Ln",(u,-O).(hmp).(pic).(piv)e(u-
N;).]:4CH;CN

Variable-temperature dc magnetic susceptibility data for compounds 11-15 were
collected in the temperature range 1.8-300 K under an applied field of 1000 Oe
(Figure 42). The samples were checked for the presence of ferromagnetic
impurities by measuring the magnetisation as a function of the field at 100 K.
Perfect straight lines were observed indicating the absence of such impurities.
The dc magnetic data of 11-15 are summarised in Table 10. The observed T
products at RT are in relatively good agreement with the expected values for four
non-interacting Ln" and two Mn"
magnetic susceptibilities for 13 (Tb), 14 (Dy) and 15 (Ho) show similar thermal
evolution in the full temperature range. From 300 K, the T product decreases

ions. The temperature dependence of the

continuously, initially slowly down to 50 K, then increasingly rapidly, reaching a
minimum value for 4T at 2.24, 15.61 and 6.50 cm?® Kmol™ for 13 (Tb), 14 (Dy)
and 15 (Ho), respectively. For 12 (Gd) the T product at 1000 Oe is almost
independent of the temperature down to 30 K before it undergoes a sharp drop
to 19.63 cm?® Kmol' at 1.8 K. For compound 11 (Eu) the T product first
undergoes a very slow decrease at higher temperatures resulting in a pseudo-
plateau in the range 50-10 K followed by a rapid decrease on lowering the
temperature from 30 to 1.8 K. The first slow decrease is due to the depopulation
of the low lying excited states of the Eu by decreasing temperature. The final
decrease of yT suggests the presence of weak antiferromagnetic intermolecular
interactions and/or a significant magnetic anisotropy.

The field dependence of the magnetisation at low temperatures shows that the
magnetisation increases smoothly with increasing applied dc field without
saturation even at 7 T for all compounds. The magnitudes of magnetisation are
also given in Table 10 for all compounds. This behaviour indicates the presence
of magnetic anisotropy. Furthermore, the plots of the M versus H/T at low
temperatures for compounds 11-15 show that the curves are not superposed, as
would be expected for an isotropic system, giving a further indication of the
presence of magnetic anisotropy even for 12 (Gd) (which comes from anisotropic
Mn'"" ions).

The magnetisation versus field data of 13 (Tb) shows a slope which is less steep
at low field and increases around H = 1.4 T (Figure 45). Moreover, it should be
noted that for 13-15 an inflection point on the M versus H is seen around 2000
Oe. This is typical of level crossing and the observed magnetisation for
compounds 13-15 are likely influenced by field induced stabilisation of excited
states with higher magnetic moment than the ground state. Since the spin
ground state is difficult to define in a Dy(lll) containing complex, it is also difficult
to determine both the magnitude of the magnetic exchange interactions and the
identity of the magnetic spins involved in the feature observed at 1.7 T. Above
this field the magnetisation increases slowly reaching at 7 T the value of 26.08
Ug but without showing true saturation. This value is roughly consistent with
that expected for four uncorrelated Tb" and two Mn" magnetic moments. The
application of a field stronger than 2 T apparently overcomes all
antiferromagnetic interactions.
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The presence of magnetic anisotropy was probed further by examining the
magnetisation relaxation under zero dc field for all of the compounds 11-15. It
was found that only compound 13 (Tb) exhibits slow relaxation of its
magnetisation under these conditions. However, 13 (Tb) shows only very weak
frequency dependence of both in-phase and out-of-phase components. For 13
(Tb) the ground state is a singlet as proved by the maximum of y (Figure 48) but
the weak antiferromagnetic interactions are overcome at 1.4T by the applied dc
field. Furthermore there is a strong contradiction between a singlet ground state
for 13 (Tb) and slow relaxation of the magnetisation. The slow relaxation is likely
due to an excited state which is still postulated.

The ratio of the intensity of the out-of-phase and in-phase signal is about 1:20,
which indicates that the slow relaxation probably comes from an excited state.
Dc fields up to 1500 Oe were applied to slow down the relaxation of
magnetisation. In SMMs with a relaxation partially influenced by quantum
effects, the application of a small dc field removes the ground state degeneracy
and thus the possibility of quantum tunnelling, inducing a slowing down of the
relaxation of the magnetisation. This application revealed no influence on the
relaxation by resonant quantum tunnelling of magnetisation.

xT xT expected for
expected for each each
Ln at RT Ground state of complex®
Compound (cm3*Kmol™) Ln ion (cm3Kmol™)
Mn,Eu, (11) o “Fo 6
Mn,Gd, (12) 7.88 &S, 37.652
Mn,Tb, (13) 11.82 “Fe 53.24
Mn,Dy, (14) 14.17 ®H, 50 62.71
Mn,Ho, (15) 14.075 ®lg 62.18
xT measured at xT measured at
300K per 1.8 K per Magnetisation
complex complex at1.8 Kand 7T
Compound (cm3*Kmol™) (cm3*Kmol™) (ug)
Mn,Eu, (11) 13.43 5.34 6.59
Mn,Gd, (12) 37.50 19.63 33.58
Mn,Tb, (13) 57.57 2.24 31.82
Mn,Dy, (14) 67.71 15.61 32.50
Mn,Ho, (15) 66.62 6.50 35.49

Table 10: Magnetic data summarised from the dc measurements. @ taking into account a
g factor of MIn metal ions of 2.
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Figure 42: Temperature-dependence of the T product under 0.1 T for compound 11-15.
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Figure 45: Plot of magnetisation M vs. H (left) and M vs. H/T (right) between 1.8 K and 8
K for 13. The solid lines are to guide the eye.
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Figure 47: Plot of magnetisation M vs. H (left) and M vs. H/T (right) between 1.8 K and

8 K for 15. The solid lines are to guide the eye.
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Figure 48: Plots of the in-phase and out-of-phase ac susceptibility for 13.

2.3 Structure and magnetic properties of heptanuclear complexes

The reaction of {Mng} (1) with n-butyldiethanolamine (n-bdeaH,) and
LnN(NO,);-6H,0 in MeCN gave a brown solution from which dark-brown crystals
of [Mn,Ln3(O);(n-bdea)(n-bdeaH),(N;)(piv)s(NO3;) where Ln = Gd (17), Dy (18), Ho
(19) and Er (20) could be isolated after one week. Magnetic measurements
reveal that compound 18 (Dy) and 19 (Ho) show slow relaxation of
magnetisation as expected for single molecule magnets.

2.3.1  Structure of IMn"Mn",Mn"VHo";(u,-O)(us-OH).(n-bdea),
(Piv)e(N3)(NO3)]-MeCN (19)

The complexes 17-20 contain different 4fmetals but are isomorphous and
crystallise at room temperature in the orthorhombic space group Pbca (Table 5).
The structure of 19 (Ho) is described here as representative for the whole series,
for which selected metrical parameters are summarised in Table 12. The
molecular structure (Figure 49) consists of an asymmetric {Mn,Ho;}*'* core, held
together by two (u;-O)* and one (u,-O)* ligands and one oxygen atom of a
monodeprotonated n®:n':n*:u,-diethanolamine ligand. Peripheral ligation is
provided by another monodeprotonated n?:n':n%:u;- and a doubly deprotonated
n*:n":n%:us- diethanolamine ligand, nine pivalate anions, one nitrate anion and one
azide anion. The pivalates occur in four different bridging modes: chelating, u,-
bridging, n?:n':u,- and n?:n":us-bridging. The metal oxidation states (Mn'", Mn",
Mn", Ho") and the deprotonation levels of O%, n-bdea® and n-bdeaH" ions were
established by charge considerations, bond valence sum calculations (Liu, 1993:
4102ff), inspection of metric parameters and the observation of Jahn-Teller

elongation axes of Mn'".
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All four Mn atoms are six-coordinate. Ho(1) and Ho(2) are eight-coordinate with
a coordination polyhedron that could be described as a distorted square
antiprism, while Ho(3) is nine-coordinate with a coordination polyhedron that
may best be described as a tricapped trigonal prism (Figure 52).

 Ho

@ Mn(D)
@Vinam
@Vnav)
@o

Figure 49: Molecular structure of Mn"Mn",Mn"“VHo",(u,-0)(us-O),(n-bdea);(N;)(piv)g
(NO,)]. Organic hydrogen atoms and solvent molecules are omitted for clarity.

Inspection of the central core reveals a sort of basket formed by Ho(1), Ho(2),
Mn(1) and Mn(3) (Figure 50).

Figure 50: View of the “basket”-like geometry (left) within the metal core (right).

Alternatively one could describe the metal core as two distorted butterflies
sharing one wing-edge (Figure 51). Here, the wing atom (Ho(1) of the butterfly
given in pink in Figure 51 and spanned by Ho(1)-Ho(3) and Mn(2), also
corresponds to the body atom of the second turquoise-coloured butterfly formed
by Mn(3), Mn(4), Ho(1) and Ho(2). Mn(1) is connected to the first mentioned
butterfly by O(1), the pu,-bridging oxygen and two pu-pivalates bridging in a
syn,syn-mode to Mn(2) and Ho(1), respectively. One chelating n-bdea®-ligand is
completing the coordination sphere of Mn(1).
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Figure 51: View of the metal core with colour-marked butterfly cores.

In addition to the u;-O(3) and u,-O(1) ligands bridged to the Ho" ions, Mn(2) is
coordinated to pivalates to complete the octahedral coordination environment
with the fourth pivalate connecting Mn(2) to Mn(1).

Mn(3) is connected to Ho(2) by a u-pivalate, chelated by a n-bdea®*-ligand and
connected to Mn(4) by an alkoxy arm of the Mn(4) chelating n-bdea®*-ligand,
whose coordination sphere is completed by an end-on-coordinating azide and a
u-pivalate, which connects Mn(4) to Ho(1).

Each monodeprotonated n-bdeaH™- and doubly-deprotonated n-bdea® group act
as tridentate chelates to Mn(1), (Mn(3) and Mn(4), while Mn(2) and each Ho"
are not chelated by these, but rather bound to the core by pivalates. The Mn"
ions Mn(3) and Mn(4) have the expected octahedral geometries with Jahn-Teller
elongations along one axis, while the geometries of Mn" (Mn(2)) and Mn"
(Mn(1)) are rather symmetric octahedra.

Compound 17-20 represent the first examples reported so far of compounds
containing Mn", Mn" and Mn" in combination with a 4f-~metal ion. Up to now,
only some pure Mn containing-clusters with mixed-oxidation states exist so far,
e.g. the Mn, published by the group of Christou et al. in 2006 (Mishra, 2006:
10197ff).

Figure 52: The square antiprismatic coordination polyhedra around Ho(1) and Ho(2) and
the triaugmented triangular prism of Ho(3).

The Mn,Ln; molecules are very closely isostructural. The only significant
differences lie in the respective Ln-O bond distances, which decrease across the
series in line with the expected contraction of the lanthanide ionic radii.
Moreover, for all structures the packing is such that there are no inter-cluster
interactions or pathways (Figure 53) which could lead to long-range magnetic
ordering effects and one can be confident that the behaviour seen in the
magnetic studies is of molecular origin.
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Figure 53: Part of the structure of 19 in the polyhedral representation, projected along the
b axis. Ho(1)-(3) polyhedra are yellow and the Mn octahedra are violet.

It appears that this series of compounds show phase transition and/or pseudo-
symmetry behaviour. In other words, these compounds crystallise in different
space groups depending on the temperature. Although this may be interesting
from a crystallographic point of view, it makes obtaining good quality crystal
structures rather difficult. Compound 20 (Er) has a well-defined monoclinic cell
at 100 K, with systematic absences for the space group P2,/c. However, when
the structure is solved and refined in this space group, three of the metal sites
seem to be disordered, each over two adjacent positions. The systematic
absences for the c-glide are clean, those for the 2, screw axis rather less so, and
so refinement in the lower-symmetry space group Pc was attempted with two
independent molecules in the asymmetric unit. However, the pseudo-symmetry
relating these two molecules is such that correlation between corresponding
parameters of pseudo-symmetrically related atoms becomes very high, and full
refinement was not possible. For compounds 17 (Gd), 18 (Dy) and 19 (Ho) the
unit cells appear orthorhombic, and are derived from that of compound 20 (Er)
by a change in beta from 95.392 to ca. 90 degrees, together with a doubling of
the a-axis. This change in space group may reflect the smaller ionic radius of the
Er®* cation. That the unit cell for these compounds is derived from a monoclinic
one in this way may explain the problems encountered. For these three
compounds, at 100 K the orthorhombic space group Pbca was indicated,
although some of the systematic absences were not particularly clean. Indeed,
refinement in this space group proved problematic, and it appears that at this
temperature the crystal symmetry is in fact monoclinic (but with B very close to
90 degrees). But the resulting pseudo-symmetry again resulted in high
correlation and poor refinement. However, during a measurement of compound
19 (Ho), the cooling system accidentally failed and the crystal warmed to room
temperature. Examining the data, it appeared that at this point in the
measurement the crystal underwent a rather sharp phase transition from
monoclinic (but quasi-orthornombic) back to clean orthorhnombic symmetry. The
data measured after the cooling failure could be integrated separately, and the
structure was solved and refined in space group Pbca, with no particular
problems other than the higher degree of rotational disorder of the n-butyl
groups of the ligands at this higher temperature. The unit cell of compound 20
(Er) was checked at room temperature and found also to be orthorhombic, and
very similar to the others.
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Bond Valence Sum Calculations (Brown, 1985: 244ff):

resp. atom
Mn(1) Mn(2) Mn(3) Mn(4)
est. ox. state
Mn' 4.02 1.96 3.21 3.24
Mn' 3.70 1.80 2.95 3.01
Mn'Y 3.85 1.88 3.07 3.08
calc. ox. state Mn'v Mn" Mn' Mn'"
compound a b Cc Vv
Mn,Gd; (17) 13.4221(12) 26.739(2) 54.022(5) 19388(3)
Mn,Dy; (18) 13.4288(10) 26.7203(19) 53.932(4) 19352(4)
Mn,Ho; (19) 13.5875(3) 27.0030(6) 54.4932(17) 19993.7(9)
Mn,Er; (20) 13.8035(5) 27.247(16) 54.8616(2) 20633(31)

Table 11: Summary of selected cell parameters of 17, 18, 19 and 20 selected at RT.

Ho1-03 2.308(4) Mn1-012 1.926(5)
Ho1-04 2.315(4) Mn1-0O10 1.932(5)
Ho1-07 2.365(4) Mn1-N1 2.127(6)
Ho1-02 2.372(4) Mn2-01 2.1394)
Ho1-01 2.426(4) Mn2-011 2.145(5)
Ho1-014 2.450(5) Mn2-03 2.270(4)
Ho2-02 2.327(5) Mn2-014 2.372(5)
Ho2-05 2.374(5) Mn3-07 1.872(5)
Ho2-01 2.376(4) Mn3-08 1.926(5)
Ho2-013 2.376(5) Mn3-06 2.044(5)
Ho2-09 2.396(4) Mn3-02 2.073(5)
Ho2-06 2.544(5) Mn3-N2 2.272(6)
Ho3-03 2.340(5) Mn4-09 1.870(5)
Ho3-N4 2.867(10) Mn4-N11 1.955(9)
Mn1-0O1 1.790(4) Mn4-08 2.032(6)
Mn1-0O4 1.870(5) Mn4-06 2.210(5)
Mn1-0O5 1.886(5) Mn4-N3 2.292(7)
Table 12: Selected Bond lengths for 19.
0O3-Ho1-04 83.86(16) 0O1-Mn1-N1 166.4(2)
022-Ho1-04 77.63(18) 0O4-Mn1-N1 84.4(2)
03-Ho1-07 159.29(16) O5-Mn1-N1 83.1(2)
022-Ho1-07 82.57(18) 012-Mn1-N1 91.4(2)
0O4-Ho1-07 77.00(16) 010-Mn1-N1 87.7(2)
0O3-Ho1-02 129.62(15) 01-Mn2-011 92.51(19)
0O4-Ho1-02 108.94(16) 024-Mn2-03 95.5(2)
0O7-Ho1-02 65.52(16) 01-Mn2-03 80.93(16)
03-Ho1-01 74.40(15) 011-Mn2-03 90.16(19)
04-Ho1-01 63.53(15) 01-Mn2-014 80.00(17)
0O7-Ho1-01 103.37(15) 011-Mn2-014 161.11(19)
02-Ho1-01 69.53(14) 03-Mn2-014 71.62(16)
03-Ho1-014 69.59(15) 0O7-Mn3-08 177.0(2)
04-Ho1-014 133.90(16) 0O7-Mn3-06 98.6(2)
0O7-Ho1-014 130.15(15) 08-Mn3-06 79.2(2)
02-Ho1-014 67.09(16) 0O7-Mn3-02 80.88(18)
0O1-Ho1-014 73.15(16) 08-Mn3-02 100.6(2)
02-Ho2-05 101.07(16) 06-Mn3-02 80.75(19)
02-Ho2-01 71.13(15) O7-Mn3-N2 79.7(2)
05-Ho2-01 65.17(15) 08-Mn3-N2 98.0(2)
02-Ho2-013 147.40(16) 06-Mn3-N2 81.0(2)
05-Ho2-013 74.58(16) 02-Mn3-N2 151.0(2)
01-Ho2-013 78.06(15) 09-Mn4-N11 169.0(3)
02-Ho2-09 72.43(17) 09-Mn4-08 93.7(2)
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05-Ho2-09 144.27(16) N11-Mn4-08 94.5(3)
0O1-Ho2-09 137.43(17) 09-Mn4-06 83.52(19)
013-Ho2-09 129.35(17) N11-Mn4-06 105.9(3)
02-Ho2-06 66.22(16) 08-Mn4-06 73.16(19)
05-Ho2-06 78.16(15) 09-Mn4-N3 80.6(2)
0O1-Ho2-06 115.50(15) N11-Mn4-N3 93.7(3)
013-Ho2-06 140.18(17) 08-Mn4-N3 79.1(3)
09-Ho2-06 66.98(16) 06-Mn4-N3 146.9(2)
015-Ho3-N4 70.5(2) Mn1-01-Mn2 122.3(2)
03-Ho3-N4 148.2(2) Mn1-0O1-Ho2 103.10(19)
O01-Mn1-04 86.03(19) Mn2-01-Ho2 124.89(19)
O01-Mn1-0O5 88.16(19) Mn1-0O1-Ho1 104.39(18)
04-Mn1-05 95.1(2) Mn2-01-Ho1 92.46(16)
01-Mn1-012 99.2(2) Ho2-0O1-Ho1 105.64(15)
04-Mn1-012 172.1(2) Mn3-02-Ho2 109.8(2)
05-Mn1-012 91.0(2) Mn3-02-Ho1 100.57(18)
01-Mn1-010 101.6(2) Ho2-02-Ho1 109.00(17)
04-Mn1-010 88.0(2) Mn2-03-Ho1 92.32(16)
05-Mn1-010 170.0(2) Mn2-03-Ho3 118.67(19)
012-Mn1-010 85.1(2) Ho1-0O3-Ho3 118.88(19)

Table 13: Selected bond angles for 19.

2.3.2 Magnetic properties of [Mn'"Mn",Mn"VLn";(u,-O)(us-OH).(n-
bdea);(piv)e(N3)(NO3)]-MeCN

Direct current (dc) magnetic susceptibility data for compounds 18 (Dy) and 19
(Ho) were collected in the 1.8-300 K temperature range under a field of 0.1 T
(Figure 54). For compound 18 (Dy) the T product at 300 K corresponds well to
the expected value for one Mn'", two Mn" and one Mn" ions and the three Dy"
ions. For 19 (Ho) the experimentally found value for 4T is slightly less than the
expected value for the three Mn ions of different oxidation states and three Ho"
ions (51.08 instead of 54.39 cm?® Kmol™). In both cases the T products decrease
slowly and constantly above 50 K from 54.36 and 51.08 cm® Kmol™" at 300 K to
51.56 and 46.4 cm® Kmol' at 50 K for compound 18 (Dy) and 19 (Ho),
respectively. This decrease is due to a depopulation of stark sublevels of the Ln"
ions and/or intramolecular antiferromagnetic interactions. While the 3T product
of 19 (Ho) drops below 50 K abruptly to a ¥T value of 33.8 cm® Kmol™, the slope
for yT of 18 (Dy) drops down only until 8 K to a value of 47.2 cm® Kmol™”,
remains shortly on a plateau until ca. 3 K before it achieves a final drop to 45.7
at 1.8 K. The plateau is possibly the result of the stabilisation of the spin ground
state of compound 18 (Dy). The exiguous break in the T plot for 19 (Ho) at

about 100 K is due to a rotation of the sample at this point.

Field-dependence measurements of the magnetisation up to 7 T were performed
at 2 K for both compounds 18 (Dy) and 19 (Ho) and are shown in Figure 55 and
Figure 56. The plots show a relative increase of the magnetisation at low fields,
followed by an almost linear increase without clear saturation up to 7 T, where
values of 27.15 and 25.87 ug are reached for 18 (Dy) and 19 (Ho), respectively.

Indeed these values do not represent the expected magnitudes for three isolated
Dy" (S=5/2) or Ho"' (S=2) ions, respectively and one Mn'" (S=5/2), two Mn"' (S=2)
and one Mn' (S=3/2) ion, 31 or 28 ug, respectively, likely due to the spin-orbit

coupling of the Ln" ions.
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This behaviour is likely related to the population of excited states and to the
intrinsic magnetic anisotropy of the Ln'" ions, especially in the case of Dy" in 18
(Dy). The crossing point in the M versus H curves for compound 18 (Dy) is seen
at about 60000 Oe. This is typical of
magnetisation for compound 18 (Dy) is influenced by field induced
stabilisation of excited states with higher magnetic moment than the ground
state.

As a in both compounds, the
alternating current (ac) susceptibility measurements were checked under zero dc

fields. For both tested compounds 18 (Dy) and 19 (Ho) an in-phase and out-of-

level crossing and the observed

likely

result of the magnetic anisotropy present

phase (y" and y'’) signal was detected. However, the ratio between in-phase and
out-of-phase signal is in the case of Dy (18) 1:100 and in the case for Ho (19)
even lower (1:200) indicating that the signals are very weak and the compounds
exhibit no virtual slow relaxation of the magnetisation above 1.8 K.

The magnetic properties of compound 17 (Gd) and 20 (Er) were not measured
due to limited time on the SQUID magnetometer and the decision to focus the
measurements on compounds, which contain the most promising lanthanides
like Dy".

Although the example of Mn,g (Ako, 2006: 4926ff;, Waldmann, 2008: 3486ff)
has shown, that too high symmetry can lead to highly isotropic systems
resulting in a very low or even non-existent energy barrier, essential for slow
relaxation of magnetisation, as a result of the orientations of the individual ions
easy axes of magnetisation cancelling each other, it was shown here, that in
these particular examples, where the alignment of the orientations of the
individual ions easy axes of magnetisation are strongly asymmetric, it does not
have any positive effect on the anisotropy of the system and thus on the

behaviour as SMMs.

xT xT expected for
expected for each each
Ln at RT Ground state of complex®
Compound (cm3*Kmol™) Ln ion (cm3Kmol™)
Mn,Dys (18) 14.17 *H.g/ 54.78
Mn,Ho; (19) 14.075 ®lg 54.39

xT measured at

xT measured at

300K per 1.8 K per Magnetisation
complex complex at1.8 Kand 7T
Compound (cm3*Kmol™) (cm3*Kmol™) (ug)
Mn,Dy; (18) 54.36 45.76 27.15
Mn,Ho; (19) 51.08 33.82 25.87
Table 14: Magnetic data summarised from the dc measurements. @ taking into account a

g factor of MIn metal ions of 2.
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Figure 64: Temperature-dependence of the T product under 1000 Oe for compound 18
and 19.
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Figure 55: Plot of magnetisation M vs. H (left) and M vs. H/T (right) between 1.8 K and 8
K for 18. The solid lines are to guide the eye.
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Figure 56: Plot of magnetisation M vs. H (left) and M vs. H/T (right) between 1.8 K and 8
K for 19. The solid lines are to guide the eye.
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2.4 Structure and magnetic properties of dodecanuclear
complexes

The use of {Mng} (1), n-butyldiethanolamine (n-bdeaH,), LIOH and the
respective lanthanide salt in 3d-4f chemistry produces a family of clusters of
general formula [Mn3%,Ln";Li,(us-O),(us-COs),(Nn-bdea)s(piv),,(NO;),]-3CH;CN,
where Ln = Pr (21), Nd (22), Sm (23), Eu (24), Gd (25), Tb (26), Dy (27) and Ho
(28).

The molecular structure describes a planar disc-like Lng ring separated by two
pairs of Mn3® ions. Magnetic studies reveal that 27 (Dy) display slow relaxation
of magnetisation as expected for single molecule magnets and calcinated 27
(Dy) shows a catalytic effect on the oxidation of CO to CO.,.

2.4.1 Structure Of [Mn3-54Gd"|6Li2(lal3'o)2015'003)2(”'bdea)6(piV)12
(NO,),]-3CH.CN (25)

Figure 57: Molecular  structure of [MnY,Mn",Gd"gLi,(u;-O),(us-COs),(n-bdea)gs(piv),,
(NO;),]-3CH4;CN, 25. Organic hydrogen atoms and solvent molecules are
omitted for clarity.

Compound 25 (Gd) forms long, black needle-shaped crystals. The complexes 21-
29 are isostructural and the compounds crystallise isomorphously in the
monoclinic space group P2,/n with Z=2. The structure of 26 (Gd) is described
here as representative for the whole series from 21-27, for which selected
metrical parameters are summarised in Table 16-Table 23. The polyhedral
representation (along the b-axis) is illustrated below (Figure 58).

The molecular structure consists of a centrosymmetric {Mn,GdgLi,}**" core, held
together by two carbonates, two (u;-O)? ligands and the oxygen atoms of two
doubly-deprotonated n%:n%n':us- and four doubly-deprotonated n%:n?:n":u,-
diethanolamine ligands (Figure 57).
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Peripheral ligation is provided by twelve pu-pivalate anions and two nitrate
anions, which chelate Gd(3) and Gd(3’). Two lithium ions in the interior of the
core complete the structure.

The metal oxidation states (Mn3?®

and Gd") and the deprotonation levels of O%,
n-bdea® and n-bdeaH" ions were established by charge considerations, bond
valence sum calculations (Liu, 1993: 4102ff).

Figure 58: Left: Metal core of 25. Right: Part of the structure of 25 in the polyhedral
representation, projected along the b axis. Gd(1)-(3) polyhedra are yellow, Mn
octahedra are violet and Li tetrahedra are rose.

All four Mn atoms are six-coordinate and all Gd atoms are eightfold coordinate.
Two of them, Gd(1) and Gd(1’), feature a slightly distorted square antiprism
environment of eight oxygen with O-O distances within 2.5253 and 3.1156 A.
O(1), O(2), O(4) and O(20) are coplanar to within 0.0592 A. O(9), O(11), O(12)
and O(14) are coplanar to within 0.0170 A. The two planes above are nearly
parallel - they make a dihedral angle of only 1.6 degrees.

Gd (2)
Gd (1) 64 3)

Figure 59: The coordination polyhedra around Gd(1), Gd(2) and Gd(3): square antiprism,
dodecahedron and distorted bisdisphenoid.

The mutual O-0O distances of O-atoms belonging to the top plane and the bottom
plane are within the range of 2.900 - 3.090 A, thus constructing the rather
regular but slightly distorted square antiprism coordination environment of the
Gd ions.

In contrast Gd(2) and Gd(2’) are coordinated by seven oxygen and one nitrogen
atom. The three oxygen atoms O(3), O(5) and O(21) form a plane which is
almost coplanar to the plane formed by O(6), O(7) and O(17) at an angle of
2.644°. O(19) is slightly above the latter plane at 0.2013 A.
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The N(3)-Gd(2) bond is nearly perpendicular to the plane formed by the oxygen
atoms O(3), O(5) and O(21) with a tilt angle of 7.821°. Viewing along the N(3)-
Gd(2) bond, the three oxygens O(3), O(5) and O(21) form a slightly distorted
triangle within the angle range of 57.028° and 64.165° whereas the oxygens
O(B), O(7), O(17) and O(19) form a distorted square within a range 85.715 to
94.483°. This leads to a distorted dodecahedral environment for Gd(2) and
Gd(2').

The environment of the third Gd site Gd(3) and Gd(3’) can be described as a
distorted bisdisphenoid type (Wells, 1984) comprising eight oxygen atoms.

Inspection of the arrangement of the metals in the core reveals, that all six Gd
coordination sites form a coplanar ring to within 0.0240(2) A consisting of two
halves separated by 5.6549 A whereas the Gd-Gd distances within each half are
found to be 4.3266(6) and 4.3602(5) A, respectively.

The Gd-Gd angle within each half is distorted to 104.00(1) being smaller than a
regular hexagon angle. The elongated Gd(1)-Gd(2) distance representing the
opening of the hexagon of 5.6549(5) A is due to the fact that a plane formed by
four manganese atoms intersects the Gd-ring with the nearly perpendicular
angle of 89.48(2)°. This manganese plane consists of two pairs of manganese
atoms with a Min-Mn distance of 3.6400(15) A. Each manganese pair is situated
somewhat outside the Gd hexagon. The distance between these pairs is found
to be 7.760(2) A thus forming a slightly distorted rectangle with a Mn-Mn-Mn
angle of 93.515°.

Each manganese pair consists of two corner connected distorted octahedra
formed by five oxygen and one nitrogen atoms, respectively. Both nitrogen
atoms are trans to the corner connecting oxygen. The tilt angle between the two
corner connected octahedra is observed as 147.997°.

Two lithium ions serve as charge compensation to the anionic heteropolynuclear
complex and are trapped by carbonate- and diethanolate-oxygens. The alkali
metals are situated in the middle of the rectangular formed by the four
manganese coordination sites, where each lithium ion is about 0.2 A above and
below this plane, respectively.

The coordination spheres of the heteronuclear complex is formed by six
completely deprotonated N-n-butyldiethanolamine ligands (n-bdea), where two
point up and down almost perpendicular to the Gd hexagon plane, respectively
and the other two n-N-butyldiethanolamine ligands are situated close to the
plane.

Twelve pivalates (piv) are connecting via syn,syn-bridging pairwise the Gd
atoms within the two halves of the Gd hexagon. Both halves are connected via
Gd-(piv)-Mn bridges and Mn-(n-bdea)-Gd bridges.

On the elongated side of the Gd hexagon two nitrate anions complete the
coordination sphere of the Gd(3) and Gd(3’), respectively.

The void of the Gd hexagon is filled with two carbonates and the two lithium
ions mentioned above.

The coordination environments of Mn(1) and Mn(2) are very similar, and are
roughly intermediate between what would be expected for Mn" and Mn"v.

Indeed, charge balance requires two Mn" and two Mn" ions in the structure.
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Bond valance sum calculations indicate intermediate valences, i.e. ca. 3.5. It is of
interest to determine if the oxidation states are genuinely delocalised, which
might result in ferromagnetic coupling as a result of double-exchange in the
dinuclear units, or are localised but disordered, in which case superexchange
will result.

The yttrium analogue 29 is as mentioned isostructural to the afore described
compound 25 and isomorphous to the Ho derivative 28. However, 29 (Y) include
eight rather than three acetonitrile molecules per complex and it is to be
assumed that this is the same for 28 (Ho) due to the same unit cell parameters
(Table 15). Two crystals are said to be isostructural if they have the same
structure, but not necessarily the same cell dimensions. However, two crystals
are said to be isomorphous if both have the same space group and unit-cell
dimensions and the types and the positions of atoms in both are the same (lucr,
2008).

The question of whether the coordinating anions in the middle of the metal core
are carbonates or nitrates is justified. The CHN values will give no sufficient
answer, as the values differ too little. However, several points comfirm the fact,
that it is a carbonate that connects the lithium ions with the lanthanides rather
than a nitrate.

First of all from the crystographical point of view: the XO; (X = N or C) is held
rigidly within the molecule, so none of its atoms should vibrate with a higher
amplitude than the others. Regarding the temperature factors of the X, where X
is supposed to be carbon, show that they are similar to the oxygens.
Considering nitrogen instead of carbon will result in the temperature factor for
the nitrogen going quite a bit higher than that of the oxygens.

Additionally, the Bond Valence Sum Calculations show that the oxidation states
of the manganese ions are around 3.5. Thus, charge considerations necessitate
two anions with two negative charges each. Changing CO; by NO; would
indeed not lead to a strong change of the bond lengths of the manganeses and
thus to a change of the oxidation states of the manganese ions including the

jons.

formation of Jahn-Teller axes as expected for Mn"
With cerium it was not possible to obtain a similar structure, but an already
published Ce“s complex (Mereacre, 2009: 2524ff), which seems to be
thermodynamically favoured.

Detailed information about the bond lengths and angles are found in Table 16-
Table 23.

Bond Valence Sum Calculations (Brown, 1985: 244ff):

respective atom
estimated oxidation Mn(1) Mn(2)
state
Mn'" 3.59 3.65
M 3.21 3.36
Mn'Y 3.44 3.5
calc. oxidation state Mn?3-° Mn?3-®
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Compound a b c Vv
Mn,Prg (21) 19.1528(19) 15.2274(15) 26.697(3) 7658.1(13)
Mn,Ndg (22) 19.1127(1) 15.5506(7) 26.5793(1) 7756(10)
Mn,Smg (23) 19.4126(7) 15.4350(4) 26.9611(1) 7954(7)
Mn,Eug (24) 19.3683(8) 15.4191(4) 26.9509(1) 7922(8)
Mn,Gdg (25) 19.0162(12) 15.2263(7) 26.6159(18) 7592.9(8)
Mn,Tbg (26) 19.2759(6) 15.3828(3) 26.7685(9) 7819.3(6)
Mn,Dys (27) 18.8860(16) 15.1696(13) 26.450(2) 7474.3(11)
Mn,Hog (28) 28.7327(5) 18.1269(4) 34.4563(7) 16957(8)
Mn,Ys (29) 28.4767(12) 17.9812(7) 34.0806(17) 16478.2(13)
Compound a B y
Mn,Prg (21) 90 100.398(2) 90
Mn,Ndg (22) 90 100.927(6) 90
Mn,Smg (23) 90 100.049(5) 90
Mn,Eug (24) 90 100.177(5) 90
Mn,Gdg (25) 90 99.851(H) 90
Mn,Tbg (26) 90 99.892(4) 90
Mn,Dys (27) 90 99.472(1) 90
Mn,Hog (28) 90 109.104(2) 90
Mn,Ys (29) 90 109.219(4) 90
Table 15: Selected cell parameters for compounds 21-29.
Pr1-O14 2.417(5) Pr3-O16A 2.367(8)
Pr1-0O1 2.422(4) Pr3-016B 2.44(2)
Pr1-O12 2.429(5) Pr3-020 2.499(4)
Pr1-020 2.456(4) Mn1-0O1 1.858(5)
Pr1-O4 2.463(5) Mn1-02 1.894(4)
Pr1-09 2.468(4) Mn1-0O6 1.914(4)
Pr1-0O2 2.488(4) Mn1-0O8 1.933(4)
Pr1-O11 2.491(4) Mn1-0O3 1.966(4)
Pr2-017 2.407(4) Mn1-N1 2.197(5)
Pr2-019 2.444(4) Mn2-04 1.892(4)
Pr2-07 2.446(4) Mn2-07 1.909(4)
Pr2-0O6 2.453(4) Mn2-010 1.943(4)
Pr2-0O3 2.484(4) Mn2-01 1.949(5)
Pr2-O5 2.560(4) Mn2-0O5 1.963(4)
Pr2-N3 2.702(5) Mn2-N2 2.231(5)
Pr3-013B 2.282(17) Li1-O5 1.933(11)
Pr3-O15A 2.321(8) Li1-O3 1.980(11)
Pr3-O15B 2.32(2) Pr3-O13A 2.397(8)
Pr3-018B 2.33(2) Pr3-O18A 2.403(8)
Table 16: Selected bond lengths for 21.
014-Pr1-01 140.15(17) O15A-Pr3-O13A 91.3(2)
014-Pr1-012 80.10(18) 015B-Pr3-O13A 110.9(6)
0O1-Pr1-O12 138.62(18) 018B-Pr3-O13A 152.5(5)
014-Pr1-020 84.24(16) O16A-Pr3-O13A 92.3(2)
O1-Pr1-O20 107.78(13) 013B-Pr3-O18A 156.4(6)
012-Pr1-020 79.81(16) O15A-Pr3-O18A 88.9(2)
014-Pr1-04 82.00(16) 0O15B-Pr3-O18A 65.6(6)
O1-Pr1-0O4 63.54(15) 018B-Pr3-O18A 38.5(5)
012-Pr1-04 154.77(17) O16A-Pr3-O18A 95.0(2)
020-Pr1-04 80.84(15) O13A-Pr3-O18A 162.06(19)
014-Pr1-09 113.64(16) 013B-Pr3-016B 84.8(8)
O1-Pr1-09 78.61(15) O15A-Pr3-016B 153.3(5)
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012-Pr1-09 74.01(17) 0O15B-Pr3-016B 167.7(7)
020-Pr1-09 144.56(16) 018B-Pr3-016B 91.9(7)
0O4-Pr1-09 129.98(14) O16A-Pr3-016B 35.7(5)
014-Pr1-02 156.09(16) O13A-Pr3-016B 62.3(5)
O1-Pr1-02 62.66(15) O18A-Pr3-016B 117.4(5)
012-Pr1-02 79.67(16) 013B-Pr3-020 84.4(5)
020-Pr1-02 79.75(14) O15A-Pr3-020 79.77(18)
04-Pr1-02 112.51(14) 015B-Pr3-020 70.8(6)
09-Pr1-02 72.47(14) 018B-Pr3-020 117.4(5)
014-Pr1-0O11 73.49(16) O16A-Pr3-020 124.81(17)
O1-Pr1-O11 77.05(14) O13A-Pr3-020 77.64(17)
012-Pr1-011 119.01(15) O18A-Pr3-020 84.76(17)
020-Pr1-011 146.69(15) 016B-Pr3-020 97.2(5)
04-Pr1-0O11 71.92(14) 01-Mn1-02 85.78(19)
09-Pr1-011 68.52(15) 01-Mn1-06 96.12(18)
02-Pr1-0O11 128.13(14) 02-Mn1-06 176.69(18)
017-Pr2-019 98.41(15) 01-Mn1-08 97.74(18)
017-Pr2-07 80.80(14) 02-Mn1-08 93.08(17)
019-Pr2-07 147.92(14) 06-Mn1-08 89.36(17)
017-Pr2-0O6 143.51(14) 01-Mn1-03 90.98(18)
019-Pr2-06 79.06(14) 02-Mn1-03 95.49(17)
O7-Pr2-06 82.91(13) 06-Mn1-03 81.78(16)
017-Pr2-03 154.49(14) 08-Mn1-03 168.20(18)
019-Pr2-03 87.62(14) O1-Mn1-N1 165.4(2)
O7-Pr2-03 106.93(13) 02-Mn1-N1 81.6(2)
06-Pr2-03 61.93(13) 0O6-Mn1-N1 96.18(19)
017-Pr2-0O5 93.43(14) 08-Mn1-N1 90.33(19)
019-Pr2-0O5 150.81(14) 0O03-Mn1-N1 82.92(18)
O7-Pr2-0O5 60.36(13) 04-Mn2-07 176.38(18)
06-Pr2-0O5 106.40(13) 04-Mn2-010 93.10(18)
O3-Pr2-05 71.06(13) 07-Mn2-010 90.41(17)
O17-Pr2-N3 75.97(15) 04-Mn2-01 84.05(19)
0O19-Pr2-N3 81.80(15) 0O7-Mn2-01 96.33(18)
O7-Pr2-N3 66.79(14) 010-Mn2-01 98.22(17)
O6-Pr2-N3 67.61(14) 04-Mn2-05 95.26(18)
O3-Pr2-N3 129.53(14) 0O7-Mn2-0O5 81.14(16)
O5-Pr2-N3 127.11(14) 010-Mn2-05 168.59(17)
013B-Pr3-O15A 68.5(6) 01-Mn2-0O5 90.37(17)
013B-Pr3-015B 91.0(8) 04-Mn2-N2 80.2(2)
O15A-Pr3-015B 24.7(6) O7-Mn2-N2 98.8(2)
013B-Pr3-018B 158.2(7) 010-Mn2-N2 91.6(2)
O15A-Pr3-018B 113.2(5) 0O1-Mn2-N2 161.9(2)
015B-Pr3-018B 96.2(8) O5-Mn2-N2 82.2(2)
013B-Pr3-O16A 108.5(6) O5-Li1-0O3 97.1(4)
O15A-Pr3-O16A 155.3(2) Mn1-O1-Mn2 148.3(2)
0O15B-Pr3-O16A 155.3(6) Mn1-0O1-Pr1 105.3(2)
018B-Pr3-O16A 60.2(5) Mn2-01-Pr1 103.9(2)
013B-Pr3-O13A 25.1(5)
Table 17: Selected bond angles for 21.
Gd1-014 2.337(5) Gd3-013 2.333(5)
Gd1-012 2.359(5) Gd3-020 2.438(5)
Gd1-01 2.371(5) Gd3-N4 2.930(7)
Gd1-020 2.405(5) Mn1-02 1.889(5)
Gd1-09 2.419(5) Mn1-0O1 1.902(6)
Gd1-04 2.420(5) Mn1-0O6 1.917(5)
Gd1-02 2.423(5) Mn1-0O8 1.950(5)
Gd1-011 2.431(5) Mn1-0O3 1.985(5)
Gd2-017 2.338(5) Mn1-N1 2.222(6)
Gd2-019 2.364(5) Mn2-01 1.884(6)
Gd2-06 2.386(5) Mn2-04 1.897(5)
Gd2-07 2.399(4) Mn2-0O7 1.917(5)
Gd2-03 2.410(5) Mn2-010 1.937(5)
Gd2-021 2.438(5) Mn2-0O5 1.953(5)
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Gd2-05 2.512(5) Mn2-N2 2.194(7)
Gd2-N3 2.661(7) Li1-022 1.861(13)
Gd3-015 2.274(5) Li1-O5 1.919(13)
Gd3-016 2.316(5) Li1-O3 1.960(14)
Gd3-018 2.323(5)
Table 18: Selected bond lengths for 25.
014-Gd1-012 79.6(2) 015-Gd3-013 90.7(2)
014-Gd1-01 139.38(19) 016-Gd3-013 91.4(2)
012-Gd1-01 140.0(2) 018-Gd3-013 161.85(19)
014-Gd1-020 81.30(18) 015-Gd3-020 80.51(18)
012-Gd1-020 79.60(18) 016-Gd3-020 127.21(17)
01-Gd1-020 109.23(16) 018-Gd3-020 83.64(18)
014-Gd1-09 114.61(19) 013-Gd3-020 78.28(18)
012-Gd1-09 73.17(19) 015-Gd3-N4 73.7(2)
01-Gd1-09 79.84(18) 016-Gd3-N4 78.34(19)
020-Gd1-09 144.66(18) 018-Gd3-N4 98.0(2)
014-Gd1-04 80.92(18) 013-Gd3-N4 98.9(2)
012-Gd1-04 153.94(19) 020-Gd3-N4 154.08(18)
01-Gd1-04 63.34(18) 02-Mn1-01 84.3(2)
020-Gd1-04 80.45(17) 02-Mn1-06 176.6(2)
09-Gd1-04 131.33(19) 01-Mn1-06 95.7(2)
014-Gd1-02 154.50(18) 02-Mn1-08 93.4(2)
012-Gd1-02 80.10(18) 01-Mn1-08 98.0(2)
01-Gd1-02 64.13(18) 06-Mn1-08 90.0(2)
020-Gd1-02 79.96(17) 02-Mn1-03 96.3(2)
09-Gd1-02 73.59(17) 01-Mn1-03 90.6(2)
04-Gd1-02 112.61(16) 06-Mn1-03 80.3(2)
014-Gd1-011 73.31(19) 08-Mn1-03 167.7(2)
012-Gd1-011 116.90(18) 02-Mn1-N1 81.3(2)
01-Gd1-011 78.15(18) O1-Mn1-N1 163.2(2)
020-Gd1-011 145.73(19) 0O6-Mn1-N1 98.1(2)
09-Gd1-011 68.7(2) 0O8-Mn1-N1 91.5(2)
04-Gd1-011 73.23(18) 0O3-Mn1-N1 82.5(2)
02-Gd1-011 130.33(18) 01-Mn2-04 83.4(2)
017-Gd2-019 96.39(18) 01-Mn2-07 95.6(2)
017-Gd2-06 142.65(18) 04-Mn2-07 175.7(2)
019-Gd2-06 80.14(18) 01-Mn2-010 97.9(2)
017-Gd2-07 80.71(17) 04-Mn2-010 93.7(2)
019-Gd2-07 147.58(18) 0O7-Mn2-010 90.6(2)
06-Gd2-07 83.00(16) 01-Mn2-0O5 91.4(2)
017-Gd2-03 154.06(18) 04-Mn2-05 95.7(2)
019-Gd2-03 88.32(17) 07-Mn2-05 80.1(2)
06-Gd2-03 63.28(17) 010-Mn2-0O5 167.5(2)
07-Gd2-03 108.40(16) 0O1-Mn2-N2 162.3(3)
017-Gd2-05 92.59(17) 04-Mn2-N2 80.3(2)
019-Gd2-05 151.28(17) O7-Mn2-N2 100.1(2)
06-Gd2-05 108.28(16) 010-Mn2-N2 90.2(2)
07-Gd2-05 60.88(16) O5-Mn2-N2 83.2(2)
03-Gd2-05 72.44(16) 022-Li1-0O5 142.4(7)
017-Gd2-N3 74.59(19) 022-Li1-022 93.2(6)
019-Gd2-N3 79.97(19) 0O5-Li1-022 101.4(6)
06-Gd2-N3 68.16(18) 022-Li1-03 115.7(6)
0O7-Gd2-N3 68.07(18) O5-Li1-03 97.2(6)
03-Gd2-N3 131.30(18) 022-Li1-03 96.3(5)
05-Gd2-N3 128.75(17) Mn2-01-Mn1 148.1(3)
015-Gd3-016 152.0(2) Mn2-01-Gd1 105.5(2)
015-Gd3-018 87.9(2) Mn1-01-Gd1 104.0(2)
016-Gd3-018 98.3(2)
Table 19: Selected bond angles for 25.
Dy1-0O14 2.310(6) Dy3-018 2.313(6)
Dy1-012 2.318(5) Dy3-020 2.414(5)
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Dy1-0O1 2.324(5) Dy3-N4 2.920(7)
Dy1-020 2.380(5) Mn1-02 1.885(5)
Dy1-O11 2.399(5) Mn1-0O1 1.908(6)

Dy1-04 2.404(5) Mn1-0O6 1.918(5)

Dy1-09 2.410(5) Mn1-0O8 1.944(5)

Dy1-02 2.416(6) Mn1-0O3 1.988(5)
Dy2-017 2.305(5) Mn1-N1 2.233(7)
Dy2-019 2.333(6) Mn2-01 1.876(6)

Dy2-06 2.364(5) Mn2-04 1.906(5)

Dy2-07 2.378(6) Mn2-0O7 1.925(5)

Dy2-03 2.392(5) Mn2-010 1.931(5)

Dy2-0O5 2.505(5) Mn2-0O5 1.949(5)

Dy2-N3 2.646(6) Mn2-N2 2.185(7)
Dy3-015 2.244(6) Li1-O5 1.904(14)
Dy3-016 2.286(6) Li1-O3 1.929(14)
Dy3-013 2.298(6)

Table 20: Selected bond lengths for 27.
014-Dy1-012 79.6(2) 06-Dy2-N3 68.45(18)
014-Dy1-01 139.3(2) O7-Dy2-N3 68.1(2)
012-Dy1-01 140.1(2) 03-Dy2-N3 131.92(18)
014-Dy1-020 80.5(2) O5-Dy2-N3 128.83(19)
012-Dy1-020 79.41(18) 015-Dy3-016 151.6(2)
0O1-Dy1-020 109.91(18) 015-Dy3-013 90.2(2)
014-Dy1-011 73.5(2) 016-Dy3-013 91.1(2)
012-Dy1-011 116.43(19) 015-Dy3-018 88.1(2)
0O1-Dy1-0O11 78.15(19) 016-Dy3-018 98.9(2)
020-Dy1-011 145.75(19) 013-Dy3-018 162.0(2)
014-Dy1-04 80.3(2) 015-Dy3-020 80.5(2)
012-Dy1-04 153.6(2) 016-Dy3-020 127.45(19)
0O1-Dy1-04 63.8(2) 013-Dy3-020 78.45(18)
020-Dy1-04 80.56(18) 018-Dy3-020 83.62(19)
0O11-Dy1-0O4 73.42(19) 015-Dy3-N4 73.4(2)
014-Dy1-09 115.0(2) 016-Dy3-N4 78.4(2)
012-Dy1-09 73.1(2) 013-Dy3-N4 98.6(2)
O1-Dy1-09 79.68(19) 018-Dy3-N4 98.1(2)
020-Dy1-09 144.67(19) 020-Dy3-N4 153.8(2)
0O11-Dy1-09 68.5(2) 02-Mn1-01 83.5(2)
04-Dy1-09 131.52(19) 02-Mn1-06 176.1(2)
014-Dy1-02 154.18(19) 01-Mn1-06 96.8(2)
012-Dy1-02 80.19(19) 02-Mn1-08 93.4(2)
O1-Dy1-02 64.34(19) 01-Mn1-08 97.8(2)
020-Dy1-02 80.13(18) 06-Mn1-08 90.3(2)
011-Dy1-0O2 130.48(19) 02-Mn1-03 96.3(2)
04-Dy1-02 113.01(18) 01-Mn1-03 91.2(2)
09-Dy1-02 73.73(19) 06-Mn1-03 79.8(2)
017-Dy2-019 96.16(19) 08-Mn1-03 167.4(2)
017-Dy2-06 142.58(18) 02-Mn1-N1 80.8(2)
019-Dy2-06 80.76(19) 01-Mn2-04 82.7(2)
017-Dy2-07 80.43(18) 01-Mn2-07 96.1(2)
019-Dy2-07 147.58(19) 04-Mn2-07 175.4(2)
06-Dy2-07 82.82(18) 01-Mn2-010 97.8(2)
017-Dy2-03 153.77(18) 04-Mn2-010 93.7(2)
019-Dy2-03 88.70(19) 0O7-Mn2-010 90.9(2)
06-Dy2-03 63.64(17) 01-Mn2-0O5 92.3(2)
O7-Dy2-03 108.60(17) 04-Mn2-05 96.0(2)
017-Dy2-0O5 91.89(17) 07-Mn2-05 79.7(2)
019-Dy2-05 151.27(19) 010-Mn2-05 166.9(2)
06-Dy2-05 108.68(17) 0O1-Mn2-N2 161.9(3)
O7-Dy2-0O5 61.02(17) 0O4-Mn2-N2 80.4(3)
03-Dy2-05 72.72(17) 0O7-Mn2-N2 100.2(2)
021-Dy2-05 73.54(17) 0O10-Mn2-N2 89.7(2)
017-Dy2-N3 74.27(19) 0O5-Mn2-N2 83.2(2)
019-Dy2-N3 79.9(2) O5-Li1-03 98.6(6)
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O1-Mn1-N1 162.1(2) O3-Li1-022 95.9(6)
06-Mn1-N1 98.3(2) Mn2-01-Mn1 146.1(3)
08-Mn1-N1 91.5(2) Mn2-01-Dy1 106.5(3)
03-Mn1-N1 82.3(2) Mn1-0O1-Dy1 105.0(2)
Table 21: Selected bond angles for 27.
Y1-014 2.295(4) Y3-016 2.289(5)
Y1-012 2.307(4) Y3-020 2.408(3)
Y1-0O1 2.327(4) Y3-N4 2.902(8)
Y1-09 2.373(4) Mn1-02 1.892(4)
Y1-0O11 2.392(4) Mn1-0O6 1.901(4)
Y1-O4 2.404(4) Mn1-01 1.925(4)
Y1-02 2.406(4) Mn1-0O8 1.956(4)
Y2-019 2.303(4) Mn1-0O3 1.978(4)
Y2-017 2.325(4) Mn1-N1 2.247(5)
Y2-07 2.362(4) Mn2-01 1.861(4)
Y2-06 2.385(4) Mn2-04 1.890(4)
Y2-03 2.388(4) Mn2-0O7 1.914(4)
Y2-020 2.405(4) Mn2-010 1.924(4)
Y2-05 2.406(4) Mn2-0O5 1.945(4)
Y2-N3 2.624(5) Mn2-N2 2.197(5)
Y3-013 2.243(4) Li1-O3 1.930(11)
Y3-018 2.263(5) Li1-O5 1.938(11)
Y3-015 2.271(5)
Table 22: Selected bond lengths for 29.
014-Y1-012 79.39(15) 013-Y3-018 152.88(16)
014-Y1-01 139.57(15) 013-Y3-015 90.26(18)
012-Y1-01 140.21(15) 018-Y3-015 90.57(18)
014-Y1-09 114.94(15) 013-Y3-016 87.13(17)
012-Y1-09 72.85(15) 018-Y3-016 98.64(18)
01-Y1-09 80.27(14) 015-Y3-016 164.61(15)
014-Y1-0O11 74.00(15) 013-Y3-020 131.67(15)
012-Y1-0O11 116.76(15) 018-Y3-020 75.19(14)
01-Y1-011 78.15(14) 015-Y3-020 95.42(15)
09-Y1-011 68.78(15) 016-Y3-020 75.27(14)
014-Y1-04 80.33(14) 013-Y3-N4 78.60(19)
012-Y1-04 153.37(14) 018-Y3-N4 74.45(19)
01-Y1-O4 63.81(14) 015-Y3-N4 98.2(2)
09-Y1-04 132.03(14) 016-Y3-N4 96.2(2)
011-Y1-04 73.36(14) 020-Y3-N4 146.72(18)
014-Y1-02 153.68(15) 02-Mn1-06 174.03(17)
012-Y1-02 80.45(14) 02-Mn1-01 82.43(17)
01-Y1-02 64.18(14) 06-Mn1-01 95.43(17)
09-Y1-02 74.47(15) 02-Mn1-08 93.94(17)
011-Y1-02 130.83(14) 06-Mn1-08 91.90(17)
04-Y1-02 112.49(13) 01-Mn1-08 99.05(18)
019-Y2-017 97.84(15) 02-Mn1-03 94.69(17)
019-Y2-07 145.30(15) 06-Mn1-03 79.73(16)
017-Y2-07 79.44(15) 01-Mn1-03 90.71(17)
019-Y2-06 80.13(14) 08-Mn1-03 167.74(17)
017-Y2-06 144.58(14) 02-Mn1-N1 81.80(18)
07-Y2-06 82.69(14) 06-Mn1-N1 99.38(18)
019-Y2-03 88.29(14) O1-Mn1-N1 161.98(18)
017-Y2-03 152.52(14) 08-Mn1-N1 90.69(18)
07-Y2-03 110.11(13) 03-Mn1-N1 81.95(17)
06-Y2-03 62.82(13) 01-Mn2-04 83.65(16)
019-Y2-020 76.91(14) 01-Mn2-07 96.43(17)
017-Y2-020 80.45(14) 04-Mn2-07 175.81(18)
07-Y2-020 135.27(14) O01-Mn2-010 97.86(18)
06-Y2-020 132.02(14) 04-Mn2-010 93.75(17)
03-Y2-020 74.88(12) O07-Mn2-010 90.39(17)
019-Y2-0O5 152.29(15) 01-Mn2-05 90.82(17)
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017-Y2-0O5 89.52(14) 04-Mn2-05 96.38(17)
07-Y2-0O5 62.28(14) 07-Mn2-05 79.44(17)
06-Y2-05 108.72(13) 010-Mn2-05 167.33(16)
03-Y2-05 73.82(13) 0O1-Mn2-N2 163.38(18)
020-Y2-05 78.06(13) 04-Mn2-N2 81.75(17)
019-Y2-N3 76.77(16) O07-Mn2-N2 97.56(18)
0O17-Y2-N3 76.99(15) 010-Mn2-N2 90.98(19)
O7-Y2-N3 68.87(15) 05-Mn2-N2 82.99(18)
06-Y2-N3 68.08(14) O3-Li1-0O5 96.2(4)

0O3-Y2-N3 130.41(14) Mn2-01-Mn1 147.1(2)

020-Y2-N3 142.34(13) Mn2-01-Y1 105.99(18)
0O5-Y2-N3 130.93(15) Mn1-01-Y1 104.70(17)

Table 23: Selected bond angles for 29.

2.4.2 Magnetic properties of [Mn>%,Ln"sLi,(us-0).(us-COs).(Nn-bdea)s
(piv)12(NO5),]-3CH;CN

The dc magnetic susceptibility (y) data for compounds 21-29 were collected in
the 1.8-300 K temperature range at 1000 Oe as shown in Figure 60. For all
compounds except 24 (Eu) and 29 (Y), the measured room temperature T
values (18.39, 18.53, 9.93, 59.06, 81.80 and 96.39 cm3®K-mol" for 21 (Pr), 22
(Nd), 23 (Sm), 25 (Gd), 26 (Tb), 27 (Dy), respectively) stand in good agreement
with the values expected (19.36, 19.58, 10.29, 57.03, 80.61, and 94.82
cm®K-mol™") for isolated spin centres: two S=2 Mn", two S=3/2 Mn" and six Pr"
(S=1, g=0.8 L=5, ®H,) in 21 or Nd" (S=3/2, g=0.73, L=6, *lg,) in 22 or Sm"
(S=5/2, g=0.29, L=5, ®Hy,) in 23 or Gd" (S=7/2, g=2, L=0, ®S,,) in 25 or Tb"
(S=3, g=1.5, L=3, "F¢) in 26 or Dy" (S=5/2, g=1.33, L=5, °H,;,) in 27 (Dy) metal
ions (Table 24). In the case of compound 24 (Eu) the deviation of the ¥T value is
due to the population of low lying excited states of the Eu ions. On lowering the
temperature, the yT product of 27 (Dy) first gradually decreases to 88.92
cm®K-mol™" at around 12 K and then increases up to a value of 90.61 cm*K-mol™’
at 4.5 K, before it experiences a sharp drop to 72.39 cm®K-mol' at 1.8 K. Above
4.5 K, this behaviour is typically seen when antiferromagnetic (AF) interactions
are dominant in a complex that possesses two types of spin that arrange in a
ferrimagnetic manner. It should be noted that the thermal depopulation of the
Dy" Stark sublevels of the °H,;, state might also be partially responsible for the
decrease of yT above 17 K and the spin orbit interaction might be also
responsible for the decrease of 4T above 17 K. The behaviour of 25 (Gd) is similar
to that of the formerly described compound except for the drop at the end. The
xT product of 25 (Gd) gradually decreases continuously to a value of 51.62
cm3K-mol™ at 19 K before it increases abruptly to 61 cm®K:mol" at 1.8 K. For 21
(Pr) the 4T value constantly decreases on lowering the temperature to a value of
8.84 cm®Kmol' at 1.8 K. This behaviour is the result of strongly
antiferromagnetic interactions between the spin carriers. The temperature
dependence of the dc susceptibility is similar for compounds 22 (Nd), 23 (Sm),
24 (Eu) and 29 (Y) (Figure 60) and thus the analysis of their experimental data is
the same as for 21 (Pr). The non-compensation of the spin carriers in compound
21 (Pr), 22 (Nd), 25 (Gd), 26 (Tb) and 27 (Dy) suggests a large-spin ground state
for these complexes. Moreover, the decrease of yT below 5 K for 27 (Dy) is likely
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to be associated with intercomplex antiferromagnetic interactions and/or
magnetic anisotropy.

For compound 29 (Y) the yT data were fit by considering two S = 3/2, S = 2.
This model of a dimer of Mn" (S=3/2) and Mn" (S=2) fits the data very well with
19% of Curie S = 2 spins impurities and 81% of the complex with J/kg = -19 K
and g = 2 (Figure 69). The Hamiltonian which was used is H=-2J(S;'S,) with
S,=3/2; S,=2.

This antiferromagnetic behaviour confirms that the Mn oxidation states are
localised but disordered, and that superexchange, not double-exchange, is
operating.

Field dependence of magnetisation (Figure 61 - Figure 68) performed at 1.8 K for
21-29 reveals a lack of saturation even at 7 T for 21-24 and 26-29 indicating that
1) excited states are probably populated in particular for the case with Eu, but

WV_ and

also 2) that magnetic anisotropy might be present, as expected for Mn
Ln"-based (with Ln" = Pr'"" and Tb" Dy" ) compounds. This estimation is
supported by the almost saturated magnetisation curve for 25 (Gd), where six
isotropic Gd"' are present. However, the reduced magnetisation curves are not
completely superimposed in the case of 25 (Gd), representing the anisotropy of
the Mn""V ions. Caused by the large scale, the reduced magnetisation curves of
25 (Gd) seems to be superimposed and the question could appear, why in the
case of Gd one see no anisotropy and in the case of Y one see anisotropy of the
Mn ions. This is only due to the large scale differences

To probe the presence of slow relaxation in these molecular systems and thus
the presence of SMM behaviour, ac susceptibility measurements were
performed on these compounds. The measurements were made in the 1-1500
Hz frequency range and at temperatures between 1.8 and 10 K. Only 27 (Dy)
displays frequency-dependent out-of-phase signals (Figure 70) suggesting that
they behave as SMMs. Unfortunately, the ac data show an absence of any y”*
maximum above 1.8 K even at 1500 Hz. In SMMs with a relaxation partially
influenced by quantum effects, the application of small dc field removes the
state degeneracy and thus the possibility of quantum tunnelling in SMMs
inducing a slowing down of the magnetization relaxation. In this case even the
application of small dc fields does not slow down the relaxation of the
magnetisation, suggesting a weak influence of quantum effects in the
temperature range studied. Thus, it is not possible to estimate a barrier height.
Compound 26 (Tb) also shows a frequency dependence of the ac signals, but
with a ratio of 100:1 between y’ and '’ signal it is indicative for a very fast
relaxation.
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xT xT expected for
expected for each each
Ln at RT Ground state of complex?®
Compound (cm3Kmol™) Ln ion (cm3*Kmol™)
Mn,Prg (21) 1.60 3H, 19.36
Mn,Ndg (22) 1.64 oo 19.58
Mn,Smg (23) 0.09 ®Hg), 10.29
Mn,Eug (24) 0] “Fo 9.75
Mn,Gdg (25) 7.88 8S,) 57.03
Mn,Tbg (26) 11.82 “Fe 80.61
Mn, Dy, (27) 14.17 ®H, 50 94.82
Mn,Ys (29) 0] - 9.75
xT measured at ¥xT measured at
300K per 1.8 K per Magnetisation
complex complex at1.8 Kand 7T
Compound (cm3*Kmol™) (cm3*Kmol™) (ug)
Mn,Prg (21) 18.39 8.84 11.60
Mn,Ndg (22) 18.53 7.71 13.91
Mn,Smg (23) 9.93 2.45 4.72
Mn,Eug (24) 16.66 1.94 4.00
Mn,Gdg (25) 59.06 61.00 44.23
Mn,Tbg (26) 81.80 61.04 32.39
Mn,Dys (27) 96.39 72.39 38.57
Mn,Ys (29) 6.87 1.10 2.57
Table 24: Magnetic data summarised from the dc measurements. @ taking into account a

g factor of MIn metal ions of 2.

100 ¢

(0} 50

150 200 250

300

Mn,DygLi,
. 90 [ -
Mn,TbgLi, Mn,Dy,Li,
I_ .80
g Mn4Gd6L|2 3
¥ £
Mn,Nd,Li -
) 4 672 Mn. Tb._Li
E Mn4Pr6|—|2 E 70 L 4 | % .
L * Mn,Eugli, © |
| =
| )
Mn,SmLi, I P
i ’><,OO()()\;()()00()0V |
5 fﬁ/ " M Mn,Gd,Li,
(0] I I ! 1 | L 50 T T . I I
(0] 20 30 20 -

T(K)
Figure 60: Temperature-dependence of the T product under 0.1T for compound 21- 29.
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Figure 61: Plot of magnetisation M vs. H (left) and M vs. H/T (right) between 1.8 K and
8 K for 21. The solid lines are to guide the eye.
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Figure 62: Plot of magnetisation M vs. H (left) and M vs. H/T (right) between 1.8 K and
5 K for 22. Plots for 2 K were omitted, as the temperature problems occurred
during the measurement. The solid lines are to guide the eye.
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Figure 63: Plot of magnetisation M vs. H (left) and M vs. H/T (right) between 1.8 K and
8 K for 23. The solid lines are to guide the eye.
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Figure 64: Plot of magnetisation M vs. H (left) and M vs. H/T (right) between 1.8 K and 8
K for 24. The solid lines are to guide the eye.
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Figure 65: Plot of magnetisation M vs. H (left) and M vs. H/T (right) between 1.8 K and 8
K for 25. The solid lines are to guide the eye.
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Figure 66: Plot of magnetisation M vs. H (left) and M vs. H/T (right) between 1.8 K and 8
K for 26. The solid lines are to guide the eye.
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Figure 67: Plot of magnetisation M vs. H (left) and M vs. H/T (right) between 1.8 K and 8
K for 27. The solid lines are to guide the eye.
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Figure 68: Plot of magnetisation M vs. H (left) and M vs. H/T (right) between 1.8 K and 5
K for 29. The solid lines are to guide the eye.
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Figure 69: 4T plot for compound 29. The line represents the best-fit calculated values.
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Figure 70: Temperature-dependent ac susceptibilities of 27 below 10 K under zero dc field
at indicated frequencies.
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2.4.3 Catalytic Oxidation properties of calcinated
[IMn",Mn",Dy"sLi,(13-O).(Us-COs).(n-bdea)s(piv):2(NOs).]
-3CH;CN

Diesel engines exhibit the highest efficiency for automobiles as well as for ships
and work machines. As a consequence, the low fuel consumption leads to
reduced emissions of the greenhouse gas CO,. However, a serious constraint of
diesel engines is the emission of air pollutants, including hydrocarbons (HC),
carbon monoxide (CO), nitrogen oxides (NO,), and soot. Several after-treatment
techniques for removing these pollutants from the oxygen-rich diesel exhaust
have been developed (Zelenka, 1996: 3ff; Twigg, 2007: 2ff). In order to remove
these components from diesel exhaust the simultaneous catalytic conversion of
NO, and soot into N, and CO, might be a suitable procedure (Teraoka 1995:
L181ff; Kureti, 2003: 281 ff).

Within this thesis a qualitative experiment has shown that the polynuclear
compound 27 is a precursor for a mixed-metal oxide system that acts as a
catalyst for the oxidation of CO to CO.,.
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Figure 73: Temperature dependent catalytic oxidation of CO to CO, by calcinated 27.

About one gramme of compound 27 was calcinated in air at 600°C for 2 hours to
remove all organic components. The resulting oxide of the compound weighed
320mg and was charged into the quartz glass tube reactor of 6 mm diameter
and 50 cm length fixed with quartz wool. The device was then heated to 450 °C
and the reaction mixture (5 vol% O,, 500 ppm CO, remainder N,) was added at a
flow rate of 500 mil/min. The temperature was then decreased in steps of 50 K
and the concentration of CO was measured continuously with a MultiGas™ 2030
FT-IR Continuous Gas Analyser from MKS Instruments.

The graph shows, that at 450°C about 47% of the CO gas is converted to CO.,.

From the present study it was concluded that in presence of the oxide catalyst
derived from 27 the CO conversion is substantially enhanced, leading to the
production of CO,. The mechanism of the CO reaction includes the adsorption
and desorption of CO and CO..
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It should be noted, that the catalytic capability is to some extent dependent on
the particle size (Rivoirard, 2003: 622ff, Cherkezova-Zheleva, 2010) and
moreover from the quantity of the used catalyst. Therefore the adsorption of
dissolved 27 on a substrate such as zeolite, followed by pyrolysis, could lead to
an improved catalytic behaviour.

For the elucidation of the catalytic capability of this oxide material and for
comparison, further experiments with simulated mixtures of Mn,0;, Dy,O,; and
Li,O are currently in progress.
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3 Structure and magnetic properties of iron-lanthanide
aggregates

3.1 Structure and magnetic properties of hexanuclear complexes

The one pot reaction of {Fe;} (4), Pr(NO;); and n-butyldiethanolamine (n-bdeaH,)
in acetonitrile yielded, after slow diffusion of acetone into the reaction mixture,
well-formed brown crystals of 30 with the general formula Fe",Ln",(u,-O).(n-
bdea),(piv),(NO;),(H,0),]-MeCN where Ln = Pr (30), Nd (31), Sm (32), Eu (33),
Gd (34) and Y (35). The aggregates 30-35 were all obtained in the same manner,
are isomorphous and differ only in the nature of the lanthanides. The structure of
the Fe,Pr, complex 30 will therefore be described in detail as a representative.
Magnetic studies show that the three compounds show a similar temperature
dependence of their magnetic susceptibilities over the range 1.8-300 K. The
observed decrease of ¥T with decreasing temperature for all three compounds is
most probably the result of antiferromagnetic interactions between Fe-Ln
centres. Mossbauer investigations show that there is no residual
paramagnetism in the system coming from the Feg.

3.1.1 Structure of [Fe",Pr',(u,-0),(n-bdea).(piv).(NO;),(H,0),]-MeCN
(30)

Figure 74: Molecular structure of the [Fe",Pr'",(u,-O),(n-bdea),(piv),(NO;),(H,O),]-MeCN
aggregate in 30. Organic hydrogen atoms are omitted for clarity.

Single-crystal X-ray diffraction studies show that compound 30 (Figure 105)
crystallises in the triclinic space group PT with Z=1. Selected metric parameters
and bond distances and angles for compounds 30-35 are summarised in Table
26-Table 35. The metal oxidation states (Fe", Ln") and the deprotonation levels
of O% and n-bdea® ions were established by charge considerations and bond
valence sum calculations (Liu, 1993: 4102ff).
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It should be noted that although all the compounds in this series crystallise
isostructural, the other members of the series have one molecule of acetone in
the lattice, instead of the MeCN in 30.

The molecule contains four Fe" and two Pr" ions forming a distorted bicapped
parallelogram, which can also be thought of as a distorted octahedron. In this,
the four Fe'"' ions define the parallelogram with side lengths of 3.2145 A and
5.2656 A and angles of 81° (Fe(1)-Fe(2)-Fe(1’)) and 99° and the two Pr" are at
the points of the shortened and distorted octahedron (Figure 75 left) displaced

1.9173 A above and below the Fe, plane.

Pr(1)

Figure 75: The distorted octahedral coordination polyhedron of the core (left) and

dodecahedral environment around Pr''.

All the metal ions are held together by two u,-bridging oxygen atoms O(1) and
O(1’). The octa-coordinate environment of Pr'" is completed by three u,-alkoxy
bridges coming from the doubly deprotonated n-butyldiethanolamine (n-bdea)
ligands, each connecting the lanthanide with another iron ion and with Pr-O
distances in the range 2.370(3) - 2.573(4) A, one water molecule and a chelating
nitrate to give the distorted dodecahedral geometry of Pr'" (Figure 75 right). Each
Fe'" is chelated by a doubly deprotonated n-bdea® ligand with the nitrogen trans
to the (u,-O) ligand in the interior of the metal core and Fe-O bond lengths
between 1.928(3) and 2.005(4) A. The n-bdea® ligands bridge in two different
modes. While the Fe(1) chelating ligand possess two u,-bridging oxygen ions,
Fe(2) is coordinated in a n*n'in":u, mode and thus only one alkoxy arm is p,-
bridging. The Fe" ions are six-coordinate with typical octahedral geometries

The coordination shell of the aggregate is completed by four pivalate ligands that
each form a syn,syn-bridge between the adjacent Fe centres (Fe(1) and (Fe(2)).
The pivalate ligands are alternately above and below the Fe,-rectangle with an
angle to this plane of circa 45°.

Figure 76: Core structure of compound 30.
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Compounds 30-35 crystallise isomorphous and differ only slightly in the
respective Ln-O bond distances, which decrease across the series in line with
the expected contraction of the lanthanide ionic radii. Furthermore, for all
structures the packing (Figure 77) is such that there are no inter-cluster
interactions or pathways which could lead to long-range magnetic ordering
effects and it is thus reasonable to assign the behaviour observed in the
magnetic studies as being of molecular origin.

Figure 77: View along the a-axis with the cluster aggregates shown as polyhedral
representations. H atoms are omitted for clarity.

Performing the reaction in acetonitrile and subsequent slow evaporation gives
mainly a yellow crystalline product, which was not suitable for single crystal X-
ray diffraction and only a small amount of brown crystals of 30. With slow
diffusion of acetone, it was possible to obtain solely the brown crystals of 30
suitable for single crystal X-ray diffraction. Moreover it was also possible to
obtain pure crystals using methanol as the slow diffusion solvent, although the
appearance of the crystals differed from that of the acetone product (Figure 78).

L%

100um

Figure 78: Enlarged view of the crystals obtained from slow diffusion with acetone (left)
and methanol (right).

These were not suitable for single-crystal analysis. X-ray powder diffraction
(Figure 79) confirmed that the crystals from acetone and methanol have different
crystal structures. Refinement of the powder diffraction data affirmed that both
compounds exhibit different unit cell parameters:
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Compound 30 (acetone) unknown compound (MeOH)
a [A] 10.3828(10) 11.2446(25)
b [A] 11.5447(11) 9.9441(21)
c [A] 17.3466(17) 17.3436(50)
al[’] 97.505(11) 101.610(19)
B[] 106.252(11) 102.772(18)
v [°] 97.510(11) 95.840(53)
V A% 1948.3(3) 1830.79(84)
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Figure 79: X-ray powder diffraction pattern of Fe,Pr, obtained by slow diffusion of

acetone (green) and methanol (red).

The reaction that led to complex 30 was also performed using 7 in place of 6 as
starting material. FT-IR spectra (Figure 80) of the products were highly similar,
suggesting that the same complex had formed. Probably the starting material 7
decomposes during the reaction to reform 6, leading to the formation of the

previously described compound 30.
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Figure 80: Comparison of the IR of 30 (green) made with 6 as starting material and the
product obtained from 7 as precursor compound (red).
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Bond Valence Sum Calculations (Brown, 1985: 244ff):

respective atom
- - Fe(1) Fe(2)
est. oxidation state
Fe' 2.47 2.44
Fe' 2.93 2.89
calc. oxidation state Fe' Fe'
Compound a b c Vv
Fe,Pr, (30) 10.3828(10) 11.5447(11) 17.3466(17) 1948.3(3)
Fe,Nd, (31) 10.3419(8) 11.6491(9) 17.3102(1) 1969(2)
Fe,Sm, (32) 10.2621(10) 11.6226(11) 17.2553(17) 1943.1(3)
Fe,Eu, (33) 10.2636(10) 11.6162(12) 17.2433(19) 1942.8(3)
Fe,Gd, (34) 10.2927(9) 11.5720(9) 17.2195(14) 1937.9(3)
Fe.Y, (35) 10.2665(10) 11.5663(11) 17.1509(15) 1924.2(3)
Compound a B v
Fe,Pr, (30) 97.505(11) 106.252(11) 97.510(11)
Fe,Nd, (31) 98.724(9) 105.332(9) 95.201(9)
Fe,Sm, (32) 98.746(11) 105.378(11) 95.125(11)
Fe,Eu, (33) 98.697(12) 105.296(12) 94.982(12)
Fe,Gd, (34) 98.481(10) 105.349(10) 95.225(10)
Fe,Y, (35) 98.376(11) 105.369(11) 95.339(11)
Table 25: Summary of selected cell parameters.
Pr1-O4 2.370(3) Fe1-O8 2.066(4)
Pr1-0O5 2.402(4) Fe1-N2 2.2334)
Pr1-0O3 2.427(4) Fe2-0O1 1.928(3)
Pr1-0O1 2.505(4) Fe2-02 1.937(4)
Pr1-0O1 2.573(4) Fe2-O3 2.000(4)
Fe1-0O1 1.933(3) Fe2-O7 2.127(4)
Fe1-04 1.988(4) Fe2-N1 2.269(4)
Fe1-O5 2.005(4) O1-Pr1 2.573(4)
Fe1-06 2.055(4)
Table 26: Selected bond lengths for 30.
0O4-Pr1-05 150.06(14) O4-Fe1-N2 81.29(16)
0O4-Pr1-03 82.09(14) Ob5-Fe1-N2 81.37(15)
O5-Pr1-03 117.11(13) O6-Fe1-N2 88.52(17)
O4-Pr1-01 108.81(13) O8-Fe1-N2 95.42(17)
O5-Pr1-01 65.04(11) O1-Fe2-02 97.48(16)
O3-Pr1-01 65.29(13) 0O1-Fe2-0O3 85.27(16)
O4-Pr1-01 66.54(12) 02-Fe2-03 106.1(2)
O5-Pr1-01 83.60(12) 0O1-Fe2-0O7 101.07(15)
O3-Pr1-01 120.67(13) 0O2-Fe2-07 158.92(18)
O1-Pr1-0O1 78.63(12) O3-Fe2-07 85.4(2)
013-Pr1-01 78.10(12) 09-Fe2-07 80.7(2)
O1-Fe1-04 87.73(15) O1-Fe2-N1 163.85(16)
O1-Fe1-05 84.15(14) O2-Fe2-N1 80.56(17)
0O4-Fe1-05 100.87(17) O3-Fe2-N1 79.96(16)
O1-Fe1-06 104.98(16) O7-Fe2-N1 84.30(16)
0O4-Fe1-06 165.35(18) Fe2-O1-Fe1 112.74(17)
O5-Fe1-06 87.87(19) Fe2-O1-Pr1 103.77(15)
O1-Fe1-08 101.00(15) Fe1-O1-Pr1 102.88(14)
0O4-Fe1-08 87.5(2) Fe2-O1-Pr1 133.29(16)
O5-Fe1-08 170.45(19) Fe1-O1-Pr1 98.92(14)
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06-Fe1-08 83.0(2) Pr1-O1-Pr1 101.38(12)
O1-Fel1-N2 159.81(15)
Table 27: Selected bond angles for 30.
Sm1-04 2.340(4) Fe1-0O6 2.062(5)
Sm1-03 2.387(4) Fe1-0O8 2.078(5)
Sm1-05 2.397(4) Fe1-N2 2.228(5)
Sm1-01 2.452(4) Fe2-0O1 1.937(4)
Sm1-01 2.523(4) Fe2-02 1.946(5)
Sm1-N3 2.980(6) Fe2-03 2.006(5)
Fe1-0O1 1.933(4) Fe2-0O7 2.140(5)
Fe1-0O4 1.994(5) Fe2-N1 2.257(5)
Fe1-0O5 2.000(5) 01-Sm1 2.523(4)
Table 28: Selected bond lengths for 32.
04-Sm1-03 81.70(18) O5-Fe1-08 171.2(2)
04-Sm1-05 150.61(16) 0O6-Fe1-08 83.6(2)
03-Sm1-05 118.81(16) O1-Fel1-N2 158.90(18)
04-Sm1-01 110.52(16) O4-Fe1-N2 81.37(19)
03-Sm1-01 66.86(15) O5-Fe1-N2 81.36(18)
05-Sm1-01 65.26(15) 0O6-Fe1-N2 88.2(2)
04-Sm1-01 67.71(14) O8-Fe1-N2 95.5(2)
03-Sm1-01 121.35(17) O1-Fe2-02 96.8(2)
05-Sm1-01 83.17(14) O1-Fe2-03 85.07(17)
01-Sm1-01 78.54(14) 02-Fe2-03 106.4(2)
04-Sm1-N3 102.33(17) O1-Fe2-07 101.13(19)
03-Sm1-N3 78.97(18) 02-Fe2-07 159.7(2)
O5-Sm1-N3 102.24(17) O3-Fe2-07 84.8(2)
0O1-Sm1-N3 127.33(16) O1-Fe2-N1 164.07(18)
0O1-Sm1-N3 153.65(16) O2-Fe2-N1 81.0(2)
O1-Fe1-0O4 87.39(17) O3-Fe2-N1 80.46(19)
O1-Fe1-05 83.31(17) O7-Fe2-N1 84.2(2)
O4-Fe1-05 100.8(2) Fe1-O1-Fe2 111.59(19)
O1-Fe1-0O6 105.70(18) Fe1-O1-Sm1 103.81(18)
0O4-Fe1-06 165.06(19) Fe2-O1-Sm1 103.08(16)
O5-Fe1-06 88.1(2) Fe1-0O1-Sm1 98.82(16)
O1-Fe1-08 101.66(19) Fe2-01-Sm1 134.5(2)
0O4-Fe1-08 86.8(2) Sm1-01-Sm1 101.46(14)
Table 29: Selected bond angles for 32.
Eu1-0O4 2.330(7) Fe1-08 2.073(8)
Eu1-0O3 2.386(8) Fe1-N2 2.228(10)
Eu1-O5 2.390(6) Fe2-0O1 1.939(7)
Eu1-01 2.435(7) Fe2-02 1.960(9)
Eu1-01 2.521(7) Fe2-03 1.999(8)
Eu1-N3 2.959(10) Fe2-09 2.079(8)
Fe1-0O1 1.932(7) Fe2-0O7 2.138(9)
Fe1-04 1.990(8) Fe2-N1 2.267(9)
Fe1-0O5 2.012(8) O1-Eu1 2.521(7)
Fe1-06 2.060(8)
Table 30: Selected bond lengths for 33.
0O4-Eu1-03 81.6(3) 0O4-Fe1-08 87.1(3)
O4-Eu1-0O5 150.9(3) O5-Fe1-08 171.1(3)
O3-Eu1-0O5 118.8(3) 06-Fe1-08 83.5(4)
0O4-Eu1-01 110.3(3) O1-Fe1-N2 158.9(3)
O3-Eu1-01 66.9(2) O4-Fe1-N2 81.1(3)
O5-Eu1-01 65.5(3) O5-Fe1-N2 81.9(3)
0O13-Eu1-01 140.0(3) 0O6-Fe1-N2 88.4(4)
0O4-Eu1-01 67.8(2) 0O8-Fe1-N2 95.0(3)
O3-Eu1-01 121.4(3) O1-Fe2-02 97.2(3)
O5-Eu1-01 83.3(2) O1-Fe2-03 84.9(3)
0O13-Eu1-01 78.9(3) 0O2-Fe2-03 106.7(4)
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O1-Eu1-01 78.3(2) O1-Fe2-07 101.4(3)
O4-Eu1-N3 102.5(3) 02-Fe2-07 158.9(4)
O3-Eu1-N3 78.3(3) O3-Fe2-07 84.9(4)
O5-Eu1-N3 102.0(3) 09-Fe2-07 81.0(4)
O1-Eu1-N3 126.8(3) O1-Fe2-N1 164.0(3)
O11-Eu1-N3 25.8(3) O2-Fe2-N1 80.8(4)
O1-Eu1-N3 154.5(3) O3-Fe2-N1 80.5(3)
O10-Eu1-N3 25.6(3) 09-Fe2-N1 96.0(3)
O1-Fe1-0O4 87.5(3) O7-Fe2-N1 84.0(3)
O1-Fe1-05 82.8(3) Fe1-O1-Fe2 111.3(3)
0O4-Fe1-05 100.5(3) Fe1-O1-Eu1 104.4(3)
O1-Fe1-0O6 105.6(3) Fe2-O1-Eu1 103.3(3)
0O4-Fe1-06 165.3(3) Fe1-O1-Eu1 98.7(3)
O5-Fe1-06 88.1(3) Fe2-O1-Eu1 134.0(4)
O1-Fe1-08 102.2(3) Eu1-0O1-Eu1 101.7(2)
Table 31: Selected bond angles for 33.
Gd1-04 2.326(4) Fe1-08 2.075(5)
Gd1-03 2.365(5) Fe1-N2 2.218(5)
Gd1-0O5 2.366(4) Fe2-0O1 1.933(4)
Gd1-01 2.423(4) Fe2-02 1.946(5)
Gd1-01 2.495(4) Fe2-0O3 1.993(5)
Fe1-0O1 1.939(4) Fe2-0O7 2.137(5)
Fe1-0O4 1.982(5) Fe2-N1 2.254(6)
Fe1-0O5 1.996(4) 01-Gd1 2.495(4)
Fe1-06 2.050(5)
Table 32: Selected bond lengths for 34.
04-Gd1-03 81.79(18) O4-Fe1-N2 81.3(2)
04-Gd1-05 151.27(17) O5-Fe1-N2 81.46(19)
03-Gd1-05 118.56(16) O6-Fe1-N2 88.3(2)
04-Gd1-01 109.93(15) O8-Fe1-N2 95.7(2)
03-Gd1-01 66.83(15) O1-Fe2-02 97.06(19)
05-Gd1-01 66.03(14) O1-Fe2-03 84.39(18)
04-Gd1-01 68.01(15) 02-Fe2-03 107.1(2)
03-Gd1-01 121.70(16) O1-Fe2-07 101.59(18)
05-Gd1-01 83.56(14) 02-Fe2-07 158.9(2)
01-Gd1-01 78.10(14) 0O3-Fe2-07 84.7(2)
O1-Fe1-O4 86.99(17) 09-Fe2-07 80.3(2)
O1-Fe1-05 83.06(16) O1-Fe2-N1 163.36(18)
O4-Fe1-05 101.3(2) O2-Fe2-N1 80.7(2)
O1-Fe1-06 106.21(19) O3-Fe2-N1 80.6(2)
04-Fe1-06 164.9(2) O7-Fe2-N1 84.1(2)
O5-Fe1-06 87.8(2) Fe2-O1-Fe1 110.90(19)
O1-Fe1-08 101.83(18) Fe2-01-Gd1 103.47(17)
O4-Fe1-08 86.9(2) Fe1-0O1-Gd1 103.47(16)
O5-Fe1-08 170.8(2) Fe2-01-Gd1 134.51(18)
06-Fe1-08 83.4(2) Fe1-O1-Gd1 98.92(17)
O1-Fe1-N2 158.33(19) Gd1-01-Gd1 101.90(14)
Table 33: Selected bond angles for 34.
Y1-O4 2.285(5) Fe1-O6 2.059(5)
Y1-O5 2.328(4) Fe1-0O8 2.065(5)
Y1-0O3 2.345(5) Fe1-N2 2.223(6)
Y1-0O1 2.387(4) Fe2-02 1.939(5)
Y1-O1 2.472(4) Fe2-0O1 1.945(4)
Y1-N3 2.920(8) Fe2-03 2.001(5)
Fe1-0O1 1.943(4) Fe2-0O7 2.148(5)
Fe1-0O4 1.987(5) Fe2-N1 2.268(6)
Fe1-0O5 1.994(5) 01-Y1 2.472(4)
Table 34: Selected bond lengths for 35.
04-Y1-0O5 152.01(17) | O5-Fe1-08 170.9(2)
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04-Y1-03 81.23(19) 0O6-Fe1-08 83.4(2)
0O5-Y1-03 118.91(18) O1-Fe1-N2 157.7(2)
04-Y1-01 109.00(17) O4-Fe1-N2 81.2(2)
0O5-Y1-01 66.68(16) Ob5-Fe1-N2 82.0(2)
03-Y1-01 67.92(16) O6-Fe1-N2 88.2(2)
013-Y1-01 140.50(16) O8-Fe1-N2 95.9(2)
04-Y1-01 68.67(16) 0O2-Fe2-01 96.9(2)
0O5-Y1-01 83.62(16) 0O2-Fe2-03 106.9(2)
03-Y1-01 122.63(17) 0O1-Fe2-0O3 84.11(19)
013-Y1-01 79.03(16) 0O2-Fe2-07 158.8(2)
01-Y1-0O1 77.23(17) O1-Fe2-0O7 102.13(19)
0O4-Y1-N3 102.37(18) O3-Fe2-07 84.4(2)
O5-Y1-N3 100.97(18) 09-Fe2-07 80.8(3)
O3-Y1-N3 77.80(18) O2-Fe2-N1 80.7(2)
0O13-Y1-N3 76.66(18) O1-Fe2-N1 162.8(2)
O1-Y1-N3 128.28(18) O3-Fe2-N1 80.3(2)
O1-Y1-N3 153.96(18) 09-Fe2-N1 97.0(2)
O1-Fe1-04 86.26(18) O7-Fe2-N1 83.8(2)
O1-Fe1-05 82.34(18) Fe1-O1-Fe2 110.1(2)
0O4-Fe1-05 100.9(2) Fe1-0O1-Y1 103.43(18)
O1-Fe1-06 107.0(2) Fe2-O1-Y1 103.38(18)
0O4-Fe1-06 165.2(2) Fe1-O1-Y1 98.88(17)
O5-Fe1-06 87.7(2) Fe2-0O1-Y1 134.7(2)
O1-Fe1-08 101.9(2) Y1-01-Y1 102.77(17)
0O4-Fe1-08 87.4(2)
Table 35: Selected bond angles for 35.
3.1.2 Magnetic properties of [Fe",Ln",(u,-O).(n-bdea).(piv).(NOs).
(H20).]
xT expected for
al non-interacting
expected for each ions per
Ln at RT Ground state of complex®
Compound (cm3*Kmol™) Ln ion (cm3Kmol™)
Fe,Pr, (30) 1.60 3H, 20.70
Fe,.Sm, (32) 0.09 ®H5), 17.68
Fe,Gd, (34) 7.88 &S, 33.26
xT measured at xT measured at
300K per 2 K per Magnetisation
complex complex at2 Kand7T
Compound (cm3*Kmol™) (cm3*Kmol™) (ug)
Fe,Pr, (30) 8.563 0.27 1.27
Fe,Sm, (32) 7.02 0.28 0.59
Fe.Gd, (34) 23.01 8.21 14.95

Table 36: Magnetic data summarised from the dc measurements. @ taking into account a
g factor of Fe'' metal ions of 2.

The magnetic properties of 30 (Pr), 32 (Sm) and 34 (Gd) were investigated by
solid state magnetic susceptibility (y,) measurements in the 2 K-300 K range in

a 1000 Oe dc field. The resulting data for complexes 30 (Pr), 32 (Sm) and 34 (Gd)
are shown as yuT versus T plot below (Figure 81).
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For complex 30 (Pr), 32 (Sm) and 34 (Gd) the yT values of 8.63, 7.02 and 23.01
cm?® Kmol™" at 300 K are significantly less than the values expected for 4 Fe'" (S =
5/2, g=2)and 2 Pr'" (S=1, g=0.8, L=5, °*H,) in 30 or 2 Sm"" (S=5/2, g=0.29, L=5,
8Hg,) in 32 or 2 Gd" (S=7/2, g=2, L=0, 8S,,,) in 34 non-interacting ions of 20.70,
17.68 and 33.26 cm® Kmol’, respectively (assuming g = 2 for Fe"). This is
consistent with considerable antiferromagnetic exchange interactions between
the Fe" ions mainly through the u,-O and, to a lesser degree, through the
carboxylate ligands. The y,T value of 34 (Gd) decreases steadily to 15.3 cm?®
Kmol" at 13 K followed by a sharp drop to 8.2 cm?® Kmol™' at 1.8 K. Complexes
30 (Pr) and 32 (Sm) behave in a similar fashion to each other. The y,T value for
both complexes decreases with decreasing temperature to almost the same
values (0.27 and 0.28 for 30 and 32) at 1.8 K, whereupon for Sm (32) a plateau
is reached at about 14 K and ~0.3 cm?® Kmol™.
Magnetisation curves for 34 (Gd) show no significant anisotropy contribution for
this compound since there is a true saturation of the magnetisation and the
superimposed reduced magnetisation curves, whereas 30 (Pr) and 32 (Sm) are
strongly anisotropic.
The data suggest predominantly antiferromagnetic exchange interactions within
all three complexes. The presence of spin-orbit coupling effects in 30 and 32 (Pr
and Sm) makes the fitting of the data to obtain Fe" Fe" and Fe" Ln" exchange
parameters far from straightforward. A more complete magnetic analysis of
complexes 30-35 is thus the objective of future work including the Dy and in
particular the Y analogue, which has so far been obtained only in a very low
yield and therefore not measured magnetically, yet.
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Figure 81: Temperature dependence of the T product for polycrystalline samples of
compounds 30, 32 and 34 at 1000 Oe.
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Figure 84: Plot of magnetisation (M) vs. H and H/T, respectively, between 2 K and 5 K for
34. The solid lines are to guide the eye.
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A lack of anisotropy for 34 (Gd) results in no out-of-phase ac magnetic
susceptibility signal down to 1.8 K, indicating the absence of a significant barrier
to magnetisation relaxation. However, despite the presence of anisotropy in
compounds 30 (Pr) and 32 (Sm) the ac susceptibility of compounds 30, 32 and
34 in zero dc field shows a complete absence of out-of-phase components above
1.8 K, and no slow relaxation is observed in this series of compounds at this
temperature.
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3.1.3 MéRbauer measurement on [Fe",Pr',(u,-0),(n-
bdea).(piv).(NO3).(H,0).]

RELATIVE TRANSMISSION

-4 0 +4 +8
VELOCITY ( mm/s)

Figure 85: The °’Fe Mdssbauer spectra for 30 at 3K in zero applied field and at 3 K in field
of 5 T.

The Mossbauer spectrum of 30 was examined in zero field at 3 K. The spectrum
consists of a single broad quadrupole doublet with isomer shift § = 0.48 mm/s
and quadrupole splitting AE5 = 0.52 mm/s or with two doublets with essentially
the same isomer shift, slightly narrower lines and different quadrupole splitting.
In essence these parameters are comparable to those found in oxo-bridged high-
spin ferric complexes (Greenwood, 1971: 148ff; Blume, 1967: 305ff). No
magnetic hyperfine structure was observed at 3 K, the lowest temperature
studied. Such evolution of the Mdssbauer spectra is expected for molecular
complexes containing an even number of antiferromagnetically exchanged-
coupled high-spin ferric ions which produce simple Md&ssbauer spectra typical of
diamagnetic complexes (Armstrong, 1984: 3653ff).

The spectrum of cluster 30 in in an external magnetic field of 5 T at 3 K oriented
perpendicular to the gamma radiation direction and parallel to sample holder, is
depicted above (Figure 85). This spectrum is characteristic of a diamagnetic
ground state spin complex as the field observed at the iron sites equals that of
the applied field H,. In other words, there is no detectable contribution from
magnetic hyperfine interaction other than the applied field and therefore no
residual paramagnetism at 3 K.

As within this thesis Mo6Rbauer spectroscopy was only used for one single
experiment, a profound introduction about this technique need to be dispensed
with. For a detailed introduction about Mo6Rbauer spectroscopy different
literature is recommended like (Gutlich, 1970: 133ff) or (M6Rbauer, 1958: 124ff).
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3.2 Structure and magnetic properties of hexanuclear Fe(lll)
complexes

The reaction of {Fe3} (6) with 2-(2-hydroxymethyl)pyridine (hmpH) and the
respective lanthanide salt vyielded hexanuclear [Fe"s(us-O).(hmp)s(piv)e]?*
[LN(NO,):]* with Ln = Eu (36), Gd (37), Dy (38), Ho (39) and Er (40). The
structure can be described as the salt of a cationic Feg octahedron and an
anionic Ln(NO3)s counterion.

Variable-temperature solid-state magnetic susceptibility measurements in the
temperature range 1.8-300 K were carried out for all complexes and for all
complexes a predominantly antiferromagnetic exchange interaction between the
iron metal centres was observed.

3.2.1  Structure of [Fe"s(us;-0).(hmp)s(piv)el** [GA(NO3)s]1* (37)

Figure 86: Molecular structure of the [Fe"s(us-O),(hmp)s(piv)s]? [GA(NO;)s]* aggregate in
37. Organic hydrogen atoms are omitted for clarity.

Compound 37 crystallises in the monoclinic space group C 2/c with Z=4. The
compound is built up of a cation containing six Fe'" ions, two us-oxo ligands, six
deprotonated hydroxymethylpyridine (hmp) ligands and six pivalate coligands.
The counterion is a Gd" ion surrounded by five nitrate ions, resulting in a
decanuclear environment for the lanthanide ion forming a bicapped square
antiprism. This environment is known also for other lanthanide nitrates like the
anion [Ce(NO,);]*. The Fegz unit has crystallographic inversion symmetry, while
the [GA(NO,);]* ion is disordered about a twofold rotation axis.

98



4 STRUCTURE AND MAGNETIC PROPERTIES OF COBALT-LANTHANIDE AGGREGATES

The cation of compound 37 consists of two {Fe;(us;-O)}’* triangular units held
together in a face-to-face fashion by six bridging hmp™ groups. All the iron atoms
have the same coordination environment, as the corresponding metal-ligand
bond lengths do not differ significantly. Each n':n*:u- hmp™ group chelates an iron
atom and bridges with its oxygen atom to an iron atom in the neighbouring
{Fe;O} unit.

Figure 87: Left: View of the core of the Feg cation. Right: View along the a-axis with the
cluster aggregates shown as polyhedral representations. H atoms are omitted
for clarity with Fe" shown in brown colour and Gd" in yellow colour.

Each Fe---Fe pair within a {Fe;O} unit is additionally bridged by a ‘BuCO, group,
completing six-coordinate, near octahedral geometry at each metal. The cation
has crystallographic C;, symmetry, but virtual S; symmetry with the S; axis
passing through the u;-0O% atom O(1) and its symmetry-related partner O(1°). The
trigonal antiprismatic disposition of the two {Fe;O} units gives an octahedral Feq
topology, emphasised in Figure 86 by joining the Fe---Fe neighbours with pink
lines. From this alternative viewpoint, the cation may be described as an Fegq
octahedron with two opposite faces bridged by u;-O% ions and six edges bridged
by u-O(hmp) atoms. Despite this variety of bridges, however, the Feg octahedron
is only slightly distorted: Fe:-*Fe separations within the {Fe;O} units (average
3.3445 A) are only slightly shorter than the rest (average 3.4741 A). The non-
adjacent Fe-:--Fe separations are much longer (average 4.8224 A). Complex 37
joins only a small number of other hexanuclear Fe'"' complexes that contain an
Fes octahedron. These comprise the [FesO(OMe),g]> (Hegetschweiler, 1992:
1299ff), [FegsO,(0O,C'Bu)s(hmp)s]*> (Brechin, 2000: 389ff), [Fe,O(L;)s]* and
[FesO(Ls)s(OMe);Clg]* (Hegetschweiler, 1990: 3625ff; Cornia, 1996: 4414ff)
clusters, where L; is a polyolato ligand. In these previously reported species, the
core is more symmetric than that in 1, consisting of an Fegs octahedron at the
centre of which is a ug-O* ion and which has a alkoxide-like oxygen atom
bridging each of the twelve Fe edges, i.e. effectively a {Fegs(us-O)(u-OR),,} core
with virtual O, core symmetry. Another compound of this family is the
[FesO,(piv)s(PdolH)s] motif, where PdolH, is Propane-1,2-diol (Nayak, 2008: 51ff).
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Bond Valence Sum Calculations (Brown, 1985: 244ff):

respective atom
Fe(1) Fe(2) Fe(3)
est. ox. state
Fe'" 2.55 2.53 2.55
Fe' 3.01 2.99 3.02
calc. ox. state Fe' Fe' Fe'
Compound a b c Vv
FesEu (36) 27.248(13) 15.821(7) 26.412(11) 10060(11)
FesGd (37) 26.920(4) 15.589(2) 26.079(4) 9660(2)
FesDy (38) 27.4001(2) 15.7843(8) 26.4138(2) 10178(1)
FesHo (39) 27.3588(2) 15.6478(9) 26.6457(2) 10136(17)
FegEr (40) 26.5943(16) 15.6322(5) 27.3747(16) 10110(9)
Compound a B ¥
FesEu (36) 90 117.93(5) 90
Fe,Gd (37) 90 118.037(2) 90
FesDy (38) 920 117.005(9) 920
FesHo (39) 90 117.303(11) 90
FesEr (40) 90 117.326(8) 920
Table 37: Summary of selected cell parameters.
Fe1-0O1 1.932(3) Gd1-022 2.328(14)
Fe1-04 2.008(3) Gd1-061 2.378(12)
Fe1-02 2.019(4) Gd1-032 2.408(11)
Fe1-N1 2.176(5) Gd1-021 2.419(18)
Fe2-0O1 1.933(3) Gd1-041 2.443(10)
Fe2-02 2.012(3) Gd1-031 2.461(12)
Fe2-0O3 2.016(3) Gd1-042 2.465(14)
Fe2-N2 2.177(4) Gd1-062 2.491(12)
Fe3-0O1 1.931(3) Gd1-051 2.57(2)
Fe3-03 2.007(3) Gd1-052 2.676(15)
Fe3-04 2.020(3) Gd1-N21 2.741(11)
Fe3-N3 2.172(4) Gd1-N61 2.846(11)
Table 38: Selected bond lengths for 37.
O1-Fe1-04 95.13(13) O1-Fe2-N2 173.42(16)
O1-Fe1-02 102.79(14) 0O2-Fe2-N2 90.85(16)
O4-Fe1-02 83.43(14) O3-Fe2-N2 77.50(15)
0O10-Fe1-02 94.85(16) 0O1-Fe3-03 95.69(14)
O1-Fe1-N1 175.01(16) 0O1-Fe3-04 103.31(13)
O4-Fe1-N1 89.86(16) 0O3-Fe3-04 82.90(14)
0O10-Fe1-N1 80.55(17) O1-Fe3-N3 175.38(15)
0O2-Fe1-N1 77.69(17) O3-Fe3-N3 88.88(15)
O5-Fe1-N1 84.68(18) O4-Fe3-N3 77.84(15)
O1-Fe2-02 95.48(14) Fe1-O1-Fe3 119.74(16)
0O1-Fe2-03 101.39(13) Fe1-O1-Fe2 120.79(16)
0O2-Fe2-03 83.72(13) Fe3-O1-Fe2 119.21(16)

Table 39: Selected bond lengths for 37.
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3.2.2 Magnetic properties of [Fe's(us-0).(hmp)s(piv)esl?* [LN(NO3)s]1*

The thermal dependences of y,, T are shown in the Figure 88 for compounds 36-
40. The y,T product for all compounds decreases more and more rapidly with
decreasing temperature starting at 9.07, 14.45, 22.29, 19.67 and 17.10 cm?®
Kmol" at 300 K, respectively, and finally reach a low-temperature limit of 0.07,
8.23, 9.94, 3.33, 6.30 cm® Kmol™ for 36 (Eu), 37 (Gd), 38 (Dy), 39 (Ho) and 40
(Er), respectively. The 4T values observed at 300 K (9.07, 14.45, 22.29, 19.67
and 17.10 cm?® Kmol") deviate significantly from the expected values of y,T
26.25, 34.13, 40.43, 40.30 and 37.72 cm?® Kmol™" for 36 (Eu), 37 (Gd), 38 (Dy),
39 (Ho) and 40 (Er), respectively. This is due to the strong antiferromagnetic
interactions between the iron centers as expected for Fe' ions. It is likely that the
magnetic properties of 36-40 result, to a first approximation from the separate

" units.

contributions of the Fe; and Ln
The observed decrease in the T product is typical for dominant
antiferromagnetic interactions. However, the spin orbit interaction may also
participate to this behaviour except for the Gd compound 37 (Gd). For the
trivalent rare earth ions presented here, the 'L, free-ion ground state is well
separated in energy from the first excited state, such that only this ground state
is thermally populated at room temperature and below (Andruh, 1993: 1616ff).
The slow depopulation of the excited states of the lanthanide ion on decreasing
the temperature can thus be excluded as a reason for the decreasing yuT
product.

Although the Feg; cation is antiferromagnetically coupled and thus the
contribution of these Fe'' ions is supposed to be zero, it seems that this Feg unit
provides a magnetic contribution under field. This would explain also the severe
deviation of the experimental yT values from the expected values for seven non-
interacting ions at 300 K.

However, on lowering the temperature, this contribution of the Fegz unit becomes
increasingly smaller down to 1.8 K. The case of 37 (Gd) shows very well that the
contribution of the Feg cation is becoming nearly zero due to the nearly perfect
antiferromagnetic alignment of the spins in the Feg octahedron at this low
temperature. Here the values for 4T at 1.8K (8.23 cm?® Kmol"') are nearly the
same like for a single Gd" ion (7.88 cm® Kmol'). In the cases of the other
compounds these values are not in such a good agreement which is probably
due to antiferromagnetic interaction between the resulting spin of the Feg
octahedron and the Ln" ion. Because of the more isotropic character of the Gd"
ion this effect is not that big in this case.

The field dependence of the magnetisation of compounds 37-40 at low
temperatures shows that the magnetisation increases rapidly with increasing
applied dc field but without saturation even at 7 T. Only in the case of 37 can a
well-defined saturation be observed at about 7.81ug, which is slightly higher
than the expected value for a free Gd" ion of 7ug. This is probably due to the
contribution of the Feg unit, although the spin carriers of the cation are
antiferromagnetically coupled. The magnitude of magnetisation is also given in
Table 40.
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The non-saturation of the magnetisation of the other derivatives indicates the
presence of magnetic anisotropy and/or the lack of a well-defined ground state
suggesting the presence of low-lying excited states that might be populated
when a field is applied. Furthermore, the plots of the M versus H/T at low
temperatures for compounds 38-40 show that the curves are not superposed, as
expected for an anisotropic system, giving a further indication of the presence of
magnetic anisotropy and also the low-lying excited states already suggested.

xT 1T expected for
expected for each each
Ln at RT Ground state of complex®
Compound (cm3*Kmol™) Ln ion (cm3Kmol™)
FesEu (36) 0] “Fo 26.25
FesGd (37) 7.88 8S,) 34.13
Fes;Dy (38) 14.17 ®H, 50 40.43
FesHo (39) 14.07 ®lg 40.30
FegEr (40) 11.48 *l1s2 37.72
xT measured at xT measured at
300K per 1.8 K per Magnetisation
complex complex at1.8 Kand 7T
Compound (cm3Kmol™) (cm3Kmol") (ug)
FegsEu (36) 9.07 0.07 0.36
FesGd (37) 14.45 8.23 7.81
FesDy (38) 22.29 9.94 6.63
FegsHo (39) 19.67 3.33 5.35
FegEr (40) 17.10 6.30 4.37

Table 40: Magnetic data summarised from the dc measurements. @ taking into account a
g factor of Fe'' metal ions of 2.

The presence of slow relaxation in these molecular systems was systematically
probed through ac susceptibility measurements, carried out in the frequency
range 100-1500 Hz and at temperatures between 1.8 and 10 K. At zero dc
applied field, no out-of-phase component of the susceptibility was detected
down to 1.8 K for all four compounds. SMM properties of lanthanide-containing
polynuclear complexes are known to be modulated by the metal ions used, the
largest energy barriers being mostly observed for Dy" compounds (Sessoli,
2009: 2328ff; Mereacre, 2008: 3577ff). Nonetheless, it is now well-established
that mononuclear lanthanide complexes may behave as SMM, when their
coordination environment results in highly anisotropic situations. In particular,
the highest anisotropy Dbarriers have been found in mononuclear
bisphthalocyanine-based lanthanide sandwich complexes of Tb'". In this family
of compounds, the Dy" complex also exhibits slow relaxation of magnetisation,
but at much lower temperatures. In these compounds, the square antiprismatic
coordination environment of the lanthanide ion is thought to be a key factor for
optimising the anisotropy of the system (Ishikawa, 2003: 8694f). In the case of
the Dy compound 38 the distribution of the nitrate ligands seems not to induce
any significant anisotropy and slow relaxation is thus not observed.

102



4 STRUCTURE AND MAGNETIC PROPERTIES OF COBALT-LANTHANIDE AGGREGATES

- FegDy
= FegHo
¢ FegEr

° Feg,Gd

xT(cm3 Kmol-")

O 1 | | 1 1 ]
(0} 50 100 150 200 250 300

T(K)

Figure 88: Temperature dependence of the T product for polycrystalline samples of
compounds 37, 38, 39 and 40 at 1000 Oe (left) and 10000 Oe (right).
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Figure 89: Plot of magnetisation (M) vs. H and H/T, respectively, between 2 K and 8 K for
36. The solid lines are to guide the eye.
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Figure 90: Plot of magnetisation (M) vs. H and H/T, respectively, between 2 K and 8 K for
37. The solid lines are to guide the eye.

103



4 STRUCTURE AND MAGNETIC PROPERTIES OF COBALT-LANTHANIDE AGGREGATES

8r 8r
ol ol
5F 5F
) )
= 4t = 4t
2 2 © 1.8K
3 ——1.8K 3 o 3K
2 — 3K 24 ° B K
——5K o 8K
1 e 8K 1
0 1 1 Il 1 1 Il 1 0 1 1 Il 1 1 1 Il 1
o) 20000 40000 60000 80000 o) 20000 40000
H(Oe) H T-'(Oe K-)

Figure 91: Plot of magnetisation (M) vs. H and H/T, respectively, between 2 K and 8 K for
38. The solid lines are to guide the eye.
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Figure 92: Plot of magnetisation (M) vs. H and H/T, respectively, between 2 K and 8 K
for 39. The solid lines are to guide the eye.
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Figure 93: Plot of magnetisation (M) vs. H and H/T, respectively, between 2 K and 8 K
for 40. The solid lines are to guide the eye.
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4 Structure and magnetic properties of cobalt-lanthanide
aggregates

4.1 Structure and magnetic properties of hexanuclear complexes

The structures and magnetic properties of a family of new hexanuclear
heterometallic 3d-4f complexes [Co",Dy",(us-OH),(hmp).(piv)g(Ns),
(NO3),]'2CH;CN, where Ln = Pr(41), Sm (42), Eu (43), Gd (44), Tb (45), Dy (46),
Ho (47) and Er (48) are reported. The metal topology in the aggregates can be
described as consisting of a defect Ln,-dicubane. Complexes 41-48 are prepared
by the reactions of 2-(2-hydroxymethyl)pyridine (hmpH) with the preformed
dinuclear cobalt pivalate complex {Co,}, the respective lanthanide salt, KOH and
NaN;. The magnetic properties of the complexes 42-48 were investigated using
variable temperature magnetic susceptibility and magnetisation measurements.
The Dy"' analogue 46 show frequency-dependent ac susceptibilities indicative of
a slow relaxation of magnetisation and is therefore considered as Single-
Molecule Magnet.

4.1.1  Structure of [Co",Dy",(us-OH).(hmp).(piv)s(Ns).(NOs),]:2CH;CN
(46)

Single-crystal X-ray diffraction studies reveal that compound 46 crystallise in the
monoclinic space group C2/c with Z=4 and thus compounds 41-46 are
isomorphous. Therefore the structure of compound 46 (Dy) should be discussed
as a representative for the whole family. The core structure of 46 has a
tetranuclear arrangement of four Dy" ions with a crystallographic inversion
symmetry flanked by two diamagnetic Co" ions. The oxidation states of the
cobalt and the lanthanide ions were estimated by consideration of its
coordination geometry, its bond lengths, the coordination numbers, the charge
balance and by bond valence sum analysis (Wood, 1998: 4149ff; Brese, 1991:
192ff).
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Figure 94: Molecular structure of [Co",Dy",(hmp).(piv)s(N3).(NO;)]-2CH,CN. Atoms
marked with primes are inversion-center-generated. Organic hydrogen atoms
and solvent molecules are omitted for clarity.

In contrast to the previously presented Mn",Dy", aggregate and most other
tetranuclear compounds (Christou, 2000: 66ff) the four Dy" ions are precisely
coplanar, as shown in Figure 95. The two oxygen atoms (O1) of the u;-OH
ligands are located on opposite sides of the Dy, plane and are displaced out of
that plane by 0.6220 A. This is significantly less than in the comparable pure Dy,
analogues of Lin or Zheng (Lin, 2009: 9489ff; Zheng, 2008: 1081 3ff), where the
distance is 0.9051 A and 0.9218 A, respectively.

® 7,’ @ Dy
f, .\ | ‘17/‘ ggou
oo (I
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Figure 95: Side view (core only) of the tetranuclear core with the flanking Co" showing
the coplanarity in the Dy, core of 46.

The hydroxo forms an almost symmetrical triple bridge, with the Dy-0O1
distances 2.275(3), 2.389(3) and 2.351(3) A and the Dy-O1-Dy angles
113.44(11), 112.69(11) and 113.43(12)°, which is about six degrees more than
in the case of Lin. Dy(1) is octa-coordinate and its coordination polyhedron may
be best described as a distorted square antiprism (Figure 96 left) consisting of
seven oxygen and one nitrogen.
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Figure 96: Views of the inner coordination polyhedra of 46 showing the square antiprism
coordination of Dy(1) and the three-face centred trigonal prism stereochemistry
about Dy(2).
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Figure 97: Core view of compound 46.

It is connected to Dy(2’) by two pivalates, which form simple bridges, and the
former mentioned u;-OH. The second u;-OH, another bridging pivalate and a
bridging alkoxide oxygen coming from a deprotonated hmp ligand form the
connection to Dy(2). The third bridge of the latter u; bridging hmp ligand links to
Co(1), which is in total chelated by two independent organic ligands via the
nitrogen and the methoxy oxygen atoms. One coordinating end-on 1,1-azide
bridge and a further bridging pivalate to Dy(1) complete the slightly distorted
octahedral coordination sphere of Co(1) which thus consists of three nitrogen
and three oxygen atoms. The bond lengths of cobalt and oxygen are between
1.880(3) and 1.921(3) A and Co-N bond lengths are between 1.918(3) and
1.974(4) A.

The nine-coordinate environment of Dy(2) is exclusively provided by oxygen
donors, resulting in a slightly distorted tricapped trigonal prism coordination
sphere (Figure 96 right), which is a common geometry for nine-coordinate
hydrated salts of the lanthanide elements such as [Eu(H,O)c]3*.

The derivatives 47 (Ho) and 48 (Er) are isostructural to the above-mentioned
complex 46 but both crystallise in the triclinic space group P71 rather than the
monoclinic space group C2/c discussed before.

While the hmpH ligand is known very well in 3d, 4d and 5d transition-metal
complexes (e.g. Cao, 2008: 1ff; Taher, 2010: 1ff), only a few examples in the
field of 3d-4f coordination chemistry are known (He, 2005: 8285ff). In particular
compound 46 (Dy) is the first example of a cobalt/lanthanide compound with 2-
hydroxymethylpyridine as ligand.
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It is tempting to imagine that the 4-fold axes of the square antiprisms might

correspond to the magnetic easy axes of the Dy"
1

ions. However, the atoms
surrounding the eight-coordinate Dy" ions Dy(1) and Dy(1’) are not equivalent,
with some “harder” ligand atoms (hydroxo and alkoxo) than others (neutral
oxygens and azide). Furthermore, the distributions of hard and soft atoms are
unsymmetrical relative to the principal axes of the antiprisms, so that it would
be unwise to try to estimate the directions of the easy axes. The same applies to
the other Dy", where the easy axis of magnetisation might be the C; axis. Such
tetranuclear structures are often viewed in terms of two edge-sharing triangles,
because the distances for
in 46 (Dy) are 3.9001(3),

which in this case are close to equilateral,
Dy(1)---Dy(2), Dy(1):--Dy(2") and Dy(1):--Dy(1")
3.8677(3), and 3.9455(3) A, respectively.

It should be noted, that the same reaction with an equimolar quantity of
Y(NO;);-6H,0O gave crystals of a not yet fully refined structure, which exhibit a
linear Co-Y-Y-Co chain, which will be subject to future further investigation.

Bond Valence Sum Calculations (Brown, 1985: 244ff):

respective atom
- — Co(1)
estimated oxidation state
Co" 2.967
Co" 3.262
Compound a b c Vv
Co,Pr, (41) 24.109(3) 18.9152(15) 19.909(2) 9050.2(16)
Co,Sm, (42) 24.7100(2) 18.9670(9) 20.2500(1) 9444(20)
Co,Eu, (43) 24.3688(7) 18.8564(7) 20.0951(b) 9199(8)
Co,Gd, (44) 23.8887(19) 18.5208(15) 19.8980(16) 8775.2(12)
Co,Tb, (45) 24.3414(6) 18.7135(4) 20.1179(5) 9132(6)
Co,Dy, (46) 23.9666(12) 18.4531(11) 19.8875(9) 8766.8(8)
Co,Ho, (47) 13.5562(10) 13.8969(10) 13.9677(10) 2215.2(3)
Co,Er, (48) 13.5725(14) 13.9107(15) 13.9731(14) 2220.4(4)
Compound a B Y
Co,Pr, (41) 90 94.553(9) 90
Co,Sm, (42) 90 95.667(11) 90
Co,Eu, (43) 90 94.916(3) 90
Co,Gd, (44) 90 94.608(1) 90
Co,Thb, (45) 90 94.744(3) 90
Co,Dy, (46) 90 94.621(4) 90
Co,Ho, (47) 84.951(1) 69.693(1) 64.180(1)
Co,Er, (48) 85.082(2) 69.662(2) 64.198(2)
Table 41: Summary of selected cell parameters.
Pr1-0O6 2.380(3) Pr2-05 2.527(3)
Pr1-04 2.385(3) Pr2-013 2.618(3)
Pr1-O10 2.433(3) Pr2-0O8 2.687(3)
Pr1-0O1 2.437(2) Pr2-02 2.688(3)
Pr1-0O1 2.473(3) Pr2-N3 2.982(3)
Pr1-O8 2.497(3) Co1-03 1.883(3)
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Pr1-02 2.565(2) Co1-02 1.914(2)
Pr1-N11 2.583(3) Co1-N2 1.921(3)
Pr2-0O1 2.379(2) Co1-011 1.925(3)
Pr2-0O3 2.444(2) Co1-N1 1.933(3)
Pr2-07 2.455(3) Co1-N11 1.982(3)
Pr2-09 2.479(3) O1-Pr1 2.437(2)
Pr2-012 2.518(3)
Table 42: Selected bond lengths for 41.
06-Pr1-04 84.04(16) 0O1-Pr2-08 72.09(8)
06-Pr1-010 80.15(10) O3-Pr2-08 143.19(8)
04-Pr1-O10 113.52(12) O7-Pr2-08 75.66(9)
06-Pr1-01 79.21(10) 09-Pr2-08 50.70(9)
04-Pr1-01 71.39(10) O3-Pr2-0O5 133.14(9)
0O10-Pr1-01 158.11(9) O7-Pr2-0O5 148.71(10)
06-Pr1-01 144.44(10) 09-Pr2-05 74.30(11)
04-Pr1-01 73.85(14) O5-Pr2-08 74.76(9)
0O10-Pr1-01 134.11(9) O1-Pr2-02 71.33(8)
O1-Pr1-0O1 67.59(10) O3-Pr2-02 59.86(8)
06-Pr1-08 77.52(11) O7-Pr2-02 131.38(9)
04-Pr1-08 143.75(10) 09-Pr2-02 149.29(9)
0O10-Pr1-08 93.87(9) O5-Pr2-02 75.65(9)
O1-Pr1-0O8 74.62(9) 08-Pr2-02 125.48(8)
O1-Pr1-08 104.41(9) O1-Pr2-N3 151.22(9)
06-Pr1-02 125.71(9) O3-Pr2-N3 73.75(9)
04-Pr1-02 69.59(10) O7-Pr2-N3 96.71(10)
010-Pr1-02 69.41(9) 09-Pr2-N3 83.65(10)
O1-Pr1-02 129.77(8) O5-Pr2-N3 96.63(11)
O1-Pr1-02 72.08(8) 0O8-Pr2-N3 134.33(9)
08-Pr1-02 145.61(8) 0O2-Pr2-N3 93.66(9)
O6-Pr1-N11 145.78(12) 03-Co1-02 85.14(11)
O4-Pr1-N11 127.10(14) 03-Co1-N2 85.45(12)
O10-Pr1-N11 74.52(10) 02-Co1-N2 170.57(13)
O1-Pr1-N11 120.74(9) 0O3-Co1-N1 92.61(12)
O1-Pr1-N11 67.27(9) 02-Co1-N1 84.09(12)
O8-Pr1-N11 81.59(9) N2-Co1-N1 96.85(13)
O2-Pr1-N11 65.29(9) O3-Co1-N11 91.93(13)
O1-Pr2-03 77.46(9) 02-Co1-N11 90.91(12)
O1-Pr2-0O7 77.29(9) N2-Co1-N11 88.90(13)
0O3-Pr2-07 77.90(9) N1-Co1-N11 172.94(14)
O1-Pr2-09 121.82(9) Pr2-O1-Pr1 111.49(10)
O3-Pr2-09 145.45(10) Pr2-O1-Pr1 109.73(9)
O7-Pr2-09 79.21(11) Pr1-O1-Pr1 112.41(10)
O1-Pr2-O5 102.86(11)
Table 43: Selected bond angles for 41.
Gd1-04 2.301(3) Gd2-05 2.414(3)
Gd1-0O6 2.327(3) Gd2-012 2.446(3)
Gd1-010 2.368(3) Gd2-013 2.544(3)
Gd1-01 2.381(3) Gd2-08 2.647(3)
Gd1-01 2.409(3) Gd2-02 2.650(3)
Gd1-08 2.432(3) Co1-03 1.877(3)
Gd1-02 2.503(3) Co1-02 1.903(3)
Gd1-N11 2.511(3) Co1-N2 1.921(3)
Gd2-01 2.301(3) Co1-N1 1.922(3)
Gd2-07 2.363(3) Co1-011 1.925(3)
Gd2-03 2.379(3) Co1-N11 1.970(3)
Gd2-09 2.397(3) 01-Gd1 2.381(3)
Table 44: Selected bond lengths for 44.
04-Gd1-06 77.93(12) 01-Gd2-05 96.57(10)
04-Gd1-010 109.50(10) 07-Gd2-05 148.38(10)
06-Gd1-010 76.95(10) 03-Gd2-05 132.05(9)
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04-Gd1-01 73.46(10) 09-Gd2-05 75.34(10)
06-Gd1-01 81.17(10) 01-Gd2-08 71.29(9)
010-Gd1-01 156.58(10) 07-Gd2-08 76.56(9)
04-Gd1-01 80.27(11) 03-Gd2-08 143.34(8)
06-Gd1-01 146.15(10) 09-Gd2-08 52.00(9)
010-Gd1-01 135.28(9) 05-Gd2-08 72.60(9)
01-Gd1-01 67.91(11) 01-Gd2-02 69.87(9)
04-Gd1-08 141.08(10) 07-Gd2-02 132.50(9)
06-Gd1-08 76.48(10) 03-Gd2-02 60.58(8)
010-Gd1-08 92.65(9) 09-Gd2-02 146.98(9)
01-Gd1-08 74.03(9) 05-Gd2-02 72.78(9)
01-Gd1-08 106.42(9) 08-Gd2-02 123.42(8)
04-Gd1-02 73.03(9) 03-Co1-02 84.74(11)
06-Gd1-02 125.41(9) 0O3-Co1-N2 85.54(13)
010-Gd1-02 70.91(9) 02-Co1-N2 170.24(13)
01-Gd1-02 130.14(9) 03-Co1-N1 91.99(12)
01-Gd1-02 70.89(8) 02-Co1-N1 84.12(12)
08-Gd1-02 145.81(9) N2-Co1-N1 97.03(13)
04-Gd1-N11 134.65(11) 03-Co1-011 176.90(12)
06-Gd1-N11 143.48(11) 02-Co1-011 95.86(11)
010-Gd1-N11 76.04(10) N2-Co1-011 93.90(13)
0O1-Gd1-N11 119.24(10) N1-Co1-011 85.05(12)
01-Gd1-N11 68.02(10) 0O3-Co1-N11 92.29(13)
08-Gd1-N11 80.69(10) 02-Co1-N11 90.46(12)
02-Gd1-N11 66.53(9) N2-Co1-N11 89.12(13)
01-Gd2-07 79.81(9) N1-Co1-N11 172.76(14)
01-Gd2-03 78.29(9) 011-Co1-N11 90.75(13)
07-Gd2-03 78.38(9) Gd2-01-Gd1 112.49(11)
01-Gd2-09 122.78(10) Gd2-01-Gd1 112.82(10)
07-Gd2-09 80.37(10) Gd1-01-Gd1 112.09(11)
03-Gd2-09 146.50(10)
Table 45: Selected bond angles for 44.
Dy1-04 2.275(3)
Dy1-06 2.295(3) Dy2-05 2.377(3)
Dy1-010 2.333(3) Dy2-02 2.637(3)
Dy1-0O1 2.351(3) Dy2-08 2.685(4)
Dy1-0O1 2.389(3) Co1-03 1.880(3)
Dy1-0O8 2.396(3) Co1-02 1.906(3)
Dy1-N11 2.479(4) Co1-N2 1.918(3)
Dy1-02 2.480(3) Co1-011 1.921(3)
Dy2-0O1 2.275(3) Co1-N1 1.930(4)
Dy2-0O7 2.335(3) Co1-N11 1.974(4)
Dy2-03 2.346(3) O1-Dy1 2.351(3)
Dy2-09 2.357(3)
Table 46: Selected bond lengths for 46.
04-Dy1-06 76.97(14) 01-Dy2-0O5 94.57(11)
0O4-Dy1-010 109.06(13) O7-Dy2-0O5 147.86(11)
06-Dy1-010 76.29(11) 03-Dy2-05 132.37(11)
04-Dy1-01 74.20(11) 09-Dy2-05 75.50(12)
06-Dy1-01 81.93(11) 01-Dy2-02 69.94(9)
010-Dy1-01 156.38(10) O7-Dy2-02 132.64(10)
04-Dy1-01 80.83(13) 03-Dy2-02 61.21(9)
06-Dy1-01 145.98(11) 09-Dy2-02 146.64(11)
010-Dy1-01 136.01(10) 05-Dy2-02 72.28(10)
0O1-Dy1-0O1 67.31(11) 0O1-Dy2-08 70.39(10)
04-Dy1-08 141.39(12) O7-Dy2-08 76.78(11)
0O6-Dy1-08 76.58(12) 0O3-Dy2-08 143.47(10)
010-Dy1-08 91.30(12) 09-Dy2-08 51.68(11)
0O1-Dy1-08 74.66(11) 05-Dy2-08 71.63(10)
O1-Dy1-08 107.27(10) 02-Dy2-08 122.78(9)
04-Dy1-N11 135.87(13) 03-Co1-02 84.65(12)




4 STRUCTURE AND MAGNETIC PROPERTIES OF COBALT-LANTHANIDE AGGREGATES

0O6-Dy1-N11 143.07(13) 0O3-Co1-N2 85.74(14)
0O10-Dy1-N11 76.26(11) 02-Co1-N2 170.36(15)
O1-Dy1-N11 118.47(11) 03-Co1-011 177.18(14)
O1-Dy1-N11 68.68(11) 02-Co1-011 95.54(13)
08-Dy1-N11 79.83(12) N2-Co1-011 94.09(15)
04-Dy1-02 73.51(11) 03-Co1-N1 92.05(15)
06-Dy1-02 125.05(11) 02-Co1-N1 84.32(14)
010-Dy1-02 71.26(10) N2-Co1-N1 96.74(15)
0O1-Dy1-02 130.32(10) 0O11-Co1-N1 85.17(14)
O1-Dy1-02 71.07(9) 03-Co1-N11 91.97(15)
08-Dy1-02 145.10(11) 02-Co1-N11 89.63(14)
N11-Dy1-02 66.94(10) N2-Co1-N11 89.99(15)
01-Dy2-07 80.11(11) 0O11-Co1-N11 90.85(15)
0O1-Dy2-03 79.45(10) N1-Co1-N11 172.40(15)
O7-Dy2-03 78.18(11) Dy2-01-Dy1 113.43(12)
0O1-Dy2-09 121.62(11) Dy2-01-Dy1 113.44(11)
O7-Dy2-09 80.47(12) Dy1-0O1-Dy1 112.69(11)
0O3-Dy2-09 146.59(12)
Table 47: Selected bond angles for 46.
Ho1-08 2.287(3) Ho2-05 2.354(2)
Ho1-06 2.296(2) Ho2-012 2.414(2)
Ho1-04 2.296(2) Ho2-013 2.479(2)
Ho1-01 2.330(2) Ho2-02 2.527(2)
Ho1-0O10 2.334(2) Ho2-N3 2.866(3)
Ho1-01 2.407(2) Co1-03 1.873(2)
Ho1-02 2.494(2) Co1-02 1.902(2)
Ho1-N11 2.517(3) Co1-011 1.910(2)
Ho2-09 2.273(3) Co1-N2 1.914(3)
Ho2-01 2.282(2) Co1-N1 1.938(3)
Ho2-07 2.311(2) Co1-N11 1.953(3)
Ho2-03 2.322(2)
Table 48: Selected bond lengths for 47.
08-Ho1-06 78.99(9) 0O7-Ho2-05 143.76(8)
08-Ho1-04 149.65(9) 03-Ho2-05 134.47(8)
06-Ho1-04 76.75(9) 09-Ho2-02 146.43(8)
08-Ho1-01 108.85(9) 01-Ho2-02 71.96(8)
06-Ho1-01 142.44(8) 0O7-Ho2-02 128.37(8)
04-Ho1-01 80.83(9) 03-Ho2-02 64.14(8)
08-Ho1-010 85.54(9) 05-Ho2-02 71.98(8)
06-Ho1-010 76.28(8) 012-Ho2-02 82.92(8)
04-Ho1-010 105.92(9) 013-Ho2-02 121.42(8)
O1-Ho1-010 139.53(8) 09-Ho2-N3 88.64(9)
08-Ho1-01 83.68(9) 0O1-Ho2-N3 168.37(8)
06-Ho1-01 76.47(8) O7-Ho2-N3 102.03(9)
04-Ho1-01 73.15(8) 0O3-Ho2-N3 77.49(8)
0O1-Ho1-0O1 68.33(9) 0O5-Ho2-N3 101.35(9)
010-Ho1-01 152.13(8) 012-Ho2-N3 26.40(8)
08-Ho1-02 136.80(8) 013-Ho2-N3 26.08(9)
06-Ho1-02 127.84(8) 02-Ho2-N3 102.27(8)
04-Ho1-02 73.36(8) 03-Co1-02 86.23(10)
O1-Ho1-02 71.81(8) 03-Co1-011 175.74(10)
010-Ho1-02 72.27(8) 02-Co1-011 96.41(10)
O1-Ho1-02 130.95(8) 03-Co1-N2 85.13(11)
08-Ho1-N11 75.12(9) 02-Co1-N2 171.35(12)
0O6-Ho1-N11 143.49(9) 011-Co1-N2 92.24(12)
0O4-Ho1-N11 134.44(9) 03-Co1-N1 91.30(11)
O1-Ho1-N11 71.54(9) 02-Co1-N1 84.27(11)
010-Ho1-N11 76.44(9) 011-Co1-N1 85.65(11)
O1-Ho1-N11 124.82(8) N2-Co1-N1 96.32(12)
0O2-Ho1-N11 64.03(8) 0O3-Co1-N11 91.54(11)
09-Ho2-01 101.71(9) 02-Co1-N11 87.08(10)
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09-Ho2-07 78.50(9) 0O11-Co1-N11 91.93(11)
0O1-Ho2-07 75.24(8) N2-Co1-N11 92.75(12)
09-Ho2-03 149.29(9) N1-Co1-N11 170.70(12)
0O1-Ho2-03 90.88(8) Ho2-0O1-Ho1 113.56(9)
0O7-Ho2-03 77.84(8) Ho2-0O1-Ho1 119.17(10)
09-Ho2-05 74.78(9) Ho1-O1-Ho1 111.67(9)
0O1-Ho2-05 86.64(8)
Table 49: Selected bond angles for 47.
Er1-O8 2.269(5) Er2-O5 2.340(4)
Er1-O4 2.283(5) Er2-012 2.402(5)
Er1-O6 2.289(4) Er2-013 2.484(5)
Er1-0O10 2.327(4) Er2-02 2.519(4)
Er1-O1 2.331(4) Er2-N3 2.860(6)
Er1-O1 2.395(4) Co1-03 1.878(4)
Er1-02 2.484(5) Co1-011 1.907(4)
Er1-N11 2.513(5) Co1-02 1.909(4)
Er2-09 2.256(5) Co1-N2 1.910(5)
Er2-0O1 2.275(5) Co1-N1 1.939(6)
Er2-07 2.303(4) Co1-N11 1.955(6)
Er2-0O3 2.305(4) O1-Er1 2.395(4)
Table 50: Selected bond lengths for 48.
0O8-Er1-04 149.71(17) O7-Er2-03 77.74(16)
O8-Er1-06 78.97(17) 09-Er2-05 74.65(17)
O4-Er1-06 76.65(17) O1-Er2-05 86.35(16)
0O8-Er1-010 85.21(17) O7-Er2-05 143.70(16)
0O4-Er1-010 105.95(17) O3-Er2-05 134.67(15)
0O6-Er1-0O10 76.28(16) 09-Er2-02 146.13(16)
O8-Er1-01 108.99(17) O7-Er2-02 128.45(16)
O4-Er1-01 80.83(16) O3-Er2-02 64.52(14)
O6-Er1-01 142.17(15) O5-Er2-02 71.84(15)
O10-Er1-0O1 139.82(15) O9-Er2-N3 88.54(17)
0O8-Er1-01 83.74(16) O1-Er2-N3 168.98(16)
0O4-Er1-01 73.30(16) O7-Er2-N3 102.03(17)
O6-Er1-01 76.41(15) O3-Er2-N3 77.52(16)
O10-Er1-0O1 152.02(15) O5-Er2-N3 101.32(17)
O1-Er1-0O1 68.15(18) O2-Er2-N3 102.54(16)
O8-Er1-02 136.73(16) 03-Co1-011 176.3(2)
O4-Er1-02 73.35(15) 03-Co1-02 85.91(19)
O6-Er1-02 127.92(16) 011-Co1-02 96.30(19)
O10-Er1-02 72.47(15) 0O3-Co1-N2 85.6(2)
O1-Er1-02 71.88(15) 0O11-Co1-N2 92.2(2)
O1-Er1-02 130.96(15) 02-Co1-N2 171.5(2)
O8-Er1-N11 74.77(18) 0O3-Co1-N1 91.6(2)
O4-Er1-N11 134.80(18) 0O11-Co1-N1 85.7(2)
O6-Er1-N11 143.25(17) 02-Co1-N1 84.6(2)
O10-Er1-N11 76.33(17) N2-Co1-N1 96.3(2)
O1-Er1-N11 71.96(16) 0O3-Co1-N11 91.7(2)
O1-Er1-N11 124.77(16) 011-Co1-N11 91.4(2)
O2-Er1-N11 64.29(16) 02-Co1-N11 86.9(2)
09-Er2-01 101.20(17) N2-Co1-N11 92.7(2)
09-Er2-07 78.56(17) N1-Co1-N11 170.6(2)
O1-Er2-07 75.25(16) Er2-O1-Er1 113.36(19)
09-Er2-03 149.21(16) Er2-O1-Er1 119.66(19)
O1-Er2-03 91.47(16) Er1-O1-Er1 111.85(18)

Table 51: Selected

bond angles for 48.
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4.1.2 Magnetic properties of

(N3)2(NO3),]-2CHSCN

[Co",Ln",(us-OH).(hmp)a(piv)s

metal-metal distances

The  short (3.86-3.94 A)  within  the
[Co",Ln",(hmp).(piv)s(N3).(NOs)] complexes make these compounds interesting
for a study of the magnetic exchange interactions between the paramagnetic
centres. Here, temperature-dependent studies of the magnetic susceptibility (y,,)

are presented for the complexes 42-48.

xT xT expected for
expected for each each
Ln at RT Ground state of complex

Compound (cm3Kmol™) Ln ion (cm3*Kmol™)
Co,Sm, (42) 0.09 ®Hy), 0.36
Co,Eu, (43) 0] “Fo 0]
Co,Gd, (44) 7.88 &S, 31.62
Co,Tb, (45) 11.82 Fyq 47 .24
Co,Dy, (46) 14.17 ®H, 5/ 56.71
Co,Ho, (47) 14.07 ®lg 56.18
Co.Er, (48) 11.48 i PP 45.89

xT measured at

¥xT measured at

300K per 1.8 K per Magnetisation

complex complex at1.8 Kand 7T
Compound (cm3*Kmol™) (cm3*Kmol™) (ug)
Co,Sm, (42) 0.39 0.04 0.50
Co,Eu, (43) 5.20 (270 K) 0.03 0.34
Co,Gd, (44) 33.45 12.97 29.81
Co,Tb, (45) 50.09 (270 K) 18.41 23.43
Co,Dy, (46) 57.41 32.30 26.55
Co,Ho, (47) 57.91 13.15 25.95
Co,Er, (48) 45.84 12.42 22.01

Table 52: Magnetic data summarised from the dc measurements.

The dc magnetic susceptibility (y) data for compounds 42-48 were collected in
the 1.8-300 K temperature range at 1000 Oe (Figure 98). For 43 (Eu), the
measured yT value at 270 K of 5.20 cm?® Kmol' (Figure 98) is more than that
expected (0 cm?® Kmol™") for two Co" (S=0) and four Eu" (S=0, L=3, ’F,) non-
interacting ions. For most of the Ln" ions, the energy separation between the
2s*1], ground state and the first excited state is so large that only the ground
state is thermally populated at room and low temperatures, except for the Sm"
and Eu" ions, in which the excited states may be thermally populated because of
the weak energy separation (Li, 2006: 6308ff). The ground state itself, ’F,, of Eu"
is nonmagnetic. However, since there is a certain amount of magnetic moment
from the excited state (’F,, ’F,, “F3, 'F,, "Fs, 'Fg) the value for 4T is slightly higher
than the expected one. The decrease in %T values for 43 (Eu) on lowering the
temperature attributes to the thermal depopulation of these excited levels.
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On the other hand, the static measurements for all the other compounds lead to
a room temperature yT value which is always in relatively good agreement with
the values expected for isolated spin centres (Table 52). For 46 (Dy) and 44 (Gd)
the yT product at 1000 Oe is essentially temperature independent over the range
of 300-50 K and respectively for 45 (Tb), 47 (Ho) and 48 (Er) from 300 K to 100 K
indicating paramagnetic behaviour for these compounds. For 46 (Dy) the yT
product rapidly increases on lowering the temperature from 10 K to 1.8 K
showing that weak ferromagnetic behaviour is present. For 44 (Gd) the evolution
of the 4T product shows a contrary behaviour. On lowering the temperature
from 10 K to 1.8 K the T product decreases rapidly, indicating weak
antiferromagnetic coupling in this system.

The temperature dependence of the dc susceptibility is similar for compounds 45
(Tb), 47 (Ho) and 48 (Er) (Figure 98) and thus the analysis of their experimental
data is the same. The T product shows a very slow decrease at higher
temperatures with the rate of decrease becoming steadily larger below 100K.
This is likely due to spin orbit interaction. It is thus likely that this thermal
behaviour is associated with the thermal depopulation of the Ln" excited states
and that Ln---Ln interactions are insignificant by comparison.

The T product of compounds 42 (Sm) and 43 (Eu) show markedly different
behaviour from this. For 42 (Sm) the T product is almost zero over the complete
temperature range of the measurement, indicating nearly diamagnetic behaviour
of the SMm" ion. 43 (Eu) in turn shows a strong and constant decrease of the T
product on lowering the temperature as a result of the depopulation of the
excited states of the Eu" ion.

The field dependence of the magnetisation of compounds 42-48 at low
temperatures shows that the magnetisation increases smoothly with increasing
applied dc field without saturation even at 7 T or in the case of 46 (Dy) even at
9T (Figure 103). Only in the case of 44 (Gd) can a well-defined saturation be
observed. The magnitude of magnetisation is also given in Table 52. This
behaviour indicates the presence of magnetic anisotropy. Furthermore, the plots
of the M versus H/T at low temperatures for compounds 42-48 show that the
curves are not superposed, as would be expected for an anisotropic system,
giving a further indication of the presence of magnetic anisotropy and also the
low-lying excited states already suggested.

The presence of magnetic anisotropy was probed further by examining the
magnetisation relaxation under zero dc field for all compounds 42-48 with an
oscillating ac field of 3 Oe. It was found that only compound 46 (Dy) exhibits
slow relaxation of its magnetisation under these conditions. Figure 106 shows
that the frequency dependence of both in-phase and out-of-phase components
can be observed in zero dc field below 3.3 K indicating potential slow relaxation
of the magnetisation. The ratio of the intensity of the in-phase and out-of-phase
signal is about 4.5:1, which indicates that this behaviour is intrinsically
molecular (Benelli, 2002: 2369ff).

In addition, frequency sweeping ac susceptibilities (Figure 107) were measured
at different temperatures, and frequency dependence indicates that this
compound is a SMM. To study the relaxation behaviour further and check for
quantum tunnelling effects above 1.8 K, the frequency dependence of the ac
susceptibility at 1.8 K was also measured with application of small dc fields up
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to 600 Oe. In SMMs with a relaxation partially influenced by quantum effects,
the application of a small dc field removes the ground state degeneracy and thus
the possibility of quantum tunnelling, inducing a slowing down of the
magnetisation relaxation (Koizumi, 2007: 8445ff; Lecren, 2005: 11311ff). Apart
from compound 46 (Dy), which shows single molecule magnet behaviour, all
other compounds show no significant frequency dependence of the ac
measurements and thus no indication for SMM behaviour.

11

An Arrhenius plot was constructed from the ac yu'’ vs. v data for compound 46
(Dy) and gave Uy = 3.6 Kand 1, = 5.2:10° s, where 1, is the pre-exponential
factor (Figure 109). The ac data are one source of kinetic data, since at the
temperature of the peak maximum of the y,,” signal, the relaxation rate 1/z,
where 1 is the relaxation lifetime, is equal to the angular frequency o (0=2nv,
where v is the ac field oscillation frequency) (Brechin, 2005: 502ff). The U, of
3.8 K is hence even lower than the energy barriers in pure planar Dy,-
compounds, where the values for U, are between 6.2 K and 170 K and the pre-
exponential factors range between 2.4-10®° and 4:107 s (Abbas, 2010: 8067ff;

Zheng, 2008: 1081 3ff; Lin, 2009: 9489ff).

60 g 000 g Co,Ho,
S * Co,Dy,
50 f;“M““,\nnuuuuunnuAunuu“nnuu a Cosz4
a0 |
E
- ¥
S Lol + Co,Gd,
g 4
S 20+
(] 6
g E omose * Co,Eu,
r pa
= 4 DDDDDDDD
= DDDDDD
oo
o
0 f 1 1 T Cozsm4

0O 50 100 150 200 250 300
T(K)

Figure 98: Temperature dependence of the T product for polycrystalline samples of
compounds 42-48 at 1000 Oe.
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Figure 99: Plot of magnetisation (M) vs. H and H/T, respectively, between 1.8 K and 8 K
for 42. The solid lines are to guide the eye.
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Figure 100: Plot of magnetisation (M) vs. H and H/T, respectively, between 1.8 K and 8
K for 43. The solid lines are to guide the eye.

30

25 | gﬁy

20

15

M(ug)
M(ug)

10 |

00 w=
AAARNO

0 0 1 1 L L L 1 1
(0] 20000 40000 60000 80000 (0] 20000 40000

H(Oe) H(Oe)

Figure 101: Plot of magnetisation (M) vs. H and H/T, respectively, between 1.8 K and 8 K
for 44. The solid lines are to guide the eye.
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Figure 102: Plot of magnetisation (M) vs. H and H/T, respectively, between 1.8 K and 8 K
for 45. The solid lines are to guide the eye.
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Figure 103: Plot of magnetisation (M) vs. H and H/T, respectively, between 1.8 K and 10
K for 46 up to 9T. The solid lines are to guide the eye.
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Figure 104: Plot of magnetisation (M) vs. H and H/T, respectively, between 1.8 K and 8 K
for 47. The solid lines are to guide the eye.
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Figure 105: Plot of magnetisation (M) vs. H and H/T, respectively, between 1.8 K and 8 K
for 48. The solid lines are to guide the eye.
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Figure 106: Temperature dependence of the in-phase (y’) and the out-of-phase (y’’) ac
susceptibility components at different frequencies for 46.
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Figure 107: Zero dc field ac susceptibility measurements for
frequency at different temperatures in-phase (left)
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Figure 109: Plot of relaxation time (1) vs. 1/T using ac %'’ data for complex 46. The solid
line is the fit of the data to the Arrhenius equation.
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5 SUMMARY

5 Summary

The compounds obtained within this thesis exhibit a wide range of structural
motifs and interesting magnetic properties. The results were divided into three
parts: 3d-4f complexes containing manganese, iron and cobalt as transition
metal, respectively. Numerous compounds were successfully synthesised,
crystallographically characterised and many of them were studied magnetically.

Within this thesis a synthetic method has been developed in order to have
access to a wide range of different structural motifs exhibiting different magnetic
properties. In this development polynuclear precursors compounds were used to
obtain with the help of various crystallisation types suitable crystals for X-ray
measurements. In order to study these compounds, a systematic survey with a
variation of 3d metals with different d" configurations was successfully done.

In Chapter 2 Mn-Ln complexes were presented containing Mn in &, d* and &
configuration. One highlight was a ring structure containing two dinuclear Mn"'-
Mn" units, six Ln" and two Li* ions. The structural motif thus represents a
combination of 2s, 3d and 4f elements, exhibiting SMM behaviour in the case of
the Dy derivative. Calcination yielded a mixed-metal oxide which was shown to
be an effective catalyst for the oxidation of CO to CO,. Another highlight in this
chapter was the combination of three different oxidation states of manganese
within one compound in combination with a 4f metal, which represents the first
example of such an aggregate.

"ions
are described. The highlight here was the synthetic strategy, with which a series

In chapter 3 a number of d® configuration iron compounds containing Ln
9

of six hexanuclear [Fe",Ln",(u,-O),(nBu-dea),(piv),(NO3),(H,0),] 30-35 complexes
could be obtained. The strongly antiferromagnetically coupled Fe'"' ions are
unlikely to contribute to any slow relaxation of the system, in cases where the

",-Ln", complexes

system contains any anisotropic lanthanide ions. Since the Fe
reported here do not contain sufficiently anisotropic lanthanides, no SMM-
behaviour in the temperature range used for the experiments was observed.
Nevertheless it should be part of future work to prepare the Dy analogue in
higher yield in order to determine if this analogue exhibits slow relaxation of
magnetisation.

Chapter 4 describes eight complexes comprising two diamagnetic Co" ions
flanking a Dy, butterfly core. The magnetic study of the Dy derivative showed

interesting behaviour. Although it might be assumed that the diamagnetic Co"

ions will not affect the magnetic behaviour of the Dy"
its SMM behaviour, it was found that the height of the energy barrier was

essentially halved as a result of the presence of the Co"

. core, already known for

. It was also interesting
to compare this motif with the Mn,Dy,-aggregate described in chapter 2. It is
well known, that the 3d and 4f anisotropies can have an additive or subtractive
effect, according to the geometries of the resulting complexes.
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5 SUMMARY

In the case described here the additional d* anisotropy from the Mn'" ions in
Mn,Dy, does not seem necessary or even helpful to improve the SMM behaviour
of the Dy, SMM. This might be explained by the fact, that in the Co" aggregate
the us-bridging oxygens are in fact hydroxy ligands, while in the Mn aggregate

3d metals are connected directly to the oxygens within the butterfly.

The use of lanthanides to obtain new structural motifs with improved magnetic
properties seems to be a promising strategy. The reasons are the often high
anisotropy and large spin contributed by Ln" ions. The ground terms indicate
large spin orbital contribution for lanthanides (except for Gd") and the anisotropy
can vary from easy to hard axis in nature, depending on the geometry of the
ligand field. It seems that subtle changes to the environment of the Ln" ion can
exert large effects on the electronic properties, as seen in the case of Mn,Dy,

and Co,Dy,.
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6 CONCLUSION

6 Conclusion

New synthetic strategies were developed for the synthesis of 3d-4f
heterometallic complexes, and a variety of such 3d-4f compounds with diverse
structures and, in some cases, novel topologies have been synthesised. The
magnetic properties of the compounds were investigated, and some show
magnetic slow relaxation consistent with Single Molecule Magnet behaviour. It
was noted that the complexes showing the clearest SMM behaviour were those
involving isotropic or even diamagnetic transition metal ions. A possible
explanation might be that if the uniaxial anisotropy contribution from cations
such as Mn'" is to some extent orthogonal to that from the lanthanide ions, then
the overall molecular uniaxial anisotropy would be reduced, not enhanced.

The orbital contribution to the electronic properties of most lanthanide ions,
which can result in large anisotropies, also means that understanding the
magnetic properties of complexes involving lanthanide ions is still far from
straightforward. However, the availability of more sophisticated physical
measurements and recent advances in ab initio calculation methods is
dramatically improving this area of magnetochemistry, and in the not too distant
future a much clearer view of magnetic interactions involving lanthanide ions
can be expected. For this to be possible, though, a range of 3d-4f systems needs
to be available, and the compounds described in this thesis might be then
considered as useful model systems for the study of magnetic interactions
involving lanthanide and transition metal ions.

This work has opened the next phase of exploration of 3d-4f metal complexes
through the use of novel precursors. However, given the large number of
combination of 3d and 4f metal ions there is still much work to be done before
systematic trends can be identified.
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7 EXPERIMENTAL SECTION

7 Experimental section

7.1 Elemental analysis

Elemental analyses for C, H and N were performed using an Elementar Vario EL
analyser and were carried out at the Institute of Inorganic Chemistry, Karlsruhe
Institute of Technology. The analyses were done in duplicate and the value given
as “found” is the average of results. Since calculated values for the solvent-free
and solvated compounds can differ enormously, the calculated values for both
are given.

Samples lose solvent easily, which is reflected in the results of the elemental
analyses. This, coupled with the fact that volatile lattice solvents are easily
replaced by water molecules, explains the different overall formulations for the
compounds when comparing X-ray crystal structure analyses with the results of
the microanalysis experiments.

7.2 Fourier-Transform-Infrared-Spectroscopy (FT-IR)

FT-IR spectroscopy was used to characterise the synthesised coordination
compounds by observing the characteristic bands for the organic ligands,
principally in the fingerprint region. The spectra were measured using KBr disks
which were prepared by mixing a few milligrams of sample with ca. 100 mg of
KBr and grinding them together. The mixture was then formed into a
transparent disk using a KBr-press in which an evacuated die is subjected to 12
kbar of pressure. The FT-IR spectra were recorded on a Perkin-Elmer Spectrum
One FT-IR spectrometer in the region from 400 cm” to 4000 cm™ in
transmittance mode using eight scans at a resolution of 4 cm™.

7.3 X-ray diffraction on single crystals

X-ray crystallography is a very powerful tool to determine the detailed structure
of molecules, whenever suitable crystals are available (Lippard, 1995: 81f). It is
based on the diffraction of X-radiation from the regular three-dimensional array
of atoms in the crystal. This diffraction can be conveniently thought of in terms
of the reflection of a monochromatic beam of X-rays off a set of parallel planes of
atoms in the crystal, with the conditions for such diffraction of the incident beam
given by the Bragg law:

NA=2d-sin® (7.1)

Here n is an integer that indicates the diffraction order (generally n = 1), A is the
wavelength of the X-ray beam, d is the distance between parallel lattice planes,
and the angle 6 is the so called Bragg-angle between the incident X-ray beam
and the lattice plane, such that the angle between the incident and diffracted
beams is 260.
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7 EXPERIMENTAL SECTION

The relative intensities of the beams diffracted by each of the large numbers of
such planes from a typical crystal is related to the distribution of electron density
(and thus to the molecular structure) within the unit cell of the crystal lattice by
a process of Fourier transformation.

The X-ray crystal structure analyses for this dissertation were measured on two
different diffractometers: a STOE IPDS Il and Bruker Smart Apex of the
companies Stoe and Bruker, respectively.

The radiation source was either a conventional sealed X-ray tube or a rotating
anode, in both cases graphite-monochromated Mo-K, radiation (A = 0.71069 A)
was used. The crystals used for the measurements were selected under an
optical microscope and attached to a glass fibre on the goniometer head using
perfluoropolyether oil, and cooled (to 180, 150 or 100 K, depending on the
diffractometer) to prevent crystal decomposition by loss of lattice solvent. The
crystal was then rotated through a small angle (0.3-1.3°) about an axis; during
this rotation many reflections pass through the diffraction condition given by the
Bragg law, and these reflections give rise to a pattern of small spots on the area
detector. After readout of this frame, the detector is erased, and the process is
repeated for the next small angle, until the crystal has been rotated through at
least 180°. The unit cell is usually determined from the positions of indexed
reflections from a small selection of all the frames recorded. The intensities of
each reflection on each image can then be integrated to give raw intensities for
each reflection hkl, and these intensities can be corrected semi-empirically for
crystal absorption using SADABS (Sheldrick, 1996) to give the final dataset.

The structures were solved using direct methods, followed by full matrix least-
squares refinement of the atomic parameters (coordinates and temperature
factors) against F? (all data) using SHELXTL (Sheldrick, 2003), in which the
residual wR, is minimised during the refinement. The residual factors R, and
wR, are defined as:

Y|IFol-IFl|
R,=20 <l
! 2IFol

yw(F2-F2)°
Sw(F2)

wWR,=

where |Fq| is the structure factor for a given reflection obtained from the raw
data after collection, integration reduction and absorption correction. |F.| is the
corresponding structure factor calculated from the structural model. The value w
is the weight for each structure factor and depends on the accuracy with which
the intensity of the corresponding reflection was measured.
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w is defined as:
1 2
— =0%F5+(aP)?+bP
w

where P is defined as:
Max(F3,0)+2F2
P= 3

Normally the final value of wR, should be lower than 0.15 for a well refined
structure.
Another important factor is the Goodness of Fit, S, which is defined as:

/z wW(F3-F2)®
s= [=—2_ ¢
(n-p)

where n is the number of unique reflections and p is the total number of
parameters refined. Values for S, which are not close to 1.0, indicate that the
weighting scheme should be adjusted. If S is far from unity it indicates twinning
problems or the wrong choice of space group. After the refinement R, is
calculated from the “observed” data with intensity such that F,2 = 20 (F.?).
Satisfactory refinement usually results in R, having a value lower than 0.05.

7.4 X-ray Powder diffraction

X-ray Powder diffraction (XRPD) is an analytical technique which is mainly used
for phase identification of a crystalline material and can provide information on
unit cell dimensions. It can be used to establish the purity of a bulk sample by
comparison with the diffraction pattern simulated from the crystal structure
determined from a single crystal; in this way it can be confirmed that the crystal
used for the structural determination was representative of the bulk sample. In
particular, when a series of compounds is synthesised that differ only in the rare
earth ion (Lnlll) used, XRPD can establish whether the complexes crystallise
isomorphously, and are thus isostructural. One disadvantage is that significantly
more sample is needed than in the case of single crystal X-ray studies. If the
sample is not microcrystalline, it is necessary to grind it finely, to prevent any
preferential orientation of the crystallites.

The sample is irradiated with a monochromatic X-ray beam (Cu-Ka in the present
study) and the diffracted intensity is measured as a function of the scattering
angle 2theta.

7.5 Magnetic measurements

Magnetic susceptibility measurements were obtained using a Quantum Design
MPMS-XL SQUID susceptometer with an external magnetic field of 7 T. The
measurements were performed on polycrystalline samples.
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The magnetic data were corrected for the diamagnetic contribution due to the
sample holder as well as the diamagnetic contribution for the sample, which
was calculated using Pascal’s constants (Bain, 2008: 532ff).

7.6 MolRRbauer spectroscopy

The Mossbauer spectra were acquired using a conventional spectrometer in the
constant-acceleration mode equipped with a 57Co source (3.7 GBqg) in a
rhodium matrix. Isomer shifts are given relative to a-Fe at room temperature. The
polycrystalline sample was inserted in an Oxford Instruments Mossbauer-
Spectromag 4000 Cryostat, which has a split-pair superconducting magnet
system for applied fields up to 5 T, with the field of the sample oriented
perpendicular to the y - ray direction, while the sample temperature can be
varied between 3.0 and 300 K. Spectra were fitted using the Normos Mdssbauer
fitting program.

7.7 Some magnetic parameters for lanthanides ions

Ln config. Ground Number of T Observed g
Ln3* state unpaired e T
La 4f° 'S 0] 0 0] -
Ce 41 2Feg/s 1 0.81 0.7-0.8 0.86
Pr 4f2 3H, 2 1.60 1.4-1.6 0.80
Nd 4f3 oo 3 1.64 1.5-1.6 0.73
Sm 4f° ®Hg), 5 0.09 0.2-0.4 0.29
Eu af Fo 6 0 1.4-15 -
Gd 4f’ 83,0 7 7.88 7.8-8 2
Tb 4f8 “Fg 6 11.81 11.3-12 1.5
Dy 4f° ®H.50 5 14.18 13.5-14 1.33
Ho 4f1° Slg 4 14.05 13.5-14.3 1.25
Er 4f11 g2 3 11.47 11-11.5 1.2
Yb 4f13 2F5 1 2.58 2.3-3 1.14
Lu 4f1 'S 0] 0 0] -

Calculation of the g-factor for lanthanides:

Inge+ =9, /J U+ 1)=3.627

g93-J(J+1)=13.10

421310
9/9
5(3+1)

gNd3+=O.73
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Calculation of the expected %T values:

e.g. [Mn",Dy",] complex

/‘lgff=\/nl\/ln'S(S""’I )g+nDy'IJeff2

_ 4Ara . 2_ _
yeff_Jz *((+1)2+2:10.66°=v24+226.85=v250.85
M =81T

=31.36 cm® K mol™’

250.85
==

7.8 Synthetic approach

All starting materials apart from the lanthanide salts (Bunzli, 1989: 432ff) and
manganese precursors were used as received without any further purification.
The described manipulations were all performed under aerobic conditions.

7.9 Synthesis of precursor compounds

7.9.1 Manganese Precursor Compounds

7 9 . 1 . 1 [Mn”’zMn'l402(02CCMes)10(py)2_5]'(HOQCCMes)LS (1)

To a mixture of Mn(CH;COO),-4H,0 (20 g, 81.61 mmol) and KMnO, (6.1 g, 38,6
mmol) was added 2,2-dimethylpropanoi acid (105 g, 1.03 mol). The mixture was
heated at 300°C until the solution became colourless. Then the solution was
cooled to 100°C and became slightly brown. Acetonitrile (180 mL) and pyridine
(4 mL) were added and the mixture stirred for 5 minutes at 100°C. Afterwards
the solution was left to cool to room temperature and a watch glass placed over
the beaker to allow for slow crystallisation. After one day, red-brown crystals
form and can be isolated by filtration. Further crystals can be harvested from the
filtrate.

The air-dried products from all the batches were combined and dissolved in
diethyl ether and the solution was then filtered. The filtrate was allowed to
evaporate to dryness and dried under vacuum (Mereacre, 2008: 3577ff).

Selected IR data (KBr pellet):

7 = 2960.5 (s), 2927.1 (m), 2927.3 (m), 1692.2 (m), 1618.7 (m), 1591.6 (vs),
1570.5 (vs), 1482.9 (vs), 1458.7 (w), 1416.2 (vs), 1374.4 (s), 1359.4 (s), 1319.1
(w), 1229.3 (s), 1207.4 (m), 1030.2 (w), 1013.2 (w), 979.1 (w), 936.5 (w), 894.6
(w), 804.5 (w), 786.2 (w), 725.7 (w), 612.7 (s), 584.0 (m), 556.2 (m), 532.4 (w),
489.1 (w), 437.9 cm™’

(v = very, s = strong, m = medium, w = weak, br = broad).
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Elemental Analysis:

C.o0H117.5MnNngO0.5N, 5 (1722.89 g/mol)
calculated: C 48.80, H 6.82, N 2.03;
found: C 48.53, H6.99, N 1.88.

7.9.1.2 Mn"(CHCI,COO)4-4H,0 (2)

A solution of dichloroacetic acid (10 mL) in water (50 mL) was heated to 100°C.
MnCO;-xH,O was added in small portions to the stirred mixture until no further
foam formation was observed corresponding to the completion of the
decarboxylation reaction. The mixture was filtered while still hot to isolate a
clear solution from any unreacted MnCOj;. The resulting filtrate was evaporated
to dryness.

Elemental Analysis:

CsH;MNOClg (438.72 g/mol)
calculated: C 16.43, H 0.68, N 0.00;
found: C 16.28, H 0.85, N 0.00.

7.9.1.3 [Mn"sMn",0,,(CH;COO),,(CHCI,COO),]-4H,0 (3)

A solution of acetic acid (24 mL) and water (16 mL) was heated to 50°C. Then
1.5 g (3.92 mmol) Mn(CHCI,COO),-4H,O were added and dissolved completely,
the solution cooled to room temperature, put in a petri dish and 0.24 g (1.52
mmol) KMnO, added with slow stirring for one minute. After this the petri dish
was covered with a watch glass to allow for slow evaporation. Small black
crystals were obtained after between one and three days.

Elemental Analysis:
C3,HssMN,,05,Clg (2215.19 g/mol)
calculated: C 17.35, H 2.53, N 0.00;
found: C17.27,H 2.72, N 0.00.

7.9.2 Cobalt Precursor Compounds

7.9.2.1 [CO",(u-OH,)(O,CCMe;) ,(HO,CCMe;),] (4)

CoCO; (4.0 g, 34 mmol) was treated with an excess of 2,2-dimethylpropanoic
acid (20.0 g, 196 mmol) in the presence of water (3 mL) at 100°C for 24h,
leading to dissolution of the carbonate salt. The solution was cooled to room
temperature, MeCN (50 mL) was added and the mixture stirred briefly. The
solution was filtered and cooled to 5°C, yielding pink crystals after one day. To
increase the yield, the solution was then cooled to -18°C for two days to give a
second crop of the cobalt pivalate compound. The second crop was collected by
filtration, washed with cold MeCN and dried in a slow flow of N, (Aromi, 2003:
5142ff).
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Elemental Analysis:

C.oH;5C0,0,, (948.90 g/mol)
calculated: C 50.63, H 8.29, N 0.00;
found: C 50.46, H 8.39, N 0.00.

7.9.2.2 [Co"4(us-0)(0,CCMes)s(Py)s]-O,CCMe,-H,0-3.5HO,CCMe, (5)

4 (4 g, 4.2 mmol) was dissolved in pyridine (2 g, 25.3 mmol) and 2,2-
dimethylpropanoic acid (20 g, 195.8 mmol) at 80°C.

Air was passed through the solution overnight, which changed colour from pink
to brown and large dark brown crystals of [Co"5(us-O)
(O,CCMes)s(py)s]-O,CCMe;-H,0-3.5HO,CCMe; were formed. The crystals were
collected by filtration and washed with CCIl, (Aromi, 2003: 5142ff).

Elemental Analysis:
Cs75H115C050,5N; (1512.53 g/mol)
calculated: C 53.60, H 7.66, N 2.78;
found: C53.61,H7.74, N 2.74.

7.9.3 Iron Precursor Compounds

7.9.3.1 [Fe";,0(0,CCMe,)s(H,0),]* [0,CCMe,]-2HO,CCMe, (6)

A slurry of Fe(NO;);-9H,0 (10 g, 24.8 mmol) and 2,2-dimethylpropanoic acid
(28.0 g, 274.0 mmol) was heated and maintained at 270°C over 2 h until the
elimination of NO, stopped. Upon cooling to 100°C, ethanol (85 mL) and water
(15 mL) were added slowly under stirring. Overnight, red-brown hexagonal
prisms formed. These were isolated by filtration and recrystallised from a
mixture of ethanol (50 mL) and water (10 mL). After 4 days the microcrystalline
product was collected by filtration and washed with benzene and hexane and
dried in vacuum leading to solvent-free 6.

Elemental Analysis:

CisHgoFe;0,, (1149.71 g/mol)
calculated: C 47.01, H 7.80, N 0.00;
found: C 46.83, H8.01, N 0.00.

7.9.3.2 [Fes(0O,)(0,)(0,CCMe;),,(HO,CCMe;),] (7)

6 (0.6 g 0.58 mmol) were added to a mixture of THF (6 mL) and acetonitrile (6
mL). Then 20 drops of H,O, (30%) were added to the stirred solution, followed
by two further hours of stirring at room temperature. The turbid solution was
then filtered and the microcrystalline product was dried in vacuum (Celenligil-
Cetin, 2000: 5838).

"H NMR (CD.Cl,): 5 8.19 (s, br, 18H, (CH,),CCO,), 6.94 (s, br, 72H, (CH,),CCO.,),
6.25 (s, br, 18H, (CH,),CCO,), 1.29 (s, br, 18H, (CH,),CCO.,).
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Elemental Analysis:

C,oH125Feg03, (1816.82 g/mol)
calculated: C 46.28, H 7.10, N 0.00;
found: C 46.55, H 7.29, N 0.00.

7.9.4 Lanthanide Precursor Compounds

7.9.4.1 [Dy,(O,CCMe;)s(HO,CCMejs)sl-HO,CCMe; (8)

Dy,(O,CCMe,;)s(HO,CCMe;)s]-HO,CCMe; was prepared by a slight modification of
a literature method (Fomina, 2004 : 1349ff).

To a slurry of Dy,O; (10 g, 26.81 mmol) in water a total of 10 mL of
concentrated HNO; was added in small portions. Upon heating at 250°C a pale
yellow solid was obtained. Then, 2,2-dimethylpropanoic acid (28 g, 274.0 mmol)
was added and the mixture was heated at 200°C for one hour until the
elimination of NO, stopped. After cooling the solution to 80°C, acetonitrile (180
mL) was added slowly and the mixture was stirred for a further two minutes.
After this, the solution was cooled to room temperature and covered with a
watch glass to allow slow crystallisation. The crystals were isolated by filtration
and washed with acetonitrile.

Selected IR data (KBr pellet):

7 = 3435.5 (sbr), 2963.1 (ms), 2930.6 (m), 2971.0 (w), 2066.9 (w, br), 1637.5
(s), 1546.4 (s), 1518.5 (s), 1486.1 (s), 1459.2 (m), 1431.9 (s), 1384.1 (s), 1363.8
(s), 1231.4 (m), 1032.7 (w), 902.3 (wm), 811.4 (wm), 790.8 (m), 610.9 (m),
559.8 (m) cm™

(v = very, s = strong, m = medium, w = weak, br = broad).

Elemental Analysis:

CesoH14DY,0,, (1646.66 g/mol)
calculated: C 47.41, H 7.59, N 0.00;
found: C47.73, H 7.35, N 0.00.

7.10 Synthetic procedure for the described compounds

7.10.1 [Mn",La",(hmp)e(piv).(NOs).]- 2acetone (9)

La(NO;);-6H,0 (0.029 g, 0.07 mmol) and hmpH (0.09 g, 0.82 mmol) were stirred
in acetone (10 mL) at room temperature for 10 minutes. Then the mixture was
stirred at boiling temperature for 3 minutes and 1 (0.07 g, 0.04 mmol) were
added. The slurry was stirred at boiling temperature for further 5 minutes before
it was allowed to cool down to room temperature. The dark black solution was
filtered and sealed with Parafilm in which two tiny holes had been pierced. After
4 days well-formed dark brown crystals of 9, suitable for X-ray crystallography
had formed.

Yield: 0.034 g (17 % with respect to manganese)

131



7 EXPERIMENTAL SECTION

Selected IR data (KBr pellet):

7 = 3414.9 (m), 2963.9 (w), 2925.0 (w), 2853.8 (w), 1715.0 (m), 1604.8 (s),
1568.5 (m), 1486.8 (s), 1467.7 (s), 1438.3 (s), 1403.0 (ms), 1384.8 (ms), 1362.3
(m), 1351.5 (ms), 1292.1 (s), 1222.4 (m), 1152.5 (m), 1059.1 (m), 1042.4 (s),
1029.7 (s), 1011.0 (mw), 897.0 (w), 819.9 (w), 760.4 (m), 567.1 (m) cm™’

(v = very, s = strong, m = medium, w = weak, br = broad).

Elemental Analysis:

CgssH5,La,MNn,NL O, (1660.90 g/mol)

calculated: C 39.77, H 4.37, N 8.43; (with solvent)
calculated: C 38.10, H 3.91, N 9.07; (without solvent)
found: C 38.96, H4.01, N 8.99.

7.10.2 Mn",La",(u,-O)(us-O)(hmp)-(OACc)(DCAC)(NO5)s(OH,)o 5] -3acetone
(10)

La(NO3);-6H,0 (0.029 g, 0.07 mmol) and hmpH (0.09 g, 0.82 mmol) were stirred
in acetone (10 mL) at room temperature for 15 minutes. Then the mixture was
stirred at boiling temperature for 3 minutes and 0.04 g, (0.02 mmol) of 3 were
added. The slurry was stirred at 70°C for further 5 minutes before it was allowed
to cool to room temperature. The black solution was filtered and was kept sealed
for 5 days to give well-formed black crystals of 10.

Yield: 0.062 g (56 % with respect to manganese)

Selected IR data (KBr pellet):

U = 3470.2 (s), 3414.5 (s), 3232.5 (wm), 2923.2 (w), 2845.9 (w), 1711.3 (wm),
1655.0 (w), 1637.6 (m), 1618.3 (M), 15669.4 (wm), 1537.9 (wm), 1474.8 (m),
1459.1 (m), 1438.5 (s), 1384.8 (s), 1365.0 (m), 1322.0 (ms), 1291.0 (s), 1223.0
(wm), 1157.7 (wm), 1065.4 (ms), 1044.0 (s), 819.3 (w), 764.2 (m), 721.8 (m),
670.9 (m), 621.0 (m), 566.4 (M), 474.6 (m) cm™

(v = very, s = strong, m = medium, w = weak, br = broad).

Elemental Analysis:

C,oHs.Mn,La,N,,0,,Cl, (1843.49 g/mol)

calculated: C 31.92, H 2.95, N 9.12; (with solvent)
calculated: C 28.78, H2.17, N 10.07; (without solvent)
found: C 32.06, H 2.98, N 8.86.

7.10.3 [Mn",Eu",(u,-O).(hmp).(pic).(piv)e(u-Ns),]*2CHSCN (11)

EuCl;-6H,0 (0.074 g, 0.20 mmol), hmpH (0.075 g, 0.69 mmol) and NaN; (0.05 g,
0.77 mmol) were dissolved in CH;CN (15 mL). After 10 minutes stirring at room
temperature, 1 (0.05 g, 0.029 mmol) was added. After a further two minutes of
stirring at room temperature, KOH (0.05 g, 0.8 mmol) was added. The vial, in
which the reaction took place, was closed completely but with one hole in the lid
and stirred for 40 minutes at 70°C. The resulting dark brown solution was
allowed to cool to room temperature and was filtered.
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The vessel was closed with parafilm with five holes pierced into it to allow slow
evaporation. After ten days, well-formed dark brown crystals appeared.

Yield: 0.012 g (6 % with respect to manganese)

Selected IR data (KBr pellet):

7 = 3395.6 (w, br), 2958.7 (m), 2927.2 (wm), 2901.6 (w), 2868.7 (w), 2081.1
(vs), 2036.8 (w), 1635.6 (s), 1611.4 (m), 1588.6 (s), 1568.9 (s), 1552.2 (m),
1528.7 (m), 1484.6 (s), 1458.7 (w), 1446.3 (m), 1426.9 (s), 1413.9 (ms), 1392.6
(m), 1375.4 (m), 1362.0 (m), 1341.0 (wm), 1288.0 (wm), 1226.6 (m), 1109.4
(wm), 1092.4 (m), 1049.4 (m), 1013.7 (w), 894.2 (w), 758.2 (m), 658.2 (m),
632.5 (m) cm™

(v = very, s = strong, m = medium, w = weak, br = broad).

Elemental Analysis:

C,oHg,Mn,Eu,0,,N,, (2199.29 g/mol)

calculated: C 38.23, H 4.22, N 8.92; (with solvent)
calculated: C 37.44, H 4.09, N 7.94; (without solvent)
found: C38.11,H4.19, N 8.57.

7.10.4 [Mn",Gd",(u,-O)(hmp)a(pic)(piv)e(-Ns).]:2CH5CN (12)

The reaction was performed analogously to the synthesis of 11 but using 0.074
g (0.20 mmol) GdCI;-6H,0 in place of the EuClI;-6H,0.

Yield: 0.014 g (7 % with respect to manganese)

Selected IR data (KBr pellet):

7 = 3392.1 (w, br), 2959.7 (m), 2925.5 (w), 2902.6 (w), 2867.3 (w), 2080.1 (vs),
2037.4 (w), 1635.6 (s), 1612.6 (m), 1587.6 (s), 1567.3 (s), 1554.2 (m), 1527.4
(m), 1482.6 (s), 1458.7 (w), 1446.3 (m), 1427.9 (s), 1413.2 (ms), 1391.3 (m),
1376.6 (m), 1363.0 (m), 1342.0 (wm), 1289.0 (wm), 1226.6 (m), 1108.4 (wm),
1092.6 (m), 1049.3 (m), 1013.8 (w), 895.7 (w), 758.1 (m), 658.3 (M), 632.3 (M)
cm™

(v = very, s = strong, m = medium, w = weak, br = broad).

Elemental Analysis:

C,0Hys,Gd,Mn,0,,N,, (2220.44 g/mol)

calculated: C 37.86, H 4.18, N 8.83; (with solvent)
calculated: C 37.07, H 4.05, N 7.86; (without solvent)
found: C37.42,H4.17, N 8.52.

7.10.5 [Mn",Tb",(us-O).(hmp).(pic).(piv)e(u-Ns).]-4CH5CN (13)

The reaction was performed analogously to the synthesis of 11 but using 0.074
g (0.20 mmol) EuCl;-6H,0 in place of the EuCl;-6H,0.
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Yield: 0.014 g (7 % with respect to manganese)

Selected IR data (KBr pellet):

7 = 3395.6 (w, br), 2958.7 (m), 2926.2 (w), 2901.6 (w), 2868.7 (w), 2081.1 (vs),
2036.8 (w), 1636.6 (s), 1611.4 (m), 1588.6 (s), 1568.9 (s), 1552.2 (m), 1528.7
(m), 1483.6 (s), 1457.7 (w), 1445.0 (m), 1426.9 (s), 1412.9 (ms), 1392.6 (M),
1375.6 (m), 1362.0 (m), 1341.0 (wm), 1288.0 (wm), 1227.6 (m), 1108.4 (wm),
1092.5 (m), 1049.7 (m), 1013.4 (w), 894.7 (w), 758.5 (m), 658.9 (M), 632.8 (m)
cm™

(v = very, s = strong, m = medium, w = weak, br = broad).

Elemental Analysis:

C,4,HgsMnN,Tb,0,,N,5 (2309.24 g/mol)

calculated: C 38.49, H 4.28, N 9.70; (with solvent)
calculated: C 36.96, H 4.04, N 7.84; (without solvent)
found: C 36.92, H4.07, N 7.90.

7.10.6 [Mn",Dy" ,(14-O)(hmp)a(pic).(piv)e(u-Ns).]:4CH;CN (14)

Dy(NO;);:6H,0 (0.1 g, 0.22 mmol), hmpH (0.075 g, 0.69 mmol) and NaN; (0.05
g. 0.77 mmol) were dissolved in CH;CN (15 mL). After 10 minutes stirring at
room temperature, 1 (0.05 g, 0.029 mmol) was added. After a further two
minutes of stirring at room temperature, KOH (0.05 g, 0.8 mmol) was added.
The vial, in which the reaction took place, was closed completely but with one
hole in the lid and stirred for 40 minutes at 70°C. The resulting dark brown
solution was allowed to cool to room temperature and was filtered. The vessel
was closed with parafilm with five holes pierced into it to allow slow
evaporation. After one month, well-formed dark brown crystals appeared.

It was found that performing the same reaction with DyCl;-6H,0 (0.078 g, 0.2
mmol) gave crystals after only ten days and this procedure was adopted for the
compounds made with the other lanthanides.

Yield: 0.022 g (11 % with respect to manganese)

Selected IR data (KBr pellet):

7 = 3400.2 (w, br), 2958.6 (m), 2925.9 (w), 2797.4 (w), 2082.2 (vs), 1637.1 (s),
1589.9 (s), 15669.9 (s), 1530.5 (m), 1483.7 (s), 1427.1 (s), 1413.0 (s), 1393.5
(m), 1375.9 (m), 1361.5 (m), 1227.5 (m), 1092.6 (m), 1050.0 (m), 895.0 (w),
757.7 (m), 632.5 (m) cm™

(v = very, s = strong, m = medium, w = weak, br = broad).

Elemental Analysis:

C,4,HgsMnN,Dy,0,,N,5 (2323.54 g/mol)

calculated: C 38.25, H 4.25, N 9.65; (with solvent)
calculated: C 36.71, H4.01, N 7.78; (without solvent)
found: C 37.22,H4.08, N 7.97.
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7.10.7 [IMn";Ho",(u,-O).(hmp).(pic).(piv)e-Ns),]-4CH;CN (15)

The reaction was performed analogously to the synthesis of 11 but using 0.074
g (0.20 mmol) HoCl;-6H,0 in place of the EuCl;-6H,0.

Yield: 0.010 g (5 % with respect to manganese)

Selected IR data (KBr pellet):

7 = 3396.1 (w, br), 2958.7 (ms), 2926.0 (m), 2901.6 (w), 2867.7 (w), 2081.0
(vs), 2036.8 (w), 1636.0 (s), 1612.4 (m), 1589.3 (s), 1568.7 (s), 1552.2 (m),
1528.3 (m), 1483.3 (s), 1457.1 (wm), 1445.3 (m), 1425.9 (s), 1411.3 (m),
1392.6 (m), 1375.6 (m), 1361.3 (m), 1341.4 (m), 1288.2 (wm), 1227.8 (m),
1108.2 (wm), 1092.1 (m), 1049.3 (m), 1013.1 (w), 894.8 (m), 758.2 (m), 658.9
(m), 832.5 (M) cm™

(v = very, s = strong, m = medium, w = weak, br = broad).

Elemental Analysis:

C,,HgsMn,Ho,0O,,N,4 (2333.26 g/mol)

calculated: C 38.09, H 4.23, N 9.60; (with solvent)
calculated: C 36.55, H 4.00, N 7.75; (without solvent)
found: C 37.03,H4.11, N 8.44.

7.10.8 [Mn"Er",(u,-O).(hmp)a(pic)(piv)e(-Ns),]-4CH;CN (16)

The reaction was performed analogously to the synthesis of 11 but using 0.076
g (0.20 mmol) ErCl;-6H,0 in place of the EuCl;-6H,0.

Yield: 0.012 g (6 % with respect to manganese)

Selected IR data (KBr pellet):

7 = 3393.3 (w, br), 2958.7 (m), 2926.2 (w), 2901.6 (w), 2868.7 (w), 2081.1 (vs),
2036.8 (w), 1635.6 (s), 1612.4 (m), 1588.6 (s), 1568.9 (s), 1553.2 (m), 1528.7
(m), 1483.6 (s), 1456.7 (w), 1445.0 (m), 1427.9 (s), 1412.9 (ms), 1392.6 (M),
1375.2 (m), 1363.0 (m), 1341.0 (wm), 1287.0 (wm), 1227.6 (m), 1109.4 (wm),
1093.5 (m), 1048.4 (m), 1012.4 (w), 894.7 (w), 758.5 (w), 658.9 (w), 632.8 (w)
cm™

(v = very, s = strong, m = medium, w = weak, br = broad).

Elemental Analysis:

C,4sHgsMnN,Er,O,,N,45 (2342.58 g/mol)

calculated: C 37.94, H 4.22, N 9.57; (with solvent)
calculated: C 36.39, H 3.98, N 7.72; (without solvent)
found: C37.12, H4.21, N 9.43.
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7.10.9 [IMn"Mn",Mn"VGd" ;(u,-O)(us-OH).(n-bdea)s(piv)e(N3)(NO3)]  -MeCN
(17)

1 (0.05 g, 0.03 mmol) and n-bdeaH, (0.05 g, 0.31 mmol) were dissolved in
CH;CN (15 mL) and stirred at room temperature for five minutes. Then
Gd(NO;);-6H,0 (0.049 g, 0,11 mmol) was added and the solution was stirred for
further five minutes. After adding NaN; (0.01 g, 0.15 mmol), the vial, in which
the reaction took place, was closed completely but with one hole in the lid and
first stirred for 20 minutes at 70°C and then for further 20 minutes at boiling
temperature. The nearly black solution was filtered and sealed with Parafilm
with eight small holes pierced into it. After eight days, well-formed dark brown
rectangular crystals appeared.

Yield: 0.09 g (9 % with respect to manganese)

Selected IR data (KBr pellet):

U = 3431.5 (w, br), 2962.4 (m), 2931.8 (m), 2872.4 (wm), 2055.3 (ms), 1637.2
(s), 1616.4 (s), 1560.0 (ms), 1527.9 (M), 1484.3 (m), 1458.5 (m), 1427.6 (m),
1415.2 (m), 1376.4 (m), 1362.2 (m), 1316.7 (w), 1225.2 (m), 1074.7 (wm),
1031.4 (w), 898.2 (w), 619.8 (m), 478.0 (wm) cm’

(v = very, s = strong, m = medium, w = weak, br = broad).

Elemental Analysis:

C,1H13:Mn,Gd;NgO5, (2274.39 g/mol)

calculated: C 37.49, H 6.07, N 4.93; (with solvent)
calculated: C 37.11, H 6.05, N 4.39; (without solvent)
found: C 37.37, H6.03, N 4.86.

7.10.10 [Mn"Mn",Mn"VDy";(u,-O)(us-OH).(n-bdea),(piv)s(N3)(NOs)] ‘MeCN
(18)

The reaction was performed analogously to the synthesis of 17 but using 0.05 g
(0.11 mmol) Dy(NO,);-6H,0 in place of the GA(NO3);-6H,0.

Yield: 0.036 g (35 % with respect to manganese)

Selected IR data (KBr pellet):

7 = 3435.2 (w, br), 2962.1 (m), 2931.2 (m), 2872.8 (wm), 2055.8 (ms), 1637.8
(s), 1616.8 (s), 1560.9 (ms), 1528.1 (M), 1484.2 (m), 1459.2 (m), 1427.3 (m),
1415.0 (m), 1376.7 (m), 1362.4 (m), 1316.3 (w), 1225.9 (m), 1074.1 (wm),
1031.1 (w), 898.9 (w), 619.5 (m), 478.3 (wm) cm™’

(v = very, s = strong, m = medium, w = weak, br = broad).

Elemental Analysis:

C,1H,3;Mn,Dy;NzO5 (2290.14 g/mol)

calculated: C 37.24, H 6.03, N 4.89; (with solvent)
calculated: C 36.85, H 6.01, N 4.36; (without solvent)
found: C 37.12, H6.00, N 4.81.
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7.10.11 [Mn"Mn",Mn"VHo";(u,-O)(us-OH).(n-bdea)s;(piv)s(N3)(NOs)] ‘MeCN
(19)

The reaction was performed analogously to the synthesis of 17 but using 0.050
g (0.11 mmol) Ho(NOj;);-6H,0 in place of the GA(NO;);-6H,0.

Yield: 0.031 g (30 % with respect to manganese)

Selected IR data (KBr pellet):

7 = 3412.0 (w, br), 3236.7 (m), 2960.8 (m), 2930.4 (m), 2872.1 (wm), 2056.6
(ms), 1638.1 (s), 1617.3 (s), 1561.2 (ms), 1527.8 (m), 1483.9 (M), 1459.4 (m),
1427.8 (m), 1415.1 (m), 1376.0 (m), 1362.0 (m), 1316.6 (w), 1226.4 (m),
1074.8 (wm), 1031.6 (w), 898.5 (w), 619.0 (m), 478.6 (wm) cm™

(v = very, s = strong, m = medium, w = weak, br = broad).

Elemental Analysis:

C,1H,35MnHo;NgO44 (2297.43 g/mol)

calculated: C 37.12, H6.01, N 4.88; (with solvent)
calculated: C 36.73, H 5.99, N 4.35; (without solvent)
found: C 37.02, H5.93, N 4.74.

7.10.12 Mn"Mn",Mn"VEr'";(u,-O)(us-OH),(n-bdea);(piv)s(N3)(NO;)]:-MeCN
(20)

The reaction was performed analogously to the synthesis of 17 but using 0.051
g (0.11 mmol) Er(NO;);-6H,0 in place of the GA(NO;);-6H,0.

Yield: 0.019 g (18 % with respect to manganese)

Selected IR data (KBr pellet):

7 = 3433.1 (w, br), 2962.2 (m), 2932.4 (m), 2872.3 (wm), 2055.2 (ms), 1636.6
(s), 1616.7 (s), 1561.4 (ms), 1527.3 (m), 1484.1 (m), 1459.4 (m), 1427.2 (m),
1415.4 (m), 1376.2 (m), 1362.5 (m), 1316.1 (w), 1225.3 (m), 1074.3 (wm),
1031.0 (w), 898.8 (w), 619.9 (m), 478.4 (wm) cm™’

(v = very, s = strong, m = medium, w = weak, br = broad).

Elemental Analysis:

C,1H,35Mn Ho;NgO44 (2304.42 g/mol)

calculated: C 37.01, H 5.99, N 4.86; (with solvent)
calculated: C 36.62, H 5.97, N 4.33; (without solvent)
found: C 36.91, H5.93, N 4.68.

7. 1 0. 1 3 [M n3.54Pr"IeLi2013-o)2(ll5-003)2(n-bdea)e(piv)12(N03)2]°4CHscN (21 )

A solution of 1 (0.2 g, 0.12 mmol) and n-bdeaH, (0.3 g, 1.86 mmol) in CH;CN
(20 mL) was stirred for five minutes at room temperature. Pr(NO;);-6H,0 (0.38 g,
0.87 mmol) was added and stirred for a further five minutes.
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After adding LIOH (0.1 g, 4.12 mmol) the solution was heated at 70°C for 40
minutes and then filtered. The filtrate was kept in a vial, closed with Parafilm
with five holes pierced into it and allowed to evaporate slowly. After two days
well-formed dark brown crystals appeared.

Yield: 0.117 g (63 % with respect to manganese)

Selected IR data (KBr pellet):

7 = 3433.1 (mbr), 2959.1 (ms), 2930.0 (m), 2867.6 (m), 1594.3 (m), 1559.6 (s),
1484.7 (s), 1459.4 (m), 1420.4 (s), 1399.8 (m), 1384.2 (s), 1374.4 (s), 1290.1
(w), 1225.5 (m), 1080.1 (m), 893.3 (m), 588.8 (m) cm™

(v = very, s = strong, m = medium, w = weak, br = broad).

Elemental Analysis:

C,1gH225PrglimMn, N, ,05, (3688.16 g/mol)

calculated: C 38.43, H 6.07, N 4.56; (with solvent)
calculated: C 37.49, H 6.01, N 3.18; (without solvent)
found: C 38.42,H6.12, N 4.38.

7. 1 0. 1 4 [M n3'54Nd"IeLi2013-o)2(ll5-003)2(n-bdea)e(piv)12(N03)2].3CH30N (22)

The reaction was performed analogously to the synthesis of 21 but using 0.038
g (0.87 mmol) Nd(NO;);-6H,0 in place of the Pr(NO;);-6H,0.

Yield: 0.070 g (32 % with respect to manganese)

Selected IR data (KBr pellet):

7 = 3432.5 (w, br), 2959.1 (m), 2929.5 (m), 2867.2 (m), 1596.8 (s), 1560.5 (s),
1484.7 (s), 1460.4 (m), 1419.5 (ms), 1399.5 (m), 1384.3 (s), 1374.6 (ms),
1291.8 (w), 1225.3 (m), 1079.7 (m), 1031.0 (w), 893.7 (wm), 846.1 (w), 791.9
(w), 589.8 (wm) cm™’

(v = very, s = strong, m = medium, w = weak, br = broad).

Elemental Analysis:

C,16H219NdgLisMN, N, ,Og0 (3667.10 g/mol)

calculated: C 37.93, H6.17, N 4.19; (with solvent)
calculated: C 37.28, H 5.97, N 3.16; (without solvent)
found: C 37.66, H6.18, N 3.99.

7. 1 0.1 5 Mn3.548m“leLiz(l.lS-o)z(l.l5-COS)2(n-bdea)e(piv)12(N03)2].3CH30N (23)

The reaction was performed analogously to the synthesis of 21 but using 0.039
g (0.87 mmol) Sm(NO3);-6H,0 in place of the Pr(NO;);-6H,0.

Yield: 0.045 g (28 % with respect to manganese)
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Selected IR data (KBr pellet):

7 = 3430.5 (m, br), 2959.0 (s), 2930.2 (s), 2867.8 (ms), 1629.9 (ms), 1600.5 (s),
1563.9 (s), 1484.9 (s), 1459.1 (ms), 1420.4 (s), 1399.2 (ms), 1374.6 (s), 1346.6
(s), 1296.0 (m), 1225.1 (ms), 1161.4 (w), 1080.0 (ms), 1032.1 (m), 982.3 (w),
894.3 (m), 845.6 (wm), 791.9 (m), 590.1 (m) cm™’

(v = very, s = strong, m = medium, w = weak, br = broad).

Elemental Analysis:

Ci16H21SMgLI,MN,N, ;054 (3703.82 g/mol)

calculated: C 37.62, H 5.96, N 4.16; (with solvent)
calculated: C 36.90, H 5.91, N 3.13; (without solvent)
found: C 37.54, H 5.83, N 4.03.

7.10.16 [Mn35,Eu"sLi,(us-0),(us-COs),(n-bdea)s(piv),2(NOs),]:3CHSCN (24)

The reaction was performed analogously to the synthesis of 21 but using 0.039
g (0.87 mmol) Eu(NO;);-6H,0 in place of the Pr(NO;);-6H,0.

Yield: 0.078 g (35 % with respect to manganese)

Selected IR data (KBr pellet):

7 = 3431.0 (w, br), 2959.2 (s), 2930.3 (s), 2867.6 (s), 1632.0 (s), 1603.0 (s),
1567.9 (s), 1485.1 (s), 1461.9 (s), 1419.6 (s), 1399.1 (s), 1375.1 (s), 1349.5 (s),
1297.4 (m), 1224.6 (s), 1161.6 (w), 1079.9 (ms), 1032.6 (m), 894.0 (m), 845.5
(wm), 791.7 (m), 590.5 (ms) cm™’

(v = very, s = strong, m = medium, w = weak, br = broad).

Elemental Analysis:

C,16H219EUGLI.MN,4N,,O5 (3713.44 g/mol)

calculated: C 37.46, H6.10, N 4.14; (with solvent)
calculated: C 36.80, H 5.90, N 3.12; (without solvent)
found: C 37.06, H5.91, N 3.87.

7. 1 0.1 7 [M n3'54Gd"|eLiz([13-0)2(115-003)2(n-bdea)e(in)12(N03)2]'3CHSCN (25)

The reaction was performed analogously to the synthesis of 21 but using 0.040
g (0.89 mmol) Gd(NO;);-6H,0 in place of the Pr(NO;);-6H,0.

Yield: 0.074 g (33 % with respect to manganese)

Selected IR data (KBr pellet):

7 = 3423.1 (w), 2959.3 (ms), 2903.8 (m), 2867.7 (m), 1632.9 (m), 1604.7 (s).
1570.0 (s), 1485.2 (s), 1420.6 (s), 1398.9 (m), 1384.2 (s), 1376.0 (s), 1298.9
(wm), 1224.9 (m), 1080.6 (m), 1033.1 (w), 894.7 (w), 590.8 (w) cm™’

(v = very, s = strong, m = medium, w = weak, br = broad).
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Elemental Analysis:

C,16H219GdsLiMnN,N;,0g, (3745.16 g/mol)

calculated: C 37.20, H5.89, N 4.11; (with solvent)
calculated: C 36.48, H 5.84, N 3.09; (without solvent)
found: C 36.93, H5.64, N 3.92.

7. 1 0. 1 8 [M n3.54Tb"I6Li2(]13'0)2(]15-003)2(n-bdea)e(piv)12(N03)2]°3CH30N (26)

The reaction was performed analogously to the synthesis of 21 but using 0.040
g (0.88 mmol) Tb(NO;);-6H,0 in place of the Pr(NO3);-6H,0.

Yield: 0.131 g (58 % with respect to manganese)

Selected IR data (KBr pellet):

U = 3414.7 (s), 2958.7 (m), 2928.0 (m), 2867.1 (wm), 1637.0 (m), 1604.7 (s),
1570.7 (s), 1483.6 (ms), 1459.0 (m), 1425.4 (ms), 1400.0 (m), 1384.5 (s),
1300.7 (w), 1226.6 (m), 1080.7 (wm), 1033.9 (w), 896.2 (w), 592.0 (s), cm™

(v = very, s = strong, m = medium, w = weak, br = broad).

Elemental Analysis:

Ci16H219TbhgLisMN, N, Og, (3755.21 g/mol)

calculated: C 37.10, H 5.88, N 4.10; (with solvent)
calculated: C 36.38, H 5.83, N 3.09; (without solvent)
found: C 35.19, H5.82, N 2.98.

7.10.19 [Mn35,Dy"Li,(us-0),(us-COs),(n-bdea)s(piv)12(NOs),]-3CHCN (27)

The reaction was performed analogously to the synthesis of 21 but using 0.040
g (0.88 mmol) Dy(NQO,;);-6H,0 in place of the Pr(NO;),;-6H,0.

Yield: 0.152 g (67 % with respect to manganese)

Selected IR data (KBr pellet):

7 = 3433.5 (w, br), 2959.3 (m), 2930.5 (m), 2868.4 (m), 1636.7 (wm), 1607.5
(s), 1571.2 (s), 1485.1 (s), 1459.8 (m), 1427.8 (ms), 1398.5 (m), 1384.6 (ms),
1348.6 (m), 1301.8 (w), 1225.1 (m), 1081.3 (M), 895.7 (w), 591.7 (m) cm™

(v = very, s = strong, m = medium, w = weak, br = broad).

Elemental Analysis:

Ci16H219DYsLi.MN, N, O4 (3776.66 g/mol)

calculated: C 36.89, H 5.84, N 4.08; (with solvent)
calculated: C 36.16, H 5.79, N 3.06; (without solvent)
found: C 35.66, H5.68, N 3.10.

7.10.20 [Mn3.54Ho"IeLi2013-o)2(115-003)2(n-bdea)e(piv)12(N03)2]°SCH30N (28)

The reaction was performed analogously to the synthesis of 21 but using 0.040
g (0.87 mmol) Ho(NO3);-6H,0 in place of the Pr(NO;);-6H,0.
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Yield: 0.148 g (65 % with respect to manganese)

Selected IR data (KBr pellet):

7 = 3448.8 (m, br), 2959.7 (m), 2930.1 (wm), 2870.7 (wm), 1634.2 (s), 1608.0
(s), 1570.7 (s), 1484.8 (ms), 1460.5 (m), 1427.3 (ms), 1399.4 (m), 1384.5 (s),
1348.0 (m), 1305.3 (m), 1227.3 (m), 1080.4 (wm), 1035.0 (w), 896.9 (wm),
843.7 (w), 792.2 (w), 683.7 (w), 592.4 (wm) cm™

(v = very, s = strong, m = medium, w = weak, br = broad).

Elemental Analysis:

Ci6Ho3.HOGLIMN,N 5050 (3996.50 g/mol)

calculated: C 37.87, H 5.90, N 5.61; (with solvent)
calculated: C 36.02, H5.77, N 3.05; (without solvent)
found: C 36.86, H5.88, N 4.12.

7. 1 0.21 [M ns54Y"I6Li2(].‘3'0)2(].‘5-003)2(n-bdea)e(piv)12(N03)2] °SCH30N (29)

The reaction was performed analogously to the synthesis of 21 but using 0.033
g (0.87 mmol) Y(NO3);-6H,0 in place of the Pr(NO3);-6H,0.

Yield: 0.008 g (4 % with respect to manganese)

Selected IR data (KBr pellet):

7 = 3423.2 (w, br), 2959.4 (m), 2930.2 (w), 2869.3 (w), 1609.8 (ms), 1572.1 (s),
1485.2 (s), 1459.2 (m), 1427.6 (s), 1399.4 (m), 1384.6 (ms), 1227.8 (w), 1082.7
(w), 897.0 (w), 866.0 (w), 592.0 (w) cm’

(v = very, s = strong, m = medium, w = weak, br = broad).

Elemental Analysis:

C.6H234YsLisMN, N, sO5, (3540.35 g/mol)

calculated: C 42.75, H 6.66, N 6.33; (with solvent)
calculated: C 41.13, H 6.59, N 3.49; (without solvent)
found: C41.56, H6.51, N 4.39.

7.10.22 [Fe",Pr',(u,-0O).(n-bdea).(piv).(NOs).(H.O).]:-MeCN (30)

{Fe;} (6) (0.05 g, 0.04 mmol), n-bdeaH, (0.1 g, 0.62 mmol) and Pr(NO;),-6H,0O
(0.05 g, 0.11 mmol) were dissolved in acetonitrile (10 mL). The solution was
stirred for 1 hour at boiling temperature under reflux. The obtained yellow
solution is filtered off. After slow diffusion of acetone, brown nice shaped
crystals were obtained after one day.

Yield: 0.031 g (58 % with respect to iron)
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Selected IR data (KBr pellet):

7 = 3449.6 (w, br), 2961.2 (s), 2929.7 (s), 2898.7 (s), 2864.6 (s), 2692.1 (w),
1704.4 (m), 1584.3 (s), 1484.1 (s), 1461.9 (s), 1425.2 (s), 1384.2 (ms), 1376.7
(ms), 1359.5 (ms), 1295.8 (ms), 1228.0 (ms), 1100.8 (s), 1084.0 (s), 1030.0 (m),
1012.5 (m), 975.0 (wm), 900.1 (m), 819.2 (w), 787.8 (w), 781.8 (w), 734.0 (w),
619.0 (ms), 571.5 (m), 491.7 (m), 456.8 (m) cm™’

(v = very, s = strong, m = medium, w = weak, br = broad).

Elemental Analysis:

Cs.H, 1, Fe,Pr,N,O,6 (1779.69 g/mol)

calculated: C 36.44, H 6.29, N 5.51; (with solvent)
calculated: C 35.92, H 6.26, N 4.83; (without solvent)
found: C 35.96, H6.51, N 4.68.

7.10.23 [Fe",Nd",(u,-0).(n-bdea).(piv).(NOs),(H,O).]-acetone (31)

The reaction was performed analogously to the synthesis of 30 but using 0.05 g
(0.11 mmol) Nd(NO;);-6H,0 in place of the Pr(NO;),;-6H,0.

Yield: 0.023 g (43 % with respect to iron)

Selected IR data (KBr pellet):

7 = 3449.6 (w, br), 2961.3 (s), 2929.6 (m), 2898.7 (m), 2864.9 (m), 1704.5 (m),
1585.0 (s), 1484.0 (s), 1464.8 (ms), 1425.4 (s), 1384.2 (m), 1376.8 (m), 1359.4
(m), 1296.7 (m), 1228.1 (m), 1101.1 (ms), 1084.1 (s), 1030.3 (wm), 899.9 (m),
819.1 (w), 787.5 (w), 781.6 (w), 735.9 (w), 616.9 (m) cm™

(v = very, s = strong, m = medium, w = weak, br = broad).

Elemental Analysis:

CgsH,1,Fe,SM,N;O,, (1803.38 g/mol)

calculated: C 36.63, H 6.37, N 4.66; (with solvent)
calculated: C 35.79, H 6.24, N 4.82; (without solvent)
found: C 35.46, H6.43, N 4.50.

7.10.24 [Fe",Sm",(u,-0).(n-bdea).(piv).(NOs).(H,O).]-acetone (32)

The reaction was performed analogously to the synthesis of 30 but using 0.05 g
(0.11 mmol) SM(NO;);-6H,0 in place of the Pr(NO;),;-6H,0.

Yield: 0.023 g (43 % with respect to iron)

Selected IR data (KBr pellet):

7 = 3448.5 (w, br), 2961.2 (s), 2929.2 (m), 2898.5 (m), 2865.0 (m), 1704.4 (m),
1586.5 (s), 1483.9 (s), 1466.2 (ms), 1425.5 (s), 1384.5 (m), 1375.1 (m), 1359.7
(m), 1301.2 (m), 1228.3 (m), 1100.5 (ms), 1084.3 (s), 1031.5 (wm), 899.8 (m),
819.0 (w), 785.2 (w), 781.2 (w), 739.2 (w), 615.4 (m) cm™

(v = very, s = strong, m = medium, w = weak, br = broad).
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Elemental Analysis:

CssH14.FesSM,NgO,, (1815.62 g/mol)

calculated: C 36.38, H 6.33, N 4.63; (with solvent)
calculated: C 35.54, H 6.19, N 4.78; (without solvent)
found: C 35.46, H 6.43, N 4.50.

7.10.25 [Fe",Eu",(u,-0).(n-bdea),(piv).(NOs).(H,0).]- acetone (33)

The reaction was performed analogously to the synthesis of 30 but using 0.05 g
(0.11 mmol) Eu(NO3);-6H,0 in place of the Pr(NO3);-6H,0.

Yield: 0.025 g (45 % with respect to iron)

Selected IR data (KBr pellet):

7 = 3448.5 (w, br), 2961.2 (s), 2929.2 (m), 2898.5 (m), 2865.0 (m), 1704.4 (m),
1586.5 (s), 1483.9 (s), 1466.2 (ms), 1425.5 (s), 1384.5 (m), 1376.5 (m), 1359.7
(m), 1301.8 (m), 1228.3 (m), 1100.5 (ms), 1084.3 (s), 1031.5 (wm), 899.8 (m),
819.0 (w), 787.2 (w), 781.2 (w), 739.2 (w), 615.4 (m) cm™

(v = very, s = strong, m = medium, w = weak, br = broad).

Elemental Analysis:

CssH,14Fe,Eu,NgO,; (1818.83 g/mol)

calculated: C 36.32, H 6.31, N 4.62; (with solvent)
calculated: C 35.47, H6.18, N 4.77; (without solvent)
found: C 35.57, H6.46, N 4.52.

7.10.26 [Fe",Gd",(u,-0).(n-bdea).(piv).(NO;),(H,0),]: acetone (34)

The reaction was performed analogously to the synthesis of 30 but using 0.05 g
(0.11 mmol) Gd(NO,;);-6H,0 in place of the Pr(NO;);-6H,0.

Yield: 0.020 g (37 % with respect to iron)

Selected IR data (KBr pellet):

7 = 3448.2 (w, br), 2961.0 (s), 2929.0 (m), 2898.1 (m), 2865.5 (m), 1704.8 (m),
1587.1 (s), 1484.1 (s), 1466.8 (ms), 1425.8 (s), 1384.8 (m), 1376.2 (m), 1359.2
(m), 1301.3 (M), 1228.5 (m), 1100.4 (ms), 1084.4 (s), 1031.7 (wm), 899.9 (m),
819.3 (w), 788.5 (w), 782.3 (w), 738.3 (w), 616.2 (m) cm™

(v = very, s = strong, m = medium, w = weak, br = broad).

Elemental Analysis:

CssH,14Fe.Gd,NgO,5 (1829.40 g/mol)

calculated: C 36.11, H 6.28, N 4.59; (with solvent)
calculated: C 35.26, H6.15, N 4.74,; (without solvent)
found: C 35.16, H6.31, N 4.40.
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7.10.27 [Fe",Y'",(u,-O).(n-bdea).(piv).(NO;).(H.O).]- acetone (35)

The reaction was performed analogously to the synthesis of 30 but using 0.042
g (0.11 mmol) Y(NO3);-6H,0 in place of the Pr(NO3);-6H,0.

Yield: 0.006 g (12 % with respect to iron)

Selected IR data (KBr pellet):

7 = 3449.1 (w, br), 2961.4 (s), 2929.6 (m), 2901.6 (m), 2865.7 (m), 1704.8 (m),
1588.5 (s), 1483.9 (s), 1426.3 (s), 1384.2 (m), 1376.5 (m), 1359.6 (m), 1307.3
(m), 1228.7 (m), 1102.9 (ms), 1084.9 (s), 1033.8 (wm), 900.1 (m), 819.4 (w),
787.2 (w), 781.1 (w), 744.9 (w), 616.9 (m) cm™

(v = very, s = strong, m = medium, w = weak, br = broad).

Elemental Analysis:

CssH14Fe Y,NgO,, (1692.71 g/mol)

calculated: C 39.03, H 6.79, N 4.96; (with solvent)
calculated: C 38.21, H 6.66, N 5.14; (without solvent)
found: C 38.76, H6.57, N 5.12.

7.10.28 [Fe"s(us-0).(hmp)e(piv)el?** [Eu"(NO;)s* ] 2acetone (36)

{Fe;} (6) (0.25 g, 0.24 mmol), hmpH (0.078 g, 0.71 mmol) and Eu(NO;),-6H,0O
(0.45 g, 1 mmol) were dissolved in acetone (20 mL). The solution was stirred for
30 minutes at 50°C and the resulting red solution is filtered. After ten hours three
small crystals were obtained and isolated by filtration. One of these crystals was
returned to the filtrate to yield red single crystals after four more hours.

Yield: 0.218 g (80.4 % with respect to iron)

Selected IR data (KBr pellet):

7 = 3429.8 (w, br), 2964.3 (m), 2930.2 (wm), 2906.5 (wm), 1712.7 (w), 1609.7
(m), 1562.7 (s), 1485.1 (s), 1427.8 (s), 1383.6 (s), 1364.6 (m), 1313.0 (s),
1290.2 (s), 1227.3 (m), 1156.7 (w), 1062.6 (m), 1046.9 (s), 1028.8 (m), 764.5
(m), 597.0 (ms), 553.1 (ms), 433.8 (m) cm™

(v = very, s = strong, m = medium, w = weak, br = broad).

Elemental Analysis:

C,sH 0sFesEUN, ;O35 (2258.75 g/mol)

calculated: C 39.88, H 4.82, N 6.82; (with solvent)
calculated: C 38.68, H 4.52, N 7.19; (without solvent)
found: C 39.07, H4.65, N 6.96.

7.10.29 [Fe"s(us-0).(hmp)e(piv)el?* [GA™(NO;)s>1-2acetone (37)

The reaction was performed analogously to the synthesis of 36 but using (0.45
g, 1 mmol) Gd(NO;);-6H,0 in place of the Eu(NO3);-6H,0.
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Yield: 0.233 g (85.8 % with respect to iron)

Selected IR data (KBr pellet):

7 = 3414.2 (sbr), 2961.7 (m), 2930.1 (m), 2916.3 (w), 2066.7 (w), 1713.9 (m),
1636.4 (ms), 1610.5 (s), 1561.5 (vs), 1484.8 (s), 1427.4 (s), 1383.7 (s), 1363.8
(s), 1313.0 (s), 1289.7 (s), 1227.3 (ms), 1156.4 (wm), 1062.1 (m), 1047.0 (s),
763.9 (m), 596.8 (s), 552.7 (s), 432.7 (m) cm™’

(v = very, s = strong, m = medium, w = weak, br = broad).

Elemental Analysis:

CosH 0sFegGdN, O35 (2264.03 g/mol)

calculated: C 39.79, H 4.81, N 6.81; (with solvent)
calculated: C 38.58, H4.51, N 7.17; (without solvent)
found: C 38.83, H4.64, N 6.95.

7.10.30 [Fe"s(us-0).(hmp)es(piv)el?* [DY"(NOs)s> ] 2acetone (38)

The reaction was performed analogously to the synthesis of 36 but using 0.336
g (1 mmol) Dy(NO3);-6H,0 in place of the Eu(NO;);-6H,0.

Yield: 0.203 g (74.5 % with respect to iron)

Selected IR data (KBr pellet):

U = 3414.4 (s), 2962.4 (m), 2930.1 (wm), 2906.2 (wm), 1713.9 (wm), 1637.7
(m), 1611.2 (s), 1562.0 (s), 1485.0 (s), 1427.7 (s), 1384.2 (s), 1364.0 (s), 1315.8
(s), 1289.7 (s), 1227.4 (m), 1156.6 (wm), 1062.1 (m), 1047.0 (s), 764.1 (m),
597.0 (ms), 552.9 (m), 433.0 (m) cm™’

(v = very, s = strong, m = medium, w = weak, br = broad).

Elemental Analysis:

CosH 0sFesDYyN, 055 (2269.28 g/mol)

calculated: C 39.70, H 4.80, N 6.79; (with solvent)
calculated: C 38.49, H 4.49, N 7.16; (without solvent)
found: C 37.55, H4.53, N 6.70.

7.10.31 [Fe"g(us-0).(hmp)s(piv)el** [HO"(NO)s1* - 2acetone (39)

The reaction was performed analogously to the synthesis of 36 but using 0.338
g (1 mmol) Ho(NO3);-6H,0 in place of the Eu(NO;);-6H,0.

Yield: 0.224 g (82.2 % with respect to iron)

Selected IR data (KBr pellet):

7 = 3435.5 (sbr), 2961.6 (m), 2930.0 (wm), 2316.7 (w), 2066.8 (w), 1713.8
(ms), 1610.6 (s), 1561.6 (vs), 1484.7 (s), 1427.4 (s), 1383.4 (s), 1363.7 (s),
1317.5 (s), 1289.7 (s), 1227.4 (m), 1156.5 (wm), 1062.1 (m), 1047.0 (s), 763.9
(m), 596.8 (s), 5652.7 (s), 432.4 (m) cm™’

(v = very, s = strong, m = medium, w = weak, br = broad).
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Elemental Analysis:

C,sH 0sFegHON ;O35 (2271.71 g/mol)

calculated: C 39.65, H 4.79, N 6.78; (with solvent)
calculated: C 38.44, H 4.49, N 7.15; (without solvent)
found: C 39.16, H4.45, N 6.95.

7.10.32 [Fe"s(us-0).(hmp)e(piv)el?** [Er'"(NO;)s%1-2acetone (40)

The reaction was performed analogously to the synthesis of 36 but using 0.339
g (1 mmol) Er(NO;);-6H,0 in place of the Eu(NO;);-6H,0.

Yield: 0.217 g (79.5 % with respect to iron)

Selected IR data (KBr pellet):

U = 3468.6 (sbr), 2962.1 (m), 1713.1 (ms), 1637.8 (m), 1611.0 (m), 1561.3 (ms),
1484.6 (m), 1427.2 (m), 1383.8 (m), 1364.1 (m), 1319.5 (m), 1289.8 (M),
1227.7 (wm), 1156.5 (w), 1062.1 (w), 1047.1 (m), 764.0 (w), 596.9 (m), 552.5
(m), 432.1 (m) cm™

(v = very, s = strong, m = medium, w = weak, br = broad).

Elemental Analysis:

CosH0sFesErN,O55 (2274.04 g/mol)

calculated: C 39.61, H4.79, N 6.78; (with solvent)
calculated: C 38.41, H 4.48, N 7.14,; (without solvent)
found: C 38.95, H4.52, N 6.88.

7.10.33 [Co",Pr",(us-OH),(hmp).(piv)s(t-Ns)(NOs),]-2CH;CN (41)

The reaction was performed analogously to the synthesis of 46 but using 0.095
g (0.22 mmol) Pr(NO3);-6H,0 in place of the Dy(NO;);-6H,0.

Yield: 0.016 g (12 % with respect to cobalt)

Selected IR data (KBr pellet):

7 = 3438.2 (w, br), 2958.2 (m), 2928.6 (w), 2868.3 (w), 2076.3 (s), 1613.2
(wm), 1567.1 (s), 1552.8 (s), 1483.2 (s), 1465.8 (ms), 1422.2 (s), 1375.0 (m),
1358.0 (m), 1311.1 (m), 1228.3 (m), 1032.7 (wm), 894.0 (w), 546.9 (wm) cm™
(v = very, s = strong, m = medium, w = weak, br = broad).

Elemental Analysis:

CgsH104C05Pr,N,,0,5 (2247.13 g/mol)

calculated: C 36.35, H 4.66, N 8.72; (with solvent)
calculated: C 35.50, H 4.56, N 7.76,; (without solvent)
found: C 36.24,H4.72, N 8.63.
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7.10.34 [Co",Sm" ,(us-OH).(hmp).(piv)s(-N3)(NOs),]-2CH;CN (42)

The reaction was performed analogously to the synthesis of 46 but using 0.097
g (0.22 mmol) Sm(NO3);-6H,0 in place of the Dy(NO;);-6H,0.

Yield: 0.014 g (10 % with respect to cobalt)

Selected IR data (KBr pellet):

7= 3436.2 (w, br), 2958.9 (m), 2928.2 (w), 2868.9 (w), 2076.2 (s), 1613.9 (wm),
1567.3 (s), 1552.1 (s), 1483.6 (s), 1465.8 (ms), 1422.5 (s), 1375.6 (m), 1358.7
(m), 1311.9 (M), 1228.0 (M), 1032.7 (wm), 894.1 (w), 547.4 (wm) cm™

(v = very, s = strong, m = medium, w = weak, br = broad).

Elemental Analysis:

CesH104C0,SmM,N,,0,5 (2284.94 g/mol)

calculated: C 35.74, H 4.59, N 8.58; (with solvent)
calculated: C 34.90, H 4.48, N 7.63; (without solvent)
found: C 35.53, H4.51, N 8.44.

7.10.35 [Co";Eu",(us-OH).(hmp)i(piv)s(u-Ns)2(NO3),]-2CH;CN (43)

The reaction was performed analogously to the synthesis of 46 but using 0.098
g (0.22 mmol) Eu(NO,;);-6H,0 in place of the Dy(NO,);-6H,0.

Yield: 0.015 g (11 % with respect to cobalt)

Selected IR data (KBr pellet):

7 = 3415.0 (w, br), 2959.0 (m), 2928.0 (w), 2868.9 (w), 2077.2 (s), 1614.7
(wm), 1568.7 (s), 1552.6 (s), 1483.9 (s), 1466.9 (ms), 1422.9 (s), 1375.8 (m),
1359.1 (m), 1312.4 (m), 1286.4 (m), 1228.4 (m), 1032.8 (wm), 894.2 (w), 547.6
(wm) cm™

(v = very, s = strong, m = medium, w = weak, br = broad).

Elemental Analysis:

CgssH104C0,EU,N,,0O,5 (2291.35 g/mol)

calculated: C 35.64, H 4.57, N 8.56; (with solvent)
calculated: C 34.79, H4.47, N 7.61; (without solvent)
found: C34.91,H4.47, N 8.22.

7.10.36 [Co",Gd",(u3-OH).(hmp).(piv)s(u-N3).(NOs).]-2CH;CN (44)

The reaction was performed analogously to the synthesis of 46 but using 0.099
g (0.22 mmol) Gd(NO,),;-6H,0 in place of the Dy(NO;),-6H,0.

Yield: 0.019 g (14 % with respect to cobalt)
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7 EXPERIMENTAL SECTION

Selected IR data (KBr pellet):

7 = 3434.4 (wb), 2958.9 (m), 2928.2 (w), 2868.3 (w), 2076.3 (s), 1613.4 (wm),
1567.3 (s), 1552.5 (s), 1483.2 (s), 1465.5 (ms), 1422.5 (s), 1375.6 (m), 1358.6
(m), 1311.2 (m), 1228.7 (M), 1032.4 (wm), 894.6 (w), 547.2 (wm) cm™

(v = very, s = strong, m = medium, w = weak, br = broad).

Elemental Analysis:

CessH104C0,Gd,N,O,5 (2312.50 g/mol)

calculated: C 35.32, H 4.53, N 8.48; (with solvent)
calculated: C 34.46, H 4.43, N 7.54; (without solvent)
found: C 34.89, H4.45, N 8.23.

7.10.37 [COo",Tb",(us-OH).(hmp).(piv)s(-Ns)-(NO;),]-2CHSCN (45)

The reaction was performed analogously to the synthesis of 46 but using 0.099
g (0.22 mmol) Tb(NO;);-6H,0 in place of the Dy(NO;);-6H,0.

Yield: 0.015 g (11 % with respect to cobalt)

Selected IR data (KBr pellet):

7 = 3416.0 (w, br), 2958.7 (m), 2928.4 (w), 2868.2 (w), 2079.3 (s), 1614.5
(wm), 1576.1 (s), 1555.4 (s), 1483.2 (s), 1472.0 (ms), 1423.8 (s), 1384.1 (m),
13568.6 (m), 1311.4 (m), 1286.1 (m), 1228.3 (m), 1032.4 (wm), 895.2 (w), 549.3
(wm) cm™

(v = very, s = strong, m = medium, w = weak, br = broad).

Elemental Analysis:

CesH104C0,Tb,N;,0,5 (2319.20 g/mol)

calculated: C 35.21, H 4.52, N 8.46; (with solvent)
calculated: C 34.36, H4.42, N 7.51; (without solvent)
found: C34.61,H4.41, N 7.92.

7.10.38 [Co",Dy",(us-OH).(hmp),(piv)s(t-N3).(NO;),]-2CH;CN (46)

Dy(NO;);:6H,0 (0.1 g, 0.22 mmol), hmpH (0.075 g, 0.69 mmol) and NaN; (0.05
g, 0.77 mmol) were dissolved in CH;CN (15 mL). After two minutes of stirring at
room temperature, KOH (0.05 g, 0.8 mmol) were added. After further 10 minutes
stirring at room temperature, {Co,} (4) (0.05 g, 0.029 mmol) was added. The
vial, in which the reaction took place, was closed completely but with one hole
in the lid and stirred for 20 minutes at 70°C. The resulting dark brown solution
was allowed to cool to room temperature and was filtered. The vessel was
closed with parafilm with five holes pierced into it to allow slow evaporation.
After ten days, well-formed dark green-brown crystals appeared.

Yield: 0.018 g (13 % with respect to cobalt)
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7 EXPERIMENTAL SECTION

Selected IR data (KBr pellet):

7 = 3438.1 (wb), 2958.9 (m), 2928.2 (w), 2868.9 (w), 2076.2 (m), 1613.9 (w),
1567.3 (s), 15652.1 (ms), 1483.6 (ms), 1465.8 (m), 1422.5 (ms), 1375.6 (wm),
1357.7 (m), 1312.9 (m), 1228.4 (m), 1032.4 (wm), 894.2 (w), 546.4 (wm) cm™’
(v = very, s = strong, m = medium, w = weak, br = broad).

Elemental Analysis:

CesH104C0,DY,N;,0,5 (2333.50 g/mol)

calculated: C 35.00, H 4.49, N 8.40; (with solvent)
calculated: C 34.14, H 4.39, N 7.47; (without solvent)
found: C 35.12, H4.52, N 8.44.

7.10.39 [Co",Ho",(us-OH).(hmp).(piv)s(u-Ns)-(NOs),]:2CHCN (47)

The reaction was performed analogously to the synthesis of 46 but using 0.100
g (0.22 mmol) Ho(NO3);-6H,0 in place of the Dy(NO3);-6H,0.

Yield: 0.011 g (15 % with respect to cobalt)

Selected IR data (KBr pellet):

7 = 3435.4 (wb), 2958.4 (m), 2928.5 (w), 2868.2 (w), 2076.5 (m), 1613.3 (w),
1567.2 (s), 15652.4 (ms), 1483.6 (ms), 1465.4 (m), 1422.1 (ms), 1375.2 (wm),
1356.9 (m), 1312.3 (m), 1228.1 (m), 1032.0 (wm), 894.4 (w), 546.2 (wm) cm™

(v = very, s = strong, m = medium, w = weak, br = broad).

Elemental Analysis:

CessH104Co,HO,N 1,0, (2343.22 g/mol)

calculated: C 34.85, H 4.47, N 8.37; (with solvent)
calculated: C 34.00, H 4.37, N 7.43; (without solvent)
found: C 34.62,H4.42, N 8.24.

7.10.40 [Co"Er", (us-OH),(hmp).(piv)s(u-Ns),(NO3),]-:2CHSCN (48)

The reaction was performed analogously to the synthesis of 46 but using 0.101
g (0.22 mmol) Er(NO;);-6H,0 in place of the Dy(NO;);-6H,0.

Yield: 0.013 g (9 % with respect to cobalt)

Selected IR data (KBr pellet):

U = 3437.3 (mbr), 2958.5 (ms), 2928.0 (m), 2867.9 (wm), 2081.0 (vs), 1580.1
(vs), 15657.5 (s), 1483.9 (vs), 1425.0 (vs), 1406.1 (ms), 1375.8 (ms), 1358.0
(ms), 1314.2 (ms), 1286.8 (m), 1229.2 (ms), 1032.5 (m), 895.5 (w), 769.5 (m),
552.7 (w) cm™

(v = very, s = strong, m = medium, w = weak, br = broad).
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7 EXPERIMENTAL SECTION

Elemental Analysis:
CessH104C0,Er,N,,O,5 (2352.54 g/mol)

calculated: C 34.72, H 4.46, N 8.34; (with solvent)
calculated: C 33.86, H 4.35, N 7.40; (without solvent)

found: C34.81,H4.47, N 8.31.
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8 CRYSTAL STRUCTURE DATA

8 Crystal structure data

For compounds for which only the unit cell was

parameters are given.

determined, only the cell

Compound 9 10
Empirical Formula CssHssLasMn,N,Osg Css Hes Cl, La, M, Ny,
FW [g/mol] 1660.90 1966.67
Crystal System monoclinic monoclinic
Space Group P2,/c P 2,/c
a [A] 12.0557(10) 16.7254(12)
b [A] 13.7630(12) 21.3575(13)
c [A] 21.6145(17) 23.5210(15)
a [] 90 90
B [°] 98.734(9) 91.473(6)
y [°] 90 90
Volume [A3] 3544.7(5) 8399.2(10)
Z 2 4
T [K] 298 150(2)
F (0O00) 1672 3916
D. [Mg m™] 1.556 1.555
U(Mo-Kg) [mm™] 1.609 1.722
Diffractometer STOE IPDS I STOE IPDS I
Data Measured 22196 34174
Unique Data 6888 10254
R 0.0775 0.0783
Data with [I>20(])] 3902 7720
Parameters 410 923
Restraints 22 210
wR, (all data) 0.1600 0.2878
R, ([l/o>20]) 0.0546 0.1030
S (all data) 0.984 1.066
Biggest diff. peak/hole 0.579/-1.343 1.162/-1.503
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8 CRYSTAL STRUCTURE DATA

Compound 11 12
Empirical Formula C,oHg.Eu,Mn,N,,O,, C,0Hs.Gd,Mn,N,,O,,
FW [g/mol] 2199.30 2220.44
Crystal System monoclinic monoclinic
Space Group C2/c C2/c
a [A] 29.671(3) 29.7074(11)
b [A] 14.2200(9) 14.2061(8)
c [A] 21.663(2) 21.6628(7)
a [] 90 90
B[] 108.158(12) 108.147(3)
y [°] 20 920
Volume [A3] 8684.8(13) 8687(7)
Z 4
T [K] 200(2) 200(2)
F (0O00) 4352
Dc [Mg m-3] 1.682
u(Mo-Ka)[mm-1] 3.201
Diffractometer STOE IPDS I
Data Measured 24676
Unique Data 8381
Rint 0.1625
Data with [I>20(l)] 4544
Parameters 506
Restraints 0]
wR2 (all data) 0.1907
R1 ([l/o>20]) 0.1561
S (all data) 0.963
Biggest diff. peak/hole 1.596/-4.006
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8 CRYSTAL STRUCTURE DATA

Compound 13 14
Empirical Formula C,4HgsTb,Mn,N, 0,5, C,.HgsDYy.Mn,N ;50,5
FW [g/mol] 2309.24 2323.56
Crystal System monoclinic triclinic
Space Group C2/c PT
a [A] 19.7985(4) 19.5580(8)
b [Al 21.0543(5) 20.7692(10)
c [A] 24.4422(5) 24.0713(10)
a [] 107.013(2) 106.861(3)
B[] 91.141(2) 91.128(3)
v [°] 102.002(2) 102.110(4)
Volume [A3] 9494(3) 9115.3(7)
Z 4
T [K] 200(2) 150(2)
F (000) 4576
D. [Mg m™] 1.693
U(Mo-Kg) [mm™] 3.580
Diffractometer STOE IPDS I
Data Measured 63851
Unique Data 35822
R 0.0319
Data with [I>20(l)] 25042
Parameters 2093
Restraints 79
wR, (all data) 0.1518
R, ([l/o>20]) 0.0560
S (all data) 0.984
Biggest diff. peak/hole 4.768/-3.311
Compound 15 16
Empirical Formula C,,HggHo,MnN,N,O,, C,4HgsEr,Mn,N,O,,
FW [g/mol] 2333.26 2342.58
Crystal System triclinic triclinic
Space Group P1 P1
a [Al 19.7379(6) 19.7532(5)
b [A] 21.0014(6) 21.0178(8)
c [A] 24.3715(6) 24.3038(8)
a [] 106.954(3) 106.733(3)
B[] 91.068(3) 90.953(3)
v [°] 101.946(3) 102.078(3)
Volume [A3] 9420(4) 9417(4)
T [K] 200(2) 200(2)
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8 CRYSTAL STRUCTURE DATA

Compound 17 18
Empirical Formula C,1H,3;Gd;Mn,NgO5, C,1H 3;Dys:Mn,NgO5,
FW [g/mol] 2274.39 2290.14
Crystal System orthorhombic orthorhombic
Space Group Pbca Pbca
a [A] 13.4221(12) 13.4288(10)
b [A] 26.739(2) 26.7203(19)
c [A] 54.022(5) 53.932(4)
a [] 90 90
B[] 90 90
y [°] 20 90
Volume [A3] 19388(3) 19352(4)
T [K] 293(2) 293(2)
Compound 19 20
Empirical Formula C,.H,3;Ho;Mn,NgO44 C,.H;37ErsMn,NgO4,
FW [g/mol] 2297.44 2304.42
Crystal System orthorhombic orthorhombic
Space Group Pbca Pbca
a [A] 13.5875(3) 13.8035(5)
b [A] 27.0030(6) 27.247(16)
c [A] 54.4932(17) 54.8616(2)
a [°] 90 90
B[] 90 90
y [] 90 90
Volume [A3] 19993.7(9) 20633(31)
Z 8
T [K] 293(2) 293(2)
F (000) 9280
D. [Mg m™] 1.526
U(Mo-Kg) [mm™] 2.905
Diffractometer STOE IPDS I
Data Measured 86663
Unique Data 18211
R 0.0887
Data with [I>20(l)] 10865
Parameters 1024
Restraints 170
wR, (all data) 0.1094
R, ([l/o>20]) 0.0508
S (all data) 0.960
Biggest diff. peak/hole 0.861/-0.833
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8 CRYSTAL STRUCTURE DATA

Compound 21 22
Empirical Formula C,1gH525PrgLisMn, N, ,04, C,18H22oNdgLi,MnN, N, .04,
FW [g/mol] 3688.18 3708.15
Crystal System monoclinic monoclinic
Space Group P 2,/n P 2,/n
a [A] 19.1528(19) 19.1127(1)
b [A] 15.2274(15) 15.5506(7)
c [A] 26.697(3) 26.5793(1)
a [] 90 90
B[] 100.398(2) 100.927(6)
y [] 90 90
Volume [A3] 7658.1(13) 7756(10)
Z 2
T [K] 100(2) 200(2)
F (000) 3748
D. [Mg m™] 1.599
U(Mo-Kg) [mm™] 2.268
Diffractometer Bruker Smart Apex
Data Measured 48799
Unique Data 14993
R 0.0604
Data with [I>20(l)] 11495
Parameters 905
Restraints 88
wR, (all data) 0.1156
R, ([l/o>20]) 0.0497
S (all data) 1.034
Biggest diff. peak/hole 1.401/-1.230
Compound 23 24
Empirical Formula Ci18H222SmMgLIL,MN,N,,Og, | C,15H20EugLi,MNn,N,,O04,
FW [g/mol] 3744.87 3754 .49
Crystal System monoclinic monoclinic
Space Group P 2.,/n P 2,/n
a [A] 19.4126(7) 19.3683(8)
b [A] 15.4350(4) 15.4191(4)
c [A] 26.9611(1) 26.9509(1)
a [] 90 90
B[] 100.049(5) 100.177(5)
y [] 90 90
Volume [A3] 7954(7) 7922(8)
T [K] 200(2) 200(2)
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8 CRYSTAL STRUCTURE DATA

Compound 25 26
Empirical Formula C,16H219GdsLisMN 4N, ,Og0 C,1gH225TbhgLi,Mn, N, 5,04,
FW [g/mol] 3745.16 3796.26
Crystal System monoclinic monoclinic
Space Group P 2,/n P 2.,/n
a [A] 19.0162(12) 19.2759(6)
b [A] 15.2263(7) 15.3828(3)
c [A] 26.6159(18) 26.7685(9)
a [] 90 90
B[] 99.851(5) 99.892(4)
y [°] 920 90
Volume [A3] 7592.9(8) 7819.3(6)
Z 2
T [K] 150(2) 200(2)
F (000) 3764
D. [Mg m™] 1.638
U(Mo-Kg) [mm™] 2.982
Diffractometer Bruker Smart Apex
Data Measured 45981
Unique Data 15461
Rin 0.0636
Data with [I>20(l)] 11005
Parameters 842
Restraints 50
wR, (all data) 0.1358
R, ([l/o>20]) 0.0545
S (all data) 0.979
Biggest diff. peak/hole 1.135/-2.635
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8 CRYSTAL STRUCTURE DATA

Compound 27 28
Empirical Formula Ci16H219DYsLisMNgN; 050 | CiogHo34sHOLI.MN,N ;5050
FW [g/mol] 3776.66 3996.50
Crystal System monoclinic monoclinic
Space Group P 2,/c C2/c
a [A] 18.8860(16) 28.7327(5)
b [A] 15.1696(13) 18.1269(4)
c [A] 26.450(2) 34.4563(7)
a [] 90 90
B[] 99.472(1) 109.104(2)
v [°] 90 90
Volume [A3] 7474.3(11) 16957(8)
Z 2
T [K] 100(2) 200(2)
F (0O00) 3788
D. [Mg m™] 1.678
U(Mo-Kg) [mm™] 3.366
Diffractometer Bruker Smart Apex
Data Measured 53361
Unique Data 16577
R 0.0476
Data with [I>20(l)] 13163
Parameters 842
Restraints 50
wR, (all data) 0.1697
R, ([l/o>20]) 0.0630
S (all data) 1.110
Biggest diff. peak/hole 4.250/-2.544
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8 CRYSTAL STRUCTURE DATA

Compound 29 30
Empirical Formula C26H234LiI,MnN,N;505,Y6 Cs.H,1,PryFe,N;O,¢
FW [g/mol] 3540.39 1779.72
Crystal System monoclinic triclinic
Space Group C2/c P1
a [A] 34.0806(17) 10.3828(10)
b [A] 17.9812(7) 11.5447(11)
c [A] 28.4767(12) 17.3466(17)
a [] 90 97.505(11)
B[] 109.219(4) 106.252(11)
y [] 90 97.510(11)
Volume [A3] 16478.2(13) 1948.3(3)
Z 4 1
T [K] 180(2) 200(2)
F (0O00) 7368 914
D, [Mg m™?] 1.427 1.517
U(Mo-Kg) [mm™] 2.462 2.024
Diffractometer STOE IPDS I STOE IPDS I
Data Measured 16239 15445
Unique Data 16239 7061
Rint 0.0000 0.0611
Data with [I>20(l)] 10674 5941
Parameters 857 419
Restraints 60 50
wR, (all data) 0.1533 0.1436
R, ([l/o>20]) 0.0641 0.0523
S (all data) 1.034 1.026
Biggest diff. peak/hole 0.467/-0.589 1.372/-2.755
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8 CRYSTAL STRUCTURE DATA

Compound 31 32
Empirical Formula CssH114Nd,Fe,NgO,4 CssH11.Sm,Fe,NgO,-
FW [g/mol] 1803.38 1815.62
Crystal System triclinic triclinic
Space Group PT P1
a [A] 10.3419(8) 10.2621(10)
b [A] 11.6491(9) 11.6226(11)
c [A] 17.3102(13) 17.2553(17)
a [] 98.724(9) 98.746(11)
B[] 105.332(9) 105.378(11)
y [] 95.201(9) 95.125(11)
Volume [A3] 1969.1(2) 1943.1(3)
Z 1
T [K] 200(2) 200(2)
F (000) 930
D. [Mg m3] 1.552
U(Mo-Kg) [mm™] 2.288
Diffractometer STOE IPDS I
Data Measured 12582
Unique Data 7041
R 0.0456
Data with [I>20(l)] 5693
Parameters 421
Restraints 36
wR, (all data) 0.1476
R, ([l/o>20]) 0.0552
S (all data) 1.016
Biggest diff. peak/hole 0.980/-2.297
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8 CRYSTAL STRUCTURE DATA

Compound 33 34
Empirical Formula CssH114EU,Fe,NgO 55 CssH11.Gd,Fe,NgO,5
FW [g/mol] 1818.84 1829.42
Crystal System triclinic triclinic
Space Group PT P1
a [A] 10.2636(10) 10.2927(9)
b [A] 11.6162(12) 11.5720(9)
c [A] 17.2433(19) 17.2195(14)
a [] 98.697(12) 98.481(10)
B[] 105.296(12) 105.349(10)
y [] 94.982(12) 95.225(10)
Volume [A3] 1942.8(3) 1937.9(3)
Z 1 1
T [K] 200(2) 200(2)
F (0O00) 932 934
D. [Mg m™] 1.555 1.568
U(Mo-Kg) [mm™] 2.391 2.490
Diffractometer STOE IPDS I STOE IPDS I
Data Measured 11605 12594
Unique Data 6669 7054
Rint 0.1666 0.0288
Data with [I>20(l)] 4014 5649
Parameters 421 421
Restraints 37 36
wR, (all data) 0.1810 0.1343
R, ([l/o>20]) 0.0664 0.0488
S (all data) 0.998 1.033
Biggest diff. peak/hole 0.951/-1.784 1.246/-1.794
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8 CRYSTAL STRUCTURE DATA

Compound 35 36
Empirical Formula CssH114Y,FesNgO,5 CosH 0sFesEUN, ;054
FW [g/mol] 1692.74 2258.75
Crystal System triclinic monoclinic
Space Group PT C2/c
a [A] 10.2665(10) 27.248(13)
b [A] 11.5663(11) 15.821(7)
c [A] 17.1509(15) 26.412(11)
a [] 98.376(11) 90
B[] 105.369(11) 117.93(5)
y [] 95.339(11) 90
Volume [A3] 1924.2(3) 10060(11)
Z 1
T [K] 200(2) 200(2)
F (0O00) 884
D. [Mg m™] 1.461
U(Mo-Kg) [mm™] 2.300
Diffractometer STOE IPDS I
Data Measured 12040
Unique Data 6926
R 0.0507
Data with [I>20(l)] 4275
Parameters 421
Restraints 36
wR, (all data) 0.1842
R, ([l/o>20]) 0.0647
S (all data) 0.990
Biggest diff. peak/hole 1.244/-1.113
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8 CRYSTAL STRUCTURE DATA

Compound 37 38
Empirical Formula C,sH 0sFesGdAN, ;O34 CisH 0sFegDYN ;O34
FW [g/mol] 2264.07 2269.28
Crystal System monoclinic monoclinic
Space Group C2/c C2/c
a [A] 26.920(4) 27.4001(2)
b [A] 15.589(2) 15.7843(8)
c [A] 26.079(4) 26.4138(2)
a [] 90 90
B[] 118.037(2) 117.005(9)
y [°] 920 90
Volume [A3] 9660(2) 10178(1)
Z 4
T [K] 100(2) 200(2)
F (000) 4636
D. [Mg m™] 1.557
U(Mo-Kg) [mm™] 1.641
Diffractometer Bruker Smart Apex
Data Measured 29728
Unique Data 10681
R 0.0287
Data with [I>20(l)] 8726
Parameters 573
Restraints 78
wR, (all data) 0.2063
R, ([l/o>20]) 0.0762
S (all data) 1.046
Biggest diff. peak/hole 3.445/-1.936
Compound 39 40
Empirical Formula C,sH 0sFegHoN,,O44 C,sH 0sFesErN;,O54
FW [g/mol] 2271.71 2274.04
Crystal System monoclinic monoclinic
Space Group C2/c C2/c
a [A] 27.3588(2) 26.5943(186)
b [A] 15.6478(9) 15.6322(5)
c [A] 26.6457(2) 27.3747(16)
a [°] 90 90
B[] 117.303(11) 117.326(6)
y [] 90 90
Volume [A3] 10136(17) 10110(9)
T [K] 200(2) 200(2)
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8 CRYSTAL STRUCTURE DATA

Compound 41 42
Empirical Formula CosH104Pr,Co,N;,0,4 CesH10.SmM,Co,N,,O.4
FW [g/mol] 2247 .15 2284.94
Crystal System monoclinic monoclinic
Space Group C2/c C2/c
a [A] 24.109(3) 24.7100(2)
b [A] 18.9152(15) 18.9670(9)
c [A] 19.909(2) 20.2500(18)
a [] 90 90
B[] 94.553(9) 95.667(11)
y [°] 20 90
Volume [A3] 8775.2(12) 9444(20)
Z 4
T [K] 150(2) 200(2)
F (0O00) 4496
D. [Mg m™] 1.649
U(Mo-Kg) [mm™] 2.548
Diffractometer STOE IPDS I
Data Measured 40134
Unique Data 10828
Rint 0.0285
Data with [I>20(l)] 9502
Parameters 521
Restraints 17
wR, (all data) 0.1151
R, ([I/o>20]) 0.0429
S (all data) 1.062
Biggest diff. peak/hole 0.952/-1.989
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Compound 43 44
Empirical Formula CesH104.EU,C0o,N,,0,4 CesH10.Gd,Co,N,,0,4
FW [g/mol] 2291.35 2312.51
Crystal System monoclinic monoclinic
Space Group C2/c C 2/c
a [A] 24.3688(7) 23.8887(19)
b [A] 18.8564(7) 18.5208(15)
c [A] 20.0951(5) 19.8980(186)
a [] 90 90
B[] 94.916(3) 94.608(1)
y [°] 20 90
Volume [A3] 9199(8) 8775.2(12)
Z 4
T [K] 200(2) 100(2)
F (0O00) 4576
D. [Mg m™] 1.750
U(Mo-Kg) [mm™] 3.430
Diffractometer STOE IPDS I
Data Measured 34328
Unique Data 10078
R 0.0351
Data with [I>20(l)] 9078
Parameters 519
Restraints 15
wR, (all data) 0.0979
R, ([I/o>20]) 0.0342
S (all data) 1.083
Biggest diff. peak/hole 1.5628/-0.520
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Compound 45 46
Empirical Formula CosH104Tb,Co,N ;4,054 CesH104DY,Co,N,,0,4
FW [g/mol] 2319.20 2333.51
Crystal System monoclinic monoclinic
Space Group C2/c C 2/c
a [A] 20.1179(5) 23.9666(12)
b [A] 18.7135(4) 18.4531(11)
c [A] 24.3414(6) 19.8875(9)
a [] 90 90
B[] 94.744(3) 94.621(4)
y [] 90 90
Volume [A3] 9132(6) 8766.8(8)
Z 4
T [K] 200(2) 150(2)
F (0O00) 4608
D. [Mg m™] 1.768
U(Mo-Kg) [mm™] 3.817
Diffractometer STOE IPDS I
Data Measured 32628
Unique Data 10481
R 0.0264
Data with [I>20(l)] 9004
Parameters 519
Restraints 15
wR, (all data) 0.1068
R, ([I/o>20]) 0.0398
S (all data) 1.051
Biggest diff. peak/hole 0.769/-2.239
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8 CRYSTAL STRUCTURE DATA

Compound 47 48
Empirical Formula CesH104sH0,C0oO,N,,O4g CesH104Er,Co,N,;,0,4
FW [g/mol] 2343.23 2352.55
Crystal System triclinic triclinic
Space Group PT P1
a [A] 13.5562(10) 13.5725(14)
b [A] 13.8969(10) 13.9107(15)
c [A] 13.9677(10) 13.9731(14)
a [] 84.951(1) 85.082(2)
B[] 69.693(1) 69.662(2)
y [°] 64.180(1) 64.198(2)
Volume [A3] 2215.2(3) 2220.4(4)
Z 1 1
T [K] 100(2) 100(2)
F (0O00) 1156 1160
D, [Mg m~] 1.756 1.759
U(Mo-Kg) [mm™] 3.975 4.182
Diffractometer Bruker Smart Apex Bruker Smart Apex
Data Measured 17365 12174
Unique Data 9739 9216
Rint 0.0160 0.0215
Data with [1>2a0(l)] 8861 7168
Parameters 524 524
Restraints 16 16
wR, (all data) 0.0768 0.1256
R, ([I/o>20]) 0.0293 0.0476
S (all data) 1.049 1.009
Biggest diff. peak/hole 3.888/-0.921 5.411/-1.590
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10 Affix

10.1 List of Abbreviations

ac alternating current

BVSC bond valence sum calculations
dc direct current

D zero-field splitting parameter
DCAc dichloroacetate

dmmpH, dimethoxymethylpyridine

h hour

H magnetic field

hepH 2-(Hydroxyethyl)pyridine
hmpH 2-(Hydroxymethyl)pyridine

HS high spin

Hz Hertz

IR Infrared

K Kelvin

m mass

M magnetisation

Us bohr magneton

Me methyl

MeOH methanol

MeCN acetonitrile

mL milliliter

mmol millimole

n-bdeaH, N-n-Butyldiethanolamine

OAc acetate

Oe Qersted

pivH pivalic acid

picH picolinic acid

Py pyridine

SQUID super-conducting quantum interference device
T temperature

T tesla

T, critical temperature

U effective energy barrier

Vv volume

X molar magnetic susceptibility
x in-phase magnetic susceptibility
X out-of-phase magnetic susceptibility
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10.2 List of figures

Figure 1: Overview of possible spin arrangements
Figure 2: Weiss-domains with Bloch-walls

Figure 3: The plot of magnetic susceptibility as a function of temperature for

paramagnetic, ferromagnetic and antiferromagnetic materials.

Figure 4:

hysteresis measured using the same sweep rate.

Hysteresis loop of a hard (left) and a soft (right) ferromagnet with the

Figure 5: The plot of 1/y as a function of temperature for paramagnetic, ferromagnetic

and antiferromagnetic materials.

Figure 6: Magnetic characteristic of an ideal ferrimagnet (left) and the plot of yT as a
function of temperature for paramagnetic, ferromagnetic, antiferromagnetic

and ferrimagnetic materials (right).
Figure 7: Bethe-Slater curve
Figure 8: super exchange using the example of MnO

Figure 9: Variation of the indirect exchange coupling constant, j, of a free electron
gas in the neighbourhood point magnetic moment at the origin r=0.

Figure 10:
Figure 11:
Figure 12:

Figure 13:

Double-exchange of the d-electron of Mn"!

Spin alignment in [Mn,,0,,(CH;C0O0),5(H,0),] (Caneschi, 1991: 587 3ff).

Two potential diagram showing the relative positions of the zero-field split
Mg levels of an St = 10 system and the energy barrier separating the Mg =
+10 and the Mg = -10 states.

The magnetic hysteresis loops of Mn,,-Ac are shown at the indicated
temperatures at a scan rate of 0.025 T/10 s (Thomas, 1996:145ff).

Figure 14: An example of ac susceptibility measurements as a function of

Figure 15:

Figure 16:
Figure 17:

Figure 18:

temperature at different frequencies, and as a function of frequency at
different temperatures: (a, c) in-phase and (b, d) out-of-phase signals of a
Dy, compound (Abbas, 2010: 8067ff).

An example of 1 versus 1/T plot obtained from both temperature and
frequency dependent ac susceptibility measurements under zero dc field
of a Dy, compound (Abbas, 2010: 8067ff).

d* high-spin Mn"" configuration leading to Jahn-Teller distortion

Two possible arrangements of five electrons in octahedral environment

Some reported coordination modes of ligand n-bdeaH, (mode | (Foguet-
Albiol, 2005: 4282ff), mode Il (Biswas, 2007: 1059ff), mode lll (Le Bris,
2007: 80ff), mode |V (Saalfrank, 2005: 1149ff), mode V (Lermontova,
2006: 5710), mode VI (Foguet-Albiol, 2005: 897ff), mode VII (Mishra,
2007: 602), mode VIl (Mishra, 2007: 602), mode IX (Zhang, 2005:
1185ff), mode X (Le Bris, 2007: 80ff))

Figure 19: Coordination modes of ligand hmpH (Efthymiou, 2009: 3373ff;

Figure 20:
Figure 21:
Figure 22:

Figure 23:

Figure 24
Figure 25:
Figure 26:
Figure 27:
Figure 28:

Figure 29:

Stamatatos, 2009: 3308ff)

Common coordination modes of the carboxylate group.

Molecular structure of [MngO,(piv) o(PY)s.sl

Molecular structure of Mn,,-DCA

Side view of the Mn,,-DCA cluster with the axial carboxylate groups in
sight.

Molecular structure of Co,-pivalate

Molecular structure of Cos-pivalate

Molecular structure of precursor compound 6

Molecular structure of Feg-pivalate

Molecular structure of Dy,-pivalate. H atoms and pivalates situated in the
crystal lattice are omitted for clarity.

Molecular structure of [Mn",La",(hmp)s(piv),(NO;),]
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Figure 30: Polyhedral representation along the c-axis of compound 9 with La

Figure 31:

Figure 32:

Figure 33:

Figure 34:

Figure 35:
Figure 36:

Figure 37:

Figure 38:

Figure 39:

Figure 40:

Figure 41:
Figure 42:
Figure 43:
Figure 44
Figure 45:
Figure 46:
Figure 47:
Figure 48:

Figure 49:

Figure 50:
Figure 51:
Figure 52:

Figure 53:

Figure 54:

polyhedra being violet and the Mn octahedra pink (left) and the metal core
of 9.

Molecular structure of [Mn'",La",(u,-O)(us-O)(hmp),(O,CMe)(O,CCHCI,)
(NO;)5(0OH,) o s]1-3acetone  with Jahn-Teller axes (turquoise). Organic
hydrogen atoms and solvent molecules are omitted for clarity.

Crystal packing of 10 in the polyhedral representation, projected along the

a axis. La polyhedra are yellow and the Mn octahedra are violet (left) and
the metal core of 10.

The bicapped square antiprismatic coordination polyhedra around La(1)
and La(2).

Structure of [Mn",Mn',(hmp)s(NO,),]-2acetone. Organic hydrogen atoms
and solvent molecules are omitted for clarity.

Temperature-dependence of the T product under 0.1 T for compound 10. __

Plot of magnetisation M vs. H (left) and M vs. H/T (right) between 2 K and
5 K for 10. The solid lines are to guide the eye.

Temperature-dependent ac susceptibilities of 10 from 1.8 K to 10 K under
zero dc field at indicated frequencies.

Frequency-dependent ac susceptibilities of 10 from 1.8 K to 4 K under
zero dc field at indicated frequencies.

Molecular structure of [Mn",Dy",(u,-O),(hmp).(pic),(piv)s(u-N3),1-4CH,CN
with Jahn-Teller axes (turquoise). Organic hydrogen atoms and solvent
molecules are omitted for clarity.

The {Mn",Dy",(u,-O),} core of 14 (left) and part of the structure of 14 in
the polyhedral representation, projected along the b axis. All Dy polyhedra
are yellow and the Mn octahedra are violet.

Distorted dodecahedron environment of Dy(1) and Dy(3), representing the
coordination polyhedra of all four Dy" ions in 14.

Temperature-dependence of the T product under 0.1 T for compound 11-
15.

Plot of magnetisation M vs. H (left) and M vs. H/T (right) between 1.8 K
and 8 K for 11. The solid lines are to guide the eye.

Plot of magnetisation M vs. H (left) and M vs. H/T (right) between 1.8 K
and 8 K for 12. The solid lines are to guide the eye.

Plot of magnetisation M vs. H (left) and M vs. H/T (right) between 1.8 K
and 8 K for 13. The solid lines are to guide the eye.

Plot of magnetisation M vs. H (left) and M vs. H/T (right) between 1.8 K
and 8 K for 14. The solid lines are to guide the eye.

Plot of magnetisation M vs. H (left) and M vs. H/T (right) between 1.8 K
and 8 K for 15. The solid lines are to guide the eye.

Plots of the in-phase and out-of-phase ac susceptibility for 13.

Molecular structure of Mn'"Mn",Mn"VHo";(u,-O)(us-O).(n-bdea);(N3)(piv)e

(NO,)]. Organic hydrogen atoms and solvent molecules are omitted for
clarity.

View of the “basket”-like geometry (left) within the metal core (right).
View of the metal core with colour-marked butterfly cores.

The square antiprismatic coordination polyhedra around Ho(1) and Ho(2)
and the triaugmented triangular prism of Ho(3).

Part of the structure of 19 in the polyhedral representation, projected
along the b axis. Ho(1)-(3) polyhedra are yellow and the Mn octahedra are
violet.

Temperature-dependence of the T product under 1000 Oe for compound
18 and 19.
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Figure 55: Plot of magnetisation M vs. H (left) and M vs. H/T (right) between 1.8 K
and 8 K for 18. The solid lines are to guide the eye.

Figure 56: Plot of magnetisation M vs. H (left) and M vs. H/T (right) between 1.8 K
and 8 K for 19. The solid lines are to guide the eye.

Figure 57: Molecular structure of [Mn",Mn",Gd"Li,(us-O),(us-COs),(n-bdea)g(piv),,
(NO,),]1-3CH,CN, 25. Organic hydrogen atoms and solvent molecules are
omitted for clarity.

Figure 58: Left: Metal core of 25. Right: Part of the structure of 25 in the polyhedral
representation, projected along the b axis. Gd(1)-(3) polyhedra are yellow,
Mn octahedra are violet and Li tetrahedra are rose.

Figure 59: The coordination polyhedra around Gd(1), Gd(2) and Gd(3): square
antiprism, dodecahedron and distorted bisdisphenoid.

Figure 60: Temperature-dependence of the 4T product under 0.1T for compound 21-
29.

Figure 61: Plot of magnetisation M vs. H (left) and M vs. H/T (right) between 1.8 K
and 8 K for 21. The solid lines are to guide the eye.

Figure 62: Plot of magnetisation M vs. H (left) and M vs. H/T (right) between 1.8 K
and 5 K for 22. Plots for 2 K were omitted, as the temperature problems
occurred during the measurement. The solid lines are to guide the eye.

Figure 63: Plot of magnetisation M vs. H (left) and M vs. H/T (right) between 1.8 K
and 8 K for 23. The solid lines are to guide the eye.

Figure 64: Plot of magnetisation M vs. H (left) and M vs. H/T (right) between 1.8 K
and 8 K for 24. The solid lines are to guide the eye.

Figure 65: Plot of magnetisation M vs. H (left) and M vs. H/T (right) between 1.8 K
and 8 K for 25. The solid lines are to guide the eye.

Figure 66: Plot of magnetisation M vs. H (left) and M vs. H/T (right) between 1.8 K
and 8 K for 26. The solid lines are to guide the eye.

Figure 67: Plot of magnetisation M vs. H (left) and M vs. H/T (right) between 1.8 K
and 8 K for 27. The solid lines are to guide the eye.

Figure 68: Plot of magnetisation M vs. H (left) and M vs. H/T (right) between 1.8 K
and 5 K for 29. The solid lines are to guide the eye.

Figure 69: T plot for compound 29. The line represents the best-fit calculated
values.

Figure 70: Temperature-dependent ac susceptibilities of 27 below 10 K under zero dc
field at indicated frequencies.

Figure 71: Frequency dependence of the in-phase (left) and out-of-phase (right) ac
susceptibility as a function of the dc applied field and measured at 1.8 K
for 27.

Figure 72: Frequency dependence in zero dc field of the in-phase (x') and the out-of-

phase (y'’) ac susceptibility component at 1.81 K and 2K for 27.
Figure 73: Temperature dependent catalytic oxidation of CO to CO, by calcinated 27.___
Figure 74: Molecular structure of the [Fe",Pr',(u,-O),(n-bdea) (piv),
(NO,),(H,0),]1-MeCN aggregate in 30. Organic hydrogen atoms are omitted
for clarity.

Figure 75: The distorted octahedral coordination polyhedron of the core (left) and

dodecahedral environment around Pr'.

Figure 76: Core structure of compound 30.

Figure 77: View along the a-axis with the cluster aggregates shown as polyhedral
representations. H atoms are omitted for clarity.

Figure 78: Enlarged view of the crystals obtained from slow diffusion with acetone
(left) and methanol (right).

Figure 79: X-ray powder diffraction pattern of Fe,Pr, obtained by slow diffusion of
acetone (green) and methanol (red).
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Figure 104:

Comparison of the IR of 30 (green) made with 6 as starting material and

the product obtained from 7 as precursor compound (red). 89
Temperature dependence of the T product for polycrystalline samples of

compounds 30, 32 and 34 at 1000 Oe. 94
Plot of magnetisation (M) vs. H and H/T, respectively, between 2 K and 5

K for 30. The solid lines are to guide the eye. 95
Plot of magnetisation (M) vs. H and H/T, respectively, between 2 K and 5

K for 32. The solid lines are to guide the eye. 95
Plot of magnetisation (M) vs. H and H/T, respectively, between 2 K and 5

K for 34. The solid lines are to guide the eye. 95

The °’Fe Mdssbauer spectra for 30 at 3K in zero applied field and at 3 K in

field of 5 T. 97

Molecular structure of the [Fe"(uz-O).(hmp)g(piv)sl.+[Gd(NO;)s]% aggregate

in 37. Organic hydrogen atoms are omitted for clarity. 98
Left: View of the core of the Fe4 cation. Right: View along the a-axis with

the cluster aggregates shown as polyhedral representations. H atoms are

omitted for clarity with Fe" shown in brown colour and Gd" in yellow

colour. 99
Temperature dependence of the T product for polycrystalline samples of

compounds 37, 38, 39 and 40 at 1000 Oe (left) and 10000 Oe (right). __ 103
Plot of magnetisation (M) vs. H and H/T, respectively, between 2 K and 8

K for 36. The solid lines are to guide the eye. 103
Plot of magnetisation (M) vs. H and H/T, respectively, between 2 K and 8

K for 37. The solid lines are to guide the eye. 103
Plot of magnetisation (M) vs. H and H/T, respectively, between 2 K and 8

K for 38. The solid lines are to guide the eye. 104
Plot of magnetisation (M) vs. H and H/T, respectively, between 2 K and 8

K for 39. The solid lines are to guide the eye. 104
Plot of magnetisation (M) vs. H and H/T, respectively, between 2 K and 8

K for 40. The solid lines are to guide the eye. 104
Molecular structure of [Co",Dy",(hmp),(piv)g(N3),(NO;)]-2CH,CN. Atoms

marked with primes are inversion-center-generated. Organic hydrogen

atoms and solvent molecules are omitted for clarity. 106
Side view (core only) of the tetranuclear core with the flanking Co"

showing the coplanarity in the Dy, core of 46. 106
Views of the inner coordination polyhedra of 46 showing the square

antiprism coordination of Dy(1) and the three-face centred trigonal prism

stereochemistry about Dy(2). 107

Core view of compound 46. 107
Temperature dependence of the 4T product for polycrystalline samples of

compounds 42-48 at 1000 Oe. 115
Plot of magnetisation (M) vs. H and H/T, respectively, between 1.8 K and

8 Kfor 42. The solid lines are to guide the eye. 116

Plot of magnetisation (M) vs. H and H/T, respectively, between 1.8 K and 8

K for 43. The solid lines are to guide the eye. 116

Plot of magnetisation (M) vs. H and H/T, respectively, between 1.8 Kand 8

K for 44. The solid lines are to guide the eye. 116

Plot of magnetisation (M) vs. H and H/T, respectively, between 1.8 Kand 8

K for 45. The solid lines are to guide the eye. 117

Plot of magnetisation (M) vs. H and H/T, respectively, between 1.8 K and

10 Kfor 46 up to 9T. The solid lines are to guide the eye. 117

Plot of magnetisation (M) vs. H and H/T, respectively, between 1.8 Kand 8

K for 47. The solid lines are to guide the eye. 117
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Figure 109:

Plot of magnetisation (M) vs. H and H/T, respectively, between 1.8 K and 8
K for 48. The solid lines are to guide the eye. 118

Temperature dependence of the in-phase (') and the out-of-phase (y'’) ac
susceptibility components at different frequencies for 46. 118
Zero dc field ac susceptibility measurements for 46 as a function of the
frequency at different temperatures in-phase (left) and out-of-phase
signals (right). 119
Ac susceptibility measurements for 46 as a function of the frequency at
different temperatures in-phase (left) and out-of-phase signals (right) with
an applied dc field of 600 Oe. 119
Plot of relaxation time (1) vs. 1/T using ac y''M data for complex 46. The
solid line is the fit of the data to the Arrhenius equation. 120
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