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Chapter 1

Chapter 1: Introduction

In the last few years, major scientific achievements have been made at the atomic,
molecular and macromolecular levels. This involves a length scale range of 1-100 nm. The
goal has been to create systems with novel properties that can be controlled and manipulated.
Among various properties that may be possessed by these systems, magnetism is certainly
important because it may be applied to information storage technology and it may allow
investigations into the coexistence of quantum and classical effects.

Molecule-based magnets possess properties comparable to traditional magnets; they,
however, have many advantages, such as low temperature fabrication, low density,
transparency and electrical insulation.! They are composed of paramagnetic building blocks
which are molecular. These building blocks often have transition or lanthanide metal ions
with unpaired spins, which provide the magnetic moment, and organic groups to mediate
magnetic interactions between these metal centres. This has produced magnetic materials of
various dimensions, and some with long-range magnetic 01rd6:1ring.2 They not only have the
potential use as functional materials, but also exhibit fascinating structural diversity. As a
result, there has been an increasing interest in designing 1D, 2D and 3D magnetic systems
which can provide a better understanding of magneto-structural relationships.’ These systems
have been found to exhibit diverse magnetic properties.* The molecular approach offers a
unique opportunity because the properties of the precursors and magnetic bridges can be
chosen beforehand in order to obtain magnets with desired physical properties.

An exciting development was the discovery of single molecule magnets (SMM),
which are magnetic molecular clusters. These molecules exhibit slow relaxation of
magnetisation at low temperatures, and thus represent a molecular approach to nanomagnets.
Their special characteristics arise from purely molecular properties. These molecules should
possess a spin ground state (S), where S > Y2, and a uniaxial magnetoanisotropy, where D < 0.

The combination of these properties can lead to an energy barrier to the thermal relaxation of
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the 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 metals, metal alloys
or metal oxides because of their uniform size, solubility in organic solvents and readily
alterable peripheral ligands. In the hope of producing new SMMs, polynuclear metal
compounds which contain interacting metal centres held together by bridging units, such as
oxides, hydroxides, alkoxides and carboxylates, have been synthesised. Much effort has been
applied in the design and synthesis of such compounds and in the investigation of their
magnetic properties. Many different types of molecular magnets are now known.” > Recently,
SMM clusters have also been used as building blocks in the assembly of more complicated
architectures.”® Extended networks of magnetically coupled SMMs led to new magnetic
behaviour induced by the intrinsic properties of the magnetic units, such as a high-spin state,
an Ising-type anisotropy and quantum effects.

Another key development was the discovery that one-dimensional compounds may
also show slow relaxation of the magnetisation at low temperature. These new systems are
called single chain magnets (SCM).*’> SCMs are expected to exhibit slow relaxation at
higher temperatures than SMMs. To be a SCM, a compound requires large uniaxial
anisotropy, strong intrachain magnetic interactions between the high-spin magnetic units, and
good isolation of the chains.

In this research, the goal was to synthesise and study a range of compounds starting
from discrete molecules to extended solids. A variety of magnetic properties, such as SMM
behaviour and long-range magnetic ordering, was expected from these compounds. In this
way, a comprehensive study on different kinds of magnetic behaviour in different systems can
be achieved. To synthesise such compounds, a commonly used strategy is to employ

appropriate bridging ligands that can bind several metal centres and transmit magnetic

2
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interactions. In this context, substitued salicylic acids and salicylaldimines were used as
ligands with different metal ions under various reaction conditions. It has been observed that
heterometallic complexes can have interesting magnetic properties; therefore, more than one
type of metal ion was used to obtain compounds containing two different transition metal ions
(3d-3d) or of transition and lanthanide metal ions (3d-4f). The effect of ligand modifications
on the structure and properties of the complexes was also investigated.

The inspiration for this work was the observation that the ligand o-vanillin (3-
methoxysalicylaldehyde) enabled the formation of triangular dysprosium compounds which
exhibited SMM behaviour.”® By using the carboxylic acid analogue of o-vanillin, 3-methoxy
salicylic acid, the coordination chemistry and magnetism of another promising system could
be explored (Figure 1.01). 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. In addition, phenoxo group of
salicylic acids can provide another binding site for the metal ions. Varying the type of
substituents (such as 3-methyl salicylic acid) and their position can play a key role in the
formation of different compounds. Substituents with coordinating functional groups increase
the number of donor atoms and can significantly change the properties of the ligand. Altering
the position of the substituents can affect steric and electronic factors, and consequently, can
modify both the structure and magnetic properties of any subsequent clusters.

Additionally, Schiff bases synthesised from o-vanillin gave interesting complexes,
such as a MnyCa cluster’’ and a 3d-4f mixed-metal (Cu-Gd) cluster.”® A Schiff base forms
when an aldehyde or ketone condenses with a primary or secondary amine forming an imine.
These ligands with additional alkoxo groups can afford various multinuclear metal clusters
and some of them have been shown to possess SMM properties.” Several Schiff base ligands

were synthesised by the condensation of substituted salicylaldehydes with aromatic or
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aliphatic amines containing mono-, di- or tri- alkoxy groups. These ligands were complexed
with different metal ions. Functionalising the side chains of the aliphatic amines can modify
the donor properties of the ligating group, enabling them to coordinate more metal centres. A
number of systems was investigated by slightly modifying the ligands and by observing the

effects on the structure and magnetic behaviour of the metal complexes produced by them.

\ OH

O

OH (0]

3-methoxysalicylic acid
(3-MeO-salH,)

CH,
CH,4
OH OH OH
CH,
OH 0 OH o] OH 0

3-Methylsalicylic acid 4-Methylsalicylic acid 5-Methylsalicylic acid
(3-Me-salH,) (4-Me-salH,) (5-Me-salH,)

Figure 1.01 Substituted Salicylic acids used as ligands.

4 RZ
—N OH ~N OH
~N OH OH
OH OH
OH
R
R, R, !

Figure 1.02 Salicylaldimine (Schiff base) ligands used in this research, where R; = H,
OCH3, OC2H5, OH, R2 = H, CH3; R3 = H, CH3; and R4 = CH3, CHQOH
4
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1.1 Overview of some relevant compounds formed with the ligands

As discussed previously, substitued salicylates and salicylaldimines with many donor
atoms are interesting ligands for coordination compounds. Some previously reported work
with these ligands is summarised here to demonstrate features of their chemistry and to
provide examples for comparision with the results in the following chapters. A detailed
description of the types of magnetic behaviour possible in such systems is given in section 1.4.
1.1.1 Complexes with salicylate-type ligands
1.1.1.1 A nonanuclear mixed-valence manganese (IIL,IT) complex

A mixed-valence nonanuclear manganese complex, [MngO4(OOCPh)s(sal)s(salH),
(py)4], where salH, = salicylate, PhCOO = benzoate and py = pyridine, was reported by

George Christou's group in 1988. % There is a central Mn(II) ion surrounded by two butterfly-
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Figure 1.03  Structure of [MngO4(OOCPh)s(sal)s(salH)2(py)s]. Plots of molar susceptibiliy

(xm) and effective magnetic moment (i.4) versus temperature. 40

like Mn(III)4(u,-O), units (Figure 1.03). The salicylate groups link the Mn(II) and [Mn4sO;]
units with a pu3-n’-bridging mode; peripheral ligation to the complete molecule is provided by

pyridine, po-benzoate and p-salicylate groups. Each carboxylate oxygen atom of the salicylic
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acid ligand has p»-bridging mode, while the phenoxide oxygen atoms bind in a terminal
fashion. Magnetic measurements revealed very weak antiferromagnetic interaction between
the central Mn(Il) and each of the eight Mn(Ill) ions (J; = -0.97 cm'l) and stronger
antiferromagnetic interactions (J; =-11.12 cm! and J 3=-26.2 cm'l) in the two Mny butterfly

units. This gave rise to a spin ground state of 3/2 for this complex.

1.1.1.2 An infinite chain of mixed-valence manganese complex

In 1995, X. S. Tan et al. synthesised an infinite chain of the mixed-valence manganese
complex, [Mn4(sal)4(H20)4(py)g][salH]2'4py.41 The repeat unit has alternating Mn(II) and
Mn(IIl) centres. All the manganese ions are six-coordinate, and adjacent pairs of manganese
ions are bridged by carboxylate groups in syn-anti configuration. The phenolate oxygen atom
of the salicylate is coordinated to the Mn(III) centres in syn configuration (Figure 1.04). The
sal” ligands linking the Mn(III) and Mn(Il) ions have a u—n3—bridging mode. Magnetic studies
showed that the mixed-valence chain is weakly antiferromagnetically coupled and that there

are very weak inter-chain antiferromagnetic interactions.

Figure 1.04 Structure of the infinite chain of [Mn4(sal)4(H20)4(py)g][salH]2'4py.41
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1.1.1.3 A linear trinuclear complex and a related infinite mixed-valence chain

Two mixed-valence manganese salicylate complexes were synthesised in 1997 by W.
X. Tang and coworkers.*” The first compound, [Mnz(sal)2(salH2)2(H20)4(4-Me-Py)¢]
[Mn(sal),(4-Me-Py),]-2(4-Me-Py), is composed of a linear trinuclear Mn(I1)-Mn(IIT)-Mn(II)
cationic complex with bridging salicylate carboxylates and a mononuclear Mn(IIl) complex as
anionic unit (Figure 1.05). The second compound, [Mn;(sal),(im),(CH3OH),] [Mn(sal)»(Py).],
(im = imidazole) consists of two distinct ionic units. The cation is a binuclear mixed-valence
Mn(III)-Mn(II) unit coordinated by imidazole (im) and bridging salicylate (sal™) ligands.
These units form a polymeric chain. The anionic unit is a mononuclear Mn(III) complex with
sal* and py ligands (Figure 1.06). The carboxylate bridges mediate a weak antiferromagnetic

exchange interaction in both the complexes.

Figure 1.05 Structure of (a) the mononuclear anion, [Mn(sal),(4-Me-Py),] (b) the trinuclear
cation, [Mns(sal),(salHz)o(H,0)4(4-Me-Py)s].**

Figure 1.06  Structure of [Mny(sal),(im),(CH3;OH),] [Mn(sal)»(Py),], an infinite chain.*

7
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1.1.2 Complexes with Schiff base ligands

Schiff bases are an important class of ligands, and a large amount of work has been
done with them.”” This section summarizes some previously reported homo- and
heterometallic compounds that exhibit SMM behaviour.
1.1.2.1 A dimeric manganese Schiff base complex as single molecule magnet

A dimeric manganese complex, [Mny(saltmen);(ReOy),], was prepared using a
tetradentate Schiff base ligand, N, N'-(1,1,2,2-tetramethylethylene)bis(salicylideneiminato)
(saltmen®), by Hitoshi Miyasaka et al. in 2004.% The [Mnu(saltmen),]** motif lies on an
inversion centre, and the asymmetric unit contains only one Mn(IIl) site. Mn(IIl) is
coordinated by N,O, atoms from the Schiff base ligand and by two oxygen atoms from
(ReOs)". Magnetic measurements show the presence of ferromagnetic interactions between the
Mn(III) centres and a spin ground state of S = 4. A single relaxation process was observed in
the in-phase and out-of-phase components of the ac susceptibility measurements, indicating
that this compound is a SMM. From the relaxation time, the energy barrier of 16 K was

estimated.

0,05 {

100 1000 104 10

(a) (b)

Figure 1.07 (a) Dinuclear manganese complex, [Mn;(saltmen),(ReQy);], (b) Plot of out-of-

phase ac susceptibility versus frequency.43
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1.1.2.2 Mn4 complexes with SMM behaviour

A family of tetranuclear Mn complexes [MnsXsl4], where L = salicylidene-2-
ethanolamine (A, B) or 4-tert-butyl-salicylidene-2-ethanolamine (C) and X = Cl (A, C) or Br
(B) have been synthesised and studied by C. Boskovic et al. in 2003.** These complexes
possess a square-shaped core (Figure 1.08) with ferromagnetic exchange interactions between
the four Mn(Ill) centres resulting in an § = 8 spin ground state, and an anisotropy-induced
energy barrier to magnetisation reversal. The effective energy barrier was determined to be
7.7 and 7.9 K, for A and B, respectively. Detailed magnetic measurements revealed that
relatively strong intermolecular interactions are present in all of the compounds. The
intermolecular interactions were found to be antiferromagnetic for A and B, and
ferromagnetic for C. This last system approaches a ferromagnetic phase transition with a
critical temperature of ~1 K, which is coincident with the onset of slow relaxation of the
magnetisation. It was found that the intermolecular interactions have a significant effect on
the manifestation of slow relaxation of the magnetisation, and thus these complexes represent

a family of “exchange-biased single molecule magnets”.

)

3

%y (em mol

(b)
Figure 1.08 (a) Tetranuclear manganese complex, [MnsX4L4], (b) Plot of out-of-phase

susceptibility versus temperature for c*
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1.1.2.3 A record barrier for a single molecule magnet

A series of hexanuclear Mn complexes using salicylaldoxime or its bulkier derivatives
and different carboxylic acid ligands have been reported by the groups of G. Christou and E.
K. Brechin.*’ The basic structure (Figure 1.09) is comprised of a non-planar Mng unit of two
off-set stacked triangular [MH(IH)3(|.L3-O)]7+ subunits linked by two central oximato oxygen

atoms.

Figure 1.09 Molecular structure of [Mn"0,(Et-sa0)s(O2CPh(Me),)»(EtOH)q].*

It was observed that the deliberate structural distortion of the core by using bulkier
ligands changes the magnetic exchange interactions between the metal centres from
antiferromagnetic to ferromagnetic resulting in a molecule with § = 12, D =-0.43 cm™ and an
effective barrier to magnetisation reversal of 86.4 K. The frequency-dependent out-of-phase
ac susceptibiliy signals and the steplike hysteresis loops indicate that this compound is a

SMM.

1.1.2.4 A dinuclear Mn(III)-Cu(II) single molecule magnet
A dinuclear mixed-metal SMM, [MnHICuHCI(S—Br—sap)z(MeOH)], was synthesised in

2005 by H. Oshio et al., where 5-Br-sapH, is the Schiff base, 5-bromo-2-salicylideneamino-1-

10
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plropanol.46 The complex has an alkoxo-bridged dinuclear core of Mn(IIl) and Cu(Il) ions
(Figure 1.10), which have elongated octahedral and square-planar coordination geometries,
respectively. Dc magnetic susceptibility measurements showed that the )7 values increased as
the temperature was lowered, followed by a sudden decrease below 20 K. The initial increase
indicates the presence of intramolecular ferromagnetic interactions, and fitting the data
indicated an S = 5/2 spin ground state. In the ac magnetic susceptibility measurements,
frequency-dependent in-phase (y') and out-of-phase (") signals were observed supporting the
conclusion that this compound is a single molecule magnet with a calculated energy barrier of

10.5 K.

185 Hz
-218.5Hz

1835 Hz

. 6 618.5 Hz . 3 5185 Hz
o - -
. /\l ™o = |

o A o Y | 4 | 1 y 0 -
Br Y Ty Fos O A o 1000 2000 3000 o 1000 2000 3000
T/mK T/mK
(a) (b)

Figure 1.10 (a) Structure of [MnmCuHCl(S—Br—sap)z(MeOH)], (b) Plot of in-phase and out-

of-phase ac susceptibility versus temperature.46

1.1.2.5 A heterometallic single molecule magnet of [MnmzNinClz(salpa)z]

A new heterometallic SMM of [MnmzNinClz(salpa)z] (salpa = N-(2-hydroxybenzyl)-
3-amino-1-propanol) was synthesised by H. Oshio et al. in 2005." The structure consists of
an incomplete face-sharing double cube that is composed of two Mn(III) and two Ni(Il) ions
(Figure 1.11). The Mn(IIT) and Ni(II) ions are doubly bridged by two oxygen atoms forming a
dinuclear unit. They are bridged by phenoxo and alkoxo groups in p, and p3 fashions,
respectively. Mn(IIl) is five-coordinate with a square pyramidal geometry and Ni(Il) is
octahedral. Dc magnetic susceptibility measurements indicated that there are dominant

ferromagnetic interactions in the complex. Magnetisation data showed a steplike hysteresis

11
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loop, indicating that the molecule is a SMM. It possesses an S = 6 spin ground state with a

negative D value (-0.70 cm™), and a magnetisation reversal barrier of 36 cm™.

M/NS

H/ kG

Figure 1.11  Structure of [Mn'",Ni",Cl,(salpa),] and hysteresis loop at 0.55 K.*’

This shows that these ligands are suitable for synthesising both extended and molecular

systems. This can thus give a scope to study a wide range of magnetic behaviours.

1.2 Synthetic Strategy

The salicylic acid ligands used in the syntheses were polydentate with oxygen donor
atoms where carboxylate or hydroxyl groups can coordinate to more than one metal centre. In
order to have N-donor atoms, several coligands such as pyridine, 4-Me-pyridine and 2,2'-
bipyridyl were used along with the salicylic acid ligands. The Schiff base ligands have both
nitrogen and oxygen-donor sites, and they can be tri-, tetra- and pentadentate. The synthetic
approach targeted oxygen-bridged molecular aggregates by solvolysis reactions of the ligands
with different metal ions, in varying solvents. By controlling the ratios of ligand, metal and
base, different complexes can be obtained. The compounds formed revealed information
about the coordination ability and binding modes of the ligand. Different coligands can also
be used in the above mentioned procedure. Varying the coligand by increasing the number of

donor groups might lead to the incorporation of more metal centres. When alchohol-based

12
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solvents (ROH or H,O) were employed, hydrolysis reactions of the solvents can be expected,
forming hydroxy or oxo ligands. One further possible variation is to add bridging species like
acetate or azide, which can act as additional linkers between the metal ions, or can fill any
empty coordination sites on the metal centres.

Another approach was to use two types of metal ions, so that heterometallic complexes
could be obtained. The presence of two types of metal centres can give rise to interesting
magnetic properties and can allow further investigation of the exchange interaction between
two different metal ions. This was pursued using two different transition metals or a
combination of transition and lanthanide metal ions. The lanthanide ions behave as hard acids
prefering oxygen (O-) rather than nitrogen (N-) donors, while d-block metal ions are
borderline acids, having a tendency to coordinate to N-donors as well as O- donors.
Consequently, a typical approach in constructing 3d-4f complexes is by self-assembly of
different metal ions with ligands containing both O- and N-donors. With this in mind,
substituted salicylic acid with O-donors and coligands with N-donors were complexed with
metal ions. The Schiff base ligands, however, possess both types of donors, so they are
suitable for the synthesis of mixed-metal clusters.

The transition metal ions used in the following chapters were Mn(Il), Cu(Il), Ni(Il)
and Fe(IIl). With O- and N- donors, Mn(Il) has five unpaired electrons in its high-spin state
which can give large ground state spins on aggregates. It can be easily oxidized to Mn(IIl),
which is anisotropic in octahedral geometry, and can give rise to high zero-field splitting
values (D) leading to a significant barrier to magnetisation reversal (U). As a result, mixed-
valence manganese compounds are likely to have a combination of both high spin and high
anisotropy. Cu(Il) ions have one unpaired electron, making the interpretation of magnetic
interactions relatively straightforward. Fe(IIl) with five unpaired electrons in its high-spin
state can give rise to large ground state spins. It also has a zero-field splitting which can be

useful for synthesising SMMs. Ni(II) has two unpaired electrons in octahedral coordination
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environments, and is anisotropic with significant zero-field splitting. This can impart
interesting magnetic properties to the complexes.

Lanthanides (Ln) 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 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,
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. The magnetic
interactions between 4f electrons on different metal centres are expected to be much weaker
than the interactions between 3d electrons in transition metal complexes because the overlap
between the 4f orbital and the orbital of the bridging ligand is small. Recently, slow relaxation
of magnetisation has been observed in some lanthanide containing compounds.[34’37] Thus,
there is much interest in identifying further magnetically unusual Ln compounds. In addition,
series of analogous Ln-M compounds can be synthesised, enabling investigation into the

variation of structure and magnetic properties.

1.3 Characterisation of the synthesised ligands by NMR spectroscopy

Nuclear magnetic resonance (NMR) spectroscopy is an important tool for the chemist
as it can give information about the number of hydrogen and carbon atoms, their connectivity,
and the type of functional groups present in a molecule. NMR spectroscopy involves
transitions between nuclear spin states. Important examples are the nucleus of hydrogen ('H)
and the nucleus of the "°C isotope of carbon. In the presence of an applied external magnetic
field, these nuclei exist in two nuclear spin states of different energy. In the NMR spectrum,
peaks appear at the positions of absorption, also called the positions of resonance, or

precession frequencies, for different nuclei in the molecule.
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The frequency of absorption for a nucleus of interest relative to the frequency of
absorption of a molecular standard is called the chemical shift of the nucleus. The chemical
shift of a particular nucleus in a molecule gives us information about the environment of the
atom to which the nucleus is bonded. The height of the peak is proportional to the number of
"H nuclei in the molecule with the same chemical shift. The intensity of a 3C resonance 18,
however, not proportional to the number of carbons.

In a 1D NMR spectrum, some of the most useful information for structure
determination comes from the J-coupling between NMR active nuclei. This coupling arises
from the interaction of different spin states through the chemical bonds of a molecule and
results in the splitting of NMR signals known as spin-spin splitting. This coupling provides
detailed insight into the connectivity of atoms in a molecule. The splitting arises between
protons on adjacent or on the same atoms, and the splitting occurs only between nuclei with
different chemical shifts. This is due to coupling interactions between proton neighbours and
is related to the number of possible spin orientations that these neighbours can adopt. The
number of peaks into which a proton signal is split equals to one more than the number of
equivalent neighbouring protons n (n+1 rule).

Two-dimensional NMR spectra provide more information about a molecule, and are
especially useful in determining the structure of a molecule. The 2D NMR spectra have two
frequency axes and one intensity axis. The most commonly used 2D NMR is 'H-'H
correlation spectroscopy (COSY) in which both frequency axes show 'H chemical shifts.
COSY identifies pairs of proton which are coupled to each other. A 2D NMR experiment
involves a series of one-dimensional experiments. Each experiment consists of a sequence of
radio frequency pulses with delay periods in between them. During some of the delays, the
nuclear spins are allowed to freely precess (rotate) for a determined length of time known as

the evolution time. The frequencies of the nuclei are detected after the final pulse. By
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incrementing the evolution time in successive experiments, a two-dimensional data set is
generated.

A typical spectrum is shown in Figure 1.12. The spectrum is interpreted starting from
the diagonal, which consists of a series of peaks that occur when both frequency axes have
peaks representing the same nuclei. The peaks that appear off of the diagonal are called cross-
peaks. The cross-peaks are symmetrical on either side of the diagonal and indicate which
hydrogen atoms are spin-spin coupled to each other. To determine which protons are on
neighbouring carbons, the centre of a cross-peak is matched with the centre of each of the two

corresponding diagonal peaks.
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Figure 1.12 An example of 2D 'H-"H COSY spectra.

Two dimensional NMR spectra which show BC-'H shift correlations are termed
HETCOR (from heteronuclear coorelation). These are used to detect directly-bonded Be-'H
atoms. These 2D techniques can be very useful in characterising the ligands and in comparing
the effects of ligand modifications. It can thus be predicted that the changes in the electronic

structure of the ligands can lead to changes in the structure of the metal complexes they form.
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1.4 Introduction to Magnetochemistry

Magnetochemistry is the study of the interrelationship between the structure of a
compound and its magnetic properties. Magnetic measurements can give information about
the electronic structure and magnetic exchange interactions in metal complexes. This section
provides a brief overview of how magnetic measurements can be applied to this area of
inorganic chemistry. More detailed accounts are given in standard texts by Mabbs and
Machin,48 O'Connor,49 Caurlin,5 0 Kahn,5 !and Kittel.>
1.4.1 Magnetic Susceptibilty

The magnetic moment of a free atom is due to the spins of its electrons, their orbital
angular momentum around the nucleus, and the change in the orbital moment induced by an
applied magnetic field. The magnetic susceptibility, g, is the degree to which a material can
be magnetised in an external magnetic field, and the magnetisation, M, is defined as the
magnetic moment per unit volume. The magnetic susceptibility per unit volume is then:

x =MI/H (cgs) or X = toM/H (SI) Eq. 1.1
where H is the macroscopic magnetic field intensity in Oersted, Gauss or Tesla. It is
sometimes convenient to refer to M/H as susceptibility without specifying the system units.
Susceptibility is often referred to as per unit mass or per mole of the substance, and thus, the
molar susceptibility is designated as yy, and the magnetic moment per gram is sometimes
written as 6.

In general y is the algebric sum of two contributions:

x=1"+x Eq. 1.2
where y” and y” represent the diamagnetic and paramagnetic susceptibilities, respectively.
The former is negative and the latter is positive. When y” dominates, the sample is called
diamagnetic with the magnetisation in opposition to the applied magnetic field. When " is
the leading contribution, the sample is said to be paramagnetic with the magnetisation in the

direction of the applied field.”!
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1.4.2 Different kinds of magnetic behaviour

The origin of magnetism lies in the orbital and spin motion of electrons, and in the
interaction of these electrons with one another. The best way to introduce different kinds of
magnetism is to describe the response of materials to magnetic fields. The main distinction is
that in some materials there is no collective interaction of atomic magnetic moments, whereas
in some there is a very strong interaction between atomic momnets.

The interaction of the magnetic field with the motion of the electrons in their orbitals
leads to diamagnetism. In this case, magnetic susceptibility is usually independent of the
temperature and the strength of the applied field. When this is the only magnetic response,
these substances are composed of atoms which have no net magnetic moments because all the
orbitals are filled. When exposed to a magnetic field, a negative magnetisation is produced,
and the susceptibility is negative. It is a fundamental property of all matter and is usually very
weak.

Any atom, ion or molecule that has one or more unpaired electrons is paramagnetic
and possesses a net magnetic moment. These substances are attracted to the magnetic field
due to partial alignment of the atomic magnetic moments in the direction of the field,
resulting in a net positive magnetisation and positive susceptibility. The individual magnetic
moments, however, do not interact magnetically. Paramagnets do not retain any magnetisation
in the absence of an externally applied magnetic field because thermal motion causes the
spins to become randomly oriented.

Substances which have magnetic interaction between the neighbouring paramagnetic
centres leading to an increase in the magnetic moment are designated as ferromagnets. In this
case, the individual moments are perfectly aligned parallel to each other. A ferromagnetic
substance usually divides into domains to minimise its total free energy, a spontaneous

magnetisation arises in each domain even in the absence of a magnetic field. The saturation of
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magnetisation corresponds to the complete alignments of all magnetic domains. Its magnetic
susceptibility is positive and very large.

When the magnetic interaction between paramagnetic centres lead to an antiparallel
alignment of the moments the substance is known as an antiferromagnet. There is complete
cancellation of the magnetic moment and it does not have any spontaneous magnetisation.

Substances where the magnetic moments are aligned antiparallel but there is an
incomplete cancellation of the spins are termed ferrimagnets. They exhibit spontaneous
magnetisation as in the case of ferromagnets. This may occur in molecules with unequal
numbers of spin centres. In the case of extended systems this might be due to two or more
magnetic species possessing different magnitudes of magnetic moment. These species may be
two different valence states of the same ion or two different elements or even a combination
of an ion and a free radical. Spontaneous magnetisation is the consequence of a lack of
cancellation of the magnetisation.

1.4.3 Determination of the magnetic behaviour

It was shown by Pierre Curie that for most paramagnetic substances with isolated
magnetic sites, the magnetic susceptibility varies inversely with temperature. The
magnetisation of paramagnets follows Curie’s law to a good approximation:

M=C-H/T Eq 1.3
where M is the resulting magnetisation, H is the applied field and C is the Curie constant
where C = Ng°uz*/(4kp).

Since the magnetic susceptibility is y = M/H, in this case:

x=CIT Eq14
When the paramagnetic ions or atoms interact this law is no longer valid, and the magnetic
exchange between spin carriers then needs to be included in the model. As a result, in

ferromagnets and antiferromagnets Curie-Weiss law is applicable, which is:
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2..2
M=c 2 i c=NeHs 4 Y

T-6 4k, 2k, ’ Eq15
where 6 is the Weiss constant, and the magnetic susceptibility is:
x=C/T-0 . Eq 1.6

There are three ways to plot the temperature dependence of the magnetic susceptibility, and

these are shown in the Figures 1.13 and 1.14. These plots give information about the kind of

magnetic interactions present in a compound.
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Figure 1.13 (a) The plot of 7T and (b) the plot of 1/y, as a function of temperature for

paramagnetic, ferromagnetic, antiferromagnetic and ferrimagnetic materials.
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Figure 1.14 The plot of magnetic susceptibility as a function of temperature for
paramagnetic, ferromagnetic, antiferromagnetic and ferrimagnetic materials.
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When the Weiss constant is negative, a decrease in the 7T versus T plot is observed,
which indicates the presence of antiferromagnetic interactions. The value of # can be obtained
directly by plotting a 1/y versus T plot, where 0 is the negative intercept on the temperature
axis. When the Weiss constant is positive, there is a increase of the y7T versus T curve. This
indicates the presence of ferromagnetic interactions. The value of € can be obtained directly
by plotting a 1/ y versus T plot, where € is now the positive intercept on the temperature axis.

In a ferromagnet, even though electronic exchange forces are very large, thermal
energy eventually overcomes the exchange and produces a randomising effect. This occurs at
a particular temperature called the Curie temperature (7¢), shown in the y versus T plot
(Figure 1.14). Above T¢ an ideal ferromagnet becomes a paramagnet that obeys the Curie-
Weiss law,”* but below this temperature, its magnetic susceptibility increases rapidly. An
exchange integral, J, is used to define the degree of coupling at any temperature and is given
in units of cm™ or K, where 1 cm™ = 1.43877 K. For ferromagnetic coupling, J is positive. In
an antiferromagnet, above a critical temperature, known as the Néel temperature, Ty, thermal
agitation destroys magnetic ordering and a material becomes a paramagnet, but below this
temperature, its magnetic susceptibility decreases with decreasing temperature. A negative J
value implies antiferromagnetic coupling. Ferrimagnets, like ferromagnets, hold a
spontaneous magnetisation below the Curie temperature, and show no magnetic order (are

paramagnetic) above this temperature.

1.5 Single molecule magnet behaviour

Single molecule magnets (SMMs) are molecules with a large barrier to magnetisation
relaxation, and consequently display hysteresis loops at low temperatures in magnetisation
versus applied-field plots. This is the diagnostic property of a magnet. They possess a
negative zero-field splitting due to magnetic anisotropy and a significant spin ground state (.S).

The negative axial anisotropy (D < 0) removes the degeneracy in the M;levels of the ground
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spin state, placing higher magnitude levels lower in energy. The selection rule AM= +1 for

allowed transitions, results in an energy barrier U seperating the two lowest energy levels of

M= = S. The spin reversal energy barrier will be U = S?DI for integral spin states, while U =

(S2—1/4)IDI for half-integral spin states. A positive D value would result in M; = 0 level being

lowest in energy, such that there is no energy cost for losing direction of the spin (i.e. in going
from M, = +S to M, = 0). This means that for a molecule to behave as SMM, it should have a

negative D value.
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Figure 1.15 Plot of energies of the microstates in a S = 10 system.

As the energy barrier is intrinsic to the ground state, the magnetisation can be pinned along
one direction as is shown in Figure 1.15, leading to slow relaxation at a very low temperature.
This effect 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
(kT), then the measured susceptibilty referred to as the in-phase or real component (') of the
ac susceptibility begins to diminish. Accordingly, the portion of the susceptibility that cannot

keep up with the switching field, the out-of-phase or imaginary component of the ac
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susceptibility, }"', increases. 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 (y"), and the real

(in-phase) susceptibility (y') is equal to the dc susceptibility.
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Figure 1.16 An example of ac susceptibility measurements as a function of temperature at
different frequencies, and as a function of frequency at different temperatures

(a, ¢) in-phase and (b, d) out-of-phase signals.

If just a single relaxation process is operational, then a plot of )"’ versus temperature
will display a peak with a maximum at the temperature where the switching of the magnetic
field matches the relaxation rate, 1/7. Furthermore, since 1/7 increases with temperature, this
peak should shift to higher temperature when the switching frequency is increased. The
relaxation time for the magnetisation in a single molecule magnet can be expected to follow

an Arrhenius relationship:

7= gyelUdr/ksD)

where the pre-exponential term 7 can be thought of as the relaxation attempt frequency. A

plot of Inz versus 1/T should be linear, with the slope and intercept permitting evaluation of

U eff and -
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It has also been recognised that there can be additional influences on the SMM
behaviour such as quantum effects™ or inter-complex magnetic interactions.”® Indeed at low
enough temperature, quantum relaxation of the magnetisation can be experimentally observed
as it becomes faster than the thermally activated relaxation induced by Ues. When two M
microstates on the either side of the energy barrier have similar energies, then there is a
increased probability of quantum tunnelling of the magnetisation (QTM). SMM complexes
appear to be unique systems for studying fundamental phenomena such as quantum spin
tunneling and quantum interference. These may be used for future applications in molecular

electronics.

1.6 Thesis overview

The following chapters will discuss the synthesis, structure and properties of the
coordination compounds obtained using substituted salicylic acid and Schiff base ligands.
Homometallic mixed-valence manganese and heterometallic Fe-Ln coordination polymers
from substituted salicylic acids and different coligands are presented in chapter 3. Discrete
oligomeric complexes of Mn, Cu and Fe with salicylic acid ligands are described in chapter 4.
Detailed NMR studies of the synthesised Schiff base ligands are shown in chapter 5. It also
includes a comparision of the structure and properties of the resulting homo- and
heterometallic complexes using Mn(II) and Ni(I) ions. Various types of magnetic systems
encompassing long-range magnetic ordering and single molecule magnet behaviour were

studied in detail.

24



Chapter 2

Chapter 2: Research objectives

The goal of this research work was to design and synthesise molecule-based materials, and
characterise their magnetic behaviour. An important concept in synthesising such compounds
is the use of molecular building blocks to create systems of different dimensionalities, ranging
from discrete to extended systems. A variety of strategic methods were developed to achieve
this. A further aim of this work was to investigate the influence of ligands, coligands, metal
salts, bases, solvents and the ratios of these components, on the formation of polymeric
networks or metal aggregates.

In recent years, the use of crystal engineering concepts has produced a variety of metal
organic frameworks (MOFs),”” many of which exhibit unusual and fascinating modes of
entanglement of individual motifs.”® There is an increasing interest in these species not only
for their potential properties, but also for their intriguing architectures and topologies such as
molecular grids, herringbones, bricks, ladders, rings, boxes and honeycombs. They have been
produced utilizing organic ligands as linkers and metal centres as nodes. One of our research
goals was to construct extended systems, including MOFs, possessing novel structural motifs
and interesting magnetic properties.

The complexes of 3d transition metal ions and substituted salicylic acids have received
less attention than systems with other aromatic carboxylic acids.” In Chapter 3, coordination
polymers synthesised via the solvolysis reaction of paramagnetic metal ions, substituted
salicylic acid ligands and different coligands are discussed.

The design of supramolecular architectures with novel spin-carrier topologies is of
current interest in the field of molecular magnetism. This has led to the syntheses of
heterometallic complexes, such as 3d-4f metal systems. Although a number of 3d-4f
heterometallic complexes with discrete structures has been obtained by conventional self-
assembly reactions in solution,”"** the syntheses of polymeric compounds has been relatively

rare.”” Our objective was to synthesise heterometallic coordination polymers of transition and
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lanthanide metal ions using substituted salicylic acids (O-donors) and several coligands (N-
donors). Chapter 3 also describes the syntheses and properties of certain heterometallic
coordination polymers.

In order to understand the behaviour that might be expected in such extended
structures, it is useful to synthesise and study analogous systems of mononuclear or trinuclear
units. These units may act as building blocks of the extended structures and can help to
explain the behaviour observed in such systems. This is described in Chapter 4, where
oligomeric structures obtained from salicylic ligands are reported.

The term SMM (single molecule magnet) has been coined to describe well-defined
molecular entities which behave as single-domain magnetic particles below a certain blocking
temperature in the same way as the less structurally precise superparamagnetic nanoscale
particles are known to do. An attractive feature of SMMs is that they can be assembled and
manipulated using synthetic chemistry principles at the molecular level. In this context,
several salicylaldimine (Schiff base) ligands, with diverse slight modifications, were
complexed with metal ions. In this way, the effect of structural or electronic variation on the
magnetic properties was investigated. These kind of ligands have multiple coordination sites,
in which each coordination site possesses a different affinity for different metal ions, and they
have the potential to afford heterometallic clusters by facile one-pot reactions. In Chapter 35,
the structural and magnetic properties of some homo- and heterometallic complexes obtained

by these ligands are examined in detail.
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Chapter 3: Structure and magnetic properties of 1D and 3D compounds with
substituted salicylates

Carboxylate bridges can mediate magnetic interaction in coordination compounds,
thus it is very interesting to study how different kinds of carboxylate ligands and their various
bridging modes can modulate the overall magnetic behaviour of compounds. The tri- and
tetradentate ligands used were 3-methylsalicylic acid (3-Me-salH,), 4-methylsalicylic acid (4-
Me-salH,), 5-methylsalicylic acid (5-Me-salH;) and 3-methoxysalicylic acid (3-MeO-salH,)
(Figure 3.01). Another interest was to investigate the effect of ligand substituents on the
structure and magnetic properties of resulting compounds. The presence of the substituent at
different positions (ortho, meta or para) on the benzene ring of the salicylic acid can help to

understand the role of steric and electronic factors on the coordination chemistry of salicylic

acids.
CH,
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3-Methylsalicylic acid 4-Methylsalicylic acid 5-Methylsalicylic acid
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3-methoxysalicylic acid
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Figure 3.01 Structure of the different salicylic acid ligands.
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Coligands were employed to increase the number and type of donor groups. The
following coligands were used: pyridine (py), 4-methylpyridine (4-Me-py) and 2,2'-bipyridyl
(2,2'-bipy) (Figure 3.02). Using coligands with varying steric effects can have significant

results on the structure of the products.

CH,4

X X

= =
N N
Pyridine 4-methylpyridine 2,2'-bipiridyl
(py) (4-Me-py) (2,2'-bipy)

Figure 3.02 Structure of the various coligands.

During the investigation, new 1D and 3D mixed-valence manganese compounds were
obtained. It was possible to understand how the arrangement of ligands and coligands in these
systems gave rise to different dimensionalities. In addition, the relationship between structure
and magnetic behaviour was deduced by studying the effect of structural changes on the
magnetic properties. The attempt to introduce different metal centres in these extended
systems was also successful, and heterometallic 1D Fe(IIl)-Ln(IIl) coordination polymers
were obtained. Magnetic studies gave insight into the kind of interactions mediated by
salicylic acid ligands between the metal centres. It was evident that by using selected ligands,
coligands and metal salts, a significant degree of control over the structure and magnetic
behaviour can be obtained.

3.1 Homometallic 1D and 3D compounds

Compounds were obtained by room temperature syntheses in methanol using the

selected substituted salicylic acid, py or 4-Me-py, and a Mn(Il) salt. The base used to oxidise

Mn(II) to Mn(III) was triethylamine.
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3.1.1 Structure and magnetic behaviour of [MnsznH(3-Me-sal)4(py)4], 1

The reaction of 3-Me-salH, and py with Mn(Il) in methanol gave [Mn"",Mn"(3-Me-
sal)4(py)s], 1. The structure of compound 1 is an infinite 3D network that crystallizes in the
tetragonal space group, P4;. The asymmetric unit contains one Mn(II) and two Mn(III) ions,

four 3-Me-sal™ ligands and four pyridine coligands (Figure 3.03).

iy
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Figure 3.03 The asymmetric unit of [MnIHzMnH(?a—Me—sal)4(py)4], 1 and its packing

diagram. Colour code: Mn(IIl), purple; Mn(Il), pink; C, black; O, red and N,

blue. Hydrogen atoms are omitted for clartiy.

The two Mn(Ill) centres, Mnl and Mn2, are each chelated (through phenoxo and
carboxylate oxygen atoms) by two different 3-Me-sal” ligands (arranged in a trans position)
forming an equatorial plane with Mn—O bond lengths in the range of 1.847-2.035 A They are
further ligated by two pyridine nitrogen atoms which define the Jahn-Teller axes, with Mn—N
bond lengths in the range of 2.204-2.271 A. In this way, a building unit [Mn(III)(3-Me-
sal)2(py)2]” can be defined. The Mn(Il) centre, Mn3, is coordinated by four carboxylate
oxygen atoms (03, 06, 09, 012) from four bridging 3-Me-sal> ligands. The geometry about
Mn3 is close to tetrahedral, with Mn3-O bond lengths in the range of 2.051-2.095 A, and the

O-Mn-O angles 100.22-114.73°. The Mn3-0 distances correspond to the Mn(I)-O distances
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previously reported in the literature.®® Bond Valence Sum (BVS) analysis further confirms the
oxidation states of the metals.”’

The network can be described in terms of distorted tetrahedral four-fold Mn(II) nodes.
They are bridged by {Mn"'(3-Me- sal)2(py)2}~ spacers, giving a diamondoid network (Figure
3.04), which is compressed along the tetragonal four-fold axis. Alternatively, four-fold Mn(II)
nodes and two-fold guasi-linear Mn(III) nodes (in the ratio of 1:2) can be considered as linked
by 3-Me-sal*" spacers. In either description, the carboxylate groups form syn-anti bridges
between Mn(Il) and Mn(IIl) cations. The four carboxylate bridges about each Mn(Il) are
crystallographically independent, resulting in four different Mn(III)-Mn(Il) distances,
4.612(0) A, 5.025(0) A, 5.054(0) A and 5.381(1) A. Topological analysis of this framework
with the TOPOS software reveals a heterogeneous four-fold diamond-type network with the
total Schlifli symbol of [6°].°® Each Mn(Il) node is linked to four other Mn(Il) nodes via

Mn(III) two-fold nodes, such that each Mn(II) participates in six six-membered {MnH}6 rings,

with distances between the Mn(II) nodes of 9.615 A and 10.415 A.
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Figure 3.04 A diagram of the diamondoid network motif for compound 1. Four-fold Mn(II)

nodes are shown as pink spheres, two-fold Mn(III) nodes are shown in purple.
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The magnetic susceptibility of 1 was studied from 300 K to 1.8 K at 1000 Oe and
10000 Oe (Figure 3.05). At room temperature, the 7T product at 1000 Oe is 9.6 cm’K/mol
which is in agreement with the expected value (10.4 cm’K/mol) for the presence of one
Mn(II) and two Mn(III) metal ions. Upon cooling, the T product steadily decreases to reach
a minimum value of 4.4 cm’K/mol around 10 K, then increases rapidly to reach a maximum
value of 37.5 cm’K/mol at 6 K, and afterwords, abruptly drops down to 14.0 cm*K/mol at 1.8
K. The initial decrease down to 10 K is indicative of dominant antiferromagnetic interactions
between Mn(Il) and Mn(II) metal ions through the two different but very similar syn-anti
carboxylate bridges. The ground state of the system should correspond to a ferrimagnetic
arrangement of spins. The 7 values start to deviate from normal paramagnetic behaviour at
about 10 K. This strongly suggests the appearance of a magnetically ordered phase with a

spontaneous magnetisation. The plot of y versus T at different fields is shown in Figure 3.06.
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Figure 3.05 Temperature dependence of the y7T product for 1 at 1000 Oe and 10000 Oe,

from 0 to 300 K (left side) and from 1 to 100 K (right side).

1 1

The magnetisation as a function of field at low temperatures has been measured up to a
field of 7 T (Figure 3.07). At low fields, there is an abrupt increase up to 1.4 pg at 250 Oe.
When the field is further increased, the magnetisation gradually reaches 3.8 ugat 7 T without

saturation. The curve has a weak sigmoidal shape. It is worth noting that already above 5 T,
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the magnetisation is higher than the expected value (3 ug) for a ferrimagnetic system with two
S = 2 Mn(Il) and one § = 5/2 Mn(Il) spin units. This shows, that the Mn(II)-Mn(III)
antiferromagnetic interactions are clearly overcome by the applied dc field, and that the
magnetisation is expected to saturate at 13 up well above 7 T. The M vs H data at 2 K reveals
the existence of hysteresis with a small coercive field (about 60 Oe), indicating that this

material is a very soft magnet.
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Figure 3.06 Temperature dependence of y for 1 at 1000 Oe and 10000 Oe.
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Figure 3.07 Field dependence of the magnetisation (left side up to 60000 Oe and right side
up to 40000 Oe) for 1 from 1.8 to 8 K; hysteresis loop at 2 K (left, inset).

The in-phase ac magnetic susceptibility (y") exhibits a peak located around 7 K and the

out-of-phase ac susceptibility (y"") deviates from zero at 7.4 K (Figure 3.08). This behaviour
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was found to be almost perfectly frequency-independent, indicating the presence of a true
three-dimensional ferrimagnetic order below 7.4 K.

The Mn(II) and Mn(III) interactions can be evaluated using the mean field theory, and
the experimental critical temperature. The main idea of mean field theory (MFT) is to use an
average or effective interaction for a multi-body system with many interactions. MFT is used
for higher dimensionality system, when the Hamiltonian includes long-range forces. This

method can easily help in understanding the behaviour of the system.
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Figure 3.08 Temperature dependence of ¥’ and y" for 1 from 100 to 1000 Hz.

There are two different types of metal sites in the structure, Mn(Il) and Mn(III). The Mn(II)
ions are linked to four Mn(IIl) ions, and each Mn(III) ion is linked to two Mn(II) ions. The
exchange field therefore is:

8J

Hg, =- <S,> 1(a)
gy
Hy =—4—J<S1 > 1(b)
) gy

where <S;> and <S> are the magnetisations of the Mn(II) and Mn(IIl) sites, respectively. In

the presence of an applied dc field, the magnetisation on each site is:
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S,(S, +1)gu
S, >=———"="2(H+H 2
= 3k, T (H+H;) (a)
<S2 >=M(H+HS ) 2(b)
3k, T :
5,6, +1 S,(S, +1
if we consider: Cg =M and Cg _ 5,8, +Dguy
3ky : 3k,

At T = Tc and under H = 0, the equations 2(a) and 2(b) can be simplified as:

8Cs ||

C

<S,>=—21Hg = <S, > 3(a)
T. bogu T
C 4C. |J

<S,>=—2H = s ‘<Sl > 3(b)
T, PogupTe

by replacing <S;> in the equation 3(b) by equation 3(a). The expression of T¢ as a function of

Csi, Cs2, g, J, is deduced:

G C
To =320 = 4
gy
Considering the expressions of Cg; and Cg; as :
35g4L, 2g1,
5= and Cg, = g R
12k, kg
the expression of 7¢ can be deduced as a function of J/kg:
4+/35]J|
T. = 6

c~ \/ng

Considering a Tc of 7.4 K, J/kg is estimated to be -0.54 K. This average J parameter is

comparable with similar Mn(IIT)-Mn(II) interactions reported in the literature.”
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Compounds Tc (K) J (K)
1 7.4 -0.54
2 4.6 -0.34
3 3 -0.22
4 7.7 -0.56

Table 3.01  Critical temperature (T¢), coupling constant (J) between Mn(Il) and Mn(III)

and coercive field (Hc), for compounds 1, 2, 3 and 4.

3.1.2 Structure and magnetic behaviour of [MnsznH(4-Me-sal)4(py)4(MeOH)]-HZO, 2

The reaction of 4-Me-salH, and py with Mn(Il) in methanol gave [Mn",Mn"(4-Me-
sal)4 (py)s(MeOH)] H,O, 2. The structure of 2 is an infinite 3D network that crystallizes in the
tetragonal space group, /4;. The structure is closely related to that of 1, but with additional
symmetry elements resulting from the lattice centring. The asymmetric unit contains half of a
Mn(II) cation (situated on a crystallographic two-fold axis), one Mn(IIl) cation, two 4-Me-
sal*” ligands, two pyridine molecules and half of a methanol molecule, which is disordered
about the two-fold axis (Figure 3.09).

In an analogous manner to that seen in 1, Mn1 forms [Mn"(4-Me-sal),(py),]” building
block, which is linked to the Mn(II) centres by two syn-anti carboxylate bridges. The two 4-
Me-sal* ligands on each Mn(III) are mutually frans coordinated. Mn2 is coordinated to four
carboxylate oxygen atoms (O3, O3', 06, 06") of four bridging 4-Me-sal” ligands in the
equatorial plane and to the disordered methanol molecule (O7) in the apical position. This
causes a distortion of the tetrahedral geometry about Mn2, pushing apart O3 and O3' to give
an 0O3-Mn2-03' angle of 146.5(1)°, and pushing together O6 and O6' to give a O6-Mn2-O6'
angle of 96.5(1)°. The Mn2-0O3 and Mn2-0O6 bond lengths are 2.037(1) and 2.119(1) A,
respectively, while the Mn2—O7 bond length is longer, at 2.277(1) A. The additional
coordination from the methanol ligand has, as would be expected, weakened the
Mn2—-O(carboxylate) bonding.
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Topological analysis of this framework with the TOPOS software®™ reveals a
homogeneous four-fold non-interpenetrating diamond-type network with a total Schlifli
symbol of [6°]. Each Mn(II) metal centre-node is linked to four others as shown in Figure
3.10, forming six six-membered rings at each metal atom. The Mn"--Mn" distances are all

identical (10.102 A) as a result of the higher crystal symmetry.

Figure 3.09 The asymmetric unit of [MnsznH(4—Me—sal)4(py)4(MeOH)]~H20, 2 and its
packing diagram. Colour code: Mn(III), purple; Mn(II), Pink; C, black; O, red

and N, blue. Hydrogen atoms are omitted for clartiy.

Figure 3.10 The diamond fragment (left) and the network (right) of compound 2.

This compound shows very similar magnetic behaviour as in 1. Figures 3.11-3.14
show all the graphs related to the magnetic properties of compound 2. The T values start to

deviate from the normal paramagnetic behaviour close to 5 K, and the out-of-phase ac
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susceptibility (y') deviates from zero at 4.6 K. The magnetisation at 7 T is higher for this
compound (5.5 pp) than in 1 (3.8 Wp), indicating weaker antiferromagnetic interactions in this
case. The hysteresis effect is observed at low temperature with a small coercive field (30 Oe).
The approach developed to deduce the Mn(Il) and Mn(IIl) interactions in compound 1 was

also applied here, and by considering a T¢ of 4.6 K, J/kp is estimated to be of -0.34 K (Table

3.01).
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Figure 3.11 Temperature dependence of the y7T product for 2 at 1000 Oe and 10000 Oe,
from 0 to 300 K (left side) and from 1 to 100 K (right side).
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Figure 3.12 Temperature dependence of y for 2 at 1000 Oe and 10000 Oe.
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Figure 3.13 Field dependence of the magnetisation from 1.8 to 7 K (left) and hysteresis
loop at 2 K (right).
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Figure 3.14 Temperature dependence of y'and y" for 2 from 100 to 1000 Hz.

3.1.3 Structure and magnetic behaviour of [Mn",Mn"(5-Me-sal)4(py)s(H,0),]:(MeOH),
3

The reaction of 5-Me-salH, and py with Mn(Il) in methanol gave [Mn",Mn"(5-Me-
sal)4(py)a(H20)2]'(MeOH), 3. Complex 3 crystallizes in the monoclinic space group, P2i/c, as
an infinite 3D network that is structurally related to those in 1 and 2 (Figure 3.15).
Consideration of the unit cell parameters (see Chapter 8) shows that the unit cell is derived
from that of 1 by loss of the tetragonal four-fold symmetry. The tetragonal four-fold c-axis

has now become the monoclinic b-axis; the a- and c-axes now have similar but different
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lengths, and the angle between them no longer 90°. The crystal structure of 3 can therefore be
regarded as derived from that of 1 by a shear deformation. The structure of 3, however, is
built up in a similar manner to that of 1 and 2. The asymmetric unit contains one Mn(II), one
complete and two half Mn(III) cations (the half cations lie on inversion centres), four 5-Me-

sal*” ligands, four pyridine ligands, two water ligands and one solvating methanol molecule.

Figure 3.15 The asymmetric unit of [Mn"",Mn"(5-Me-sal)4(py)4(H,0),]"(MeOH), 3 and its
packing diagram. Colour code: Mn(III), purple; Mn(II), pink; C, black; O, red

and N, blue. Hydrogen atoms are omitted for clarity.

The three crystallographically independent Mn(III) cations, Mn1, Mn2 and Mn3, form
[MnIH(S-Me-sal)z(py)z]_ linking units, in the same way as in 1 and 2, and these form syn-anti
carboxylate bridges to the Mn(II) centres, Mn4. The Mn4 ion has a rather regular octahedral
geometry. Two water ligands are coordinated in a cis configuration, while the remaining four
sites are occupied by carboxylate oxygen atoms from four different [MnHI(S-Me-sal)z(py)z]_
units. The two Mn4—-OH, bond lengths are 2.205(9) and 2.242(1) A, while the four Mn4-O
(carboxylate) distances are now in the range of 2.165-2.192 A. The trend observed in 1 and 2

continues, the two additional non-carboxylate oxygen atoms coordinated to Mn4 have

weakened the Mn(II)-O (carboxylate) bond further. The mean Mn(I[)-O bond lengths
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increases in the series: 2.067 A (four-coordinate Mn(Il), 1), 2.078 A (five-coordinate Mn(II),
2) to 2.173 A (six-coordinate Mn(II), 3). Topological analysis of this framework again reveals
a heterogeneous four-fold diamondoid network (Figure 3.16) with a total Schlifli symbol of
[6°]. This diamondoid network is flattened compared to those in 1 and 2, as might be expected
due to the two cis-orientated aqua ligands on Mn4. Of the four Mn"--Mn" internodal
distances, two are equivalent at 10.031 A, while the other two are 10.995 and 11.363 A. The
three networks are, however, still closely related, and this gives the opportunity to see how the
change in Mn(II)-O (carboxylate) bonding might affect the magnetic properties of the

networks.

Figure 3.16 The flatter diamond fragment (left) and the network (right) of compound 3.

The magnetic behaviour of this compound is very similar to that in 1 and 2. Figures
3.17-3.19 show all the graphs related to the magnetic properties of compound 3. The 3T
values start to deviate from normal paramagnetic behaviour at about 3 K. This is consistent
with ac susceptibility measurement, and the out-of-phase ac susceptibility (y"') deviates from
zero at 3 K. The magnetisation at 7 T is higher for this compound (10.9 pg) than in 2 (5.5 pg),
indicating even weaker antiferromagnetic interactions in this case than in complex 2. The
hysteresis effect is observed at low temperature with a coercive field (100 Oe). The approach
used in compound 1 for evaluating the Mn(Il) and Mn(IIl) interactions can also be used here

(Table 3.01), and by considering a T¢ of 3 K, J/kg is estimated to be -0.22 K.
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Figure 3.17 (a) Temperature dependence of the 7 product for 3 at 1000 Oe.
(b) Temperature dependence of y for 3 at 1000 Oe.
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Figure 3.18 Temperature dependence of ¥’ and y" for 3 from 100 to 1500 Hz.
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Figure 3.19 Field dependence of the magnetisation from 1.8 to 4 K (left), and hysteresis
loop at 1.8 K (right), for 3.
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3.1.4 Structure and magnetic behaviour of [MnsznH(3-Me-sal)4(4-Me-py)4], 4
Compound 4, like 1, crystallizes in the space group P43, with a similar, but slightly
larger unit cell (see Chapter 8). The tetragonal space group show that the packing is
isostructural with 1. Due to disorder among the Mn(Il) ions, the structure of compound 4
could not be satisfactorily refined. There may also be disorder of ligands. Consideration of the
structure of 1, indicates that the steric requirements of the 4-methyl substituent on the pyridine
ligand in 4 are likely to force the 4-methylpyridine ligands to bend up or down. Since these
can be considered as occupying separate “‘compartments’ in the lattice, it is assumed that the
deviation of these ligands may not be subject to long-range order, resulting in the refinement
problems. However, X-ray powder diffraction measurements support (Figure 3.20) a
structural motif similar to the 3D diamondoid networks seen in 1, 2 and 3. The powder pattern
of this compound appears to be more similar to that of compounds 1 and 2. Additionally, the

molecular formula, [Mn3(3-Me-sal)4(4-Me-py)4], is supported by the microanalytical data.
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Figure 3.20 Powder pattern for 1-4, black line is 1, red is 2, blue is 3 and olive is 4.
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This compound also has magnetic behaviour similar to that of 1, 2, and 3. Figures
3.21-3.23 show all the graphs related to the magnetic properties of compound 4. In this case,

the T values start to deviate from normal paramagnetic behaviour close to 7.5 K.
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Figure 3.21 (a) Temperature dependence of the y7 product for 4 at 1000 Oe.
(b) Temperature dependence of y for 4 at 1000 Oe.
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Figure 3.22 Field dependence of the magnetisation from 2 to 5 K (left), and hysteresis loop
at 1.8 K (right), for 3.

The out-of-phase ac susceptibility (y") deviates from zero at 7.7 K. The ordering

temperature of this compound is close to that (7.4 K) observed in 1. This implies that
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antiferromagnetic interactions are stronger in 1 and 4, than in 2 and 3. The hysteresis effect is
observed at low temperature with a coercive field of 250 Oe. The Mn(Il) and Mn(III)
interactions were evaluated using the same approach used for compound 1 (Table 3.01), and

by considering a T¢ of 7.7 K, J/kg is estimated to be -0.56 K.
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Figure 3.23 Temperature dependence of ¥’ and y'"’ for 4 from 100 to 1500 Hz.

3.1.5 Structure and magnetic behaviour of [Mnm(4-Me-sal)2(4-Me-py)zMnH(OHz)z
(MeOH),][Mn""(4-Me-sal),(4-Me-pyr).], 5

The reaction of 4-Me-salH, and 4-Me-py with Mn(II) in methanol gave [Mn"(4-Me-
sal),(4-Me-py)>Mn"(H,0),(MeOH),][Mn"'(4-Me-sal),(4-Me-py),], 5. Compound 5 is
composed of 1D linear chains that are a polymer of the monocationic [Mn"'(4-Me-sal),(4-
Me—py)zMnH(HzO)z(MeOH)z]Jr building block, which interact with monoanionic mononuclear
complexes [Mn'""(4-Me-sal)2(4-Me-py),]” through hydrogen bonds and 7t-stacking interactions
to form a 3D supramolecular network. It crystallizes in the triclinic space group, P-1. As
shown in Figure 3.24, the asymmetric unit contains one Mn(III) and two half Mn(Il) cations

(the latter is on inversion centre), which form the polymer, and two half Mn(IIl) ions which

build up the centrosymmetric mononuclear counteranions.
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(b)
Figure 3.24 (a) Structure of the chain, [Mnm(4—Me—sa1)2(4—Me—py)zMnH(HZO)z(MeOH)z]+,
and (b) Structure of the mononuclear anion, [Mnm(4—Me—sal)2(4—Me—py)2]', in

5. Colour code: Mn™, purple; Mn", pink; C, black; O, red and N, blue.

The cationic 1D chain is mixed-valence, with alternating Mn(IIl) and Mn(II) centres.
Mnl has a distorted octahedral geometry and is coordinated by four oxygen atoms (O1, O2,
04, 05) of two bidentate 4-Me-sal* ligands in the equatorial plane with Mn—O bond lengths
in the range of 1.879-1.897 A. The two axial sites have two 4-Me-py nitrogen atoms (N1, N2)

which define the Jahn-Teller axes, with Mn—N bond lengths in the range of 2.179-2.272 A.

45



Chapter 3

This Mn(III) centre, Mnl, forms {Mnm(4-Me-sa1)2(4-Me-py)2}_ units analogous to those
found in 1-3, and these form syn-anti carboxylate bridges to the Mn(II) centres, Mn2 and Mn3.
According to the crystal symmetry, each of the Mn2 and Mn3 is coordinated by two
carboxylate oxygen atoms in a strictly trans arrangement, with additional coordination from
two water and two methanol molecules at an equatorial plane. The average Mn2—O bond
length (2.183 A) is similar to the Mn(II)-O distances (2.175 A) previously reported in
literature.

In the anionic mononuclear complex, [Mnm(4-Me-sal)2(4-Me-py)z], the Mn(III) centre,
Mn4, is coordinated by two bidentate 4-Me-sal” ligands in the equatorial plane and by two 4-
Me-py in the axial sites. Mn3 has an elongated octahedral geometry. The average Mn—O bond
length (1.898 A) is similar to reported Mn(III)-O bond lengths.66

In compound 5§, two different coordination modes can be found for the 4-Me-sal*
ligands. In the first, the 4-Me-sal® ion utilizes the two carboxylate oxygen atoms in a syn-anti
configuration to bridge the Mn(III) and Mn(Il) centres. The second crystallographically
independent ligand is chelated to Mn4 through one of its carboxylate oxygen atom (O12) and
the oxygen atom of hydroxyl group (O11). The mean Mn(IIl)---Mn(Il) separation is 4.888 A.
The Mn(III)-Mn(IT)-Mn(III) angle is 180° by symmetry, while the Mn(II)-Mn(III)-Mn(II)
angle is 174.8(2)°, so the polymer is very close to linear; the chains run parallel to the ¢ axis.
These 1D chains are linked via hydrogen bonds formed by the coordinated water and
methanol molecules on the Mn(Il) centres with the non-coordinated salicylate oxygen atoms
of the mononuclear counteranionic complexes. The hydrogen-bonded network forms 2D
supramolecular layers parallel to the {1 0 0} direction. The stacked 2D layers are held
together with a very complicated arrangement of m-n stacking interactions, resulting in the
supramolecular structure shown in Figure 3.25. The shortest distance between the planes of
the two parallel aromatic rings is 3.693(4) A, which is within the common range for stacking

interactions between two aryl rings.70

46



Chapter 3

Figure 3.25 A view along the [1 0 O] direction of the unit cell of the 3D supramolecular
network in 5. The atoms of the 1D cationic chain (orange) are the space-filling

spheres. The skeleton represents mononuclear anions (blue) and Mn ions (red).

The magnetic susceptibility of 1 was studied from 300 K to 1.8 K at 1000 Oe and
10000 Oe (in Figure 3.26). At room temperature, the #T value at 1000 Oe is 10.6 cm*K/mol
which is close to the expected value (10.2 cm’K/mol) for two Mn(III) and one Mn(II) ions.
On decreasing the temperature, the y7° value steadily decreases until 50 K (10.2 cm’K/mol)
and falls rapidly from 40 K, reaching a minimum of 3.75 cm’Kmol™ at 1.8 K. The initial
decrease down to 50 K is indicative of dominant antiferromagnetic interactions within the
complex. Above 1.8 K, the Curie-Weiss law leads to a Curie constant (C) of 10.8 cm’K/mol
and a Weiss constant (©) of -3.7 K. The Curie constant is in agreement with the expected
value (10.375 cm®K/mol) for one Mn(Il) and two Mn(IIl) metal ions, and the negative Weiss
constant further suggests the presence of antiferromagnetic interactions between the spin

carriers.
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Figure 3.26 Temperature dependence of the y7 product for § at 1000 Oe and 10000 Oe,
from 0 to 300 K (left side) and from 1 to 100 K (right side).

The magnetic properties of this compound were modelled using a regular chain model
(one J value) of alternating s = 2 and S = 5/2 spins, and a Curie contribution for the
mononuclear Mn(III) counterion. The chain portion of the model uses the approach developed
by Fisher, er al.”" for alternating chains. The method developed by Fisher is used to determine
the magnetic susceptibility of a chain compound with a local spin larger than 1/2. Thus, the

following Hamiltonian was used:
. N
A=-2J3S s,
i=1

with s; = 2 and S; = 5/2. Fitting the data, results in g, = 2.04 and J,/kg = -0.55 K, which is
expected for a syn-anti carboxylate bridge between Mn(II) and Mn(III). This shows that the
interactions are antiferromagnetic and weak.® The fitting of the 7T plot is shown in the
Figure 3.27.

The magnetisation measurements done as a function of the field at low temperatures
reveal a gradual increase and the absence of a true saturation of the magnetisation. It reaches
11.4 pg at 7 T as shown in Figure 3.28. This behaviour suggests the presence of low-lying
excited states that might be populated when a field is applied and is in agreement with the fact

that there are only weak antiferromagnetic interactions in the coordination polymer. Indeed, at
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high field when the antiferromagnetic interactions are overcome, one would expect a

saturation of the magnetisation at 13 pp for all parallel spins.
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Figure 3.27 (a) The Curie-Weiss plot for 5 in the temperature range of 1.8-300 K.

(b)Temperature dependence of the y7 product for § from 1.8 to 300 K, and

the solid line is the fit.
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Figure 3.28 (a) Field dependence of the magnetisation for 5 from 1.8 to 7 K.
(b) M versus H/T plot for 5§ from 1.8 to 7 K.

49



Chapter 3

3.1.6 Characterisation of a Mn - (5-Me-salH;) - (4-Me-py) product, 6
The reaction of 5-Me-salH, and 4-Me-py with Mn(Il) in methanol gave compound 6. The
compound was obtained in powder form, therefore single crystal X-ray determination was not
possible in this case. The X-ray powder pattern did not reveal much about its structure as
there was some similarity with the powder pattern of the 3D complexes but presence of other
extra peaks indicated that the compound is not pure. This complex might be a mixture of
various structures and thus, predicting its stucture is difficult.

In conclusion, four 3D networks and one 1D coordination polymer composed of
mixed-valence manganese units have been synthesized using various methyl-substituted
salicylic acids and coligands, such as py and 4-Me-Py. The 3D frameworks are based on

diamondoid networks and show long-range ferrimagnetic ordering.

3.2 Heterometallic 1D compounds

One of the research efforts was to synthesize mixed-metal coordination polymers
using salicylic acid ligands. Compounds were obtained by a room temperature reaction of a
substituted salicylic acid and a coligand with more than one type of metal salt. The solvent
combination used for all of the syntheses was MeOH and H,O in a ratio of 4:1, as this
favoured the formation of crystals. In some cases, the ether diffusion method was also useful
to obtain single crystals. In order to oxidise Mn(Il) ions and deprotonate the ligands,

triethylamine was used as the base.

3.2.1 Structure of [MnNaz(3-MeO-sal),(MeOH);], 7

The reaction of 3-MeO-salH, and a Mn(Il) salt in the presence of sodium azide gave
[MnNa,(3-MeO-sal),(MeOH),], 7. The structure of compound 7 (Figure 3.29) consists of a
1D coordination polymer of manganese and sodium ions arranged in an alternate fashion.

They are bridged by two 3-MeO-sal” ligands.
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Mnl has a distorted octahedral geometry. It is coordinated by two bidentate 3-MeO-
sal*” ligands (through p-phenoxo and carboxylate oxygen atoms) in the equatorial plane. The
axial sites are occupied by two methanol molecules. The average Mn—O bond length (1.896
A) is similar to Mn(II[)-O bond lengths reported in the literature.*® As expected for a Mn(III)
ion, there is a Jahn-Teller elongation with an average axial bond length (2.227 A)

significantly longer than the average equatorial bond length (1.896 A).

Figure 3.29 Part of the structure of the 1D polymer, [MnNa,(3-MeO-sal),(MeOH),], 7.
Hydrogen atoms are omitted for clarity. Colour code: Mn(IIl), pink; Na (blue);
C, black and O, red.

Nal is also octahedral and is coordinated by two bidentate 3-MeO-sal*" ligands where
phenoxo (O1) and methoxy (O4) oxygen atoms from each ligand are coordinating. The other
two sites are occupied by two carboxylate oxygen atoms of two bridging 3-MeO-sal* ligands.
The 3-MeO-sal” ligands bridge Mnl and Nal by a p-phenoxo (O1) and a p-carboxylate
oxygen (02) atoms. As a result, a 1D coordination polymer is formed. The distance between
the Na and Mn ions is 3.309(3) A whereas the distance between two Mn(III) ions is 6.066(6)
A. The Mn-O-Na bond angles are 104.57(3)° and 99.11(3)°. The interesting observation is

that the oxygen atoms of both the carboxylate and phenoxo groups of the 3-MeO-sal* ligand
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show a p-bridging mode. In previously reported compounds‘m'42 from salicylic acid ligands
however, only the carboxylate group showed a p-bridging mode and the phenoxo oxygen
coordinated in a terminal fashion. The Na ions are diamagnetic and the magnetic interactions

between two Mn(III) centres through the Na ion will be very small.

3.2.2 Structure and magnetic behaviour of [Fe,Pr(4-Me-sal)4(2,2'-bipy)>(OH;)s](NO3)
*2MeOH"1.5 H,0, 8

The reaction of 4-Me-salH,, 2,2'-bipy, Fe(Ill) and Pr(IIl) nitrates (mole ratio 4:1:1:1)
in MeOH/H,0 (4:1), gave [Fe,Pr(4-Me-sal)4(2,2'-bipy),(OH)s] (NO3)'3MeOH, 8. It is a
heterometallic 1D coordination polymer, and crystallizes in the monoclinic space group, P2,/c.
The repeating unit comprises of [FeyPr(4-Me-sal)4(2,2"-bipy)2(OH;)s]", one nitrate as
counteranion, one and a half water and two methanol molecules as lattice solvent (Figure

3.30).

Figure 3.30 The repeating unit, [Fe,Pr(4-Me-sal)4(2,2'-bipy)2(OHz)6](NO3):3MeOH, of the
1D chain in 8. Hydrogen atoms are omitted for clarity. Colour code: Fe(Ill),

light green; Pr(IIl), dark green; C, black; O, red and N, blue.
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The trinuclear unit consists of one Prl linked by carboxylate bridges to two Fe(IlI)
centres, Fel and Fe2. The coordination environment for the two Fe centres (Fel and Fe2) are
similar, and both of them have octahedral geometry. They are each chelated (through phenoxo
and carboxylate oxygen atoms) by two different 4-Me-sal” ligands, and by one bidentate 2,2'-
bipy. In this way, two crystallographically independent anionic units, [Fel(2,2'-bipy)(4-Me-
sal),]” and [Fe2(2,2'-bipy)(4-Me-sal),], are constructed. Each [Fe2(2,2'-bipy)(4-Me-sal),]” is
linked to only one Prl by a syn-anti carboxylate bridge from one 4-Me-sal*” ligand, whereas
each [Fel(2,2'-bipy)(4-Me-sal),] is linked to two Prl by syn-anti carboxylate bridges from
two 4-Me-sal” ligands.

The Prl is nine-coordinate. The coordination environment consists of six water
molecules (013, 014, O15, 016, O17, O18) and three carboxylate oxygen atoms (O3, 06,
09) from three bridging 4-Me-sal” molecules. As a result, Prl is linked to one [Fe2(2,2"-
bipy)(4-Me-sal);]” and two [Fel(2,2'-bipy)(4-Me-sal),]" units (Figure 3.31). The distances
between Prl and three carboxylate oxygens are 2.451(4) A (Pr1-03), 2.430(6) A (Pr1-06)
and 2.472(5) A (Pr1-09), whereas Pr1-Fe2 distance is 5.877(1) A and Prl-Fel distance is

5.698(1) A.

Figure 3.31 Structure of the 1D chain of compound 8.
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As explained above, [Fel(2,2-bipy)(4-Me-sal)>]" and hydrated Ln units create an
alternate infinite chain, and the [Fe2(2,2'-bipy)(4-Me-sal),]" are perpendicularly attached to
the Lnl ions of the chain. The 1D chains are connected through hydrogen bonds, giving rise
to the formation of a 2D hydrogen-bonded sheet. The hydrogen atoms of the coordinated
water molecules on Prl form hydrogen bonds with carboxylate oxygen atoms of 4-Me-sal*
ligand, coordinating to the Fe2 of another chain. In addition, the stacked 2D layers are held
together by m-m stacking interactions between the aromatic rings of 2,2'-bipyridyl and 4-Me-
sal*" ligand, resulting in the supramolecular structure. The closest distance between the planes
of two aromatic rings is about 3.49 A

The magnetic susceptibility of 8 was studied from 300 K to 1.8 K at 1000 Oe and
10000 Oe. At 300 K, the T product is 10.5 cm’K/mol (Figure 3.32). This value is in good
agreement with the expected value (10.35 cm’ K/mol) for two Fe(Ill) ions (S =5/2,¢g=2, C=
4375 em’K/mol) and one Pr(IIl) ion (S = 1, L = 3, g = 4/5, *Hs, C = 1.60 cm’K/mol).”* On
decreasing the temperature, the 7 product almost stays constant until about 50 K and then
rapidly decreases to reach a minimum value of 8.4 cm’K/mol at 1.8 K. The decrease of xT
product below 50 K may be due to antiferromagnetic interactions among the spin carriers or
due to the zero-field splitting of Fe(Ill) ions. Also, with the decrease of temperature, the Stark
sublevels of the anisotropic Pr ions are thermally depopulated resulting in a decrease of the yT
vs T plot;” hence, the thermal decrease of the yT product might also partially originate from
the spin-orbit coupling of the single ions.

The field dependence of the magnetisation at several low temperatures shows that the
magnetisation is smoothly increasing with the applied dc field (Figure 3.33). At 7 T, it reaches
a value of 12.0 ug. There is no clear saturation of magnetisation, suggesting the presence of
magnetic anisotropy and/or the population of low-lying excited states. Also, the plot of M vs
H/T at several low temperatures, shows that the curves are not superposed on a single master-

curve, further indicating the presence of magnetic anisotropy and/or low-lying excited states.
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Figure 3.32 Temperature dependence of T for 8 at 1000 Oe and 10000 Oe.
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Figure 3.33 (a) Field dependence of magnetisation, (b) M versus H/T , for 8 from 2 to 5 K.

3.2.3 Structure and magnetic behaviour of [Fe,Gd(4-Me-sal)4(2,2'-bipy).(OH>)s]
Cl12(NO3)12° SH20, 9

Using Gd(III) nitrates a similar reaction as in compound 8 gave [Fe,Gd(4-Me-
sal)4(2,2'-bipy)2(OH;)s] Clip(NO3)i2°5H,0, 9. Compound 9, like 8, is a heterometallic 1D
coordination polymer and crystallizes in the same space group, P2,/c . The repeating unit is
comprised of [Fe,Gd(4-Me-sal)4(2,2-bipy)»(OH,)s]*, half of a nitrate, half of a chloride and

five H,O molecules as lattice solvent (Figure 3.34).
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The trinuclear unit is similar to that of compound 8 and consists of one Gd1 linked to
two Fe(IIl) centres (Fel, Fe2) by syn-anti carboxylate bridges. The Fe2 and Fel coordination
environment is the same as in compound 8. Here also, each [Fe2(2,2'-bipy)(4-Me-sal),] is
linked to only one Gdl by a carboxylate bridge of one 4-Me-sal*” ligand, whereas each
[Fel(2,2'-bipy)(4-Me-sal),] is linked to two Gd1 by the carboxylate bridges of two 4-Me-sal*

ligands.

Figure 3.34 The repeating unit, [Fe,Gd(4-Me-sal)4(2,2'-bipy)>(OH,)s]Cl;»(NO3),,2°5H,0,
of the 1D chain in 9. Hydrogen atoms are omitted for clarity. Colour code:

Fe(Ill), light green; Gd(III), light blue; C, black; O, red and N, blue.

The Gd1 is eight-coordinate whereas the Pr1 in compound 8 was nine-coordinate. This
is expected due to the decrease in ionic radius from Pr to Gd, thus decreasing the coordination
number. Gd1 is coordinated by five H;O molecules (013, O14, O15, 016, O17) and three
carboxylate oxygen atoms (03, 06, 09) from three bridging 4-Me-sal” ligands. As a result,
(Figure 3.35), an infinite chain is formed in a similar manner as observed in compound 8. The
distances between Gd1 and three carboxylate oxygen atoms are 2.345(1) A (Gd1-03),
2369(1) A (Gd1-06) and 2.290(1) A (Gd1-09). The GdI-Fe2 distance is 6.221(2) A and

Gd1-Fel distance is 5.495(2) A.
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In this case also, the 1D chains are connected through hydrogen bonds forming a 2D
hydrogen-bonded sheet. There are m-m stacking interactions in the 2D layer between the
aromatic rings of the 2,2'-bipyridyl and the 4-Me-sal* ligands. The closest distance between

the planes of two aromatic rings is about 3.95 A.

Figure 3.35 Structure of the 1D chain of compound 9.

The magnetic susceptibility of 9 was studied from 300 K to 1.8 K at 1000 Oe and
10000 Oe. At 300 K, yT product is 15.9 cm’K/mol (Figure 3.36). This value is in good
agreement with the expected value (16.6 cm’ K/mol) for two Fe(Ill) ions (S =5/2, g=2, C =
4.375 cm’K/mol) and one GA(IIT) ion (S = 7/2, L =0, g = 2, *S7p, C = 7.875 cm’K/mol).”
Upon decreasing the temperature, the y7 product continuously decreases to reach 11.0 cm’K/
mol at 1.8 K. Fitting of the experimental data above 1.8 K to the Curie-Weiss law, leads to the
following Curie and Weiss constants, 16.0 cm’K/mol and -0.85 K, respectively. As expected,
the Curie constant is close to 16.6 cm’K/mol, for two Fe(III) and one Gd(III) ions.

The field dependence of the magnetisation at low temperatures shows that the
magnetisation smoothly increases with the applied dc field (Figure 3.37). At 7 T, it reaches
the value of 15.9 pg This magnitude of M is very close to the value of 17 pg expected for two
Fe(III) ions (S = 5/2) and one Gd(III) ion (S = 7/2), if the spins are uncoupled.
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Figure 3.36 (a)Temperature dependence of 7 product for 9 at 1000 Oe and 10000 Oe.
(b) The Curie-Weiss plot in the temperature range of 1.8-300 K.
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Figure 3.37 (a) Field dependence of magnetisation, (b) M versus H/T , for 9 from 2 to 5 K.

3.24 Structure and magnetic behaviour of [Fe;Dy(4-Me-sal)4(2,2'-bipy)2(OH,)s]
Cl12(NO3)y12* SH20, 10

For compound 10, it was not possible to determine the structure using single crystal X-
Ray crystallographic methods, as it was difficult to obtain good single crystals in this case.
However, IR and elemental analysis provided useful tools for the elucidation of the structure
of compound 10. The IR of this compound is quite similar to that of compounds 8 and 9. As
observed before, the repeating units in the 1D chain compounds, 8 and 9, are similar so this
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compound is likely to be an isostructural analogue of compound 9. The elemental analysis
indicates a formula similar to 9. This shows that compound 10 is likely to be a 1D
coordination polymer with [FeszyIII (4-Me-sal)4(2,2"-bipy)2(H,0)s]" as the repeating unit.
The magnetic susceptibility of 10 was studied from 300 K to 1.8 K at 1000 Oe and
10000 Oe. At 300 K, the T product is 22.2 cm’K/mol (Figure 3.38). This value is in good
agreement with the expected value (22.9 cm’ K/mol) for two Fe(Ill) ions (S =5/2,g=2,C =
4.375 cm’K/mol) and one Dy(IIl) ion (S = 5/2, L = 5, g = 4/3, *Hisp, C = 14.17 cm’K/mol). ™
On decreasing the temperature, the y7" product almost stays constant until about 50 K and then
rapidly decreases to reach a minimum value of 17.6 cm’K/mol at 1.8 K. As mentioned before,
the decrease of the y7T" product may be due to many reasons, thus it is difficult to say whether
there is any interaction between the Fe and Ln ions or not. Mdssbauer studies were also done
for this compound, but it could not reveal much about the kind of interactions between Fe-Ln

ions.
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Figure 3.38 Temperature dependence of y7T product for 10 at 1000 Oe and 10000 Oe.

The field dependence of the magnetisation at low temperatures shows that the
magnetisation smoothly increases with the applied dc field (Figure 3.39). At 7 T, it reaches
the value of 15.1 pg. There is no clear saturation of magnetisation, suggesting the presence of

magnetic anisotropy and/or the population of low-lying excited states. The magnetisation
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value 15.1 pp, is in good agreement with the expected value (15.23 pg) for all the spins
aligned parallel, that is 10 pup for two S = 5/2 Fe(Ill) ions and 5.23 pg for one Dy(III) ion. The
M vs H/T at low temperatures shows that the curves are not superposed on a single master-

curve, indicating the presence of magnetic anisotropy and/or low lying excited states.
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Figure 3.39 (a) Field dependence of magnetisation, (b) M versus H/T , for 10 at 1.8 and 4 K.

3.3 Summary

In the this chapter, four novel 3D diamondoid metal organic frameworks
[Mn";Mn"'(3-Me-saba(py)s] (1), [Mn",Mn"(4-Me-salu(py)s(MeOH)](H:0)  (2),
[Mn",Mn"(5-Me-sal)4(py)s(H20)>] (MeOH) (3) and [Mn",Mn"(3-Me-sal)s(4-Me-py)] (4)
and 1D coordination polymer [Mnm(4-Me-sal)2(4-Me-py)zMnH(HzO)z(MeOH)z][MnHI(4-Me-
sal)»(4-Me-py)2] (5) have been discussed. These compounds are the first metal organic
frameworks synthesized using substituted methylsalicylates and susbtituted pyridine ligands.
In all these compounds, the structure is dictated by the coordination environment of Mn(II).
When Mn(1Il) is four- or five-coordinated, a 3D diamondoid framework is constructed. For
coordination number six, the arrangement of the ligands and water molecules induces a
change in the structural motif of the final compound. The cis arrangement of the two

coordinated water molecules in compound 3 results in a 3D diamondoid framework, while a
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trans arrangement in 5 leads to the formation of a 1D coordination polymer. The shape of the
diamond networks are also affected by the modification of the coordination environment of
Mn(Il). Magnetic studies show that there are weak antiferromagnetic interactions between
Mn(II) and Mn(IIT) metal ions in the 1D coordination polymer. The 3D networks exhibit long-
range ferrimagnetic ordering at 7.4 K (1), 4.6 K (2) and 3.0 K (3) depending on the
coordination number (4, 5 or 6) of the Mn(Il) centres in the network. The blocking
temperature increases as the coordination number of Mn(Il) decreases. This shows that there
is a decrease in the magnetic interactions with the increase in bond length. The result also
reinforces the hypothesis that the structure of 1 (T¢=7.4 K) and 4 (T¢=7.7 K) are similar as
suggested by the X-ray analysis, and probably Mn(Il) in 4 also has a coordination sphere of
four as in 1. These observations show that the coordination geometry and coordination
number of Mn(Il) can be varied, giving a possibility to change the dimensionality and tune the
magnetic properties. This strategy can be very useful to achieve ferrimagnetic systems that

may have higher blocking temperatures.

This synthetic strategy was also applied using more than one type of metal ion to obtain
mixed-metal complexes. In compound 7, the azide added in the reaction does not coordinate,
but it act as a base to oxidise the manganese. The sodium cation instead coordinates to the
ligand giving a 1D polymer of Na and Mn, where the ligand bridges in a different fashion
from what has been observed before for salicylic acid ligands. Heterometallic 3d-4f
coordination polymers were synthesised with [Fean(4-Me-sal)4(2,2‘-bipy)z(OHz)x]+ (Ln = Pr,
Gd, Dy, x = 5 or 6) as repeating units. The chelating 2,2'-bipyridyl coligand blocks further
bridging of the Fe(IIl) centres with Ln(IlI), and favours the formation of a 1D polymer rather
than a 3D extended structure. This shows that the variation of coligands also plays an
important role in obtaining different structures. There are only a few examples of Fe-Ln
mixed-metal coordination polymers, and these complexes are an addition to these class of

compounds described so far.”*"
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Chapter 4: Structure and magnetic properties of discrete compounds obtained with
substituted salicylates

An important concept for synthesising molecule-based magnetic solids is the use of
molecular building blocks to create systems of varying dimensionalities. These systems range
from zero-dimensional molecules to extended three-dimensional networks. These materials
can be constructed by connecting two paramagnetic metal centres using bridging ligands that
act as super-exchange pathways, inducing either parallel or antiparallel spin pairing. In all
cases, the magnetic units display properties that originate from the molecular nature of the
system. As a result, fine-tuning of these molecular motifs and their magnetic properties may
be possible.

During the investigation of the coordination chemistry of salicylic acid ligands, both
extended and discrete structures were obtained. In chapter 3, 1D and 3D compounds
synthesized from methyl-substituted salicylate ligands were discussed in detail. To understand
the interactions in these extended systems, it was important to isolate and investigate the
magnetic properties of their repeating units. The interesting observation was that the salicylate
ligand, 3-methoxysalicylic acid (3-MeO-salH,) (Figure 4.01), gave discrete structures. The
methyl-substituted salicylic acids, however, produced polymeric networks. This chapter
describes the monomeric and oligomeric complexes obtained from 3-MeO-salH,. It was
observed that some of these complexes are similar to the building blocks of the 1D and 3D
compounds synthesized from methyl-substituted salicylic acid ligands.

In addition to the Mn(II) and Fe(III) metal ions which have been used before, Cu(Il)
ions were also used here to compare the affinity of the ligand towards different metal centres.
A range of solvents (py, MeOH, MeCN, DMF and H,O) was used to find out the appropriate
reaction conditions for obtaining single crystals. The strategy of varying the coligands was
also employed, and coligands such as pyridine (py) and 2,2'-bipyridyl (2,2'- bipy) were used.

The coligands can play an important role in modifying the structures of the complexes and
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can also trap more metal ions. A stepwise study of the variation of metal centres, bases,
coligands, and reaction conditions can be very useful for the purpose of controlling the

synthesis as well as investigating any structure-property relationships.

\ OH

0

OH (o)
Figure 4.01 The ligand, 3-methoxysalicylic acid (3-MeO-salH,).

4.1 Structure of (NHEt:)[Mn""(3-MeOsal),(MeOH)(H,0)], 11

The reaction of 3-MeO-salH, and manganese perchlorate in the presence of base
(triethylamine) using methanol as solvent gave (NHEt3)[Mnm(?a—MeOsal)z(MeOH)(HzO)]
(11). It is a mononuclear anionic Mn complex with a triethylammonium counter cation
(Figure 4.02). The Mn(III) ion has an elongated octahedral geometry. It is coordinated by four
oxygen atoms (O1, 02, OS5, 06) of the phenoxo and carboxylate groups of the two bidentate
3-MeO-sal® ligands in the equatorial plane. The axial sites are occupied by methanol and a
water molecule. The average Mn—O equatorial bond length (1.899(2) A) is typical for
Mn(II1),*® and it has a Jahn-Teller axial elongation with an average axial bond length of
2.255(1) A.

There is intramolecular hydrogen bonding between the hydrogen atom of the
triethylammonium cation and the carboxylate oxygen of the ligand (O7---N 2.73 1(2)A). There
is also intermolecular hydrogen bonding, where hydrogen atoms of the coordinated water
molecule form hydrogen bonds with methoxy (O9---04 2.835(2) A) and hydroxy (O9---0l1
2.982(3) A) oxygen atoms of the ligand from another mononuclear unit (Figure 4.03). The

coordinated methanol molecule also forms hydrogen bond with the non-coordinated
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carboxylate oxygen (O10---O3 2.654(2)A) of the ligand from another mononuclear unit. The
adjacent mononuclear units are held together by n-n stacking interactions between benzene
rings of two units. The shortest distance between the planes of the two parallel aromatic rings

is 3.65(2) A.

Figure 4.02  Structure of (NHEt3)[Mn"(3-MeOsal),(MeOH)(H,0)], 11. The hydrogen bond
is shown by the dotted line. Colour code: Mn'™, purple; C, black; O, red; N,
blue and H, grey.

A
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Figure 4.03 Packing diagram of compound 11. Hydrogen bonds are shown by dotted lines.
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4.2 Structure of (NHEt;),[Fe"'(3-MeOsal)2(OAc)], 12
The reaction of preformed [Fe3(OAc)6(Py)3](ClO4)76 with 3-MeO-salH; in MeCN gave
(NHEt3)2[FeHI(3—MeOsal)z(OAc)], 12 (Figure 4.04). It is a mononuclear Fe complex with

[Fem(?a—MeOsal)z(OAc)]2' as an anionic unit and two (NHEt3)" as counter cations.

Figure 4.04 Structure of (NHEt3)2[FeIH(3—MeOsal)z(OAc)], 12. Hydrogen bonds are shown
as dotted line. Colour code: Fe', green; C, black; O, red; N, blue and H, grey.

Fe(III) is coordinated by two oxygen atoms (09, O10) of a bidentate acetate group,
and by four oxygen atoms (01, 02, 05, 06) of two bidentate 3-MeO-sal* ligand where
carboxylate and phenoxy oxygen atoms from each ligand coordinate. The average equatorial
Fe—O bond length is 1.951(2) A, and the average axial bond length is 2.151(1) A. The Fe(III)
centre has a distorted octahedral geometry, and the angles at Fe subtended by cis and trans
ligand atoms are about 87.86° and 156.67°, respectively. The counter cations form
intramolecular hydrogen bonds with the carboxylate oxygen atoms of the ligand (O6---N1
2.714(2)1&, 03---N2 is 2.805(2)1&). Similar coordination environments were seen for the
Fe(III) centres in the Fe-Ln 1 D compounds (8, 9, 10) described in chapter 3. The carboxylate
groups of the ligand in those compounds, however, were bridging between the Fe and Ln

centres to form chains.
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4.3 Structure and magnetic behaviour of [MnHMnmz(3-MeOsal)4(py)6(H20)2]°4H20, 13
The reaction of 3-MeO-salH, with manganese acetate in pyridine in the presence of the
oxidizing agent (NBusMnOy)”’ gave [MnHMnIHz(?a—MeOsal)4(py)6(HzO )2]"4H, O  (13).
Crystals were obtained by layering the resulting pyridine solution with an equal volume of
petroleum ether. Compound 13 is a linear trinuclear manganese complex with four 3-
MeOsal®, six pyridine and two water ligands. There are also four water molecules present as

lattice solvent (Figure 4.05).

Figure 4.05 Molecular structure of [MnHMnHIz(?)—MeOsal)4(py)6(H20)2]'4H20, 13. Colour
code: Mn", purple; Mn", pink; C, black; O, red; N, blue and H, grey.

All three manganese are six-coordinate, and they are bridged by carboxylate groups in
syn-anti configuration. The central Mn2 ion is located on a crystallographic inversion centre,
and it is flanked by Mnl and its symmetry equivalent. The Mn2---Mnl separation is
5.134(2)A. Mn2 has two axial coordination sites occupied by pyridine. The equatorial sites
have two water molecules in cis configuration, and two carboxylate oxygen atoms (O3, O3')
from two bridging 3-MeO-sal” ligands. Mnl is coordinated by four oxygen atoms (O1, O2,
05, 06) of two bidentate 3-MeO-sal” in the equatorial plane, and the two axial sites are
occupied by pyridine molecules. The average Mn1-O equatorial bond length (1.897(1) A)is

66



Chapter 4

typical for Mn(Ill), whereas the average Mn2-O equatorial bond length (2.180(1) A) is
typical for Mn(ID).*® Bond valence sum (BVS) analysis also confirms the oxidation states of
the metals.”” Mnl shows a Jahn-Teller axial elongation as expected for a Mn(III) ion. The
average Mnl—N axial bond length is 2.353(1) A, and it is significantly longer than the average
equatorial bond length of 1.897(1) A

The magnetic susceptibility of 13 was studied from 300 K to 1.8 K at 1000 Oe and
10000 Oe (Figure 4.06). At 300 K, the y7 product is 9.6 cm*Kmol ', which is slightly lower
than the expected value of 10.4 cm’Kmol™! (one Mn(II), S = 5/2, g = 2.00 and two Mn(III), S
= 2, g = 2.00) ions. On decreasing the temperature, the y7 product continuously decreases to
reach 1.75 cm’Kmol™ at 1.8 K, indicating dominant antiferromagnetic interactions in the
trinuclear complex, compatible with an § = 3/2 ground state. The magnetic behaviour follows

the Curie-Weiss law in the full temperature range of 1.8-300 K, with a Curie constant (C) of

9.78 cm’K/mol, and a Weiss constant () of -5.62 K (Figure 4.07).
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Figure 4.06 Temperature dependence of the 7 product from 0 to 300 K (left) and from 1 to
100 K (right) for 13 at 1000 Oe and 10000 Oe.
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Figure 4.07 The Curie-Weiss Plot for 13, and solid line(red) is the fit.

The M versus H measurements (Figure 4.08) at 1.8 K as a function of the field reveal a
slow increase of the magnetisation, which reaches a value of 9.1 pg at 7 T. A true saturation
of the magnetisation value was not observed, suggesting the presence of low-lying excited
states that might be populated when a field is applied. At higher field when the
antiferromagnetic interactions are overcome, there should be a saturation of the magnetisation

at 13 pp because all spins would be parallel.
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Figure 4.08 Field dependence of the magnetisation (left side up to 60000 Oe and right side
up to 40000 Oe) for 13, from 1.85 K to 10 K.

The high-temperature behaviour of the magnetic susceptibility was modelled by using

a simple symmetrical trimer model approach considering the Mn(Il)-Mn(III) interactions (J;)
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are identical by symmetry. With this structural motif, the Heisenberg spin Hamiltonian can be
written as follows:
H =-2J1(S1aS2+ S15S2)

where J; is the exchange interactions in the trimer between adjacent Mn(II) and Mn(III) ions,
Sia=8;3="2 1s for Mn(Ill), and S, = 5/2 is for Mn(II).

The application of the Van Vleck equation78 to the Kambe’s vector coupling scheme”’
allows a determination of the low-field analytical expression of the magnetic susceptibility. *
The experimental data from 300 K to 1.8 K can be very well reproduced by this model
(Figure 4.09). The best set of parameters obtained are J;/kg = -0.64(1) K and g = 1.93(1). The
amplitude of the interaction through syn-anti carboxylate bridge between Mn(IIl) and Mn(II)

centres is consistent with previously published data. ®
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Figure 4.09 Temperature dependence of the yT product (left side from O to 300 K and right
side from O to 100 K) for 13, at 1000 Oe, and solid line is the best fit.

4.4 Structure and magnetic behaviour of [Mn"™,Mn"(3-MeO-sal)4(py)4(H20)4]-4MeOH,
14

The reaction of 3-MeO-salH, with manganese chloride in methanol using
triethylamine as base gave [MnsznII (3-MeO-sal)4(Py)4(H,0)4]-4MeOH, 14. The structure

of compound 14 is similar to compound 13, but 14 has only four pyridine ligands while 13
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has six . Each Mn(IIl) centre in 13 was coordinated by two pyridine molecules, but in 14 one
of these pyridine molecules has been replaced by a water molecule (Figure 4.10). The lattice
solvents are also different. In this case there are four methanol molecules rather than the four

water molecules found in compound 13.

Figure 4.10 Molecular structure of [Mn",Mn" (3-MeO-sal)4(Py)4(H,0)4]-4MeOH, 14.
Colour code: Mn™, purple; Mn", pink; C, black; O, red and N, blue.

All three manganese are six-coordinate, and are again bridged by carboxylate groups
in syn-anti configuration. The central Mn2 ion is located on a crystallographic inversion
centre, with a Mn2--"-Mn1 separation of 5.120(1) A. The Mn2 coordination environment is
identical to that of Mn2 in 13. Mnl is, however, coordinated by four oxygen atoms (O1, O2,
05, 06) of two bidentate 3-MeOsal” in the equatorial plane, and the two axial sites now have
one water and one pyridine molecule. The average Mn2—-O equatorial bond length (2.198(8)
A), and the average Mn1-O equatorial bond length (1.898(7) A) are typical for Mn(Il) and
Mn(III) distances, 1respectively.66 Mnl has a Jahn-Teller elongation with an average axial
bond length of 2.324(7) A and an average equatorial bond length of 1.898(7) A.

The coordinated water molecule on Mnl forms intermolecular hydrogen bonds with

the carboxylate oxygen of the 3-MeO-sal” ligand from another trinuclear unit. As a result,
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each trinuclear unit is linked by hydrogen bonding to two other units at both ends making a

staircase-like structure, and 14 can be described as hydrogen-bonded 1D chain (Figure 4.11).

Figure 4.11 Hydrogen-bonded structure of compound 14.

The magnetic susceptibility of 14 was measured from 300 K to 1.8 K at 1000 Oe and
10000 Oe (Figure 4.12). At 300 K, the y7 product at 1000 Oe is 9.87 cm’K/mol. On
decreasing the temperature, the xT product continuously decreases to reach 1.7 cm’K/mol at
1.8 K indicating dominant antiferromagnetic interactions in the trinuclear complex. This is
compatible with an § = 3/2 ground state. Fitting the experimental data to the Curie-Weiss law
above 1.8 K leads to the Curie and Weiss constants of 10.9 cm’K/mol and -5.9 K,
respectively. The Curie constant is in agreement with the value (10.375 cm’.K/mol) expected
for one Mn(II) metal ion (S =5/2,g=2) and two S =2 Mn™ ions (§=2,g=2). The negative
Weiss constant suggests the presence of antiferromagnetic interactions between the spin
carriers.

The temperature dependence of the magnetic susceptibility was analysed using the
symmetrical trimer model used for compound 13. This model can reproduce the experimental
data very well from 300 K to 5 K (Figure 4.13). The best set of parameters found were J/kp =
-0.57(1) K and g = 2.00(1). The magnitude of the interactions through the syn-anti

carboxylate bridge between Mn(III) and Mn(Il) is comparable with previous data published in
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the literature, ® and is also similar to compound 13. Below 5 K, it is noteworthy that the
theoritical curve after fitting the data is higher than the experimental values, this might

indicate the presence of additional inter-complex antiferromagnetic interactions.
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Figure 4.12 Temperature dependence of the yT product (left side from O to 300 K and right
side from 1 to 100 K) for 14 at 1000 Oe and 10000 Oe.
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Figure 4.13 Temperature dependence of the yT product (left side from O to 300 K and right
side from 1 to 100 K) for 14, at 1000 Oe, and solid line is the best fit.

The M versus H measurements (Figure 4.14) at 1.8 K reveal similar results as seen in
compound 13. There is a slow increase of the magnetisation with an S-shaped curve, and

absence of a true saturation of the magnetisation. It reaches a value of 10.5 pg at 7 T.
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Figure 4.14 Field dependence of the magnetisation for 14 at 1.8 K.

The change of solvent from 13 to 14 does modify the structure to some extent;
however, it seems that the trinuclear core is stable, and the magnetic interactions do not
change significantly. Similar trinuclear units form the repeating units of the polymeric chain
and networks described in chapter 3. It appears that the bulkier methoxy group of 3-MeO-
salH, prevents further bridging of the Mn(IIl) centres with Mn(II) centres of another
trinuclear unit. The coordination at each Mn(Il) is instead completed by two pyridine
molecules, favouring the formation of discrete structures. It can also be seen that in these
complexes there are antiferromagnetic interactions between the metal centres similar to those
observed in the extended systems; however, there is a remanent magnetisation in the 3D

networks leading to ferrimagnetic long-range ordering.

4.5 Structure and magnetic behaviour of [Mn'",Mn"(3-MeO-sal);(2,2'-
bipy)(H20)3(MeOH),]-3MeOH, 15

The reaction of 3-MeO-salH, with manganese acetate in methanol using triethylamine as base
produces [MnHIzMnH(?a—MeO—sa1)4(2,2'—bipy)(HzO)3(MeOH)2]~3MeOH, 15. It is a trinuclear,

mixed-valence manganese complex arranged in a triangular fashion. The metals are
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coordinated by four 3-MeO-sal”, one 2,2'-bipy, three water and two methanol molecules.

Three methanol molecules are present as lattice solvent (Figure 4.15).

Figure 4.15 Structure of the trinuclear cluster, [MnHIgMnH(?a—MeO—sa1)4(2,2'—bipy)(HgO)3
(MeOH);], in 15. Colour code: MnHI, purple; MnH, pink; C, black; O, red; N,
blue and H, grey.

All three manganese ions (Mnl, Mn2, Mn3) are six-coordinate, and they are bridged
by three carboxylate groups in a syn-anti configuration. The Mnl--*Mn2, Mnl--Mn3 and
Mn2--Mn3 distances are 5.242(3) A, 4.652(2) A and 4.687(4) A, respectively. The
coordination environments of the three manganese ions are different. Mnl has distorted
octahedral geometry, and is coordinated by four oxygen atoms (O1, O2, OS5, 06) of two
bidentate 3-MeO-sal* ligands in the equatorial plane. The two axial sites are occupied by
water and methanol. Mn2 also has distorted octahedral geometry, and is coordinated by four
oxygen atoms (09, 010, O13, O14) of two bidentate 3-MeO-sal> in the equatorial plane. In

the axial sites, Mn2 has one water molecule and one carboxylate oxygen (O3) from a bridging
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3-MeO-sal* ligand, which is also coordinated to Mnl. Mn3 is octahedral, and is coordinated
by one bidentate 2,2'- bipy, one water and one carboxylate oxygen (O11) from a bridging 3-
MeO-sal* ligand in the equatorial plane. This 3-MeO-sal” ligand also coordinates to Mn2. In
the axial sites, Mn3 has one methanol and one carboxylate oxygen (O7) from a bridging 3-
MeO-sal* ligand, which is also coordinated to Mnl. All three manganese ions are, thus
interconnected forming a triangular structure. The carboxylate groups bridge in a syn-anti
configuration.The average Mn3 bond length (2.244(1) A) is significantly longer than the
average Mnl (1.891(1) A) and Mn2 (1.900(1) A) bond lengths, indicating that Mn3 is a
Mn(II) ion, whereas Mnl and Mn2 are Mn(III) ions.®® Further confirmation of the oxidation
states was done by BVS analysis.®” Mnl and Mn2, both have Jahn-Teller axial elongations as
expected for Mn(Ill) ions with the average axial bond lengths (Mnl: 2.273(1) A and Mn2:
2.285(1) A) significantly longer than the average equatorial bond lengths (Mnl: 1.891(1) A
and Mn2: 1.900(1) A). The coligand, 2,2'-bipy, being bidentate and chelating, has to be in cis
positions and stearically favours the formation of a triangular structure. The pyridine
coligand, however, being monodentate prefer to be in trans positions and favoured the
formation of the linear structure in compound 13 and 14.

The magnetic susceptibility of 15 was studied from 300 K to 1.8 K at 1000 Oe and
10000 Oe (Figure 4.16). At 300 K, the yT product is 10.0 cm’K/mol. This is in agreement
with the expected value for the presence of one Mn(Il) metal ion (S = 5/2, g = 2) and two
Mn(IIl) ions (S = 2, g = 2). On decreasing the temperature, the y7 product continuously
decreases to reach 1.7 cm’K/mol at 1.8 K indicating dominant antiferromagnetic interactions
in the trinuclear complex, which would be compatible with an S = 3/2 ground state.

The M versus H measurements at 1.8 K reveal (Figure 4.17) similar magnetic

behaviour as compounds 13 and 14. The magnetisation reaches a value of 9.6 pg at 7 T.

75



Chapter 4

12 12 -
10 + 10 +
IS Is)
g 8¢t g 8l
Y Y
g °f g °f
L L
= 4 — 4
= = K
2 e 1000 Oe 2L ’-' e 1000 Oe
e 10000 Oe e 10000 Oe
0 1 1 1 1 1 ] 0 1 1
0 50 100 150 200 250 300 1 10 100
T (K) T (K)

Figure 4.16 Temperature dependence of the 7 product from 0 to 300 K (left) and from 1 to
100 K (right) for 15 at 1000 Oe and 10000 Oe.
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Figure 4.17 Field dependence of the magnetisation for 15 at 1.8 K.

The high temperature behaviour of the magnetic susceptibility was treated with the
symmetrical trimer model, and the Mn(II)-Mn(IIl) interactions (J;) were considered
equivalent even if by symmetry this is not the case. It is a good approximation considering
that the syn-anti carboxylate bridges are very similar. With this structural motif, the
Heisenberg spin Hamiltonian can be written as follows:

H=-2J1(S1aS2+ S18S2) — 2J2814S 18
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where J; and J, are the exchange interactions in the trimer between Mn(II) and Mn(III) ions
and between two Mn(IIl) ions, respectively. S;4= S;p = 2 is for Mn(IIl) and S, = 5/2 is for
Mn(II) centres.

This model can reproduce the experimental data very well from 300 K to 1.8 K
(Figure 4.18). The best set of parameters found are J/kg = -0.63(1) K, J»/ks =-0.50(3) K and
g = 1.98(1). The magnitude of the interactions through the syn-anti carboxylate bridges
between Mn(II) and Mn(IIl) or between two Mn(IIl) ions, are comparable with previous

published data.®”
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Figure 4.18 Temperature dependence of the yT product (left side from O to 300 K and right
side from 1 to 100 K) for 15 at 1000 Oe, and solid line is the best fit.

4.6 Structure and magnetic behaviour of [Cu3(3-MeO-salH),(3-MeQO-sal),(2,2'-bipy).],
16

The solvolysis reaction of a Cu(Il) salt, 3-MeO-salH, and 2,2'-bipy in methanol gave a
green precipitate of the copper complex, which was partially soluble in DMF. To obtain
single crystals, the solvent diffusion method was used. Layering copper acetate in H,O with
3-MeO-salH, in DMF and then with 2,2'-bipyridyl in MeOH gave [Cu3(3-MeO-salH)»(3-
MeO-sal)»(2,2'-bipy)2] (16). Compound 16 is a linear trinuclear copper complex bridged by

carboxylate and phenoxy oxygen atoms of two fully deprotonated 3-MeO-sal” and two
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monodeprotonated 3-MeO-salH™ ligands (Figure 4.19). All the copper ions are six-coordinate
with a Cul-"Cu2 separation of 3.009(2) A. The central Cul ion is located on a
crystallographic inversion centre. The carboxylate group of the 3-MeO-salH ™ ligand bridges
between two copper ions in a syn-syn configuration (06, O7), and the 3-MeO-sal* ligands
uses only one of its carboxylate oxygen (O2) as a donor to bridge between two copper ions

(Figure 4.20).

Figure 4.19 Molecular structure of [Cu3(3-MeO-salH),(3-MeO-sal)»(2,2'-bipy)s], 16.
Colour code: Cu", light blue; C, black; O, red; N, blue and H, grey.
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Figure 4.20 The two carboxylate bridging modes in compound 16.
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Cu2 has a distorted octahedral coordination environment created by a bidentate 2,2'-
bipy, by two oxygen atoms from the methoxy (O4) and the p-phenoxy group (O1) of a 3-
MeO-sal* ligand, and by carboxylate oxygen atoms from additional 3-MeO-salH™ (O6) and 3-
MeO-sal” (02) ligands. Cul has distorted octahedral geometry with two bidentate 3-MeO-
sal® ligands in the equatorial plane, where phenoxy (O1) and carboxylate oxygen (02) from
each ligand has coordinated. The axial sites are occupied by two carboxylate oxygen atoms
(O7 and O7') from two bridging 3-MeO-salH™ ligands. The Cul-O1-Cu2 angle is 99.30(4)°,
and the Cul-O2-Cu2 angle is 91.99(3)°. Cul bond lengths are in the range of 1.887-2.564 A,
and Cu2 bond lengths are in the range of 1.938-2.503 A. BVS analysis showed that all three
Cu ions exist in the +2 oxidation state.

The magnetic susceptibility of 16 was studied from 300 K to 1.8 K at 1000 Oe and
10000 Oe. At room temperature, the y7T product is 1.18 cm’K/mol, which is slightly larger
than the value (1.125 cm3K/m01) expected for three magnetically isolated Cu(Il) ions with § =
12 and g = 2.0. The yT value increases with decrease of temperature and reaches a maximum
of 1.90 cm’K/mol at 6 K, and then drops down to 1.60 cm’K/mol at 1.8 K (Figure 4.21). The
initial increase of the curve indicates ferromagnetic coupling between the Cu(Il) centres in the
complex. This is expected for a linear Cu(Il); unit like 16 with average Cu'*Cu distance of
3.009 A(2) and average Cu-O-Cu angle of 95.65°. The average Cu-O-Cu angle in this case is
lower than 97.5°, which is considered to be reasonable for the ferromagnetic coupling.®’

Fitting the experimental data was done using the following Heisenberg spin

Hamiltonian®*:
H=-2J(S,S,+ SlS'z)
where J is the exchange interaction between adjacent Cu(Il) ions in the trimer, and S; is the

spin operator for each § = 1/2 Cu(Il). The expression of the susceptibility is given below:

2 2
Ztrimer(T) — Ng IUB {1 + exp(2J/ kBT)+ 10exp(3J/ kBT)}

4k, T | 1+ expJ/k,T)+2exp(3J/ k,T)
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In order to fit the decrease of the y7T product at low temperature, the inter-trimer interaction is
introduced within the frame of the mean field approximation. In this approximation, the

magnetic susceptibility expression becomes:

— ztrimer

Z - ZZJ '
1- 2,2
Ng“puy

trimer

where J’ is the inter-trimer interactions and z is the number of neighbouring Cus complexes.
This model satisfactorily reproduces the experimental data in the temperature range of 300 K
to 1.8 K. Fitting the data gave J/kg = 16.8 K, g = 2.08(1) and zJ/kg = -0.023(1) K (Figure

4.22).

2.0+
—m—at 1000 Oe
1.9 A 204 —m— at 10000 Oe
184 P —m—at 1000 Oe 194
| —m—at 10000 Oe u
| ] ’.
77 ’ S B
3 : |
L ]
g "] ) = 174
> 2
“e 1.5 = [}
3 JQ 164 u lll.
2 = .
E.\\ 1.4 g ",
ly{ 1.5+ I,-
1.3 o
."l
1.4+ 'q._..-.
1.2 g,
-‘.
1.3
1.1 — 771
0 50 100 150 200 250 300 T T T T T T
0 20 40 60 80 100
TK) T (K)

Figure 4.21 Temperature dependence of the 7 product from 0 to 300 K (left) and from 1 to
100 K (right) for 16 at 1000 Oe and 10000 Oe.

The field dependence of the magnetisation at 1.8 K and 3 K is shown in Figure 4.23. There is
a slow increase of the magnetisation, and it reaches a value of 3.03 ug at 7 T. This is
compatible with an § = 3/2 ground state, which is expected for three ferromagnetically
coupled Cu(Il) ions. Fitting the M versus H data with a simple S = 3/2 Brillouin function leads

to a good agreement with the experimental results considering g = 2.04(2). It is worth noting
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that the g factor obtained by this fitting is consistent with the calculated value from the fitting

of the T product
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Figure 4.22 Temperature dependence of the yT product, and solid line is the fit.

—m—at1.8K
3.5 —m—at3K
3.5
3.0 ...llllll::::::: |
= .,l"'. pn®® " 3L
’ 25|
m 2+
= I
~
15
= 7
1L
0.5
I —e— 18K
0.0 1 T T T T T T T T T T T T T T T 1 O IIIIIIIII L L U
0 10000 20000 30000 40000 50000 60000 70000 80000 0 2000 40000 60000
H (Oe) H/Oe
(2) (b)

Figure 4.23 (a) Field dependence of the magnetisation for 16 at 1.8 K and 3 K.
(b) The plot of M versus H with the fitting and solid line is the fit.

4.7 Summary
The results demonstrate that different types of structures can be obtained using a combination

of metal ions and coligands with 3-MeO-salH,. In the trinuclear manganese compounds, the
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carboxylate group was bridging in a syn-anti fashion, and mediated antiferromagnetic
interactions between the metal centres. It was inferred that the addition of coligand helped to
bind more metal centres, but it also changed the structure of the products. Variation of the
solvent affected the structure of the complexes. When pyridine was used, a well-isolated
trinuclear mixed-valence manganese complex (13) was obtained. The same reaction in
methanol (14) replaced two of the coordinated pyridine molecules by water in the trinuclear
Mn complex, and led to the formation of hydrogen bonds between the trinuclear units.
Magnetic studies of compounds 13 and 14, show that there are antiferromagnetic interactions
between the metal centres. In compound 14, however, there are additional intermolecular
antiferromagnetic interactions between the trinuclear units. These trinuclear complexes are
similar to the repeating units of the mixed-valence manganese coordination polymers
synthesised from methyl-substituted salicylic acids described in chapter 3. These results
indicate that the methoxy-substituted salicylic acid (3-MeO-salH,) favours discrete and
oligomeric structures probably as a result of steric effects.

The use of the chelating and bidentate coligand, 2,2'-bipyridyl, along with 3-MeO-salH, and
Mn(II) ions, favoured the formation of a triangular structure in 15. This shows that under
similar reaction conditions variation of the coligand can influence the structure. The same
coligand with Cu(Il) ions and 3-MeO-salH, gave a linear structure, with p-oxo bridges from
both carboxylate and phenoxy groups. The methoxy group of the ligand (3-MeO-salH,) did
not coordinate in the Mn complexes (13, 14, 15), but did coordinate with Cu(Il) ions in
complex 16. The ferromagnetic coupling in the Cus complex (16) is well—supported81 by the
structural parameters, and this shows that the bridging modes of carboxylates in this complex
favour ferromagnetic interactions. The strategy of varying the metal ions, coligands, solvents
and reaction conditions made it possible to obtain a series of compounds which provide a

system useful for understanding the coordination chemistry of salicylic acid ligands.
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Chapter 5: Structure and magnetic properties of Schiff base complexes obtained using
substituted salicylaldehydes

Molecules that can function as nanoscale magnets have potential applications in data
storage devices. These molecules, called single molecule magnets (SMMs),* exhibit the
classical properties of a macroscopic magnet below their blocking temperature,gz"85 which is
currently limited to about 5 K. They show slow relaxation of the spin reorientation along an
axis because they have a high-spin ground state and an uniaxial magnetic anisotropy (D). The
first discovered SMM, the Mnj,-acetate molecule, with a D value of -0.46 cm’! (-0.66 K, 1
Kelvin = 0.695 cm™) and S = 10 ground state, has an energy barrier of about 46 cm™ (66 K).*
After this discovery, a number of complexes have been classified as SMMs. These include
derivatives of the original Mni, species and other polynuclear complexes containing Mn, Fe,
Ni, Co or lanthanides ions, such as Tb, Dy, Ho and Er.}”*° To understand the SMM behaviour
better, the complexes that exist in structurally related families are of particular interest
because the effect of structural variations on the magnetic properties can be investigated. With
this in mind, ligand systems derived from Schiff-type condensations of various substituted
salicylaldehydes with aromatic or aliphatic amines were used (Scheme 5.01). Deprotonation
of these ligands affords tri-, tetra- and pentadentate species possessing the potential to bridge
and chelate metal ions, increasing the stability of any resultant metal complex.

Schiff bases obtained from aromatic amines were synthesised, isolated in crystalline
form and then characterised. Complexation reactions using the resultant ligands and transition
metal ions were then pursued. Reactions using aliphatic amines led to Schiff base ligands in
the form of oils. In this case, ligand synthesis and metal complexation was achieved in a one
step reaction. The ligands can be modified in several ways. The aromatic and aliphatic amines
containing hydroxyl groups were chosen in order to provide more donor atoms on the ligand.
The number of alcohol arms on aliphatic amines can be increased, making the Schiff base

ligand potentially polydentate. Different substituents on the benzene ring of salicylaldehyde
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or on the aromatic amines can change the electronic environment of the ligand, thus
modifying the structure, and the magnetic properties of the complexes. NMR spectra of the
synthesised ligands were compared in order to determine the conformational structure of the
ligand. This study helped to predict whether ligand modifications might affect the structure of

the resulting metal complexes.
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Scheme 5.01 Schematic representations of the reactions to produce the Schiff base ligands.

Several homometallic complexes were synthesised from the Schiff base ligands and
Mn(Il) salts. Manganese can exist in various oxidation states thus providing interesting
magnetic properties. More specifically, Mn(Il) has five unpaired electrons and can give a high
ground state spin and Mn(Ill), being anisotropic, can give high D values. By combining

different metal ions, which have versatile magnetic properties and different distributions of
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electrons in the atomic orbitals, it should be possible to prepare molecules with larger
magnetic anisotropy and higher spin ground states. In order to synthesize such systems a
multinucleating ligand with two or more nonequivalent coordination sites should be chosen.
Schiff base ligands containing imine and hydroxy groups should be suitable for synthesising
heterometallic complexes. Ni(II) ions were chosen along with Mn(II) ions because Ni(Il) has
significant zero-field-splitting (D) and can give SMMs.”® 1t was possible to obtain
homometallic and heterometallic complexes exhibiting slow relaxation of the magnetisation.
These complexes, which show SMM behaviour, possess a low spin ground state, but the high
D values led to significant energy barrier.

5.1 Characterisation of the Schiff base ligands

The Schiff base ligands from H,L' to H,L® were synthesised at room temperature in
MeOH by a condensation reaction of a substituted salicyaldehyde with an aromatic amine (1:1
ratio) (see Scheme 5.01). The reaction mixture was strirred for few minutes to give an intense
orange solution. After partial evaporation of the solvent, the ligands could be separated from
the solution after one or two days. They were characterised by elemental analysis, IR and
NMR spectroscopy (see Chapter 7). Isolation of ligands prior to complexation reactions is
often useful as it eliminates the presence of side products or the unreacted starting materials
leading to pure compounds. In addition information on the structure of metal complexes can
be obtained by comparing their IR or NMR spectra to that of the ligands and thus can help in
the analysis of the complexes obtained.

In the '"H NMR spectra of H,L' ligand (in Figure 5.01), four singlet signals were
present with chemical shifts at 3.81, 9, 9.9 and 14 ppm. In addition, there were multiple lines
in the region of 6.8 to 7.4 ppm. The singlet at & = 3.81 ppm corresponds to the methoxy (—
OCHj3) hydrogen atoms and the peaks in the region from 6 = 6.8 to & = 7.4 ppm correspond to
aromatic protons (Ar-H). The singlet at & =9 ppm is characteristic of the hydrogen atom from

the imine group (H-C=N-). The appearance of this signal and disappearance of the aldehyde
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signal (8 = 10 ppm) clearly indicates the formation of a Schiff base according to Scheme 5.01.
The broad singlet at § = 9.9 ppm corresponds to the proton of the hydroxy (—OH,) group,
which belongs to the aminophenol part of the Schiff base. The singlet at & = 14 ppm
corresponds to the proton of the hydroxy (—OH,) group from the salicylaldehyde part of the
Schiff base. The higher chemical shift at 14 ppm, and the broadening of the signal is a result
of the hydrogen bond formed by the proton of the hydroxy group with the imine nitrogen
atom. In the aromatic region of the "H NMR spectra, multiple lines indicate spin-spin splitting.
For the assignment of the proton signals coming from the two different aromatic rings, the
2D-NMR techniques, 'H'H correlation spectroscopy (COSY) and 'HC heteronuclear
correlation (HETCOR) were carried out. Ligands HZL2 to HZL6 were characterized using the
same approach mentioned above.

For ligand H,L', the COSY was carried out in the region from o 6.8 to & 7.4 ppm
(Figure 5.02). The cross-peaks indicate that proton B is spin-spin coupled to C and A, proton
C is coupled to D and B, and proton G is coupled to E and J. In this way, the aromatic protons
can be assigned to their respective signals. Further analysis and proof of the structure was
obtained from the 2D heteronuclear chemical-shift correlation, HBC (HETCOR) NMR,
indicating the proton-carbon connectivities (Figure 5.03).

The comparisions between some of the NMR spectra of the ligands are shown in
Figure 5.04. Although the signals look similar, there are differences in the chemical shifts.
This is expected due to the presence of different substituents (CH;, OCH3, OC,;Hs, OH) at
different positions on the aromatic rings of the ligands. The largest deviation can be seen for
ligand H,L’, which is in accordance with the strong electron-accepting behaviour of the OH
substituent (R; = OH) of 3-hydroxysalicylaldehyde . Strong influences can also be observed
due to the methyl substituent (R3 = CH3) of 4-methylaminophenol in the ligand H,L’. These
effects may lead to some modification in the electronic structure of the metal complexes,

changing the force and nature of the magnetic interactions.
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Figure 5.02 COSY 2D "H'H NMR for the ligand, H,L', in DMSO from 6.8 to 7.4 ppm.
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5.2 Metal complexes obtained with the Schiff base ligands.

Compounds were obtained via room temperature reactions of a Schiff base ligand and
one or more metal salts in methanol. The base used was triethylamine. When a preformed
ligand was used, it was first dissolved in methanol, and then the metal salt and base were
added. When the ligand was synthesised in situ, the aldehyde and the amine were dissolved
first in methanol. Completion of the ligand reaction was indicated by the appearance of a
characteristic yellow colour to the solution. Only after the colour change were the base and

metal salt added.

5.2.1 Structure and magnetic behaviour of [MnsznH(Ll)z(p-OAc)z(p-
OMe),(MeOH),]-2MeOH, 17

The trinuclear Mn complex, [MnsznH(Ll)2(u—OAc)z(u—OMe)z(MeOH)z]'2MeOH
(17), was synthesised from 3-methoxysalicylidene-2-aminophenol (Hle) and Mn(Il) acetate
in methanol (Figure 5.05). It includes a central octahedral Mn(II) ion, Mnl, located on a
crystallographic inversion centre flanked by two tetragonally distorted Mn(III) ions, Mn2. The
Mn2--Mnl separation is 3.132(5) A.

The structure is linear with the Mn2-Mnl-Mn2' angle constrained to be 180°. The
coordination environment of the central Mnl is composed of two oxygen atoms (OS5, OS5')
from two bridging acetates, two p-phenoxo oxygen atoms (O3, O3') from the Schiff base
ligand (L")*, and two p-alkoxo oxygen atoms (04, O4') from two methoxy groups. The
Mn1-O bond lengths are in the range of 2.168-2.279 A and are in accordance with Mn(I[)-O
distances reported in the literature.®® Mn2 is coordinated by the tridentate Schiff base LhH*
ligand (N1, O1, O3), a p-alkoxo oxygen (O4) from a methoxy group, one acetate oxygen (06),
and one methanol molecule (O7). The bond lengths of Mn2 are typical for Mn(III)66 and it
shows a Jahn-Teller elongation. The average equatorial bond length is 1.922(4) A, while

average axial bond length is 2.250(4) A and the Jahn-Teller axes of the two Mn(III) centres
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are parallel. The methanol molecules present as lattice solvent form hydrogen bonds with the
coordinated acetate (O5-H distance 1.764(3)A) and methanol (021---H distance 1.783(3)A)
molecules. The packing diagram shows strong n-n stacking interactions between the aromatic
rings of the two ligand molecules. The shortest distance between the planes of two parallel

aromatic rings is about 3.5 A (Figure 5.06).

Figure 5.05 Structure of the trinuclear cluster in [MnsznH(Ll)z(u-OAc)z(u-OMe)z
(MeOH),]-2MeOH, 17. Colour code: Mn(III), purple; Mn(II), pink; C, black; O,
red; N, blue and H, grey.

Figure 5.06  Packing diagram for 17. Colour code: Mn(III), purple; Mn(II), pink; C, black;
O, red; N, blue and H, grey.
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The magnetic susceptibility of 17 was measured from 300 K to 1.8 K at 1000 Oe and
10000 Oe. At room temperature the y7 product is 10.9 cm’K/mol (Figure 5.07). This value is
in agreement with the value (10.4 cm’K/mol) expected for the presence of one Mn(I) (S = 5/2,
g =2)and two S = 2 Mn(Ill) ions (S =2, g = 2). Upon decreasing the temperature, the yT
product continuously decreases to reach 0.62 cm’K/mol at 1.8 K, indicating dominant
antiferromagnetic interactions in the trinuclear complex.

The M versus H measurements were done at low temperatures from 8 to 1.8 K (Figure
5.07). At 7 T, the magnetic moment reaches a value of 3.05 pg. The absence of true saturation
of the magnetisation suggests the presence of magnetic anisotropy and/or low-lying excited

states.
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(a)
Figure 5.07 (a) Temperature dependence of y7 for 17 at1000 Oe and 10000 Oe.

(b) Field dependence of the magnetisation for 17 from 1.8 to 8 K.

The fitting of the magnetic data for this complex was done using the following Hamiltonian:
H=-2J,(S1452+ S1552)

where J; is the exchange interaction in the trimer between adjacent Mn(Il) and Mn(III) ions;

S1a= 813 =2 for Mn(Ill) and Sz = 5/2 for Mn(Il) ions. The parameter for the intermolecular

interactions (zJ) was also considered. Fitting the data (Figure 5.08), gave J; = -2.91(6) cm’,
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zJ = -0.36(6) cm™ and g = 2.00. The energy spectra shows that the lowest spin state is 3/2.

The energy levels, however, can be affected by the zero-field splitting of Mn(IIl) and the low-

lying excited states could be occupied at 1.8 K.

compound clearly displays in-phase (y) and out-of-phase (y') signals below 3 K with

frequency dependence, indicating slow relaxation of the magnetisation. This feature suggests

that the compound might be a SMM.
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The characteristic time of the relaxation was extracted from the plots of y" vs 7, and
In(7) versus 1/T was plotted. Fitting these data by the Arrhenius law (Figure 5.10), the
characteristic SMM energy gap (U.y) was estimated at 12.3 K with a pre-exponential factor
(19) of 2.7-107 s. Since the exact ground state of the complex is not known, for the estimation

of D value further studies (such as high field EPR) are in progress.

o
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Figure 5.10 Arrhenius Plot of In(zr) versus 1/T for 17.

5.2.2 Structure and magnetic behaviour of [MnsznH(L3)2(u-OAc)2(p-OMe)2], 18

The trinuclear Mn complex, [Mn",Mn"(L? )2(L-OAc),(u-OMe),] (18) (Figure 5.11),
was synthesised from 3-methoxysalicylidene-(2-amino-4-methylphenol) (H,L*) and Mn(II)
acetate in methanol. As in compound 17, there is a central octahedral Mn(Il) ion, Mnl,
flanked by two Mn(III) ions, Mn2 and Mn2'". In this case, however, the Mn2-Mn1-Mn2' bond
angle is 144.55(6)° giving rise to a bent structure. In addition, the Mn2 is square pyramidal
rather than octahedral.

The coordination environment of the central Mnl is as in 17. Mn2 is coordinated by
one acetate oxygen (O3), a tridentate Schiff base (L3)2' ligand (N1, O4 ,05) and a p-alkoxo
oxygen (O1) from a methoxy group. The Mn'-"Mn separation is 3.082(3) A. The bond lengths
of Mn2 are typical for Mn(II),°® and it exhibits a Jahn-Teller elongation. The average

equatorial bond length is 1.912 A, while the axial bond length is 2.129(2)A.
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Figure 5.11 Structure of [MnsznH(L3)z(u—OAc)z(u—OMe)z], 18. Colour code: Mn(III),
purple; Mn(Il), pink; C, black; O, red; N, blue and H, grey.

The magnetic susceptibility of 18 was measured from 300 K to 1.8 K at 1000 Oe and
10000 Oe. At room temperature the y7 product is 8.36 cm’K/mol (Figure 5.12). This value is
lower than the value (10.4 cm3K/m01) expected for the presence of one Mn(Il) metal ion (S =
5/2, g =2) and two S =2 Mn(III) ions (S =2, g =2). Upon decreasing the temperature, the 7T
product continuously decreases to reach 0.75 cm’K/mol at 1.8 K, indicating dominant
antiferromagnetic interactions in the trinuclear complex.

The M versus H measurements were done at low temperatures from 4 to 1.8 K (Figure
5.12). At 7 T, the magnetic moment reaches a value of 3.19 pp. A true saturation of the
magnetisation is absent, indicating the presence of magnetic anisotropy and/or the presence of
low-lying excited states, which might be populated when a field is applied.

Fitting the magnetic data using the same symmetrical trimer model as in 17 (Figure
5.13(a)), gave J; = -4.23(2) em’, 72/ = 0.67(2) cm' and g = 2.00. The energy spectra shows
that lowest spin state is 3/2 (Figure 5.13(b)).

The ac susceptibility measurement in zero dc field shows a complete absence of an
out-of-phase component above 1.8 K suggesting that there is no slow relaxation present in this
compound. This might be due to the bent structure of this trinuclear complex. As a result, the
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Jahn-Teller axes are not parallel, and the resultant tensorial sum of the D values decreases.”’
This can be compared with 17, where the trinuclear complex has similar coordination
environment, but the structure is linear. This leads to the parallel alignment of the Jahn-Teller
axes leading to a higher resultant D value. The energy barrier to the thermal relaxation of the
magnetisation depends on D, and it increases with the increasing D value. Interestingly, the

slight ligand modification affected the structure, as well as the magnetic properties.
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Figure 5.12 (a) Temperature dependence of y7 for 18 at 1000 Oe and 10000 Oe.
(b) Field dependence of magnetisation for 18 from 1.8 to 4 K.
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5.2.3 Structure and magnetic behaviour of [MnsznH(L7)2(0Ac)4(OH2)2]°MeOH, 19
The reaction of the Schiff base, 3-methoxysalicylidine-2-ethanolamine (H2L7, formed
in situ), and Mn(II) acetate in methanol gave [MnIHzMnH(L7)2(OAC)4(OH2)2]'MeOH (19). The
molecular structure of 19 comprises of a trinuclear mixed-valence manganese complex
(Figure 5.14). This includes a central octahedral manganese, Mnl1, flanked by two Mn ions,
Mn2 and Mn3. The Mn2-Mn1-Mn3 bond angle is 176.66(4)° with the Mn1---Mn2 separation

at 3.499(2) A and the Mn1--"Mn3 separation at 3.512(2) A.

Figure 5.14 Crystal structure of compound [MnHIzMnH(L7)2(OAC)4(OH2)2]'MeOH, 19.
Colour code: Mn(IlI), purple; Mn(Il), pink; C, black; O, red; N, blue and H,
grey. The hydrogen bond is shown by dotted line.

The octahedral coordination environment of the central Mnl is composed of four oxygen
atoms from four bridging acetates (O7, 09, O11, O13) and two p-alkoxo oxygen atoms (O1,
04) from the Schiff base ligand (L7)2'. Mn2 and Mn3 are each coordinated by a tridentate
Schiff base (L')* ligand (Mn2: N1, 02, Ol and Mn3: N2, 05, 04), by two oxygen atoms
(Mn2: O8, O10 and Mn3: O12, O14) from two bridging acetate groups and by one water
molecule. The bond lengths of Mn2 and Mn3 are typical for Mn(III),66 and show Jahn-Teller

elongation. The average equatorial bond length for Mn2 is 1.932 A and for Mn3 is 1.934 A,
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while the average axial bond length for Mn2 is 2.232 A and for Mn3 is 2.243 A. The Jahn-
Teller axes of Mn2 and Mn3 are not parallel, being angled at about 112.5°.

There is one methanol molecule present as lattice solvent. The methanol hydrogen
atom forms intramolecular hydrogen bond with acetate oxygen atom (O12-H distance is of
2.016(4)1&). The hydrogen atoms of the coordinated water molecule at Mn(IIl) in one
trinuclear unit form intermolecular hydrogen bonds with an ethoxy oxygen (O---H distance of
2.023(7)1&) and an acetate oxygen (O-"H distance of 2.049(8)1&) of another trinuclear unit.

This gives rise to a 1D hydrogen-bonded chain (Figure 5.15).

Figure 5.15 Hydrogen-bonded structure of compound 19.

The magnetic susceptibility of 19 was studied from 300 K to 1.8 K at 1000 Oe and
10000 Oe. At room temperature the y7 product at 1000 Oe is 8.22 cm’K/mol, which is lower
than the value (10.4 cm’ Kmol'l) expected for the presence of one Mn(Il) metal ion (S =5/2, g
= 2) and two § = 2 Mn(IIl) ions (S = 2 , g = 2). Decreasing the temperature, the y7" product
continuously decreases to reach 0.53 cm’K/mol at 1.8 K, indicating dominant
antiferromagnetic interactions in the trinuclear complex (Figure 5.16).

The M versus H measurements were performed from 4 to 1.8 K (Figure 5.16). At7 T
the magnetic moment reaches a value of 3.04 pg. A true saturation of the magnetisation is

absent, indicating the presence of magnetic anisotropy and/or a field-induced population of

98



Chapter 5

low-lying excited states. Using the the symmetrical trimer model of 17 and 18, fitting the data
gave J; = -4.92(2) em’, zJ = -0.87(2) cm™ and g =2.00 (Figure 5.17(a)). The energy spectra

shows that the lowest spin state is 3/2 (Figure 5.17(b)).
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Figure 5.16 (a) Temperature dependence of y7 for 19 at 1000 Oe and 10000 Oe.
(b) Field dependence of magnetisation for 19 from 1.8 to 4 K.
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The complete absence of an out-of-phase component above 1.8 K indicates that the

compound does not show slow relaxation. The structure is almost linear as in compound 17,
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but the bridging is different. In this case, one oxo and two carboxylate groups take part in the
bridging, while one carboxylate and two oxo groups form the bridges in 17. It could be
possible that the bridging ligands play important role in the magnetic properties and SMM

behaviour.

5.2.4 Structure and magnetic behaviour of [Mnm3(u3-0) (L")3(MeOH);](Cl1Oy), 20

The reaction of the Schiff base, 3-ethoxysalicylidine-(1-amino-2-propanol) (H,L',
synthesised in situ), and Mn(Il) perchlorate in methanol gave [Mnm3(u3-0)
(L'")3(MeOH)5](ClOy), 20. The structure of 20 has three Mn(IIl) atoms which form an
equilateral triangle with an oxygen atom (O1) in the centre (Figure 5.18). The central p;-

oxygen atom is displaced (0.861(3) A) from the Mn; triangular plane.

Figure 5.18 Structure of [Mn"%(u3-0) (L')3(MeOH)3](ClO4), 20. Colour code: Mn(IIl),
purple; Mn(Il), pink; C, black; O, red; N, blue and H, grey.
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The Mn:---Mn distance is 2.968(4) A. The Mn—(u3-O) bond distance is 1.918(1) A.
Bonding from the tridentate Schiff base (L' ligand via N1, O3, O2, one oxygen from
methanol molecule (O5), and one p-alkoxo oxygen (O2) from another Schiff base (L”)z'
ligand complete coordination at each Mn(III) atom. The average axial bond length of Mn(III)
ion (2.256(2) A) is significantly longer than the average equatorial bond length (1.921(2) A),
and is expected due to Jahn-Teller distortion.

The magnetic susceptibility of 20 was measured from 300 K to 1.8 K at 1000 Oe and
10000 Oe. At room temperature the yT product is 8.69 cm’Kmol™ (Figure 5.19). This is close
to the value (9.00 cm*Kmol™) expected for the presence of three S =2 Mn(IIl) ions (§=2, g
= 2). Upon decreasing the temperature, the y7" product continuously decreases to reach 4.97
cm’Kmol ™" at 1.8 K, indicating dominant antiferromagnetic interactions in the trinuclear
complex. The M versus H measurements were performed from 8 to 1.8 K (Figure 5.19). At 7
T, the magnetic moment reaches a value of 7.23 ug. As seen for compounds 17-19, a true

saturation of the magnetisation is absent in this case also.
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Figure 5.19 (a) Temperature dependence of y7T for 20 at 1000 Oe and 10000 Oe.
(b) Field dependence of magnetisation for 20 from 1.8 to 8 K.

The magnetic data for this complex was simulated using the Hamiltonian:

H= —2.]12(S1S2 + S2S3) -2 J13(S1S3)
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where Ji>and J;3 are the exchange interactions in the triangle between adjacent Mn(III) ions
and §;= 85, = 53 = 2 for Mn(IIl) centres. The theoritical curve ( J;3 =-0.4 em’, Jo=-0.3 cm™,
and g = 2.0) and the experimental curve are shown in Figure 5.20(a). The J values indicate
presence of antiferromagnetic interactions between the spin carriers. Such behaviour is
characteristic for spin frustration in a triangular system. The deviation of the theoretical value
below 15 K is due to ZFS (zero-field splitting) contribution. The energy diagram show that
the lower spin states (S =0, S=1 and S = 2) are very close to each other Figure 5.20(b). The
relative distributions of this energy level can by disturbed by ZFS. From the value of yT at 1.8

K, it is expected that two spin states are populated (S = 2 and S = 3) at this temperature.
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Figure 5.20 (a) T versus T plot and solid line is the simulation. (b) Energy spectrum for 20.

5.2.5 Structure and magnetic behaviour of [Mn;"Ni,"(L'4(X), {X= CH3;CO0O™ (21),
X=CI' (22)}

The complex, [anmNizH(L14)4](CH3COO)2 (21), was synthesised in methanol by the
reaction of manganese and nickel acetates with the Schiff base, salicylidine-(tris-
(hydroxymethyl)-aminomethane), which was synthesised in sifu. The structure of 21
comprises of a face-sharing double cubane core with two missing vertices, composed of two

Mn(III) and two Ni(Il) ions, as shown in Figure 5.21.
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The two Ni(II) and two Mn(III) ions are located at the four corners of the incomplete
double-cubane core and are bridged by two pr-alkoxo, two ps-alkoxo and two phenoxo
bridges from the Schiff base ligand (L14)2'. The Mn(IIl) ions are positioned at the outer
vertices of the double-cubane, and the Ni(Il) ions are situated on the inner corners. The Mn(III)
and Ni(Il) ions are doubly bridged forming a dinuclear unit with two oxygen atoms (O2 and
06), and the two symmetrically related dinuclear cores are linked by two phenoxo (O1 and

O1") and two alkoxo (O6 and O6') groups by z>- and u3- bridges, respectively.

Figure 5.21 Structure of [MHQHINiQII(L14)4](CH3COO)2, 21. Hydrogen atoms were removed
for clarity. Colour code: Mn(III), purple; Ni(Il), green; C, black; O, red and N,
blue.

The Mn(IIl) ion is Jahn-Teller distorted with octahedral coordination geometry. The
equatorial positions are occupied by three oxygen (02, OS5, and O6) and one nitrogen (N2)
atoms, and the axial positons have a phenoxo oxygen (O1) and an alkoxo oxygen (O3) atom.
The average axial bond length (2.269 A) is significantly longer than the average equatorial
bond legth (1.930 A) as expected for high-spin Mn(IIl) ions. The Ni(Il) ion is also six-

coordinate with the equatorial position occupied by four oxygen atoms (O1, 02, 06, O7),
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whereas the apical positions are occupied by one nitrogen (N1) and one alkoxo oxygen (0O6')
atoms. The bond lengths of the Ni(II) ion are longer than those of the Mn(III) ion. Ni(Il) ions
have coordination bond lengths in the range of 1.974 A —2.144 A. The M-"M distances of
Mnl-Nil, Mn1--Nil', Nil-~Nil', Mnl-Mn1' pairs are 3.026(9) A, 3.111(4) A, 3.188(5) A
and 5.244(1) A, respectively. The bridging angles between Ni(II) and Mn(II) ions are in the
range of 94.43-102.20°, while two Ni(Il) ions are bridged by the angle of 99.073(1)°.

The crystal packing of 21 is defined by multiple hydrogen bonds which involve the
outer sphere acetate anion and the non-coordinated alcohol groups of the ligand. The
hydrogen bonds connect the tetranuclear units forming a 3D hydrogen-bonded network

(Figure 5.22).
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Figure 5.22 Hydrogen bonded 3D network in 21 (hydrogen and some disordered atoms are

not shown for clarity).

Complex 22, [MHQIIINiQII(L14)4](C1)2, was synthesised using a similar reaction as for 21,
but in this case manganese and nickel chlorides were used. It also has the same incomplete
double cubane core composed of two Mn(Ill) and two Ni(Il) ions. The coordination
environments of Mn(III) and Ni(Il) are same as in 21, but in this case the counter cations are

two chloride ions. The M- *M distances of Mnl--"Nil, Mnl---Nil', Nil--"Nil', Mnl‘---Mn1'
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pairs in 22 are 3.009(2) A, 3.111(2) A, 3.144(3) A and 5.251(5) A, respectively. The bridging
angles between Ni(II) and Mn(IIl) ions are in the range of 95.17-102.45°, while the two Ni(II)
ions are bridged with the angle of 97.826(5)°.

Since the Mn,Ni, core is almost the same in compound 21 and 22, their magnetic
properties are likely to be similar. Magnetic studies on 22 was, however, not possible as the
yield was very low and the compound was not pure. The magnetic susceptibility of 21 was
measured from 300 K to 1.8 K at 1000 Oe and 10000 Oe (Figure 5.23). At room temperature
the 7 product is 8.23 cm’K/mol which is in good agreement with the presence of two § = 2
Mn(Il) (g =2,C=3 cm’Kmol™) and two S = 1 Ni(Il) (g=2,C=1 cm’Kmol™") ions. When
the temperature is lowered, the 7 product continuously decreases to reach 2.05 cm’Kmol™ at
1.8 K indicating the presence of antiferromagnetic interactions among the spin carriers. The
field dependence of the magnetisation was performed at 1.8 and 4 K (Figure 5.23). The
magnetisation approaches 4 pg at 7 T. The absence of magnetisation saturation suggests the
presence of magnetic anisotropy, and probably a field-induced population of low-lying

excited states in the system.
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Figure 5.23 (a) Temperature dependence of the yT product for 21 at 1000 Oe and 10000 Oe.
(b) Field dependence of the magnetisation for 21 at 1.8 K and 4 K.
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The T (0.1 T) and the magnetisation curves (at 1.8 and 4 K, up to 7 T) were fit using the
following Hamiltonian:
H =-2J/(S1S5 + SiSa+ S283 + 8254) — J2(S384) + Dan ((S12)” + (S2:)°) + Dii ((S3)” + (S1)°)
+ 8u. (S71+ 52)'B + gni (S5 + S4)°B.
where 1 and 2 are the Mn(III) sites (S = 2), and 3 and 4 are the Ni(Il) sites (S = 1). J; is the
exchange coupling between the Mn(IlI) and Ni(I) ions, and J; is the coupling between the
Ni(Il) ions. Dy, and Dy; are the zero-field-splitting (ZFS) values of the Mn and Ni sites,
respectively. The g factors were fixed to gy, = 2.0 and gy; = 2.2, which are typical values for
the two ions.
The following four fitting scenarios were considered. J; and J, were always allowed to vary.
(1) Dyn = Dni =0
2) Dy #0, Dni =0
(3) Dun=0, Dy £0
(4) Dun # 0, Dyi# 0
The resulting fits for T were always very good, so they are not shown for all the cases. After
consideration of all the scenarios, the fits for the magnetisation curves at 1.8 and 4 K gave
some clear conclusions. The curves at 1.8 K are always higher at low fields.

For the first scenario, Dy, = Dy; = 0, clear differences are visible in the y7 curve at
low temperatures (Figure 5.24). The magnetisation curves are poorly reproduced, which is
expected considering that both Mn(III) and Ni(II) are generally known to exhibit substantial
ZFS. J; is found to be in the order of -5 K, while J; is zero within the statistical significance.

For the scenario, Dy, # 0 and Dy; = 0, two stable and reproducible fits were obtained,
and they are distinguished by Dy, < 0 and Duy, > 0 (Figure 5.25). The goodness-of-fit is,
however, somewhat better for Dy, < 0. Since Mn ions are Jahn-Teller elongated D is expected
to be negative. J; is again found to be in the order of -5 K, while J; is very small and negative.

In this particular case, the g factor (gax) was also allowed to vary freely in the fit, yielding
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only slight improvements with gn; = 2.24. This shows that fixing the g factor is a reasonable

strategy here and that the value considered for the g factor is appropriate.
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Figure 5.24 (a) Temperature dependence of the 7 product for 21, Dy, =Dy;=0.
(b) Field dependence of the magnetisation at 1.8 and 4 K for 21. J; = -5.4(2) K,
J2 =-1.0 (3) K and DMn :DNi =0.
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Figure 5.25 Field dependence of magnetisation at 1.8 and 4 K for 21. (a) J; =-5.18(5) K, />
=-1.17 (7 K, Dy, =-2.6 K(1), Dy;=0. (b) J1 =-5.17(5) K, J» =-1.7(7) K, Dy,
=3.4Q2) K, Dy;=0.

For the scenario, Dy, = 0 and Dy; # 0, magnetisation curves are poorly reproduced.
The values of Dy; are not reasonable and not statistically significant (Figure 5.26). J; is again

found to be in the order of -5 K, while J, is zero within statistical significance.
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H(T)

(a) (b)
Figure 5.26 Field dependence of magnetisation at 1.8 and 4 K for 21. (a) J; =-6.5(2) K, J»
=-2.006) K, Dy =0, Dni =-73(7) K. (b) J1 =-5412) K, J, =-13) K, Dy, =0,
Dni=12) K.

For the scenario, Dy, # 0 and Dy; # 0, two stable and reproducible fits were obtained
(Figure 5.27), which are distinguished by Duy, < 0 and Dy; > 0 and by Day, > 0 and Dy < O.
These are the best results obtained which is not surprising, considering the fact that the model

has the largest number of free parameters. The D values are reasonable in magnitude and are
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Figure 5.27 Field dependence of magnetisation at 1.8 and 4 K for 21. (a) J; =-5.3(5) K, J»

=0.9(7) K, Dun =-3.92) K, Dy; = 6.2(6) K. (b) J1 =-5.34(5) K, J,=0.2(8) K,

DMn = 41(2) K, DNi = -70(8) K
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statistically significant. The goodness-of-fit is somewhat better for the Dy, < 0 and Dy; > 0
result. J; is again found to be in the order of -5 K. J; is very small and positive.

The conclusion drawn from the fits were that in all the cases except one, J; was found
to be in the order of -5 K. Based on the best fit, the final J; can be considered to be -5.3(5) K.
J> always had very small value, was either positive or negative, and thus can be considered
close to 0(1) K. The zero-field splitting of Mn(III) cannot be ignored and is important because
with Dy, = 0 the fits were not good. From these plots, one can not clearly distinguish between
positive or negative D,y,, but the goodness-of-fit was slightly better for Dy, < 0. The fits were
weakly affected by the zero-field splitting of the Ni ion. Considering Dy, = 0 gave
unreasonable values for Dy;, and inclusion of Dy; did not improve the best-fit curves.
Although Dy; values in the order of 6-7 K appear reasonable in the fit of the fourth scenario,
the magnitude of the ZFS of the Ni ions cannot be determined reliably.

The ac susceptibility measurements were carried out in a zero dc field. Below 3 K and
around 1500 Hz, the compound displays in-phase (y¥') and out-of-phase signals (y"). A
frequency dependence of y’ and y" signals was also detected (Figure 5.28), which is indicative
of a slow relaxation of the magnetisation. This feature suggests that this compound is likely to
be a SMM. The weakness of the signal is not surprising considering that the ground state spin
of the complex is small.

From the zero-field data, it is not possible to obtain the characteristic relaxation time
because there is no clear maximum in the "' versus 7" data above 1.8 K. As a result, a small dc
field was applied at 1.8 K in order to remove any fast zero-field relaxation (Figure 5.29). It
can be seen that the relaxation of magnetisation is strongly affected by this dc field. The
relaxation mode, which was observed above 1500 Hz in a zero dc field, goes down to 58 Hz
at 1600 Oe. This type of behaviour strongly suggests that this compound is a SMM, and the

zero-field quantum tunneling of the magnetisation is still effective at 1.8 K.
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Figure 5.29 Frequency dependence of ' and y" for 21 from 0 to 2000 Oe at 1.8 K.

In order to estimate the relaxation time (), ac susceptibility measurements were done
at 1600 Oe. A clear maximum can be now detected on the plots of y"' versus T and y" versus v
data (Figure 5.30). The 7 versus 1/T graph was plotted using the relaxation times obtained
from the out-of-phase susceptibility data. Fitting these data by the Arrhenius law, the
characteristic SMM energy gap, 4, was estimated to be 21.1 K with a pre-exponential factor
(z0) of 1.5 10 s (Figure 5.31). If we consider the spin ground state S7= 2, this energy gap will

lead to a D/kg of -5.3 K.
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The energy spectra at zero field were also calculated. The energy spectrum in Figure
5.32 was calculated for the parameter set with J; =-5.3 K, J, =0 K, Dy, = -3.9 K. The ZFS of
Ni was allowed to vary between Dy; =0 and 6 K. It was observed that energy spectra for both
the Dy; values were similar. Apparently, the energy spectrum and the ground state, are not
much affected by ZFS of the Ni ion. This is the reason that the magnetisation fits were also
not affected by Dy;. Figure 5.33 shows the energy spectrum for J; = -5.3 K, J; =0 K, Dy, =
4.1 K and Dy;= 0 K. For this case too, the energy spectrum is almost independent of the value

of DNi-
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Figure 5.32 Energy spectrum of 21 for Dy, = -3.9 K, Dy; =0 or Dy; =6 K.
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Figure 5.33 Energy spectrum of 21 for Dy, =4.1 K and Dy; =0 K.
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For the first case, the ground state is M = +4 (M = 25), with an energy gap of about 10
K between the ground state and the next higher-lying state. For the second case, the ground
state is M = 0, this is so even if a large easy-axis Dy; = -7 K is included. Only the negative
Dwmn scenario is consistent with the observation of a slow magnetic relaxation at low
temperatures. The low-lying states can not be characterized by a spin multiplet, and the giant-
spin model fails completely. This is because the ZFS parameters are not small compared to
the J values, so the giant-spin model does not apply and S-mixing effects are very significant.
In fact, the S-mixing is so strong that the concept of multiplets breaks down completely,
except for the two lowest M = +4 levels, which can be described by an effective spin -1/2. In
conclusion, 21 has an S = 2 spin ground state with a high negative D value (D/kg= -5.3 K),

and is a SMM with a magnetisation reversal barrier of IDIS 2=21.1K.

5.3 Summary

In this chapter, several types of trinuclear mixed-valence manganese complexes 17-20
as well as heteronuclear Mn-Ni complexes 21, 22 have been synthesised with tri-, tetra- and
pentadentate Schiff base ligands. It is evident from the deviations in the NMR spectra of the
ligands that the electronic environments of the metal complexes are changed by ligand
modifications (17, 18). The presence of a methyl substituent on the aromatic ring of the ligand
H2L3, salicylidene-(2-amino-4-methylphenol), caused a deviation in the chemical shifts
compared to the spectra of the ligand without the substitutent H,L', salicylidene-(2-amino-
phenol). Compounds 17 and 18 were synthesized using H,L' and H,L?, respectively. On
comparing their magnetic properties, 17 behaves as a single molecule magnet and 18 does not.
The ligand modification led to changes in the structures of the complexes, such that 17 is
linear and 18 is bent. The bulkier methyl substituent on the aromatic ring favoured the
formation of a bent structure. The SMM behaviour in the linear structure is likely to result

from the parallel alignment of Jahn-Teller axes giving higher total anisotropy on the molecule.
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The use of aromatic and aliphatic amines gave similar structures in 17 and 19, but the
bridging modes between the metal centres were different giving different magnetic properties.
It is also worth noting that using additional bridging ligands along with Schiff base ligands
can change the structure, thus compound 19 is linear with bridging acetate groups, whereas in
20 where bridging acetate groups are absent the structure is triangular. Both have
antiferromagnetic interactions between the spin carriers, but in 20 there is spin frustration as
expected from the triangular structure. In this way, the investigation of a family of complexes
can help to compare the effects of small structural variations on magnetic properties.

Heterometallic complexes were targeted because interesting magnetic behaviour can
be expected due to the interplay of two different metal ions. Increasing the number of alcohol
arms on the aliphatic amines helped to increase the nuclearity and also led to the binding of
different metal ions. Compounds 21 and 22, both with a tetranuclear MnmzNin core, were
synthesised. Magnetic measurements of complex 21 indicate the presence of dominating
antiferromagnetic interactions within the heterometallic core. Although it possesses a small
ground state spin of S = 2, the very high anisotropy (D/kg = -5.3 K) leads to an energy barrier
to spin reversal and it behaves as a single molecule magnet. This represents the highest
negative D value seen in a cluster compound.”® Previously, most efforts had been devoted to
the synthesis of compounds with large spin through exchange interactions, which are more
predictable than the magnetic anisotropy parameter D. In future however, increasing the
magnetic anisotropy in high-nuclearity clusters with a high-spin ground state may be the key
in obtaining very high energy barriers. The Schiff base ligands seem to impart high magnetic
anisotropy to these complexes and they would be suitable for synthesizing further similar
systems. A systematic study of the effect of structural variation on the D values lead to a
better understanding of this parameter and may help in synthesising SMMs with larger energy

barriers.
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Chapter 6: Conclusions

This reserach has produced a variety of compounds exhibiting a wide range of
structural motifs, such as 3D metal organic frameworks and discrete metal clusters. They gave
scope to study different magnetic behaviour and helped to establish a magneto-structural
correlation.

In Chapter 3, the synthesis, characterisation and magnetic properties of four novel
three-dimensional (3D) mixed-valence metal organic frameworks, [Mn3(3-Me-sal)4(py)4] (1),
[Mn3(4-Me-sal)4(py)s(MeOH)]- (H,O) (2), [Mns(5-Me-sal)4(py)s(H.0):]-(MeOH) (3) and
[Mn;(3-Me-sal)4(4-Me-py)4] (4), and one coordination polymer {[Mny(4-Me-sal),(4-Me-
py)2(H,0),(MeOH),][Mn(4-Me-sal),(4-Me-py).]} (5) were discussed. The compounds were
synthesised by room temperature reactions of Mn ions, methyl substituted salicylic acids and
coligands. Examining the topology of the 3D frameworks of compounds 1-4 shows that they
are based on diamondoid networks, in which each Mn(II) centre is connected to four Mn(III)
centres forming a tetrahedral node. The Mn(IIl) centres form two-fold nodes. While the
coordination geometry of Mn(Il) varies, that of Mn(IIl) is always distorted octahedral. The
magnetic interactions between Mn(Il) and Mn(IIl) centres are antiferromagnetic inducing a
ferrimagnetic long-range order in the 3D network compounds.

In these compounds the coordination environment of the Mn(Il) centre plays a very
important role in the formation of different structures. It was observed that when Mn(Il) is
four- (1) or five-coordinated (2), a 3D diamondoid framework is constructed. For a
coordination number of six, the arrangement of the ligands leads to a change in the structural
motif of the final compound. In the structures of 1, 2 and 3, the diamondoid network, which
requires the coordination of four carboxylate oxygens to each Mn(Il), could be maintained
even with the coordination of one or two additional methanol or water ligands, as they could
be accommodated in an octahedral environment for Mn(Il). Coordination of two water and

two methanol ligands to each Mn(II) in § made it impossible for Mn(II) to accommodate four
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carboxylates. This resulted in the coordination of only two carboxylates leading to a linear
polymer rather than the 3D network. The shape of the diamondoid networks are also affected
by the type of ligands at Mn(Il) centre. For example, 3 has a flattened diamondoid network
due to the cis orientation of the water ligands.

Magnetic studies show that there are weak antiferromagnetic interactions between
Mn(II) and Mn(III) metal ions in the 1D coordination polymer (5). The 3D networks exhibit
long-range ferrimagnetic ordering at 7.4 K (1), 4.6 K (2) and 3.0 K (3), which depends on the
coordination number (4, 5 or 6) of the Mn(II) centres in the network. As the coordination
number of Mn(Il) decreases, the blocking temperature increases. This shows that there is a
decrease in the magnetic interactions with the increase in bond lengths. The structure of 4
could not be fully refined from the single crystal X-ray diffraction data, but the powder
pattern and the space group determination suggested a structural motif similar to 1. Magnetic
properties also reinforced the hypothesis that the structures of 1 and 4 are similar as they have
similar blocking temperatures T¢=7.4 K and T¢=7.7 K. Hysteresis effects were observed at
low temperature in all 3D compounds, with the coercive fields of 60 Oe, 30 Oe, 100 Oe and
250 Oe for 1, 2, 3 and 4, respectively.

This synthetic strategy was also useful in preparing 3d-4f heterometallic coordination
polymers (8, 9, 10). [FeoLn(4-Me-sal)4(2,2-bipy)»(OH,),]" (Ln = Pr, Gd, Dy, x = 5 or 6) were
the repeating units of these 1D-chain compounds. There is an alternating arrangement of Fe
and Ln centres in the chain, and another Fe(IIl) centre attaches perpendicularly to the Ln ions
of the chain. The chelating coligand, 2,2'-bipyridyl, allowed the Fe(Ill) centres to bridge with
only one or two Ln centres, and thus favoured the formation of the 1D chain. The observed
decrease of the yT value with decreasing temperature, might be due to antiferromagnetic
interactions between Fe-Ln centres, the zero-field splitting of Fe(Ill), the depopulation of the
Stark sublevels level of the anisotropic Ln ions or a combination of these. It was thus difficult

to deduce the magnetic interactions between the Fe and Ln ions. Only a few Fe-Ln 1D
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coordination polymers are known to date, so these compounds are valuable new examples.“'
*2 Further study of these complexes will be required to gain a better understanding of the
magnetic interactions.

The results in Chapter 4 show that the strategy of varying the metal ions, coligands,
solvents and reaction conditions was successful in obtaining a series of compounds for a
systematic study of the coordination chemistry of salicylic acid ligands. Linear trinuclear
manganese complexes (13, 14) synthesised from methoxy-substituted salicylic acid (3-MeO-
salH,) and pyridine as coligand were similar to the repeating units of the mixed-valence
manganese coordination polymers obtained from methyl-substituted salicylic acids described
in Chapter 3. It appears that the bulkier methoxy group of 3-MeO-salH, prevents further
bridging of the Mn(IIl) centres with the Mn(Il) centres of another trinuclear unit. The
coordination at each Mn(Il) is instead completed by two pyridine molecules, favouring the
formation of discrete structures. In these complexes there are antiferromagnetic interactions
between the metal centres similar to those observed in the extended system, however, in 3D
networks there is a remnant magnetisation which leads to long-range magnetic ordering.
Using a bidentate and chelating coligand, 2,2'-bipyridyl, along with 3-MeO-salH, and Mn(II)
ions, a triangular mixed-valence manganese complex (15) was obtained. This shows that
variation of the coligands can vary the structure from linear in 13 and 14 to triangular in 185.
All trinuclear mixed-valence manganese complexes had syn-anti carboxylate bridging modes
and have antiferromagnetic interactions between the spin carriers. The same coligand with
Cu(Il) ions and 3-MeO-salH, gave a linear structure in 16, with p-oxo bridges from both
carboxylate and phenoxy groups. In this complex, the carboxylate shows two kinds of
bridging modes, a syn-syn configuration and a p-oxo bridge by only one of the carboxylate
oxygens. These bridging modes favour ferromagnetic coupling in the Cus complex.

Substituted salicylaldimines (Schiff base ligands) produced several trinuclear mixed-

valence manganese complexes (17-20) and heteronuclear Mn-Ni complexes (21, 22). The
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NMR studies of the synthesised Schiff base ligands and a comparision of their spectra were
useful in following how ligand modification can change the electronic environment of the
metal complexes and in turn can lead to different structures and/or different magnetic
properties. This can be well demonstrated in the case of compounds 17 and 18, synthesised
from HZLI, salicylidene-(2-amino-phenol) and H2L3, salicylidene-(2-amino-4-methylphenol),
where 17 behaves as a single molecule magnet and 18 does not. The ligand modification also
led to changes in the structures of the complexes, such that 17 is linear and 18 is bent. It is
likely that the bulkier methyl substituent on the aromatic ring favoured the formation of the
bent structure. The SMM behaviour in the linear structure might be due to the parallel
alignment of Jahn-Teller axes on the Mn(III) centres giving a higher total anisotropy.

The use of aromatic and aliphatic amines gave linear structures in both 17 and 19, but
the bridging modes between the metal centres were different giving different magnetic
properties. Compounds 17-19 were synthesised using mixed ligand systems of
salicylaldimines and acetates. Compound 20 was synthesised in the absence of acetate groups
and the structure was found to be triangular showing spin frustration effects.

Increasing the number of alcohol arms on the ligand helped in binding more metals,
and the use of different metal ions was explored. Compounds 21 and 22, both with a
tetranuclear MnmzNin core, were synthesised. Magnetic measurements of complex 21
indicate the presence of dominating antiferromagnetic interactions within the heterometallic
core. It possesses a small ground state spin of S = 2, but has a very high anisotropy (D/kg = -
5.3 K) leading to a significant energy barrier, so it behaves as a single molecule magnet. This
has the highest negative D value seen in a cluster compound. The Schiff base ligands appear
to impart high magnetic anisotropy to these complexes. This may be due to the strong ligand
field they induce in the equatorial sites on the Jahn-Teller elongated Mn(Ill) coordination
environment. They are thus highly suitable for synthesising single molecule magnets with

high energy barriers.
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Chapter 7: Experimental

This chapter presents the syntheses of the reported compounds in addition to various
analytical techniques utilised to characterise and investigate the properties of these
compounds. All the analytical experiments mentioned were not applied to all of the
compounds due to different experimental requirements or stability considerations.

7.1 NMR spectroscopy

'H NMR and “C NMR spectroscopy were used to identify the ligands that were
synthesized. 2D NMR (COSY) was used to further investigate the ligand structure which
could not be completely explained by 1D NMR. The organic ligands were analyzed on the
Bruker AC 250 spectrometer at the Inorganic Chemistry Department of the University of
Karlsruhe. The deuterated solvents used were DMSO-d6 and CDCls.

7.2 Elemental analysis

Elemental analysis for C, H and N were carried out at the Inorganic Chemistry
Department at the University of Karlsruhe.

7.3 Infra-red spectroscopy

Infra-red spectroscopy is a useful technique for identifying organic ligands and thus
helps to verify the presence of organic ligands in the metal-ligand complexes. In addition, it
provides a unique fingerprint of the molecule and enables identification of similar structures
involving the same ligand.

A small amount of the sample to be measured was ground into a fine powder together
with absolutely dry KBr. This was then pressed into a transparent disk while under vaccum
using a force of 10 N. Fourier Transform IR measurements were carried out on a Perkin-
Elmer Spectrum instrument. The spectra were taken in the normal range between 4000 cm™ to

400 cm™ using 16 scans at a resolution of 4 cm™.
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7.4 X-ray powder diffraction (PXRD)

PXRD was used to deduce the structure of compounds by comparing the spectra of
similar systems. As was done for one of the 3D compounds, where a single crystal
measurement was not successful, its powder diffraction pattern with other known 3D
compounds confirmed its structure.

The samples were ground into fine powder, mounted on a round disk with grease
between two plastic sheets and placed on the STOE STADI P X-ray powder diffractometer.
The measurements were made using Cu-Ka,; radiation with 4 = 1.5406 A. The collected data
were analysed with the software WinX"*", which gives plots of the diffraction intensities as a
function of the 26 values.

7.5 X-ray single crystal measurement

The most powerful method for analysing and confirming the structure of molecules is
by single crystal X-ray structural analysis. The data were collected at 150 K on a Stoe IPDS 1I
area detector diffractometer or at 100 K on a Bruker SMART Apex CCD diffractometer using
graphite-monochromated Mo-Ka radiation. The structures were solved using SHELXTL
software. The following factors are important while refining the structures. First, the residual
factors, R; and R, are defined as :

Ri={ZIFy|=1F N}/ {ZIFgl}
WRy = {Z W Fo* = F2)* 1/ ZIw( Fo)1 }'7?
| Fy | is the data of the diffraction intensity and background exposure time obtained from the
raw data after collection, reduction and correction. | F. | is the corresponding calculated data
after structural analysis. R; < 0.05 normally indicates good structural analysis.
The value w is the weight for each diffraction point and depends on the accurasy with which
F, 02 was measured. It is defined as:

w=1/6"
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wR; is sensitive to the little differences in the structural analysis, such as the disorder of atoms
and the defined H atoms. Normally wR> should be lower than 0.15 when the data is
reasonable, but 0.2 is still acceptable.
The goodness-of-fit is another important factor for the quality of the structural analysis, and is
defined as:
S={EW(Fi = F2Y1/ (n-p)}'"”

where n and p are the number of the unique reflections and the number of parameters
involved in the refinement, respectively. When S is far from 1.0, it indicates that the weighing
scheme could be wrong and should be made better if the collected data is adequate.
7.6 Magnetic Measurements

Magnetic susceptibility measurements were obtained using a Quantum Design SQUID
magnetometer MPMS-XL susceptometer. This magnetometer works between 1.8 and 400 K
for dc applied fields ranging from -7 to +7 T. Measurements were performed on finely ground
polycrystalline samples. Ac susceptibility measurements have been measured with an
oscillating ac field of 3.5 Oe and ac frequencies ranging from 1 to 1500 Hz. The magnetic
data were corrected for sample holder contributions and for diamagnetic contributions
calculated from Pascal's constants.
7.7 Syntheses

All chemicals and solvents used for synthesis were obtained from commercial sources
and were used as received without further purification. All reactions were carried out in
aerobic conditions.
7.7.1 Ligand Syntheses
7.7.1.1 Preparation of 3-methoxysalicylidene-2-aminophenol (H,L")

The same procedure was employed to prepare all the ligands (H,L", n = 1-6), and thus
only H,L' is described here in detail. 3-methoxysalicylaldehyde or o-vanillin (0.302 g,

2mmol) dissolved in 5ml of methanol was added to another 5 ml methanolic solution of 2-
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aminophenol (0.218, 2mmol). The resulting solution was stirred for a few minutes to give a
dark orange solution. After filteration, the solution was left to evaporate and in 1-2 days
orange crystals can be obtained from the solution. Yield: 75%. Anal. Calcd. for Ci4Hi3NO3
(found): C, 69.14 (68.92); H, 5.34 (5.35); N, 5.76 (5.68). '"H NMR (DMSO-d6, &, ppm): 3.81
(s, 3H), 6.83 (t 1H), 6.9 (t, 1H), 6.96 (d, 1H), 7.06 (d, 1H), 7.13 (t, 1H), 7.18 (d, 1H), 7.36 (d,
1H), 9 (s, 1H), 9.9 (s, 1H), 14 (s,1H).

7.7.1.2 Preparation of 3-ethoxysalicylidene-2-aminophenol (H,L?)

Yield: 78 %. Calcd for C;sH;sNOs (found): C, 70.04 (69.98); H, 5.84 (5.87); N, 5.45 (
5.40). '"H NMR (DMSO-d6, 8, ppm): 1.3 (t, 3H), 4.05 (s, 2H), 6.83 (t, 1H), 6.9 (t, 1H), 6.97
(d, 1H), 7.06 (d, 1H), 7.14 (t, 1H), 7.17 (d, 1H) 7.38 (d, 1H), 8.85 (s, 1H), 9.9 (s, 1H), 14 (s,
1H).
7.7.1.3 Preparation of 3-methoxysalicylidene-(2-amino-4-methylphenol) (H,L%

Yield: 82%. Calcd for CisHisNOs (found): C, 70.04 (69.94); H, 5.84 (5.85); N, 5.45
(5.43). '"H NMR (DMSO-d6, &, ppm): 2.24 (s, 3H), 3.81 (s, 3H), 6.83 (t, 1H), 6.86 (t, 1H),
6.94 (d, 1H), 7.06 (d, 1H), 7.18 (d, 1H), 7.20 (d, 1H), 8.94 (s, 1H), 9.6 (s, 1H), 14.1 (s,1H).
7.7.1.4 Preparation of 3-ethoxysalicylidene-(2-amino-4-methylphenol) (H,L")

Yield: 78%. Calcd for C;sH;7NOs (found): C, 70.85 (70.78); H, 6.27 (6.28); N, 5.17
(5.12). '"H NMR (DMSO-d6, &, ppm): 1.3 (t, 3H), 4.05 (s, 2H), 2.24 (s, 3H), 6.83 (t, 1H), 6.86
(t, 1H), 6.94 (d, 1H), 7.03 (d, 1H), 7.19 (d, 1H), 7.20 (d, 1H), 8.92 (s, 1H), 9.6 (s, 1H), 14.2 (s,
1H).
7.7.1.5 Preparation of 3-hydroxysalicylidene-2-aminophenol (H,L")

Yield: 65%. Calcd for Ci3H;iNOs (found): C, 68.12 (68.09); H, 4.80 (4.82); N, 6.11
(6.15). "H NMR (DMSO-d6, 8, ppm): 6.72 (t, 1H), 6.9 (t, 1H), 6.91 (d, 1H), 6.98 (d, 1H), 7.04

(d, 1H) 7.14 (t, 1H), 7.42 (d, 1H), 8.94 (s, 1H), 9.9 (s, 1H), 10.2 (s, 1H) 14.3 (s, 1H).
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7.7.1.6 Preparation of 3-hydroxysalicylidene-(2-amino-4-methylphenol) (H,L®%

Yield: 58%. Calcd for Ci4H3NOs (found): C, 69.13 (68.99); H, 5.35 (5.36); N, 5.76
(5.71). "H NMR (DMSO-d6, &, ppm): 2.25 (s, 3H), 6.72 (t, 1H), 6.85 (t, 1H), 6.91 (d, 1H),
6.95 (d, 1H), 7.02 (d, 1H), 7.25 (d, 1H), 8.95 (s, 1H), 9.9 (s, 1H), 10.2 (s, 1H) 14.2 (s, 1H).
7.7.2 Inorganic Syntheses
7.7.2.1 Preparation of [Mn",Mn"(3-Me-sal)4(py)s], 1

MnCl,-4H,0 (0.079 g, 0.4 mmol) was added to a methanolic solution (20 ml) of 3-
Me-salH; (0.091 g, 0.6 mmol) and pyridine (130 ul, 1.0 mmol) to give a light yellow solution.
The solution was then stirred for 1h followed by the addition of triethylamine (65 pl, 0.5
mmol). A black solution resulted in few minutes. After filtration, slow evaporation of the
resulting solution gave black needle-shaped crystals in a few days. The crystals were collected
by filtration, washed with cold methanol and air-dried. Yield: 65 mg, 45% based on Mn. Anal.
Calcd. for CsoHysMnsN4O12 (found): C, 57.17 (57.69); H, 4.01 (4.07); N, 5.07 (5.17). Selected
IR data (KBr disc, cm™): 3425 (b), 2923 (m), 1599 (s), 1576 (m), 1520 (s), 1463 (s), 1446 (s),
1423 (s), 1249 (m), 1082 (m), 875 (m), 760 (s), 698 (s), 630 (m), 439 (b,m).
7.7.2.2 Preparation of [Mn"",Mn"'(4-Me-sal)4(py)s(MeOH)]-H,0, 2

MnCl,-4H,0 (0.079 g, 0.4 mmole) was added to a methanolic solution (20 ml) of 4-
Me-salH, (0.091 g, 0.6 mmole) and pyridine (157 ul, 1.6 mmol) to give a light yellow
solution. The solution was then stirred for 1h followed by the addition of triethylamine (100
ul, 0.7 mmol). A small amount of white precipitate was formed which then slowly dissolved
with further stirring. The resulting solution turned greyish and then black in 1h. After
filtration, slow evaporation of the resulting solution gave black crystals in few days. The
crystals were collected by filtration, washed with cold methanol and air-dried. Yield: 59 mg,
39% based on Mn. Anal. Calcd. for Cs3HsMn3;N4O14 (found): C, 55.73 (56.14); H, 4.25
(4.50); N, 4.96 (4.94). Selected IR data (KBr disc, cm™): 3412 (b), 2922 (m), 1599 (s), 1556

(s), 1445 (s), 1325 (s), 1166 (s), 1035 (m), 957 (m), 778 (s), 749 (m), 699 (m), 625 (s).
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7.7.2.3 Preparation of [Mn"",Mn"'(5-Me-sal)4(py)s(H20),]:(MeOH), 3

MnCl-4H,0 (0.079 g, 0.4 mmol) was added to a methanolic solution (20 ml) of 5-
Me-salH, (0.091 g, 0.6 mmol) and pyridine (130 pl, 1.0 mmol) to give a faint pink solution.
The solution was then stirred for 1h followed by the slow addition of triethylamine (78 pl, 0.6
mmol). In a few hours, the solution turned black in colour. Filtration and then slow
evaporation of the resulting solution gave black crystals after one week. The crystals were
collected by filtration, washed with cold methanol and air-dried. Anal. Calcd. for
Cs3Hso:Mn3N4Oq6 (found): C, 55.17 (55.35); H, 4.57 (4.53); N, 5.01 (4.87). Selected IR data
(KBr disc, cm™): 3336 (b), 2967 (m), 1618 (s), 1599 (s), 1561 (s), 1543 (s), 1479 (s), 1443 (s),
1420 (s), 1350 (s), 1316 (s), 1231 (s), 1208 (m), 1145 (m), 1067 (m), 1037 (m), 1007 (m), 844
(m), 810 (m), 755 (m), 699 (s), 626 (m), 538 (m), 416 (m).
7.7.2.4 Preparation of [Mn"",Mn"'(3-Me-sal)4(4-Me-py)a], 4

MnCl-4H,0 (0.079 g, 0.4 mmol) was added to a methanolic solution (20 ml) of 3-
Me-salH, (0.091 g, 0.6 mmol) and 4-Me-py (118 pl, 1.2 mmole) to give a light yellow
solution. After the solution was stirred for 1h, triethylamine (65 pl, 0.5 mmol) was added
giving a black solution in a few minutes. After filtration, the solution was slowly evaporated,
resulting in black crystals after 2 days. The crystals were collected by filtration, washed with
cold methanol and air-dried. Yield: 52 mg. Anal. Calcd. for Cs¢Hs5oMn3;N4O;, (found): C,
58.75 (59.10); H, 4.74 (4.57); N, 4.94 (4.93). Selected IR data (KBr disc, cm™): 1618 (s),
1599 (s), 1574 (s), 1537 (s), 1462 (s), 1422 (s), 1324 (s), 1249 (s), 1155 (m), 1082 (s), 1023
(m), 876 (s), 812 (s), 762 (s), 695 (m), 536 (m), 439 (m).
7.7.2.5 Preparation of [Mn""(4-Me-sal);(4-Me-py)-Mn" (OH,);(MeOH),][Mn""(4-Me-
sal)2(4-Me-py)2] , 5

MnCl,-4H,0 (0.079 g, 0.4 mmol) was added to a methanolic solution (20 ml) of 4-
Me-salH; (0.091 g, 0.6 mmol) and 4-Me-py (157 pl, 1.6 mmol) to give a light yellow solution.

The solution was then stirred for 1h followed by the addition of triethylamine (100 pul, 0.7
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mmol) which gave a black solution in a few minutes. After filtration, the solution was slowly
evaporated and black crystals were obtained after 2 weeks. The crystals were collected by
filtration, washed with cold methanol and air-dried. Yield: 61 mg, 37% based on Mn. Anal.
Calcd. for CsgHgsMn3N4O16 (found): C, 56.15 (56.22); H, 5.12 (5.17); N, 4.48 (4.52). Selected
IR data (KBr disc, cm™): 3417 (b), 2922 (m), 1615 (s), 1563 (s), 1423 (b, s), 1325 (s), 1251
(m), 1170 (s), 1012 (m), 958 (m), 781 (s), 751 (s), 625 (s), 487 (m), 426 (W).
7.7.2.6 Preparation of product 6

MnCl,-4H,0 (0.079 g, 0.4 mmol) was added to a methanolic solution (20 ml) of 5-
Me-salH; (0.091 g, 0.6 mmol) and 4-Me-py (118 pl, 1.2 mmol) to give a light pink solution.
The solution was then stirred for 1h followed by the slow addition of triethylamine (65 ul, 0.5
mmol) which gave a black solution in a few minutes. After filtration, the solution was slowly
evaporated resulting in black crystals after one week. The crystals were collected by filtration,
washed with cold methanol and air-dried. Yield: 48 mg. Elemental analysis: C, 52.05; H, 5.64;
N, 4.71. Selected IR data (KBr disc, cm™): 3410 (b), 2924 (m), 1618 (s), 1582 (s), 1565 (s),
1475 (s), 1443 (s), 1420 (s), 1350 (s), 1324 (s), 1248 (s), 1145 (m), 1070 (m), 1037 (m), 832
(m), 820 (m), 756 (m), 700 (s), 636 (m), 537 (m), 422 (m).
7.7.2.7 Preparation of [(3-MeQO-sal),MnNa, MeOH], 7

Mn(Cl0O,4).6H,0 (0.036 g, 0.2 mmol) was added to a methanolic solution (15 ml) of 3-
MeO-salH; (0.017 g, 0.1 mmol) and triethylamine (0.013 ml, 0.2 mmol) to give a light yellow
solution. After a few minutes, NaN3 (0.013, 0.2 mmol) dissolved in 5ml H,O was added
slowly followed by stirring for 2h. The resulting black solution was filtered and left to
evaporate. After 2 days small black crystals were obtained. The crystals were collected by
filteration, washed with methanol and air dried. Yield: 32%. Anal. Calcd. for CisH0MnNaOjq
(found): C, 45.57 (45.48); H 4.22 (4.25). Selected IR data (KBr disc, cm'l): 3498 (s), 2984
(m), 2932(m), 1596 (s), 1579 (s), 1545 (s), 1476 (s), 1325 (s), 1252 (m), 1208 (m), 1154 (m),

1069 (s), 856 (s), 809 (m), 755 (s), 698 (s), 465 (m), 420 (m).
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7.7.2.8 Preparation of [Fe,Pr(4-Me-sal)4(2,2'-bipy)2(OHz)6](NO3)-:2MeOH"1.5 H20, 8

Pr(NO3);-6H,O (0.086 g, 0.2 mmol) dissolved in 5 ml of H,O was added to a
methanolic solution (10 ml) of 4-Me-salH> (0.122 g, 0.8 mmol) which gave a light yellow
coloured solution. To it was added a methanolic solution (10 ml) of FeCl;'4H,0 (0.054 g, 0.2
mmol) and 2,2"-bipy (0.031 g, 0.2 mmol). The colour of the solution changed to purple. After
1h, triethylamine (0.052 ml, 0.4 mmol) was added slowly giving a pinkish purple solution.
The solution was filtered and layered with ether. The next day small pinkish purple crystals
were obtained. Yield: 55%. Anal. Calcd. for CssHgsFe,PrNsO,4 (found): C, 46.04 (46.12); H,
424 (447); N, 4.81 (4.89). Selected IR data (KBr disc, cm™): 3446 (b), 2919 (m), 1608 (s),
1558 (s), 1523 (m), 1443 (s), 1423 (s), 1320 (m), 1327 (s), 1249 (s), 1170 (m), 1024 (m), 959
(m), 764 (m), 635 (m), 612 (m), 416 (w).
7.7.2.9 Preparation of [Fe™,Gd" (4-Me-sal)4(2,2'-bipy)2(OH2)s]Cly2(NO3)12 SH,0, 9

A reaction similar to that of 8 was done using Gd(NO3);'6H,O, and by the same
layering method pinkish purple crystals were isolated. Yield 62%. Anal. Calcd. for
Cs2HeoFeaGdNo2Os12Clyn (found): C, 43.37 (44.24); H, 4.24 (4.26); N, 4.38 (4.47). Selected
IR data (KBr disc, cm™): 3382 (b), 2919 (m), 1607 (s), 1558 (s), 1520 (s), 1444 (s), 1425 (s),
1384 (s), 1249 (s), 1172 (s), 1025 (m), 959 (m), 767 (m), 635 (m), 613 (m), 416 (w).
7.7.2.10 Preparation of [Fe,Dy(4-Me-sal)4(2,2'-bipy).(OH,)s] Cl;2(NO3)12* SH,0, 10

The reaction of 10 was carried out as in 8 and 9 but using Dy(NO3)3;'6H,0O. With the
same layering method, pinkish purple crystals were isolated. Yield: 84%. Anal. Calcd. for
CsoHgoFeaDyNo»Os12Cliye (found): C, 43.49 (43.12); H, 4.13 (4.15); N, 4.29 (4.35). IR (KBr
disc, cm™): 3422 (b), 1607 (s), 1557 (s), 1514 (s), 1443 (s), 1423 (s), 1320 (m), 1250 (s), 1170
(s), 1024 (m), 959 (m), 765 (m), 636 (m), 613 (m), 416 (w).
7.7.2.11 Preparation of (NHEt3) [Mn""(3-MeO-sal);(MeOH)(H0)], 11

Mn(ClOy),.6H,0 (0.180 g,0.5 mmol) was added to a methanolic solution (20 ml) of 3-

MeO-salH; (0.168 g, 1 mmol) and triethylamine (0.130ml, 2 mmol) to give a yellow solution.
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After 1 h, a small amount of precipitate was observed and colour of the solution turned
greyish black. The solution was stirred for 2h. The solution was filtered and the filtrate was
left to evaporate. Black diamond-shaped crystals were obtained the next day. Yield: 78%.
Anal. Calcd. for Cy3H34MnNOj (found): C, 51.21 (51.19); H, 6.31 (6.34); N, 2.59 (2.56). IR
(KBr disc, cm™): 3435 (b), 2935 (m), 1594 (s), 1546 (s), 1492 (s), 1320 (m), 1248 (s), 1150
(s), 1056 (m), 758 (m), 678 (m), 435 (w).
7.7.2.12 Preparation of (NHEt3),[Fe™(3-MeO-sal),(OAc)], 12

[Fes(OAC)s(py)3](ClOy4) (0.186 g 0.2 mmol) dissolved in MeCN (10ml) was added to
another MeCN (10ml) solution of 3-MeO-salH, (0.101 g, 0.6 mmol) and triethylamine (0.78 g,
0.6 mmol). The resulting solution was red in colour. After stirring for 4 hours, a small amount
of precipitate was obtained. The solution was filtered, left to evaporate and in few days deep
red crystals suitable for X-ray diffraction were obtained. Yield: 32%. Anal. Calcd. for
C30H47FeN,09 (found): C, 55.30 (55.34); H, 7.22 (7.20); N, 4.30 (4.32). IR (KBr disc, cm™):
3437 (b), 2926 (m), 1605 (s), 1559 (s), 1517 (s), 1346 (m), 1250 (s), 1156 (s), 1058 (m), 760
(m), 665 (m), 428 (w).
7.7.2.13 Preparation of [Mn"Mn"",(3-MeO-sal)4(py)s(H,0),]- 4H,0, 13

3-MeO-salH, (1.01 g, 6.00 mmol) and Mn(OAc),"4H20 (0.5 g, 2.0 mmol) were
dissolved in pyridine (10ml) to give a clear yellow solution. The solution was stirred while
solid NBusMnO4 (0.15 g, 0.4 mmol) was added in small portions over approximately 10
minutes leading to a black liquor which was layered with an equal volume of petroleum ether.
After 2 days dark green crystals, suitable for X-ray diffraction studies was deposited. The
crystals were collected by filtration, washed with ether and air-dried. Yield: 72%. Anal. Calcd.
for CxHexMn3NgO22 (found): C, 52.82 (52.84); H, 591 (5.97); N, 4.44 (4.40). Selected IR
data (KBr disc, cm™): 3505 (s), 3461 (b), 2986 (m), 2934 (m), 1594 (s), 1578 (s), 1549 (s),
1474 (s), 1443 (s), 1372 (m), 1348 (m), 1327 (s), 1249 (m), 1206 (m), 1152 (m), 1066 (s), 853

(s), 809 (m), 760 (s), 699 (s), 674 (m), 470 (m), 417 (m).

127



Chapter 7

7.7.2.14 Preparation of [Mn">,Mn" (3-MeO-sal)s(py)s(H,0)4]-4MeOH, 14

MnClL.4H,0O (0.079 g, 0.4 mmol) was added to a methanolic solution (20 ml) of 3-
MeO-sal (0.101 g, 0.6 mmol) and pyridine (0.202 ml, 1.6 mmol) to give a light yellow
solution. The solution was left stirring overnight, and then triethylamine (0.100 ml, 0.7 mmol)
was added slowly. In few minutes the solution turned black in colour. The following day
black needle-shaped crystals were obtained. The crystals were collected by filtration, washed
with cold methanol and air dried. Yield: 64%. Anal. Calcd. for CssHgsoMn3;N4O,, (found): C,
49.71 (50.54); H, 4.62 (4.68); N, 4.31 (4.36). Selected IR data (KBr disc, cm™): 3448 (s),
3465(b), 2985 (m), 2932 (m), 1592 (s), 1575 (s), 1542 (s), 1469 (s), 1444 (s), 1366 (m), 1342
(m), 1324 (s), 1237 (m), 1145 (m), 1062 (s), 849 (s), 798 (m), 754 (s), 694 (s), 670 (m), 465
(m), 419 (m).
7.7.2.15 Preparation of [Mn">;Mn" (3-MeO-sal )4(2,2'-bipy)(H,0); (MeOH),]-3MeOH,
15

Mn(OAc),"4H,0 (0.368 g, 1.5 mmol) was added to a methanolic solution (20 ml) of
L! (0.168 g, 1 mmol). After 5 min, 2,2"-bypy (0.039 g, 5 mmol) was added to the above
solution giving a yellow solution followed by the addition of 1 mmol of triethylamine. The
colour of the solution became dark yellow, then light red, and finally black. The following
day black crystals suitable for X-ray analysis were obtained. The crystals were collected by
filtration, washed with cold methanol and air dried. The crystals lost crystallinity when left in
air without the mother liqour for more than 1 week. Yield: 48%. Anal. Calcd. for
Cs6H5aMn3N2O»3 (found): C, 47.23 (47.26); H, 4.61 (4.62); N, 2.39 (2.40). Selected IR data
(KBr disc, cm™): 3400 (b), 2925 (m), 1587 (s), 1551 (s), 1480 (s), 1442 (s), 1363 (m), 1335
(m), 1244 (m), 1065 (m), 857 (m), 750 (m), 430 (w).
7.7.2.16 Preparation of [Cu3(3-MeO-salH)»(3-MeO-sal)2(2,2'-bipy):], 16

Crystals were grown by a layering technique involving three-layered solutions in a

slender tube with a 0.8cm diameter. The bottom layer was 4 ml of water containing
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Cu(CH3COO0),'H,0 (0.059 g, 0.3 mmol), the middle layer was 4 ml of DMF containing 3-
MeO-salH, (0.67 g, 0.4 mmol) and the upper layer was 4 ml of methanol containing 2,2'-bipy
(0.031 g, 0.2 mmol). Next day green crystals suitable for X-ray diffraction studies were
obtained. The crystals were collected by filtration, washed with cold methanol and air dried. It
is important that Cu(CH3COO),.H,O was used stoichiometrically, so that the crystals obtained
were pure. A slight excess left green precipitate along with the crystals. Yield: 46%. Anal.
Calcd. for CspHrCusN4Oi6 (found): C, 53.33 (53.31); H, 3.59 (3.61); N, 4.79 (4.78). Selected
IR data (KBr disc, cm™): 3448 (b), 3064 (m), 2983 (m), 2940 (m), 2836 (m), 1610 (s), 1566
(s), 1465 (s), 1447 (s), 1389 (s), 1373 (s), 1343 (s), 1323 (s), 1250 (s), 1194 (s), 1059 (s), 917
(m), 853 (m), 769 (s), 754 (s), 731 (m), 651 (m), 643 (m) 418 (w).
7.7.2.17 Preparation of [Mn">,Mn"(L")2(1-OAc),(p-OMe),(MeOH),]-2MeOH, 17

Mn(OAc),'4H,0 (0.245 g, 1 mmol) dissolved in methanol (10 ml) was added to a
methanolic solution (10 ml) of H,L' (0.122 g, 0.5 mmol). The solution turned brownish black
and with further addition of triethylamine (0.130 ml, 1mmol) it turned completely black in
colour. The solution was stirred for 2h at RT, filtered and then left to evaporate. Next day
black crystals were obtained. Anal. Calcd. for C33HsoMn3N,O1¢ (found): C, 48.66 (47.74); H,
5.10 (5.23); N, 2.95 (2.93). Selected IR data (KBr disc, cm™): 2927 (m), 2816 (m), 1601 (s),
1548 (b,s), 1484 (s), 1429 (s), 1381 (s), 1317 (m), 1298 (m), 1255 (s), 1175 (m), 1108 (m),
1026 (b,m), 831 (m), 735 (m), 539 (m), 439 (w).
7.7.2.18 Preparation of [Mn",Mn"(L?),(n-OAc)(n-OMe),], 18

Mn(OAc),'4H,0 (0.245 g, 1 mmol) dissolved in methanol (10 ml) was added to a
methanolic solution (10 ml) of H,L? (0.122 g, 0.5 mmol). The solution turned brownish black
in colour and further addition of triethylamine (0.130 ml, 1 mmol) led to a completely black
solution with small amount of black precipitate. The solution was stirred for 2h at RT, filtered
and then left to evaporate. The following day black thin needle-shaped crystals were obtained

from the solution. Yield: 28%. Anal. Calcd. for CssHzsMn3N,0O1, (found): C, 50.53 (50.54); H,

129



Chapter 7

444 (4.42); N 3.27 (3.25). Selected IR data (KBr disc, cm'l): 3425 (b), 1574 (s), 1546 (s),
1497 (s), 1416 (s), 1341 (m), 1311 (m), 1258 (m), 1234 (m), 1208 (m), 1106 (m), 1021 (m),
836 (m), 736 (m), 663 (m), 620 (m), 435 (w).
7.7.2.19 Preparation of [Mn">,Mn"(L7)2(OAc)4(OH,);] -MeOH, 19

The Schiff-base (H2L7) was made in situ in a methanolic solution (20 ml) of o-vanillin
(0.158 g, 1 mmol), ethanolamine (0.061 g, 1 mmol), and triethylamine (0.101 g, Immol). The
solution was stirred for 15 minutes resulting in a pale yellow solution. To this solution
Mn(OAc),4H,0O (0.245 g, 1.0 mmol) was added with stirring. This reaction was further
stirred for 3h at room temperature, then filtered and left to evaporate. The following day
brown crystals were obtained. Yield: 64%. Anal. Calcd. for CyyHs,Mn3N,O;7 (found): C,
40.19 (40.70); H, 4.90 (4.91); N, 3.20 (3.27). Selected IR data (KBr disc, cm'l): 3416 (s),
2960 (m), 2925 (m), 2868 (m), 1634 (s), 1590 (s), 1473 (m), 1441 (s), 1417 (s), 1320 (m),
1307 (s), 1245 (s), 1219 (s), 1074 (m), 1025 (m), 966 (s), 860 (m), 738 (m), 614 (m), 592 (m),
538 (m), 454 (m), 417 (w).
7.7.2.20 Preparation of [Mn""3(n3-0) (L'")3(MeOH)s] (C104), 20

The Schiff-base (HQLII) was made in situ in a methanolic solution (20ml) of 3-
ethoxysalicyaldehyde (0.152 g, 1.0 mmol), 1-amino-2-propanol (0.075 g, 1.0 mmol) and
triethylamine (0.101 g, 1.0 mmol). To this solution was added CaCl, (0.222 g, 2.0 mmol). The
resulting solution was then added to a second methanolic solution (20ml) of Mn(OAc),4H,0
(0.245 g, 1.0 mmol) while stirring at room teperature. The solution was filtered and left to
evaporate. Black octahedral crystals were obtained after 1 day. Yield: 88%. Anal. Calcd. for
C39Hs57Mn3N3017Cl (found): C, 40.54 (45.02); H, 5.20 (5.48); N, 3.52 (4.04). Selected IR data
(KBr disc, cm™): 3408 (b), 2975 (m), 2926 (m), 2870 (m), 1626 (s), 1601 (s), 1550 (m), 1466
(m), 1444 (s), 1393 (m), 1300 (s), 1250 (s), 1217 (s), 1180 (m), 1088 (b,s), 1038 (s), 891 (m),

859 (m), 783 (m), 743 (m), 656 (s), 624 (s), 523 (m), 473 (m).
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7.7.2.21 Preparation of [Mn,""Ni,"(L'*)4](CH;:COO),, 21

The Schiff-base (H2L14) was made in situ in a methanolic solution (20ml) of
salicyaldehyde (0.122 g, 1.0 mmol), tris-(hydroxymethyl)aminomethane (0.121 g, 1.0 mmol),
and triethylamine (0.101 g, 1.0 mmol). To this solution was added Ni(OAc),4H,0 (0.249 g,
1.0 mmol). The resulting solution turned green and then after stirring for 15 min
Mn(OAc),"4H,0 (0.123 g, 0.5 mmol) was added slowly. The solution turned black in colour,
and was further stirred for 3h. After filtration, the solution was left to evaporate. Black
crystalline needles were deposited after a few days. Yield: 73%. Anal. Calcd. for
CasHexMnaN4Ni,O6 (found): C, 43.04 (43.06); H, 4.64 (4.60); N, 4.18 (4.13). Selected IR
data (KBr disc,cm™): 3205 (b), 2914 (m), 2864 (m), 1611 (s), 1542 (s), 1468 (s), 1442 (s),
1298 (s), 1192 (m), 1131 (m), 1020 (s), 922 (w), 658 (m), 676 (m), 520 (m), 452 (w).
7.7.2.22 Preparation of [Mn,"Ni,"(L'*)4](CI),, 22

The Schiff-base (H2L14) was made in situ in a methanolic solution (20ml) of
salicyaldehyde (0.122 g, 1.0 mmol), tris-(hydroxymethyl)aminomethane (0.121 g, 1.0 mmol)
and triethylamine (0.101 g, 1.0 mmol). To this solution was added NiCl,6H,0 (0.119 g, 0.5
mmol). The resulting solution turned green and then MnCl,"4H,0 (0.098 g, 0.5 mmol) was
added slowly. The solution turned black in colour and was further stirred for 3 h. After
filtration, the solution was left to evaporate. Black crystals were deposited after 1 week. Yield:
62%. Anal. Caled. for C4sHgsMnyNi:N,O,0Cl, (found): C, 43.67 (43.64); H, 5.16 (5.12); N, 4.25
(4.21). Selected IR data (KBr disc, cm™): 3204 (b), 2920 (m), 2853 (m), 1610 (s), 1540 (s),

1465 (s), 1441 (s), 1293 (s), 1188 (m), 1016 (s), 893 (m), 653 (m), 674 (m), 521 (m), 464 (w).
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Chapter 8: Crystallographic data

The crystal structure data for compounds 1-22 are presented here. More detailed information

can be found in the cif files on the accompanying CD.

Table 8.01  Crystallographic measurements
1 2 3 4
Formula Cs,HyuMn;N, O, Cs;Hs Mn;N,O 4 Cs3H5:Mn;N, 0,5 Cs¢Hs5:Mn;N,O,,
Mr 1081.73 1132.80 1149.81 1192.78
Cryst size[mm] 0.26x0.21 x 0.25x0.18 x
0.16 0.11
colour black black black black
Cryst Syst tetragonal tetragonal monoclinic tetragonal
Space group P 45 14, P 2/c P4,
T[K] 100 100 150 100
a[A] 18.7991(2) 18.9660(7) 18.888(3) 19.0290(5)
b [A] 18.7991(2) 18.9660(7) 13.7658(14) 19.0290(5)
c[A] 13.8136(3) 13.9262(10) 20.054(3) 14.7032(8)
o [deg] 90 90 90 90
f [deg] 90 90 93.780(12) 90
y [deg] 90 90 90 90
V[A’] 4881.81(13) 5009.4(4) 5203.0(13) 5324.1(4)
Z 4 4 4 4
Pealed [& cm™] 1.472 1.502 1.468
(Mo Ko)) [mm™] 0.832 0.817 0.789
F(000) 2220 2336 2372
reflns collected 34044 13860 17781
unique reflns 11063 4687 4704
Rin 0.0213 0.0303 0.1283
reflns obsd [/ > 10556 4452 2867
20(D)]
parameters/restraints 645/1 348/2 693/6
GOF on F* 1.020 1.037 1.038
R1 [I > 206(])] 0.0352 0.0582 0.0856
wR2 (all data) 0.0863 0.1424 0.1808
+1.02/-0.29 +2.41/-0.46 +0.71/-0.60

Larg. residuals [e A
3
]
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5 7 8 9
Formula CssHesMn3N,O46 | CisHyoMnNaOjg | CssHeaFeoNsO,4Pr | Cso:HgoClo sFe,GANy 5055 5
Mr 1237.95 474.27 1431.72 1410.72
Cryst size[mm] 0.32x0.14 x 0.25x0.18x0.11 0.21 x 0.15 x 0.05
0.06

color black black purple purple
Cryst Syst triclinic monoclinic monoclinic monoclinic
Space group P-1 C2/c P 2,/c P 2,/c
T[K] 150 100 100 100
a[A] 11.8534 (12) 22.064(2) 14.450 (3) 14.7924(5)
b [A] 12.5635 (14) 8.5408(8) 19.840 (4) 19.4629(6)
c[A] 19.530 (2) 12.1315(11) 21.930 (4) 22.0420(7)
o [deg] 82.457 (9) 90.00 90 90
f [deg] 83.345 (8) 122.805(2) 105.85(3) 99.995(1)
y [deg] 85.861 (8) 90.00 90 90
V[AY] 2859.0 (5) 1921.5(3) 6048 (2) 6249.6(3)
Z 2 4 4 4
Peatea [g €] 1.438 1.639 1.572 1.499
u(Mo Ka) [mm'] 0.725 0.766 1.351 1.607
F(000) 1286 976 2928 2864
reflns collected 21350 4727 46099 40580
unique reflns 12060 2162 12890 12755
Rin 0.0486 0.0312 0.1248 0.0327
reflns obsd [/ > 7513 1706 6763 10006
20(D)]
parameters/restraints 780/14 143/0 734/0 792/49
GOF on F* 0.979 1.001 1.037 1.024
R1 [1> 206(D)] 0.0734 0.0368 0.0930 0.0470
wR?2 (all data) 0.1974 0.0770 0.2160 0.1284

+0.77/-1.01 +0.51/-0.37 +1.57/-2.43 +2.48/-0.67

Larg. residuals [e A
3
]
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11 12 13 14
Formula Cy3HauMnNO, Cs0Hy7FeN, 0y Co:HesMn;NeO», CssHeoMn3;N, Oy,
Mr 539.45 651.55 1412.03 1281.88
Cryst size[mm] 0.33x0.24 x 0.38x0.35x 0.29x0.21 x 0.21x0.17x
0.05 0.17 0.031 0.04
color black red greenish black greenish black
Cryst Syst monoclinic monoclinic | monoclinic triclinic
Space group P2,/c P 2,/c P21/n P-1
T[K] 150 150 100 150
a [A] 13.0949(10) 10.4560(9) 12.8326(6) 9.6054(14)
b [A] 8.7941(7) 14.5286(9) 16.9338(8) 11.4207(17)
c [A] 22.1208(19) 11.0919(10) 14.7252(7) 14.352(2)
o [deg] 90 90 90 112.841(11)
S [deg] 100.630(7) 102.817(7) 99.885(1) 103.739(12)
y [deg] 90 90 90 91.718(12)
V[AY] 2503.7(4) 1643.0(2) 3152(4) 1396.3(4)
Z 4 2 2 1
Peaca [g cm™] 1.431 1.317 1.488 1.525
(Mo Ka) [mm'] 0.583 0.515 0.675 0.753
F(000) 1136 694 1462 663
reflns collected 17321 10790 15699 10088
unique reflns 4822 7069 7047 5825
Rin 0.0605 0.0175 0.0271 0.0547
reflns obsd [/ > 3471 6765 6442 4025
20(D]
parameters/restraints 328/4 391/1 441/6 390/5
GOF on F* 0.996 1.094 1.154 0.992
R1 [I>20(D)] 0.0599 0.0501 0.0628 0.0592
wR2 (all data) 0.1396 0.1323 0.1397 0.1402
+0.61/-0.91 +0.45/-0.55 +1.13/-1.01 +0.70/-0.89

Larg. residuals [e A
3
]
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15 16 17 18
Formula Cs6HsaMn3N,, 053 Cs:HuoCusN4Oy6 Cs3HsoMn3N, 046 Cs36H3sMn3N, 015
Mr 1167.73 1169.52 955.62 855.50
Cryst size[mm] 0.23x0.09 x 0.37 x0.31 x 0.14 x 0.06 x
0.03 0.11 0.03

color black green black brown
Cryst Syst triclinic monoclinic triclinic monoclinic
Space group P-1 P2i/n P-1 C2/c
T[K] 150 150 150 200
a [A] 13.0629(10) 11.0774(12) 9.4051(16) 23.784(3)
b [A] 13.7564(10) 12.2683(8) 10.1679(17) 8.1517(7)
c [A] 15.8000(12) 17.8798(17) 12.403(2) 22.069(3)
o [deg] 85.897(1) 90 99.731(12) 90
S [deg] 69.393(1) 94.099(8) 101.448(13) 119.056(14)
y [deg] 67.905(1) 90 112.202(13) 90.00
V[AY] 2456.3(3) 2423.7(4) 1036.6(3) 3740.2(8)
Z 2 2 1 4
Peaca [g cm™] 1.579 1.603 1.531 1.519
(Mo Ka) [mm'] 0.848 1.383 0.973 1.062
F(000) 1206 1194 495 1756
reflns collected 12885 15299 7193 11086
unique reflns 9933 5130 4304 3349
Rin 0.0549 0.0346 0.0259 0.0774
reflns obsd [/ > 5554 4174 3412 2148
20(D]
parameters/restraints 690/9 345/0 279/1 244/0
GOF on F* 0.958 1.008 0.988 1.036
R1 [I>20(D)] 0.0574 0.0520 0.0405 0.0564
wR2 (all data) 0.1256 0.1309 0.0983 0.1605

+ 1.25/-0.50 +0.46/-1.11 +0.44/-0.78 +0.70/-0.36

Larg. residuals [e A
3
]
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19 20 21 22
Formula C29H42MH3N20 17 C39H57MH3N3O 1 7C1 C48H62Mn2Ni2N4026 C48H68Mn2 Ni2N402()C12
Mr 855.47 1040.15 1338.32 1319.26
Cryst size[mm] 0.25x0.18 x 0.26 x0.21x0.16 0.30x0.26 x 0.19

0.11

color black black greenish black greenish black
Cryst Syst triclinic trigonal triclinic monoclinic
Space group P-1 R -3 P-1 C2/c
T[K] 150 100 200 150
a [A] 10.5589 (13) 16.0482(3) 13.4398(18) 20.559(3)
b [A] 11.7673 (14) 16.0482(3) 13.4811(19) 24.111(2)
c [A] 14.7717 (15) 30.7061(12) 18.151(2) 11.880(1)
o [deg] 80.134(2) 90 105.358(15) 90
S [deg] 71.506(3) 90 90.165(15) 109.293(10)
y [deg] 86.287(2) 120 116.316(15) 90
V[AY] 1714.7 (3) 6848.7(3) 2814.9(6) 5520.9(1)
Z 2 6 2 4
Peaca [g cm™] 1.657 1.513 1.579 1.587
(Mo Ka) [mm'] 1.560 0.949 1.186 1.294
F(000) 882 3240 1384 2736
reflns collected 11248 12832 17101 18523
unique reflns 6660 3466 9751 5835
Rint 0.0721 0.0300 0.0753 0.0604
reflns obsd [/ > 4141 3050 5942 3578
20(D]
parameters/restraints 474/4 215/18 741/21 361/2
GOF on F* 1.022 1.020 0.977 0.992
R1 [I>20(D)] 0.0854 0.0437 0.0641 0.0631
wR2 (all data) 0.2179 0.112 0.1508 0.1441
3Larg. residuals [e A + 1.26/-1.09 + 1.01/-0.55 +0.96/-0.76 +0.99/-1.25

]
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Appendix A: List of compounds

1 [Mn"",;Mn"(3-Me-sal)s(py)s]

2 [Mn",Mn"(4-Me-sal)4(py)s(MeOH)]- H,O

3 [Mn';Mn"(5-Me-sal)4(py)s(H;0),]-(MeOH)

4 [Mn",Mn"(3-Me-sal)4(4-Me-py)a]

5 [Mn"(4-Me-sal),(4-Me-py),Mn"(OH,),(MeOH),][Mn""(4-Me-sal),(4-Me-py),]
6 Mn - (5-Me-salH,) - (4-Me-py) product

7 [(3-MeO-sal)MnNa,. MeOH]

8 [Fe,Pr(4-Me-sal)4(2,2'-bipy)»(OH,)s](NO3) 2MeOH: 1.5 H,0
9 [Fe,Gd(4-Me-sal)4(2,2'-bipy)2(OHz)s]Cl;2(NOs)12* 5H,0

10  [Fe;Dy(4-Me-sal)4(2,2'-bipy)2(OHa)s] Cli2(NO3)12° SHO

11  (NHEt;) [Mn"(3-MeO-sal)>,(MeOH)(H,0)]

12 (NHEt;),[Fe™(3-MeO-sal)>(OAc)]

13 [Mn"Mn",(3-MeO-sal)4(py)s(H20),]- 4H,0

14  [Mn",Mn"(3-MeO-sal)4(py)s(H,0)4]-4MeOH

15 [Mn",Mn" (3-MeO-sal )4(2,2'-bipy)(H20)3 (MeOH),]- 3MeOH
16 [Cus(3-MeO-salH),(3-MeO-sal)2(2,2'-bipy):]

17 Mn",Mn"(L"),(p-OAc)»(1-OMe)(MeOH),]-2MeOH

18 [Mn'",Mn"(L*)(1-OAc)(1-OMe);]

19  [Mn",Mn"(L7),(OAc)4(OH,),]"MeOH

20 [Mn"s(us-0) (L')3(MeOH)s](ClOy)

21 [Mn"Ni,'(L'*),4)(CH3CO0),

22 [Mn""Ni"(L")](CDy,
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Appendix B: List of organic compounds

H,L' 3-methoxysalicylidene-2-aminophenol

H,L* 3-ethoxysalicylidene-2-aminophenol

H,L* 3-methoxysalicylidene-(2-amino-4-methylphenol)

H,L* 3-ethoxysalicylidene-(2-amino-4-methylphenol)

H,L’ 3-hydroxysalicylidene-2-aminophenol

H,L® 3-hydroxysalicylidene-(2-amino-4-methylphenol)

H,L” 3-methoxysalicylidene-2-ethanolamine

H,L} 3-ethoxysalicylidene-2-ethanolamine

H,L’ 3-hydroxysalicylidene-2-ethanolamine

H,L" 3-methoxysalicylidene-(2-propanolamine)

H,L" 3-ethoxysalicylidene-(2-propanolamine)

H,L" 3-hydroxysalicylidene-(2-propanolamine)

H,L" salic ylidene-(2-amino-2-methyl-1,3-propanediol)

H,L" salicylidine-(tris-(hydroxymethyl)-aminomethane)

H,L" 3-methoxysalicylidene-(2-amino-2-methyl-1,3-propanediol)
H,L'" 3-methoxysalicylidine-(tris-(hydroxymethyl)-aminomethane)
H,L" 3-ethoxysalicylidene-(2-amino-2-methyl-1,3-propanediol)
H,L'" 3-ethoxysalicylidine-(tris-(hydroxymethyl)-aminomethane)
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Appendix C: List of abbreviations

Ln
3-Me-salH,
4-Me-salH,
5-Me-salH,
4-Me-py
Me

py

Ph

MeOH
MeCN
DMF
DMSO

mg

ml

mmol

IR

NMR

EPR
SQUID

W ORIR X
[~ T T

o
58

£sgv "~ ac

MOFs
SMM

lanthanide

3-methylsalicylic acid
4-methylsalicylic acid
5-methylsalicylic acid
4-methylpyridine

methyl

pyridine

phenyl

methanol

acetonitrile
dimethylformamide
dimethylsulfoxide

milligram

millilitre

millimole

infrared

nuclear magnetic resonance
electron paramagnetic resonance
super-conducting quantum interference device
alternating current

direct current

zero-field splitting parameter
kelvin

oersted

field

hertz

magnetisation

temperature

tesla

blocking temperature

critical temperature

hour

molar magnetic susceptibility
in-phase magnetic susceptibility
out-of-phase magnetic susceptibility
bohr magneton

effective energy barrier

cubic centimetres

broad

doublet

triplet

singlet (NMR), strong (IR)
multiplet (NMR), medium (IR)
weak

metal organic frameworks
single molecule magnet
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Appendix D:

Figure 1.01
Figure 1.02
Figure 1.03

Figure 1.04
Figure 1.05

Figure 1.06
Figure 1.07

Figure 1.08

Figure 1.09
Figure 1.10

Figure 1.11
Figure 1.12
Figure 1.13

Figure 1.14

Figure 1.15
Figure 1.16

Figure 3.01
Figure 3.02
Figure 3.03

Figure 3.04
Figure 3.05
Figure 3.06

List of figures

Substituted Salicylic acids used as ligands

Salicylaldimine (Schiff base) ligands used in this research

Structure of [MngO4(OOCPh)g(sal)4(salH),(py)4]. Plots of (y.)

and (uey) versus temperature

Structure of the infinite chain of [Mny(sal)4(H,O)4(py)sl[salH]» 4py
Structure of (a) the mononuclear anion, [Mn(sal),(4-Me-Py);] (b) the
trinuclear cation, [Mns(sal),(salH,)>(H,0)4(4-Me-Py)s]

Structure of [Mny(sal),(im),(CH3;0H),] [Mn(sal),(Py).]

(a) Dinuclear manganese complex, [Mna(saltmen),(ReO4)2],

(b) Plot of out-of-phase ac susceptibility versus frequency

(a) Tetranuclear manganese complex, [MnsX4L.4], (b) Plot of
out-of-phase susceptibility versus temperature for C

Molecular structure of [MnHI602(Et'SaO)6(02CPh(Me)2)2(EtOH)6]
(a) Structure of [MnHICuHCl(S—Br—sap)z(MeOH)] (b).Plot of in-phase
and out-of-phase ac susceptibility versus temperature

Structure of [MnIII
An example of 2D 'H-"H COSY spectra

zNinClz(salpa)z] and hysteresis loop at 0.55 K

(a) The plot of T and 1/, as a function of temperature for paramagnetic,

ferromagnetic, antiferromagnetic and ferrimagnetic materials
The plot of y as a function of temperature for paramagnetic,
ferromagnetic, antiferromagnetic and ferrimagnetic materials
Plot of energies of the microstates in a § = 10 system
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