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Abstract

Transition metal (3d) and lanthanide (4f ) coordination clusters form a base for which
many fields of research expand from. One field of interest, magnetic materials,
has risen in popularity due to the discovery of single molecule magnets (SMMs),
which are currently capable of operation up to 80 K. Although this field is highly re-
searched, significant improvements are still required in order for SMMs to be stable
enough for implementation into modern technological devices. One fundamental
area of interest is the electron sharing pathway between metal ions, which is respon-
sible for the magnetic properties of the molecules. Methods which optimise this to
promote ferromagnetic exchange, an intrinsic property of SMMs, are an important
focus.

Polynuclear homometallic 3d and heterometallic 3d3d’ and 3d4f coordination
clusters are reported, which explore different ways as to which the exchange path-
way angles can be manipulated. Several complexes have undergone magnetic and
computational analyses to explore how the different manipulations have affected the
exchange pathways. A series of NiII4 defective dicubanes composed of both ligand
and anion based exchange pathways present a platform for manipulations based
on the switching of key donor groups and solvate molecules found in the crystal
lattice. The results revealed that the strongest manipulator was the introduction
of lattice-bound solvent molecules, capable of hydrogen bonding to the metal ion
donor groups.

Moving from a combination of ligand and anion based exchange pathways to
those that are solely ligand derived were explored by synthesising a series of homo-
metallic and heterometallic 3d3d’ dinuclear complexes, and conducting a study which
closely looked at how different metal ion combinations affected the magnetic proper-
ties. Transmetalation reactions were performed alongside a computational analysis
to determine the stabilities of the 3d3d’ dinuclear complexes, with the most stable
being that of the CuIIMnII complex. Unexpectedly, the CuII

2 complex was found to
have the largest ferromagnetic coupling, indicating the large coordination number
for a CuII ion to be the strongest magnetic manipulator.

Expanding the 3d3d’ dinuclear series was achieved by the introduction of 4f ions
with the aim of producing a series of 3d4f dinuclear complexes, where the use of dif-
ferent metal ions, anions, and coordinated solvent molecules have been structurally
analysed to determine the success of the manipulations. It was found that the com-
plexes with smaller exchange angles had a common similarity, that being additional
bridging groups between the metal ions.

Finally, a series of clusters ranging from mononuclear to icosanuclear are re-
ported, all of which were unexpected results. These complexes reveal unusual and
uncommon properties, such as the coordination of an alkyloxime oxygen.
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Chapter 1

Introduction

1.1 Magnetism

The phenomena known as magnetism was first found in crystalline deposits of mag-
netite, Fe3O4, which were found to be naturally magnetised and attracted metallic
compounds. The first reported use of magnetism was in the 11th century, with the
invention of the compass for navigation. Since then magnetism is more well known,
as it has become a popular field of research, with magnetism now utilised in many
different applications.1–3

The magnetism found in metallic compounds arises from the magnetic moment that
is derived from the compound’s orbital angular momentum (OAM) and the total
spin (S) of the compound, both of which arise from the compound’s electrons. Mag-
netism can be simply defined as an interaction, either attractive or repulsive between
two metallic objects, or as more commonly found between a metallic object and an
applied magnetic field.1 When a metallic compound and the applied magnetic field
come into contact, the spin of the compound’s ground state electrons reorientate in
such a way that they become aligned and ordered with the magnetic field. This
results in the magnetisation of the object, a property that can be measured. The
removal of the magnetic field causes the electrons to rapidly become disordered,
quenching the magnetisation of the compound.4

Within the field of magnetism, there exists two overall classes: diamagnetism and
paramagnetism, which are defined by how their ground state electrons respond to
a magnetic field. Each class responds differently, either attractively or repulsively,
depending on the electron configuration of the corresponding metal ion(s). Diamag-
netic compounds are characterised as having no unpaired electrons, resulting in a
net magnetic moment of zero and weakly negative magnetic susceptibility. When in
contact with a magnetic field, a repulsive interaction occurs producing no observable
magnetisation. Paramagnetic compounds are the opposite in that they are charac-
terised as having unpaired electrons, resulting in both positive magnetic moments
and magnetic susceptibility. An attractive interaction arises with a magnetic field as
the result of the electrons aligning in the direction of the magnetic field, producing
magnetisation.1,5

When discussing bulk solids, further classes, ferro-, antiferro-, and ferrimagnetism
are introduced due to their temperature dependent nature. These classes contain as-
pects of both diamagnetism and paramagnetism however instead of the interaction
arising solely between a metallic compound and a magnetic field, the interaction is
a direct correlation to the alignment of magnetic dipoles (the orientation of the mag-
netic moment for a given domain) on adjacent metal ions within the bulk solid and
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how they collectively respond to a magnetic field. Ferromagnetism is characterised
by the dipoles aligning parallel, whereas antiferromagnetism is characterised by an-
tiparallel dipoles. Ferrimagnetism is similar to antiferromagnetism with antiparallel
dipoles, however the dipoles are disproportional allowing for spontaneous mag-
netisation. The directionality of the dipoles can be influenced by bridging atoms
and groups, as they can induce a spin polarisation onto an adjacent metal ion.1,2,6

1.1.1 Single Molecule Magnetism

Single molecule magnets (SMMs) are a class of magnetic materials, which are de-
fined as discrete compounds that display slow relaxation of magnetisation and mag-
netic hysteresis, simply described as the retention of magnetisation. SMMs differ
from traditional magnetic materials in that they do not have magnetic domains con-
sisting of many interacting molecules, instead the magnetic domains found in SMMs
consist of a single, well isolated molecule.5 This results in molecular based hysteresis
derived from metal - ligand interactions and ground spin states.3,7–9 These properties
also result in the slow relaxation of magnetisation, which is appealing for potential
application in quantum computing, spintronic devices, and high density informa-
tion storage.9–12

SMMs are defined by three characteristic properties: temperature dependent mag-
netic susceptibility (cMT), the blocking temperature (TB), and the effective barrier
for the reversal of magnetisation (Ueff). Magnetic susceptibility, specifically that
of temperature dependent magnetic susceptibility indicates how the SMM will in-
teract when in contact with a magnetic field, and the degree to which it will be
magnetised.1,13–15 The magnetic susceptibility of a compound is commonly reported
in plots of cMT versus temperature (T) where the direction of the curve is used to
indicate the compounds overall magnetic properties (discussed further in Section
1.2.2).

The blocking temperature, TB, is the maximum temperature at which a SMM will
retain magnetisation and display magnetic hysteresis. Above this temperature, the
system gains enough energy to overcome the effective barrier and quench the mag-
netisation through random orientation of the electron spins. The blocking tempera-
ture can be determined experimentally from plots of magnetisation (M) versus mag-
netic field (H), however these results are dependent on the rate at which the mag-
netisation is measured, a measurement that has not been formally defined within
the literature.16 The blocking temperature is one of the most challenging aspects of
SMM research, as for a SMM to be functional, it needs to display hysteresis and
retain magnetisation at an operable temperature. This aspect of SMMs has been
widely researched since their discovery in the early 1990s.16–18 Until recently, all
SMMs have required liquid helium cooling (4 K) in order to be operable, however
in 2018 a breakthrough was made with a SMM reported to have a blocking temper-
ature of 80 K, surpassing the need for liquid helium cooling, only requiring liquid
nitrogen cooling (77 K).19

The effective barrier for the reversal of magnetisation, Ueff, is the total energy re-
quired in order for the magnetisation to be quenched, simply put, the energy re-
quired in order to ‘flip’ the orientation of the electrons. The effective barrier is de-
fined as the energy difference between the highest and lowest ground spin states of
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Figure 1.1: Schematic representation of the double well system which occurs when the sys-
tem undergoes magnetisation and relaxation. The orange circles represent the electrons.

the metal ion.5,17,20 This can be seen in a simple double well schematic (Figure 1.1),
where for a given complex, with a total spin of S, there are as many as 2S+1 possible
spin states. Each of these spin states has a quantum number MS, when MS = +S, this
is considered ‘spin up’ and when MS = -S, this is considered ‘spin down’. When a
compound comes into contact with a magnetic field, the wells repopulate as shown
by the top right image in Figure 1.1, as the compound is classed as being ‘magne-
tised’. When the magnetic field is removed, if the associated energy isn’t greater
than the effective barrier, then the compound will remain in a ‘magnetised’ state.
This is known as the retention of magnetisation, or slow relaxation of magnetisation,
a characteristic feature of SMMs.21–23 The strength or height of the effective barrier
(|D|S2) is directly related to both the spin, S, of the compound and the aniostropy,
D, of the metal ion(s), which for 3d ions is derived from the zero-field splitting (ZFS)
of the metal ions ground state electrons.20

In order for the system to return to a non-magnetised state, the barrier must be over-
come. This can occur by several relaxation methods: quantum tunnelling of mag-
netisation (QTM), thermally assisted - QTM (TA - QTM), Orbach relaxation, and
Raman relaxation (Figure 1.2). These relaxation processes are typically found for
4f ions/complexes that have an odd number of ground state electrons, known as
Kramers ions/complexes. QTM occurs when the ground state electrons effectively
tunnel through the barrier from the ground spin state, rather than surpassing the
barrier. TA - QTM resembles QTM, however temperature assists by exciting the elec-
trons to an excited spin state level where tunnelling can occur. Raman and Orbach
relaxation pathways occur when the inelastic scattering of a photon promotes the
relaxation to occur by either a virtual (Raman) or real (Orbach) transition state.1,20–24
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Figure 1.2: Schematic representation of the possible relaxation pathways for a SMM. The
orange circles represent electrons.

Throughout the literature, there are many different record breaking SMMs, whether
it be for mononuclear SMMs, mixed metal SMMs, or for a specific topology, the one
that has the greatest interest however is the SMM with the largest blocking temper-
ature, and subsequently the largest effective barrier. The SMM that currently holds
these records was produced in 2018 by Guo et al. and consists of a mononuclear DyIII

ion coordinated axially by cyclopentadienyl (Cp) derived ligands, CpiPr5 and Cp*
(penta-iso-propylcyclopentadienyl and pentamethylcyclopentadienyl respectively)
as discussed further in Section 1.3.1 and Figure 1.3. The record blocking temper-
ature was found to be 80 K, and the effective barrier was found to be 2217 K (1541
cm-1).19

1.1.2 Exchange and Superexchange

Within metallic clusters, specifically clusters with two or more metal ions, an ex-
change interaction is defined as the electronic interaction between two metal ions
originating from the mutual overlap formed between two partially occupied atomic
orbitals.25 Superexchange pathways, while similar, typically occur when a partially
occupied atomic orbital of a metal ion overlaps with a molecular orbital of a bridg-
ing group, which facillitates a coupling between adjacent metal ions.25,26

For polynuclear clusters, there is an angular dependence for the type of superex-
change present within the cluster. Antiferromagnetic exchange occurs when the
metal-ligand-metal (M-L-M) angle approaches 180°. Ferromagnetic exchange occurs
when the M-L-M angle approaches 90° due to the involvement of a secondary p or-
bital found on the bridging ligand. This allows the donation of electron density from
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Figure 1.3: Crystal structure and corresponding ligands of the record breaking SMM,
[CpiPr5Cp⇤DyIII]+, produced by Layfield and coworkers.19 Hydrogen atoms and lattice an-
ions have been omitted for clarity. Colour code: DyIII = aqua and C = grey.

the bridging ligand to be parallel unlike antiferromagnetic exchange where the sin-
gle bridging ligand donates antiparallel electron density (Figures 1.4 and 1.5). The
nature of the superexchange pathway, whether antiferromagnetic or ferromagnetic
can be predicted using the Pauli exclusion principle. The principle states that cou-
pled metal ions will exhibit antiferromagnetic exchange if both ions have half-filled
orbitals. For ferromagnetic exchange, the principle states that one orbital must be
half-filled, and the other fully occupied. When the complex in question does not
fit the exact specifications of the generalisation, for example, the complex contains
many metal ions and/or superexchange pathways, the prediction breaks down due
to the dominant nature of antiferromagnetic exchange.25,26

Figure 1.4: Schematic representation of antiferromagnetic (AF) exchange.

1.2 Characterisation Techniques

When it comes to characterisation, there is a large number of different techniques
and instruments that can be used to examine the properties, behaviour, interac-
tions, purity, and composition of small molecules. Popular characterisation tech-
niques utilised for the characterisation of small molecules, specifically polynuclear
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6 Chapter 1. Introduction

Figure 1.5: Schematic representation of ferromagnetic (F) exchange.

complexes include, nuclear magnetic resonance (NMR), infrared (IR), and ultravio-
let - visible (UV/vis) spectroscopy and mass spectrometry (MS). These techniques
are commonly used for the identification of organic molecules as they can identify
key features of the chemical structure and/or properties, such as functional groups,
atomic nuclei, and the absorbance of light, and additionally, in some instances de-
termine purity.1

There is also a large range of techniques that are used more for specific forms of
characterisation, some of these are flame atomic absorption (FAAS), electron para-
magnetic resonance (EPR), and Mössbauer spectroscopy, X-ray diffraction (XRD),
SQUID magnetometry, and computational calculations. These techniques are less
popular than the ones mentioned above as they are only relevant to specific areas
of research. FAAS is a method of elemental analysis that quantitatively determines
the concentration of elements contained within the sample.1,27 FAAS is based off the
principle that elements absorb radiation at a specific wavelength, therefore, by us-
ing standards of known concentration the absorption of radiation by the elements
within the sample can be converted into concentration using the Beer-Lambert law.1
EPR spectroscopy is a method that investigates paramagnetic materials, compounds
with one or more unpaired electrons. EPR provides information about the paramag-
netic material, such as properties surrounding the structure, coordination spheres
and geometries of the metal ions, oxidation states, and the number of magnetic
centres present in the material.1,28,29 Mössbauer spectroscopy is a characterisation
technique that investigates structural properties, electronic, magnetic, and oxida-
tion states of a crystalline solid containing Mossbauer active nuclei.1,30–32 The most
commonly measured Mössbauer nuclei is 57Fe, as it has a sufficient combination of
natural abundance, and recoil free fraction.32

The characterisation techniques used throughout this research were chosen for a
number of reasons including, the information they provided/determined directly
related to the goal of this research and a key reason being the availability of instru-
ments. Three key characterisation methods used throughout this research can be
found described in detail below.
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1.2. Characterisation Techniques 7

1.2.1 X-ray Diffraction

XRD is a characterisation technique used extensively by coordination chemists. A
compound, either a polycrystalline powder (PXRD) or a single crystal (SCXRD), is
irradiated with X-rays causing the electrons of the atoms contained within the com-
pound to scatter the X-rays, resulting in a diffraction pattern.33 In the particular case
of SCXRD, this diffraction pattern can be used together with software to produce a
three dimensional spatial arrangement of the atoms within the crystal lattice.

The scattering of the X-rays is directly related to the Bragg equation (equation 1.1),
as X-rays scatter at a specific angle, the Bragg angle, 2q. The Bragg equation is com-
monly used to determine the distance between lattice planes in a specific crystalline
material, this distance is defined as the diffraction parameter, d.33 Additional param-
eters used in the Bragg equation are the scattering angle, q, and the wavelength of
the X-rays utilised, l.1

2d sin q = nl (1.1)

In order to resolve the diffraction pattern(s) and generate a structural representation
of the crystalline material, a series of steps are performed. To start, a small series of
diffraction patterns are collected to obtain both a crystal system that matches the lat-
tice symmetry and a unit cell for the material. The unit cell describes the lengths, an-
gles, and volume of the cell and is used to determine a collection strategy, the goal is
to maximise the completeness and signal to noise ratio of the data whilst minimising
the collection time. A ‘collection’ of the material is then undertaken whereby a large
series of diffraction patterns are recorded over a range of different scattering an-
gles, measuring the associated intensity data. The collection data is then integrated,
generating a file known as a hkl file, which contains various hkl indices, diffraction
intensities, estimated standard deviations, and associated structural factors.33–35 The
hkl file in conjunction with computer software, can then generate the three dimen-
sional representation of the material.1 This is where the ’phase problem’ (discussed
further below) is encountered. Refinement of the model structure is where small
changes (placement of atoms) are made to the model in order to produce the best
agreement between the calculated and observed structural factors. A visual repre-
sentation of these steps for SCXRD can be seen in Figure 1.6.

One common problem encountered in XRD, specifically in SCXRD, is the ‘phase
problem’. Each X-ray wave that it is diffracted during the collection process has
the following properties: wavelength, amplitude, and phase. Each diffraction pat-
tern is a measure of intensity, which is directly proportional to amplitude2, there-
fore the amplitude of each wave can be determined. The phase of each wave on
the other hand is lost during the diffraction process, therefore a fourier transforma-
tion (the mathematical relationship between the electron density of the cell and the
diffraction intensity) cannot be used to reproduce the corresponding electron den-
sity or the real space lattice of the material, as both the amplitude and phase are
required.35 There are a number of methods to overcome this, with the most common
for small molecules (< 1000 atoms) being direct methods and Patterson method,
both of which require some assumptions such as the composition of the material to
mathematically reproduce the missing ‘phase’ information.33–36
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8 Chapter 1. Introduction

Figure 1.6: Simplified schematic illustrating the process of SCXRD; Top left, selected single
crystal; Top right, a resulting diffraction pattern at a specific angle; Bottom right, resulting
3-D representation of the data; Bottom left, final refined 3-D representation of the data.
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1.2.2 SQUID Magnetometry

A superconducting quantum interference device, or as more commonly known, a
SQUID magnetometer is the most common instrument used to measure magnetic
properties, specifically the magnetic susceptibility and/or magnetic moment of a
polycrystalline material. By measuring subtle changes in the magnetic flux (F) of a
material, directly related changes in the magnetic susceptibility/magnetic moment
of the material can be measured. This arises from the relationship between F and
magnetisation (M) (equation 1.2) alongside the flux coupling factor, a (a factor gen-
erated by the position and geometry of both the instrument and sample).1,37–39

DF = aDM (1.2)

The measurement process to obtain the magnetic moment of a material begins by
passing the material up and down a superconducting coil at constant speed, which
generates a current (I), this current is specific to the material as it corresponds to the
F and is directly applied to the SQUID. A SQUID magnetometer consists of a super-
conducting loop with at least two parallel Josephson junctions, a region where two
superconductors are separated by a section of non-superconducting material (Figure
1.7). Josephson junctions are the result of the Josephson effect prediction made in the
1960s by Brian Josephson and measure changes in voltage, a measurement that can
be manipulated to give the magnetic moment of a material. The applied current
allows the superconductors electrons to tunnel through the non-superconducting
region of the Josephson junction, which continues with no voltage associated (volt-
age = zero) until the critical current (Ic) of the instrument is reached producing a
voltage across the Josephson junction. The voltage output can then be manipulated
using software and computational methods to give the magnetic moment of the
material.1,39–42 Depending on the type of measurement being performed (discussed
below), the measurement process is repeated multiple times at varying temperature.

Figure 1.7: Schematic representation of the measurement process using a SQUID magne-
tometer.

A few of the different plots produced from data obtained from SQUID measure-
ments can be seen in Figure 1.8. Plots a - d show direct current (DC) molar mag-
netic susceptibility and field dependence magnetisation measurements in an applied
magnetic field over a temperature range (300 - 2 K). From these plots the nature of
the magnetic susceptibility and spin states can be determined, for example plots
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10 Chapter 1. Introduction

Figure 1.8: Example plots produced from data obtained by a SQUID magnetometer. a) Ex-
hibits dominant AF exchange, b) Exhibits dominant F exchange, c) Exhibits competing AF
and F exchange, d) The field-dependence of magnetisation for a given complex at specified
temperatures (2, 4, and 6 K).

a and b are indicative of antiferromagnetic and ferromagnetic interactions respec-
tively and plot c exhibits competing antiferromagnetic and ferromagnetic interac-
tions. Plot d shows the field dependence of magnetisation at specified temperatures,
used to determine the magnetic properties and any metal centre interaction at low
temperatures. To further probe the magnetic properties of a complex, specifically to
determine whether the complex behaves as an SMM, alternating current (AC) mag-
netic susceptibility measurements are performed with and without a magnetic field.
AC susceptibilily measurements are a measure of the magnetic dynamic behaviour
and from these plots, parameters such as the blocking temperature and effective bar-
rier can be determined. As subtle changes in a material are measured, these samples
need to have been prepared and handled carefully so that no impurities, no matter
the quantity, are introduced as this can cause inaccurate results.41

1.2.3 Computational Analysis

Over the last few years, computational analyses, the most common being density
functional theory (DFT), have become increasingly popular to investigate and model
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1.3. Coordination Complexes 11

properties such as the electronic structure and transition states but more commonly
to corroborate experimental findings. DFT is a computational modelling method
used to investigate the electronic structure of systems that consist of atoms, molecules
and condensed phases.43,44 A key premise of DFT is that the energy of a system can
be determined solely from the distribution of the systems electron density instead
of using many ‘costly’ wave functions.1 In terms of this research, DFT calculations
were used to perform broken symmetry analyses, geometry optimisations, and to
determine thermodynamic properties for a series of complexes.

Broken Symmetry (BS)

Commonly when magnetic characterisation is performed on polynuclear complexes,
a computational analysis is subsequently performed. This is to compare key param-
eters of the complexes magnetic properties, such as the magnetic exchange between
metal ion(s), known as the Heisenberg exchange coupling constant, J. Experimen-
tally, J is determined from fitting the magnetic data to a spin Hamiltonian equation,
typically based off of the Heisenberg Dirac van Vleck Hamiltonian (Eqn 1.3), where
ŜA and ŜB denote the spin operators for two metal centres, A and B.

Ĥ = �2JŜAŜB (1.3)

In order to calculate the spin Hamiltonian by general DFT methods, a large amount
of computational cost is required in the form of multideterminant calculations which
calculate the energy difference between the singlet and triplet states.43,45 A common
way researchers circumvent this is to use a Broken Symmetry (BS) DFT approach,
as it has shown to have a lower computational cost while producing comparable
results.46,47 The BS approach uses a single determinant that calculates an in-between
spin state (‘imaginary’ spin state), the BS spin state, which mixes properties of both
the singlet and triplet states.45–47

As the goal of this analysis is to calculate J, additional schemes are required to con-
nect the energy obtained from the BS calculation and J. There are three common
methods used to calculate J from a BS approach, with two methods by Noodle-
man and Alvarez et al. which concern the weak and strong couplings.48,49 The third
method, which is the one used in this research, is by Yamaguchi and coworkers and
accounts for both strong and weak couplings (Eqn 1.4), EHS and EBS describe the
energies of both the high spin and BS states, and hŜ2iHS and hŜ2iBS describe the
expectation values of the spin states.50

J = � EHS � EBS

hŜ2iHS � hŜ2iBS
(1.4)

1.3 Coordination Complexes

Throughout the literature there are numerous examples of coordination complexes,
ranging from nuclearity of one to 490.51 Complexes consisting of 3d and 4f ions, both
homometallic and heterometallic (3d3d and 3d4f ) have become increasingly popular
as these metal ions have exciting properties for desired applications, such as catal-
ysis, molecular magnetism, bioinorganic functions, extractive hydrometallurgy, and

Mobile User



12 Chapter 1. Introduction

photosynthetic pathways with researchers constantly striving to improve upon cur-
rent models.11,21,52–58 Other common metal ions found in both homometallic and
heterometallic complexes are 2p, 4d, 5d, and 5f.

1.3.1 Homometallic Complexes

Over the years, a plethora of different homometallic complexes have been reported
with a large proportion consisting of 3d or 4f ions. Popularity surrounding these
metal ions has gone through many ups and downs over the years due to the rise
and fall of various research topics. For example, in the 1990s and early 2000s, the
popularity surrounding Mn, specifically MnIII and MnIV, soared due to both the dis-
covery of the first SMM in 1993 by Sessoli and coworkers and the X-ray structure
determination of the oxygen-evolving centre, Mn4Ca2+, of Photosystem II.59,60

In 1980, a Mn12 cluster consisting of four MnIV and eight MnIII ions was reported
by Lis, who detailed the structural properties and magnetic moment of the com-
plex (obtained by a Gouy balance).61 Thirteen years later, more extensive magnetic
properties of the same complex were reported by Sessoli et al. revealing the clus-
ter known as Mn12 to be the first SMM.59 Mn12 consists of a central tetrahedron of
MnIV ions bridged by µ3-oxide groups, surrounded by a ring of MnIII ions with cap-
ping H2O molecules and OAc– groups bridging between both the MnIII ions and the
MnIII/MnIV ions (Figure 1.9). Over the years, several researchers have produced dif-
ferent variations of Mn12, with the benzoate (Bz– ) version, [MnIV

4MnIII
8O12(Bz)16(H-

2O)4], produced by Christou and coworkers producing analagous results to the orig-
inal OAc– version by Lis.61,62 Both of these complexes were found to have a total
ground spin state of S = 10 and as a result of the large anisotropy derived from
the Jahn-Teller distorted MnIII ions, the ground states were split by ZFS resulting in
bistable wells (similarly to Figure 1.1) and an effective barrier of 60 - 64 K (86.34 -
92.10 cm-1).61,62

Figure 1.9: Crystal structure of Mn12, [MnIV
4MnIII

8O12(OAc)16(H2O)4] produced by Lis
with two different orientations.61 Hydrogen atoms, lattice solvent molecules, selected bridg-
ing OAc– groups (right), and H2O molecules (right) have been omitted for clarity. Colour
code: MnIV = dark purple, MnIII = light purple, O = red, and C = grey.
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As mentioned for Mn12, the anisotropy of the complex was derived from the Jahn-
Teller effect, which is one of the main reasons for the popularity surrounding MnIII

ions. The Jahn-Teller effect is commonly seen in d9, low spin d7, and high spin d4

metal ions due to their electron configurations having doubly degenerate states. As
this is not energetically favourable, the metal ion will attempt to reduce the energy
of the states by distorting the metal geometry along an axis, typically resulting in
the elongation of the axial coordinates.63,64 Many researchers exploit the Jahn-Teller
effect to enhance the anisotropy of a complex, specifically for use in magnetic mate-
rials or SMMs. One group that successfully exploited the Jahn-Teller effect was the
Brechin group, when they successfully produced a MnIII

6 double triangular cluster,
[MnIII

6O2L6(Bz(Me)2)2(EtOH)6] (L = 2-hydroxyphenylpropanone oxime), a record
SMM of its time.65 This complex consists of two triangles made up of three MnIII

ions coordinated to an oximato ligand, bridged by µ3-oxide and oximato nitrogen
and oxygen atoms (Figure 1.10). The two triangles are bridged by two oximato
oxygens, with capping EtOH and 3,5-dimethylbenzoyl (Bz(Me)2) molecules. The
combined enhanced anisotropy and structural torsion induced by structural bulk
and M-N-O-M bridging produced an effective barrier of 86.4 K (60.04 cm-1) and a
blocking temperature of 4.5 K. One of the favourable properties of 3d ions, which
has maintained their popularity as magnetic materials for several decades is their
effective orbital overlaps, which allow for metal-ligand interactions and magnetic
exchange, both appealing properties for magnetic materials.7,21

Figure 1.10: Crystal structure of the record SMM, [MnIII
6O2L6(Bz(Me)2)2(EtOH)6], pro-

duced by the Brechin group, which exploits the Jahn-Teller effect.65 Hydrogen atoms have
been omitted for clarity. Colour code: MnIII = light purple, N = blue, O = red, and C =
grey.

Apart from MnIII ions, another popular metal ion in the field of magnetochemistry
and SMMs is CoII. The research groups of Banerjee et al., Chandrasekhar et al., Zhu
et al., and Buvaylo et al. all report mixed valence CoII/CoIII based complexes, both
dinuclear and tetranuclear, that display SMM properties to varying degrees (Figures
1.11 and 1.12).66–69 Although all of the complexes are mixed valence, for the purpose
of magnetic characterisation they are all considered as mononuclear CoII due to the
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low spin and diamagnetic nature of the CoIII ions.66 The star-shaped complex by Zhu
et al. was found to display SMM properties under no magnetic field, with a reported
effective barrier of 109 K.68 The opposite was found for the complexes by Banerjee
et al., Chandrasekhar et al., and Buvaylo et al. as these complexes were all reported
to have zero SMM properties under a zero field, due to QTM, however upon ap-
plying an external magnetic field they displayed SMM properties.66,67,69 These com-
plexes are considered field-induced SMMs. A field-induced SMM is a complex that
shows no signal when AC magnetic measurements are performed with an applied
DC field of zero, an indication of an absence of slow relaxation of magnetisation
or in this case, the presence of QTM quenching. However when the AC measure-
ments are performed with a non-zero applied DC field, these complexes show a
signal/maxima indicating they do indeed have SMM properties.66,70,71

Figure 1.11: Crystal structures of two of the CoIICoIII SMMs produced by the Banerjee (left)
and Zhu (right) research groups.66,68 The ligands for both complexes can be found below the
corresponding structure. Hydrogen atoms and lattice solvates have been omitted for clarity.
Colour code: CoIII = pink, CoII = purple, N = blue, O = red, S = yellow, Br = light orange,
and C = grey.

Aside from 3d based coordination complexes, another popular type of homometal-
lic complexes are 4f based ones. The popularity of 4f complexes has arisen from the
field of magnetochemistry, especially in relation to SMMs, however homometallic 4f
complexes also have potential for application as luminescent devices,72 MRI contrast
agents,55 and in fields such as catalysis53 and bioimaging/sensing.57

4f based SMMs have gained popularity since 2003 when Ishikawa et al. reported
the first example.73 One key property of 4f ions is that their magnetic moments arise
from the inner shell orbitals, not the outer shell orbitals like 3d ions. This produces
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Figure 1.12: Crystal structures of two of the CoIICoIII SMMs produced by the Chandrasekhar
(left), and Buvaylo (right) research groups.67,69 The ligand used for both complexes can be
found below the structures. Hydrogen atoms and lattice solvates have been omitted for
clarity. Colour code: CoIII = pink, CoII = purple, N = blue, O = red, Cl = green, and C = grey.

the ‘shielding’ effect, as the electrons in the outer shells ‘shield’ the inner shell elec-
trons resulting in no quenching of the OAM. This however results in limited pos-
sibilities for the overlap of orbitals of neighbouring ions and weak ligand field in-
teractions. Although the weak metal-ligand interactions are not desirable, it means
the anisotropy of the complex is derived solely from the metal ion(s), which can be
further enhanced by careful ligand design.2

For 4f ions, the nature in which bistable ground states are determined does not solely
result from ZFS, however it results from the interaction between orbital motion and
a magnetic dipole, known as spin-orbit coupling (SOC). For 3d ions, the only pa-
rameter needed for the splitting of the ground state is S, however for 4f ions, two
additional parameters, J, the total angular momentum quantum number, and L, the
total orbital quantum number, are required to give the ground state splitting as [2J +
1]MJ microstates within the ground term, 2S+1LJ. When a metal ion has an odd num-
ber of ground state electrons, it is referred to as a Kramers ion, for example DyIII has
a ground state of 15/2 and will always have a bistable ground state no matter the
ligand field symmetry.74 Non-Kramers ions, for example, TbIII are not guaranteed to
have bistable ground states, however, when the anisotropy of the ion is enhanced by
the ligand field, a bistable ground state can be achieved. There are two main types of
electron distributions found for 4f ions, prolate and oblate, as shown in Figure 1.13.
Each distribution has a preferred ligand field symmetry and subsequent geometry,
which has been shown to enhance the anisotropy of the metal ion. Ions with oblate
electron distributions, such as CeIII, TbIII, and DyIII prefer a ligand field and geome-
try where the ion is coordinated to axial donors, whereas ions with prolate electron
distributions, such as ErIII and YbIII prefer a ligand field and geometry where the ion
is coordinated to equatorial donors (Figure 1.13).16,21,22,74

Exploiting the anisotropy of 4f ions has been a focus of SMM researchers for sev-
eral years, with efforts coming to fruition in 2018 with the current record holding
SMM for both blocking temperature and effective barrier produced by the Lay-
field group.19 The record breaking anisotropy of the mononuclear DyIII complex
was achieved by enhancing the ligand field and preserving the OAM and SOC of
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Figure 1.13: Schematic representation of how ligand coordinates can enhance the anisotropy
of different orbital shapes found for 4f ions.

the DyIII ion, quenching any QTM effects (See Section 1.1.1).19 The design of this
record SMM was built off of the success of the previous record holder that was
produced by the same researchers in 2017.75 The Layfield group utillised Cp de-
rived ligands to coordinate to the DyIII ions axially, enhancing the anisotropy of
the ion. The 2017 record SMM (Figure 1.14, left) consisted of CptBu (1,3,5-tri-tert-
butylcyclopentadienyl) ligands, the repulsion of which produced a ‘bent’ structure
with a CptBu-DyIII-CptBu angle of 152.8°.75 By creating an asymmetric complex using
Cp⇤ and CpiPr5 ligands, the Layfield group were able to reduce the repulsion and
create a complex with a more linear CpiPr5-Dy-Cp⇤ angle of 162.5°, resulting in in-
creased anisotropy and a new record breaking SMM.19

1.3.2 Heterometallic Complexes

There are a broad range of heterometallic coordination complexes found in the liter-
ature with 3d3d’, 3d4f, and 3d5f to name a few. They are used in applications such as
catalysis,76,77 molecular magnets,23 magnetic refrigeration,23,78 biotechnology,54 and
anticancer agents.79

One of the largest obstacles faced when producing heterometallic complexes, specf-
ically 3d4f, is that both 3d and 4f ions are classed as ‘hard acids’ and prefer similar
donor atoms.1 This makes the ligand design important as the binding sites need
to be substantially different in order for the ligand to coordinate the different metal
ions.20,80–82 There are of course examples throughout the literature, where heteromet-
allic 3d4f complexes have been produced using ligands with symmetric binding
sites, however for the majority of complexes, this is not the case.83 Common meth-
ods used to combat this issue either produce ligands that have rigid size preferential
binding sites, and/or use a mixture of donor atoms. It is well reported that 4f ions
are largely oxophilic, with few cases where the donor atoms are nitrogen, whereas
3d ions will coordinate to a larger range of atoms.20,80–82
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Figure 1.14: Crystal structures and corresponding ligands of the record SMMs,
[(Cp

tBu)2DyIII]+ (left) and [CpiPr5Cp⇤DyIII]+ (right), produced by Layfield and
coworkers.19,75 Hydrogen atoms and lattice anions have been omitted for clarity.
Colour code: DyIII = aqua and C = grey.

One of the more common applications for 3d4f complexes is magnetic materials or
molecular magnets.9,84 The use of 3d4f complexes were initially proposed as a re-
sponse to combat the unfavorable properties of the individual homometallic 3d and
4f complexes.9,85,86 It was hoped that by combining the large anisotropy of the 4f
ions with the metal-ligand interactions and magnetic exchange of the 3d ions, QTM
effects and the rapid quenching of magnetisation would be reduced.5,16,17,81 This
however was found to not be the case for the majority of examples as similarly to
the homometallic 4f SMMs, the persistence of QTM effects resulted in negilible SMM
properties.87

Currently, the 3d4f SMM with the highest effective barrier is a trinuclear CoII
2DyIII

complex produced by Tong and coworkers (Figure 1.15).88 By manipulating the co-
ordination environment of the metal ions, researchers found that the effective barrier
height and rate at which QTM relaxed the system could be increased and decreased
respectively. Tong and coworkers were able to achieve this remarkable property, an
effective barrier of 600 K (416 cm-1), by simple manipulation such as the desolvation
of a complex or single-crystal-to-single-crystal transformations. The dehydration
of a precursor complex resulted in an alteration of the CoII ion geometry, shifting
from distorted octahedral towards a more trigonal prismatic geometry. This subse-
quently caused the axial coordinates on the DyIII ion to lengthen and elongate along
the anisotropic axis or ‘easy axis’ resulting in greater magnetisation and a greater ef-
fective barrier. Although as mentioned previously, the combination of the 3d4f ions
did not prevent the QTM, and no blocking temperature was obtained.

Throughout the literature, heterometallic SMMs are typically of the 3d4f composi-
tion however there are a few examples of heterometallic 3d3d’ SMMs. Similarly to
the 3d4f counterparts, the ligand design is crucial as the desired ions coordinate to
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Figure 1.15: Crystal structure of the current record holding 3d4f SMM,
[CoII

2DyIIIL2(H2O)][NO3], produced by Tong and coworkers.88 Hydrogen atoms,
and lattice NO3

– anions have been omitted for clarity. Colour code: DyIII = aqua, CoII =
purple, N = blue, O = red, Br = yellow, and C = grey.

similar environments. The solution to this is compartmental ligands, as described
above, where the binding pockets are asymmetrical in both donor groups and size,
giving preference to one metal ion over the other. The research group of Zhou illus-
trated this concept when they produced a ZnIIMnII complex (Figure 1.16) with an
asymmetric macrocyclic ligand to aid in the binding and cleavage of DNA.54 Zhou
et al. compared their heterometallic complex against literature examples of simi-
lar homometallic systems and found that their system had a higher rate of cleavage,
which was attributed to the combination of the two different metal ions among other
things.

Figure 1.16: Crystal structure of the 3d3d’ complex, [ZnIIMnIIL(MeOH)2] ·H2O, produced
by Zhou et al. to bind and cleave DNA.54 Hydrogen atoms and lattice H2O molecules have
been omitted for clarity. Colour code: MnII = purple, ZnII = light blue, N = blue, O = red, Cl
= green, and C = grey.
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Figure 1.17: Crystal structures of the chain-like FeIICrIII
2 complexes produced by Pichon et

al.89 Hydrogen atoms and lattice solvates have been omitted for clarity. Colour code: CrIII =
dark red, FeII = orange, N = blue, O = red, and C = grey.

Another 3d3d’ SMM example is the trinuclear chain-like FeIICrIII
2 complex produced

by Pichon et al. (Figure 1.17, left), which was found to have an effective barrier of 35
K.89 When producing the FeIICrIII

2 SMM, Pichon et al. found that the ‘straightness’
of the CN-Fe linkages was important as an analgous FeIICrIII

2 complex (Figure 1.17,
right) produced was ‘bent’ approximately 20° more than the original complex and
resulted in no significant SMM properties. This result resembles what was found by
Layfield and coworkers, that by straightening the M-L linkages along or towards the
anisotropic axis, the magnetic properties of the complex are enhanced.19,75,89

1.3.3 Defective Dicubanes

Throughout the field of coordination chemistry, there is a large number of different
topologies, such as catenanes, rotaxanes, knots, helicates, triangles, and squares to
name a few, with one topology of interest being cubanes.90–92 A cubane is a tetranu-
clear structure where metal ions and µ3 bridging groups occupy alternating vertices
as show in the schematic on the left in Figure 1.18.93 The defective dicubane topology
is a subset of a cubane as it refers to a tetranuclear structure with alternating metal
ions and µ2/3 bridging groups however it is composed of two face sharing cubanes,
each with an opposite vertice missing (Figure 1.18, right).94,95
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Figure 1.18: Schematic representation of both a cubane (left) and a defective dicubane (right).
The coloured circles represent the metal ions (blue circles the ‘body’ ions and the red circles
the ‘wingtip’ ions for the defective dicubane) and the black circles the bridging groups.

Defective dicubanes are commonly referred to as ‘butterfly’ structures with the two
central metal ions the ‘body’ and the two outer metal ions the ‘wingtips’.95 This
nomenclature is commonly used as the metal ion composition can vary, such as the
dicubane can be homometallic, heterometallic, or the oxidation state of the metal
ions can vary within the one structure. Specifically for heterometallic/varied oxida-
tion cases, the nomenclature is useful as the different metal ions will always either
be in the ‘body’ or ‘wingtip’ positions.96–98 The use of this nomenclature was shown
in the research reported by Peng et al. where they produced two heterometallic de-
fective dicubanes with similar composition, however they were able to switch the
metal ion positions corroborating that the ion pairs are always either in the body or
wingtip positions.99 Peng et al. achieved the different ion placements through the
use of two common synthetic methods: stepwise and one-pot syntheses (Figure 1.19
bottom and top respectively). Stepwise synthesis for heterometallic complexes in-
volves the coordination of one metal ion prior to coordination of the second metal
ion whereas a one-pot synthesis involves adding both metal ions simultaneously.99

Defective dicubanes have been utilised in several applications such as catalysis, lu-
minescent devices, and magnetic materials.100–103 The popularity and appeal of this
topology arose from both its possible application in magnetic materials but also the
ease at which the exchange pathways and composition can be manipulated.104,105

The literature has shown that by optimising these exchange angles for ferromagnetic
exchange, QTM effects can be reduced and/or effectively quenched, as shown by
the research groups of Powell, Tian and Liu.8,101,106–108 An effective way researchers
have found to alter these exchange pathways is to change the composition of the
structure, whether it be to change the metal ions, bridging groups, or solvent and
anions found in the crystal lattices.101,106

Although most defective dicubanes are produced for their luminescence or mag-
netic properties, there are several examples where the defective dicubanes have been
utilised for catalysis.52,109–111 The Kostakis group have explored the use of defective
dicubanes as catalysts for several named reactions, such as the Michael addition
and Friedel-Crafts alkylation, with more recent work looking at the metal-promoted
Suzuki-Miyaura coupling reaction.52,109,110 Their chosen defective dicubane had a
CuIIDyIII core, which was coordinated to four ligands ((E)-2-(2-hydroxy-3-methoxyb-
enzylideneamino)phenol), two MeCN molecules, and two NO3

– anions (Figure 1.20).
The research group tested their defective dicubane in a coupling reaction between
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Figure 1.19: Crystal structures of the defective dicubanes,
[FeIII

2DyIII
2(OH)2(teg)2(N3)2(piv)4] (teg = triethylene glycol, piv = pivalic acid) (top)

and [FeIII
2DyIII

2(OMe)2(teg)2(NO3)2(piv)4] (bottom), produced by Peng et al. illustrating
the body/wingtip nomenclature.99 Hydrogen atoms apart from those attached to donor
atoms have been omitted and peripheral ligands and anions shown as wireframe for clarity.
Colour code: DyIII = aqua, FeIII = orange, N = blue, O = red, and C = grey.
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aryl halides and phenylboronic acids in DME : H2O (1 : 1) and when compared
to other CuII catalysts, the dicubane produced analogous results with a reduced
amount of the Cu based catalyst.

Figure 1.20: Crystal structure of the defective dicubane,
[CuII

2DyIII
2L4(NO3)2(MeCN)2] · 2MeCN, produced by the Kotastkis group for use as

a catalyst in a Suzuki-Miyaura reaction.52 Hydrogen atoms and lattice MeCN molecules
have been omitted for clarity. Colour code: DyIII = aqua, CuIII = yellow, N = blue, O = red,
and C = grey.

1.3.4 Transmetalation

Transmetalation is an organometallic reaction commonly used in synthetic chem-
istry. It is an irreversible reaction that covers a range of processes such as the transfer
of a ligand from one metal ion to another or the exchange of one or more metal ions
in a polymetallic cluster.1,112,113 These transmetalation processes are commonly seen
in catalysis and the synthesis of main group and transition metal complexes.1,114

Transmetalation is most commonly seen in catalytic cross-coupling reactions, such
as the Suzuki-Miyaura and Sonogashira cross coupling reactions (Figure 1.21). These
reactions involve the use of first and second row transition metal catalysts such as
CuII and PdII, which catalyse the carbon-carbon bond formation between organohali-
des and alkynes or organoboron species.115 These reactions occur when the ‘ligands’
of the two catalytic metals transmetalate, specifically, the two organo species will
both ‘end up’ on the PdII catalyst as it is the more electropositive metal. A subse-
quent reductive elimination then gives the new carbon-carbon bond.1,114,115

The synthesis of new transition metal complexes by transmetalation is similar to that
of the before mentioned catalytic cross coupling reactions, the goal however is not to
form new organic compounds but to exchange one or more metal ions.113 This form
of transmetalation is commonly used to synthesise complexes, which have difficult
syntheses. In theory, to produce a complex by transmetalation, the initial complex
would need to be produced with a more electronegative metal ion as ligands are
typically more attracted to electropositive metals. Common methods for transmet-
alation of transition metal complexes is by routes such as single-crystal-to-single-
crystal transformations and in situ reactions.1,114,116,117
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Figure 1.21: Schematic showing the transmetalation step of the Sonogashira catalytic cycle.

The use of transmetalation to produce new transition metal complexes has been
demonstrated by the research group of Kleij who reported a series of 3d salphen
(N,N’-phenylenebis(salicylidene-imine)) complexes that originated from a ZnII salp-
hen complex, as shown by the ZnII to NiII example (Figure 1.22).116 The purpose
of this research was to explore the different functions of this ligand framework and
how supramolecular and catalytic properties could be switched on and off in solu-
tion.

Figure 1.22: Transmetalation reaction used by the research group of Kleij to produce new 3d
complexes. Hydrogen atoms have been omitted for clarity. Colour code: ZnII = light blue,
NiII = green, N = blue, O = red, and C = grey.
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As mentioned above, transmetalation reactions typically follow the general trend of
the ligands being attracted to the more electropositive metal ion however this is not
always the case for 3d complexes as these have additional rules and/or trends of
coordination. One such trend of coordination is the relative stability of the complex
formed, which is known as the Irving-Williams series: Mn < Fe < Co < Ni < Cu
> Zn.118 The Irving-Williams series describes a stability trend found for 3d ions in
the +2 oxidation state. The trend suggests that the stability increases across the pe-
riodic table, reaching a maximum at CuII.118 The trend is supported by a number of
explanations with a few key ones being that as you move along the first row of the
3d ions, both the ionic radius and crystal field stabilisation energy increase, support-
ing the increase in stability seen across the row. Although CuII doesn’t fit the trend
for having the highest stability, it is thought that octahedral CuII complexes have in-
creased stability as a result of the Jahn-Teller effect.1,64,116,117 This doesn’t explain the
effect for non-octahedral CuII complexes, however that is a phenomenom not well
understood by researchers. Upon discovering the trend, it was found that it was
independent of the ligand, however for most ligands the trend holds up as shown in
Figure 1.23 and this has been further corroborated throughout the literature.117,119,120

Figure 1.23: Schematic representation of the log K1 plots for the first addition of ligand (L),
ethane-1,2-diamine (En, blue) and salicylaldehyde (Sal, black) to metal ions with a +2 charge.

There are several examples where the Irving-Williams series has been exploited
to synthesise new transition metal complexes and macrocycles, which only form
through transmetalation or template reactions. An example of this is the CuII coor-
dination polymer reported by Kumar et al. that only forms through a transmetala-
tion reaction of the ZnII complex (Figure 1.24).117 The transmetalation method used
was a single-crystal-to-single-crystal transformation, which allowed for the reaction
to be monitored by the crystals changing colour. When the researchers attempted
to reproduce this complex initially, they found that the initial complexation reaction
with the ZnII salt subsituted for a CuII salt produced a different CuII coordination
polymer.
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Figure 1.24: Crystal structures of the CuII polymeric complexes, [CuII(L)(HL)(H2O)2]n (left)
and [CuII(L)(CH3COO)]n (right), produced by Kumar et al.117 The polymer on the left is the
result of transmetalation whereas the polymer on the right is the result of an in situ reaction.
Hydrogen atoms have been omitted for clarity. Colour code: CuIII = orange, N = blue, O =
red, S = yellow and C = grey.
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Figure 1.25: Crystal structure of the MnII complex, [MnIIL], produced by Cieslik et al., which
does not follow the Irving-Williams series.121 Hydrogen atoms have been omitted for clarity.
Colour code: MnII = purple, N = blue, O = red, and C = grey.

As mentioned above, the Irving-Williams series is independent of the ligand being
utilised, with the trend holding up for a large majority of complexes. However, sev-
eral researchers have found that the trend does not apply to their ligand framework.
This was seen in the research of Cieslik et al. who were trying to achieve a frame-
work that would selectively coordinate MnII ions in the presence of ZnII ions as 1)
they are more abundant in biological enviroments and 2) according to the Irving-
Williams series more stable when coordinated.121 They found that when the cor-
responding ligand was large, rigid, and could fully encapsulate the metal ion, the
relative stability of MnII versus ZnII was reversed. The ligands they utilised in this
research were bispidine derivatives that incorporated ester, acid and pyridyl func-
tional groups (Figure 1.25).121
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1.4 Salicylaldehyde and its Many Derivatives

Throughout the literature, there are many different examples of ligands used in co-
ordination complexes. Different types of coordination complexes have different re-
quirements for a ligand such as for 4f based complexes the donor groups should
be predominantly oxygen, whereas for 3d based complexes, donor groups such as
oxygen, nitrogen, sulfur, phosphorus, chloride, and fluoride are all acceptable.1 For
heterometallic complexes, specifically 3d4f complexes, the design of the ligands and
donor groups is important so that each metal ion has a specific ‘pocket’ allowing for
the heterometallic coordination to be successful.20,82

One molecule and its derivatives that have been used as chelating ligands for many
years, is salicylaldehyde (Sal). Sal and its derivatives such as salicylaldoxime and
saliylaldimine are popular choices for chelating ligands as they are capable of co-
ordinating both 3d and 4f ions and can form heterometallic complexes when ap-
propriately functionalised. These ligands can also act as starting points for further
derivation, such as o-alkyloxime ligands (Figure 1.26).

Figure 1.26: Schematic representations of salicylaldehyde (top left) and its derivatives sali-
cylaldoxime (top right), salicylaldimine (bottom left), and o-alkyloxime (bottom right).

Sal has been used as a chelating ligand since it was first reported in 1930.122 Various
derivatives of Sal are found throughout the literature with common derivatives fea-
turing methoxy, bromomethyl, tBu, methyl, nitro, and amino groups. Coordination
complexes utilising Sal derivatives range from simple M1L2 systems such as the sim-
ple CrIII complex reported by Zhu et al. (Figure 1.27) to larger MxLx complexes like
the 3d4f complex by Li and coworkers (Figure 1.28).123,124 As the complex by Zhu et
al. shows, Sal typically coordinates to metal ions between the deprotonated phenol
and the aldehyde, with the phenolate oxygen capable of µ2 coordination as shown
by Li and coworkers (Figures 1.27 and 1.28 respectively).124 Generally when Sal is
involved in 3d4f complexes, its role is as a coligand, due to salicylaldehyde having
no preformed coordination pockets, however, this was not an issue for the CoIIEuIII

2

Mobile User



28 Chapter 1. Introduction

Figure 1.27: Crystal structure of the [CrIIIL2(H2O)2][Cl] complex produced by Zhu and
coworkers.123 Hydrogen atoms apart from those attached to donor atoms and lattice an-
ions have been omitted for clarity. Colour code: CrIII = light blue, O = red, C = grey, and H
= white.

Figure 1.28: Crystal structure of the [CoIIEuIII
2L8] complex produced by Li and

coworkers.124 Hydrogen atoms have been omitted for clarity. Colour code: EuIII = aqua,
CoII = purple, O = red, and C = grey.

structure produced by Li and coworkers. The mechanism for how the metal ions
coordinate however can not be determined as this example has no associated exper-
imental details.

One of the most common derivatives of Sal found in the literature is o-vanillin (3-
methoxy-2-hydroxybenzaldehyde, Figure 1.29). o-Vanillin (o-van) has gained pop-
ularity as a chelating ligand due to its ability to coordinate both 3d and 4f ions in
homometallic and heterometallic complexes.125 The two coordination pockets of o-
van are distinctly different enough that 3d and 4f complexes can form. When two
units of o-van are opposite each other as in Figure 1.29, the two coordination pock-
ets are different in size, with the smaller pocket a better match for the smaller 3d
cations and capable of forming either a four-, five-, or six-coordinate geometry. The
second pocket formed between the phenolate and methoxy oxygens is larger and
more suited for the 4f ions. It is possible for the 4f ions to coordinate between the
phenolate and carbonyl oxygens however these structures form different topologies
such as triangles, or defective dicubanes to allieviate steric strain.

As shown by the research group of Costes, the use of 3d4f ions commonly form
dimeric complexes when produced at room temperature (RT) as show in Figure 1.30
(left), however when heat was applied to the complex, a new 3d4f complex was
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Figure 1.29: Schematic representation of o-van shown on the left with the most common
coordination mode shown on the right. The schematic at the bottom represents the common
form of 3d4f coordination.

produced (Figure 1.30, right).126 This new complex was reported to have a defec-
tive dicubane core and showed a shift in the coordination pockets, as for two of the
four ligands, the 4f ions were coordinated to the carbonyl/phenolate pocket, and the
3d ions were found to coordinate to the phenolate/methoxy pocket. As discussed
above, when the metal ions change which pocket they coordinate to, the resulting
strain forces the topology to change to alleviate this, as shown by the new defective
dicubane core. Another example where the topology alleviates strain is shown by
the M3L3 structure (Figure 1.31) produced by Tang et al. where a triangular topology
was produced to alleviate the strain induced by 4f ion coordinating to both pockets
of o-van.127

Figure 1.30: Crystal structures of the 3d4f complexes, [NiIIGdIIIL2(H2O)2(NO3)3] (left) and
[NiII2GdIII

2L4(OMe)2(NO3)4] (right), produced by Costes and researchers.126 Hydrogen
atoms have been omitted for clarity. Colour code: GdIII = aqua, NiII = green, N = blue,
O = red, and C = grey.
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Figure 1.31: Crystal structure of the triangular structure,
[DyIII

3L3(OH)3Cl(H2O)5][Cl3] · 4H2O, produced by Tang et al.127 Hydrogen atoms
and lattice solvent and anion molecules have been omitted for clarity. Colour code: DyIII =
aqua, O = red, Cl = green, and C = grey.

1.4.1 Schiff Base Compounds

Schiff base compounds are those which originate from a condensation reaction be-
tween a carbonyl group and a primary amine. Throughout the literature, there is a
large number of coordination complexes that utilise Schiff base ligands with both ho-
mometallic and heterometallic 3d and 4f ions. Some of the more popular Schiff base
ligands are derivatives of salicylaldimine, with ‘single’, ‘double’, and ‘triple headed’
ligands as well as macrocyclic ligands commonly found (Figure 1.32). Similarly to
Sal, Schiff base ligands are largely used in magnetochemistry based applications due
to the ease at which they can bridge metal ions and promote magnetic exchange.

Double headed salicylaldimine derived ligands are popular due to their compart-
mental nature, a requirement of heterometallic 3d4f complexes. An example of this
can be seen in the CuIIGdIII dinuclear complex produced by Costes and cowork-
ers, the first reported dinuclear 3d4f complex to be structurally characterised (Figure
1.33).128 The ligand utillised was 1,2’-bis((3-methoxysalicylidene)diamino)-2-methyl-
propane, a derivative of salicylaldimine that utilises o-van, and as shown by Figure
1.33 the coordination of the CuII and GdIII ions resemble that of the o-van dinuclear
complexes. These compartmental ligands however are more suited for dinuclear
3d4f complexes as the coordination pockets are more defined for the different metal
ions. The Schiff base alkyl bridge introduces additional rigidity to the inner pocket,
providing a size selective site that is well matched to the 3d ions. Additionally as
4f ions are well known to be largely oxophilic, when derivatives such as o-van are
used, the outer coordination pocket is more appealing for the 4f ions as the pocket
is solely oxophilic.

Although Schiff bases are one of the more popular types of chelating ligands, they
are known to be unstable and can undergo hydrolysis reactions depending on the
complexation environment. Generally these hydrolysis reactions occur during a
complexation when the environment is acidic, with the Schiff base returning to its
aldehyde and amine precursors with these becoming the new ligands.129 One of the
more common methods to combat this is to initially form the desired complex with
the aldehyde precursor(s) and then perform the Schiff base reaction on the complex
to obtain the desired product.
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Figure 1.32: Schematic representations of single, double, and macrocyclic salicylimine de-
rived Schiff base ligands.

1.4.2 Oxime Based Compounds

Oximes are an extension of Schiff bases, however instead of a primary amine, an
aminooxy group is used. Generally the aminooxy used is hydroxylamine, NH2OH,
to give single headed compounds and double headed compounds which are bridged
via the 3-position. Another type of salicylaldoxime derivative is o-alkyloximes, these
compounds use an aminooxy group, NH2OR or NH2ORONH2, and bridge two aro-
matic units through the alkyloxime functionality (Figure 1.34, bridged).

Salicylaldoxime derivatives are commonly used in fields such as magnetic materials
and extractive hydrometallurgy due to the ligands having multiple binding sites,
coordination modes, and the ease at which the phenol readily deprotonates upon
interaction with a metal ion. Additionally hydrogen bonding networks within the
protonated and deprotonated compounds stabilise the molecules making them more
resistant to hydrolysis unlike their Schiff base counterparts.

A large proportion of the literature examples are homometallic 3d complexes as a re-
sult of the more popular fields of extractive hydrometallurgy and magnetic material-
s.7,65,130,131 Commonly salicylaldoxime derivatives have amino functionality added
to R2 in Figure 1.34, partly due to the corresponding complexes produced but also
due to the ease at which amino functionality can be added, through reactions such
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Figure 1.33: Crystal structure of the first structurally characterised 3d4f dinuclear complex,
[CuIIGdIIIL(NO3)3] ·Me2CO, produced by Costes and coworkers.128 Hydrogen atoms and
lattice solvent molecules omitted for clarity. Colour code: GdIII = aqua, CuII = orange, N =
blue, O = red, and C = grey.

as Mannich condensation and amine alkylation. This is demonstrated by the hy-
drometallurgic research of Tasker and coworkers where by adding a simple sec-
ondary amine such as piperidine, the ligand can coordinate to a CuII cation but also
be used to extract anions through hydrogen bonding to protonated amino groups as
shown by Figure 1.35.

Literature examples have shown that single headed oximes most commonly coordi-
nate to metal ions in a trans conformation, as this reduces any repulsion that would
occur between the oxime groups.130,131 A large proportion of double headed oxime
based ligands have lengthy alkyl chains bridging the two units resulting in the pro-
duction of different complexes such as helicates and mesocates, subsequently caus-
ing the ligands to coordinate in a trans conformation as shown by Wenzel et al. (Fig-
ure 1.36). These particular helicates are an extended version of the simple metal
extractants produced by Tasker and coworkers, as they have the capability to en-
capsulate anions in the cavity formed by the helicate through both weak metal ion
coordination and hydrogen bonding.132

One of the more well known oxime based complexes, is the hexametallic [MnIII
3]2

triangular structure, a previous SMM record, synthesised by Brechin and coworkers
(Figure 1.10). The ligand they utilised was 2-hydroxyphenylpropanone oxime (Fig-
ure 1.10, top right), a single headed oxime with functionalisation off the carbon of
the C=N group. Instead of the single headed oximato ligand coordinating to a metal
ion in a trans conformation, three ligands form a triangle with classical oximato M-
N-O-M bridging, imparting structural torsion into the complex.

An extension to Schiff base and oxime compounds are o-alkyloximes. An o-alkyloxime
has the notation R’-C=N-O-R”, with a carbon chain replacing the typical OH func-
tionality of an oxime. This extension is interesting for coordination complexes as the
added oxygen in the bridge imparts additional electronegativity, which is thought to
have an impact on both the N2O2 pocket and associated coordination sphere. These
compounds akin to both Schiff bases and traditional oxime ligands, can be single
headed or double headed, however a large proportion of coordinated compounds
found in the literature are at least double headed, with several triple headed, both
1,3 and 1,4 C=N functionalisation (Figure 1.37). The coordination modes are more
alike to Schiff bases, in such that the oxygen atom in the bridge rarely coordinates to
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Figure 1.34: Schematic representations of three different types of oxime based compounds;
single headed, double headed, and bridged.

Figure 1.35: Crystal structure of the CuII extractant, [CuIIL2][(NO3)2], produced by Tasker
and coworkers.130 Non-interacting hydrogen atoms have been omitted for clarity. Hydrogen
bonding represented as black dotted lines. Colour code: CuII = orange, N = blue, O = red, C
= grey, and H = white.
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Figure 1.36: Crystal structure of the CuII helicate, [BF4⇢CuII
2L2][(BF4)3] · 2MeCN, produced

by Wenzel et al.132 Top view illustrates the metal ion coordination, bottom view shows
the cavity of the helicate. Non-interacting hydrogen atoms and lattice anions and solvent
molecules have been omitted for clarity; Hydrogen bonding represented as black dotted
lines. Colour code: CuII = orange, N = blue, O = red, B = light pink, F = yellow, C = grey, and
H = white.
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Figure 1.37: Schematic representations of single, double, and triple headed o-alkyloxime
compounds.

a metal ion however it has been shown in the literature that this is still possible.133,134

o-Alkyloximes have been utilised in coordination complexes for applications such as
fluorescence,135,136 catalysis,137 antimicrobial,138,139 and magnetic materials.140 Many
examples consist of dinuclear and trinuclear complexes, either homometallic 3d or
heterometallic 3d4f. Many of the trinuclear complexes utilise bridging groups such
as OAc– anions to bridge between metal ions as shown by Li et al. who produced a
series of trinuclear homometallic NiII and CoII complexes (Figure 1.38).141 The M3L2
complex utilised an asymmetric double headed o-alkyloxime derivative, 2-hydroxy-
4-methoxy-O-[2-[[[(2-hydroxy-5-nitrophenyl)methylene]amino]oxy]ethyl]oxime benz-
aldehyde (Figure 1.38, bottom), as the ligand. Each ligand is coordinated to one of
the NiII ions in the oxime/phenolate pockets with the central ion coordinated to the
four phenolate oxygens and two bridging OAc– anions.

One of the more simpler topologies is the dinuclear M2L1 topology, which utilises the
exchange pathway facillitated by the phenolate oxygen. An example of this is shown
by the research of Yao et al. who produced a series of NiIILnIII complexes, where all
complexes were found to have desirable ferromagnetic exchange however only the
NiIIDyIII complex shown in Figure 1.39 displayed SMM properties.142 The ligand
utilised was a popular o-alkyloxime derivative found in the literature, 2-hydroxy-3-
methoxy-1,1’-(O,O’-1,2-ethanediyldioxime)-benzaldehyde, where the NiII ions coor-
dinate in the inner oxime/phenolate pocket and the 4f ions in the outer phenolate
/methoxy pocket.
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Figure 1.38: Crystal structure of the NiII3 trinuclear complex,
[(NiIIL(MeOH)(OAc))2NiII] · 2MeOH, produced by Li et al. with the corresponding
o-alkyloxime ligands shown below.141 Non-interacting hydrogen atoms and lattice solvent
molecules have been omitted for clarity. Colour code: NiII = green, N = blue, O = red, and C
= grey.

Figure 1.39: Crystal structure of the NiIIDyIII complex, [NiIIDyIIIL(MeOH)(NO3)3] ·Et2O,
produced by Yao et al.142 Non-interacting hydrogen atoms and lattice solvent molecules have
been omitted for clarity. Colour code: DyIII = aqua, NiII = green, N = blue, O = red, and C =
grey.
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1.5 Aims of Research

The overarching theme of this research is to explore the manipulation of magnetism
found in polynuclear clusters, by targeting the exchange interactions found between
metal ions. The exchange pathways of interest will originate from both defective
dicubane and dinuclear topologies, where ligands and/or anions will be utilised
as the bridging groups. Two different oxime and o-alkyloxime based ligands will be
used to produce both homometallic 3d and heterometallic 3d3d’ and 3d4f complexes.
Key manipulations will be to change the bridging groups, metal ion combinations,
and metal ion coordinates.

The first series centers on a previously reported NiII
4 defective dicubane with fer-

romagnetic exchange, and explores how the exchange pathways, largely made up
of anions and coligands, can be manipulated through the incorporation of different
metal anions, solvents, and coligands. This series of maniplations looks at the effect
of changing the group that has direct influence on the exchange pathways, periph-
eral groups, and the crystal lattice. Successful complexations will be characterised
by SCXRD, ESI-MS, ATR-IR, CHN microanalysis and magnetic and computational
analyses to determine the magnetic properties of the complexes and the success of
the manipulations.

An investigation into two further series will then be undertaken. These differ from
the defective dicubane series in that the exchange pathways originate solely from the
ligand itself rather than additional coligands, allowing the effect of different metal
ion combinations, both homo- and heterometallic to be explored. The first of the
two series explores how different 3d3d’ combinations affect the ligand geometry and
most importantly the angles and distance of the exchange pathways. The second of
the two series builds off of the 3d3d’ series but explores 3d4f metal ion combinations
and how different anions and solvent combinations affect both the ligand geometry
and the exchange pathway angles and distance(s). Successful complexations will be
characterised by a combination of SCXRD, ESI-MS, ATR-IR, CHN microanalysis and
magnetic and computational analyses to determine both the magnetic properties of
the complexes and the success of the manipulations.
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Chapter 2

Ligand Design and Synthesis

2.1 General Details

All starting materials and solvents were used as purchased from commercial sources,
unless otherwise stated. HPLC grade MeOH and absolute EtOH were dried ac-
cording to the procedure of Lund and Bjerrum and stored over activated 3 Å and 4
Å molecular sieves respectively.143,144 Alternatively HPLC grade MeOH was stored
over activated 3 Å molecular sieves for a week prior to use. All reactions were car-
ried out in acetone-washed, oven-dried glassware under ambient conditions unless
otherwise stated. The glassware utilised for crystallisation was either used straight
from purchase, or outer vials (previously used solely for Et2O) were washed with
H2O and MeOH, soaked in a KOH/IPA base bath, rinsed with H2O, and then air
dried. All complexation and crystallisation attempts were performed at RT in ambi-
ent conditions, unless otherwise stated.

All organic compounds have been characterised by 1H NMR, ATR-IR, and ESI-MS
with new organic compounds characterised by 13C NMR. The metallic complexes
have been characterised by a combination of SCXRD, ATR-IR, FAAS, CHN elemen-
tal analysis, and magnetic susceptibility measurements. For the complexes that have
been characterised by magnetic measurements, the measured material was gener-
ated from metal-contaminant free, bulk complexations and was characterised by
unit cell checks (several crystals screened from the same bulk material), SCXRD,
ATR-IR, ESI-MS, FAAS (C6, C8, C10, and C12), and CHN microanalysis. A number
of the complexes reported in this research have solely been characterised by SCXRD
due to an initial small sample size and issues surrounding reproducibility with bulk
synthesis attempts. All complex yields reported are of isolated crystalline material.

1H and 13C NMR spectra were recorded at RT on a Bruker-500 Avance instrument,
with the 1H shift of the solvent used as an internal standard. ESI-MS spectra were
collected on a Dionex UltiMate 3000 and run in positive ion mode. ATR-IR spectra
were collected on a Nicolett 5700 IR using a diamond ATR sampling accessory. FAAS
was collected using a GBC XplorAA dual instrument with SpectrAA (Mn), S&J (Cu
and Zn), Photron (Ni), and Varian (Co) hollow cathode lamps used. The CHN ele-
mental analysis was collected by the Campbell Microanalytical Laboratory, Chem-
istry Department, The University of Otago. Selected spectra of new compounds can
be found in Appendix A.

Throughout this research a modified version of the Harris method (Appendix A; Sec-
tion A.6.1) was used to describe the coordination modes of the ligands and anions,
with schematics showing the various coordination modes in Figures 2.2, 2.6, 2.8,
2.11, and A.16, - A.19.145 The metal ion geometries for complexes C1 - C66 have been
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determined using Consistent Shape Measurement (CShM) calculations performed
using the software, SHAPE.146,147 Details and results of which can be found in Ta-
bles A.1 - A.9, B.1, C.3, D.2, D.3, and E.4.

2.2 H2L1

The known compound, H2L1, utilised for the defective dicubane series was syn-
thesised by a series of reactions: formylation, methyl bromination, amine alkylation,
and oximation (Figure 2.1). The structure of compounds 1 (5-tert-butyl-2-hydroxybe-
nzaldehyde), 2 (5-tert-butyl-3-bromomethyl-2-hydroxybenzaldehyde), 3 (5-tert-buty-
l-3-(N-methyl-N-(2,2-dimethoxyethyl)amino)methyl-2-hydroxybenzaldehyde), and
H2L1 (5-tert-butyl-3-(N-methyl-N-(2,2-dimethoxyethyl)amino)methyl-2-hydroxybe-
nzaldehyde oxime) were confirmed by 1H NMR, ATR-IR, and ESI-MS with the syn-
thetic procedures well documented by the Plieger group.148,149

Figure 2.1: The synthetic pathway to produce, H2L1

There are two coordination modes found for H2L1 (Figure 2.2) which vary slightly
from each other. For coordination mode I, the ligand is present in the form HL1-

with one metal ion coordinated to the phenolate oxygen, one methoxy oxygen, and
the amino nitrogen with a second metal ion coordinated to the phenolate oxygen
and oxime nitrogen. Mode II resembles that of mode I however the ligand is present
in the form L12-, with an additional metal ion coordinated to the oxime oxygen.
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2.2. H2L1 41

Figure 2.2: Representation of the coordination modes and Harris notation found for the
ligands, HL1- and L12- in this research. Metal ions are represented as black circles.
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42 Chapter 2. Ligand Design and Synthesis

2.2.1 Synthesis of H2L1

5-tert-Butyl-2-hydroxybenzaldehyde (1)

Prepared as per the method of Woodhouse et al.149 Dry Mg turnings (14.8 g, 0.609
mol, 0.6 eq.) were added to a stirred solution of dry MeOH/toluene (3 : 7; 200
mL) and Mg(OMe)2 solution (8%; 100 mL), and refluxed under argon overnight,
ensuring all Mg had dissolved. The reaction mixture was then added to a stirred
solution of 4-tert-butylphenol (152 g, 1.01 mol, 1 eq.) in toluene (100 mL) and re-
fluxed for three hours. Toluene (100 mL) was added prior to fractionally distilling off
a MeOH/toluene azeotrope under reduced pressure until the reaction mixture ap-
peared to be a thick consistency. Additional toluene (100 mL) was added, followed
by a paraformaldehyde slurry (90.4 g, 3.01 mol, 3 eq.) in toluene (200 mL) that was
added piecewise over one hour, with volatile by-products removed by vacuum dis-
tillation between aliquots. Toluene (200 mL) was added to the reaction mixture and
left to stir overnight at 85 °C, producing a thick yellow/brown mixture. A solution
of H2SO4 (30%; 500 mL) was added dropwise over an hour, then stirred vigorously
for a further three hours at 50 °C forming two yellow layers. The aqueous layer was
extracted with toluene (3 x 150 mL), and the combined organic layers were washed
with a H2SO4 solution (10%; 2 x 200 mL) and H2O (2 x 200 mL), dried over anhy-
drous MgSO4, filtered, and concentrated in vacuo to afford crude 1 (177 g, 0.993 mol)
as a brown oil and was found to be sufficiently clean to proceed to the next reaction.
A small quantity (5.19 g, 0.0291) of the crude material however was further purified
by silica gel column chromatography, eluting with 4 : 1 nHex : EtOAc (Rf = 0.75),
affording purified 1 as a dark orange oil (3.04 g, 0.0171 mol, 59%). The 1H NMR
spectrum agreed with literature values149 (500 MHz, CDCl3): d 10.90 (1H, s, Ar-OH),
9.92 (1H, s, CH=O), 7.61 (1H, dd, J1 = 8.8 Hz, J2 = 2.5 Hz, c), 7.54 (1H, d, J = 2.5 Hz,
b), 6.97 (1H, d, J = 8.8 Hz, a), 1.36 (9H, s, tBu) ppm; ATR-IR: n = 3191 (O-H), 2963
(C-H), 1658 (C=O), 1484 (C-H), 1394 (C-H), 1362 (O-H), 1230 (Ar-O), 833 (C=C), 732
(Ar) cm-1; ESI-MS: m/z 179 [M+H]+.
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5-tert-Butyl-3-bromomethyl-2-hydroxybenzaldehyde (2)

Prepared as per the method of Meier et al.150 1 (65.0 g, 0.365 mol, 1 eq.), HBr (48%, 150
mL, 2.74 mol, 7.5 eq.), and paraformaldehyde (16.4 g, 0.548 mol, 1.5 eq.) were added
together and stirred at 0 °C. Conc. H2SO4 (5 mL) was added slowly dropwise to the
mixture stirring at 0 °C until a light-yellow colour persisted, the mixture was then
refluxed for 20 hours at 70 °C. After cooling to RT, H2O (200 mL) was added. The
aqueous layer was extracted with DCM (3 x 150 mL) and combined organic layers
were dried over anhydrous Na2SO4, filtered, and concentrated in vacuo to produce
crude 2 as a brown oil (62.9 g, 0.232 mol). The crude material was recrystallised
from hot pentane (10% w/v) to give light yellow block shaped crystals of purified 2
(59.4 g, 0.291 mol, 60%). The 1H NMR spectrum agreed with literature values150 (500
MHz, CDCl3): d 11.32 (1H, s, Ar-OH), 9.90 (1H, s, CH=O), 7.64 (1H, d, J = 2.4 Hz, b),
7.51 (1H, d, J = 2.5 Hz, a), 4.59 (2H, s, CH2-Br) 1.34 (9H, s, tBu) ppm; ATR-IR: n = 3251
(O-H), 2964 (C-H), 1652 (C=O), 1467 (C-H), 1394 (C-H), 1363 (O-H), 1222 (Ar-O), 826
(C=C), 739 (Ar), 584 (C-Br) cm-1; ESI-MS: m/z 206 [M-Br]+.

5-tert-Butyl-3-(N-methyl-N-(2,2-dimethoxyethyl)amino)methyl-2-hydroxy-
benzaldehyde (3)

Prepared as per the procedure of Woodhouse et al.149 Solutions of 1,1-dimethoxy-N-
methyl methanamine (0.940 mL, 7.38 mmol, 1 eq.) and 2 (2.01 g, 7.38 mmol, 1 eq.),
both in CHCl3 (40 mL) were added dropwise to a stirred solution of Et3N (1.03 mL,
7.38 mmol, 1 eq.) in CHCl3 (40 mL). The resulting bright yellow solution was stirred
for 24 hours at RT. The solution was washed with H2O (3 x 50 mL), and the combined
organic layers were dried over anhydrous MgSO4, filtered, and concentrated in vacuo
to afford 3 as a yellow oil (1.89 g, 6.11 mmol, 83%). 1H NMR agreed with literature
values149 (500 MHz, CDCl3): d 10.33 (1H, s, CH=O), 7.62 (1H, d, J = 2.2 Hz, b), 7.35
(1H, d, J = 2.2 Hz, a), 4.59 (1H, t, J = 5.4 Hz, CH2-CH), 3.77 (2H, s, Ar-CH2-N), 3.38
(6H, s, O-CH3), 2.66 (2H, d, J = 5.4 Hz, N-CH2-CH), 2.37 (3H, s, N-CH3), 1.30 (9H, s,
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tBu) ppm; ATR-IR: n = 2957 (C-H), 1678 (C=O), 1652 (C-H), 1395 (C-H), 1364 (O-H),
1124 (C-N), 1073 (C-O) cm-1; ESI-MS: m/z 310 [M+H]+.

5-tert-Butyl-3-(N-methyl-N-(2,2-dimethoxyethyl)amino)methyl-2-hydroxy-
benzaldehyde oxime (H2L1)

Prepared as per the procedure of Woodhouse et al.149 A solution of NH2OH ·HCl
(0.781 g, 11.2 mmol, 1 eq.) in EtOH (40 mL) was neutralised with a solution of KOH
(0.630 g, 11.2 mmol, 1 eq.) in EtOH (40 mL). The filtrate was added slowly dropwise
to a solution of 3 (3.47 g, 11.2 mmol, 1 eq.) in EtOH (40 mL). The resulting solution
was stirred for 24 hours at RT. The light-yellow solution was concentrated in vacuo
affording an oil, which was redissolved in CHCl3 (50 mL). This solution was washed
with H2O (3 x 50 mL) and the combined organic layers were dried over anhydrous
MgSO4, filtered, and concentrated in vacuo affording H2L1 as a yellow oil (2.24 g,
6.90 mmol, 62%). 1H NMR agreed with literature values149 (500 MHz, CDCl3): d
8.37 (1H, s, CH=N), 7.36 (1H, d, J = 2.5 Hz, b), 7.13 (1H, d, J = 2.5 Hz, a), 4.62 (1H, t,
J = 5.2 Hz, CH2-CH), 3.74 (2H, s, Ar-CH2-N), 3.36 (6H, s, O-CH3), 2.67 (2H, d, J = 5.2
Hz, N-CH2-CH), 2.36 (3H, s, N-CH3), 1.27 (9H, s, tBu) ppm; ATR-IR: n = 3279 (O-H),
2959 (C-H), 1616 (C=N), 1478 (Ar), 1463 (C-H), 1363 (O-H), 1266 (Ar-O), 1126 (C-O),
1070 (C-N), 964 (N-O), 737 (Ar) cm-1; ESI-MS: m/z 325 [M+H]+.
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2.3 H2L2

The known o-alkyloxime compound, H2L2, utilised for the 3d3d’ and 3d4f series was
synthesised by three steps, begining with an adapted Gabriel synthesis (conden-
sation followed by hydrolysis) where an acidic hydrolysis replaced the more typi-
cal Ing-Manske procedure, followed by a Schiff base condensation to yield the final
compound, H2L2 (Figure 2.3).151

Figure 2.3: Reaction scheme for the synthesis of H2L2

Gabriel syntheses are well established in the literature, with the most common be-
ing that of a derivative of H2L2 where the propyl bridge is replaced by a ethyl
bridge.152,153 The first step is a simple condensation reaction, with the methods of
Covaci et al. and Bauer and Suresh adapted for this research.154,155 It was found that
by increasing both the temperature and length of reaction, the yield could be im-
proved from 37% to ⇠ 63%. The next step is traditionally a hydrolysis reaction by
the Ing-Manske procedure utilising hydrazine monohydrate, however due to avail-
able resources at the time, an acidic hydrolysis following an adaptation of the proce-
dure by Shirayev et al. was performed to give the colourless crystalline product.156

Finally a Schiff base condensation following an adaptation of the method by Ren et
al. gave H2L2 as a light yellow solid.157 By optimising the reaction concentration the
yield was improved from ⇠ 40% to ⇠ 75%.
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A crystal structure of H2L2 was obtained through a failed complexation attempt
(Figure 2.4). The crystal structure shows the compound packs in a v-shape arrange-
ment, with moderate intramolecular hydrogen bonding (X· · ·A, 2.5 - 3.2 Å)158 found
between the phenolate oxygen and adjacent oxime nitrogen, O1· · ·N1, 2.621(3) Å
(Figure 2.5).

Figure 2.4: Crystal structure of H2L2. Non-interacting hydrogen atoms omitted for clarity
and hydrogen bonding represented as black dotted lines. Colour code: N = blue, O = red, C
= grey, and H = white.

Figure 2.5: Representation of the v-shaped packing of H2L2. Non-interacting hydrogen
atoms omitted for clarity and hydrogen bonding represented as black dotted lines. Colour
code: N = blue, O = red, C = grey, and H = white.

Within this research there are seven different coordination modes found for H2L2
(Figure 2.6). The ligand is found in the deprotonated form of L22- for all seven modes
with two - four metal ions coordinated between the alkyloxime nitrogens and phe-
nolate and methoxy oxygens. An unusual form of coordination is found for mode
IV with a metal ion coordinated to an alkyloxime oxygen. This type of coordination
has only been seen twice before by Dong et al. and Yang et al.133,134
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Figure 2.6: Representation of the coordination modes and Harris notation found for L22- in
this research. Metal ions are represented as black circles.
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2.3.1 Synthetic Procedure for H2L2

1,3-Bis(phthalimidooxy)propane (4)

Adapted from the methods of Covaci et al.154 and Bauer and Suresh.155 To a solution
of N-hydroxyphthalimide (4.97 g, 30.7 mmol, 2 eq.) in DMF (50 mL) was added
1,3-dibromopropane (1.60 mL, 15.3 mmol, 1 eq.) and Et3N (7.50 mL, 53.8 mmol, 3.5
eq.). The dark red mixture was stirred at 70 °C for five days after which a light
yellow precipitate formed. The reaction mixture was cooled to RT and filtered. The
precipitate was washed with NaHCO3 (10% aq.) until the filtrate became colourless,
followed by HCl (10% aq.) until the filtrate became acidic (pH 2), and then finally
with H2O to give crude 4 as a white solid (6.01 g, 16.4 mmol). The crude material
was recrystallised from hot DMF to give colourless crystals of purified 4 (3.70 g, 10.1
mmol, 66%). 1H NMR agreed with literature values154,155 (500 MHz, CDCl3): d 7.83
(4H, m, a), 7.75 (4H, m, b), 4.52 (4H, t, J = 6.1 Hz, O-CH2-CH2), 2.23 (2H, quintet,
J = 6.1 Hz, CH2-CH2-CH2) ppm; ATR-IR: n = 2915 (C-H), 1730 (C=O), 1612 (Ar),
1499 (N-O), 1468 (O-H), 1124 (C-O), 1081 (C-N), 982 (N-O) cm-1; ESI-MS: m/z 398.97
[M+Na]+.

1,3-Bis(aminooxy)propane dihydrochloride (5)

Adapted from the method of Shirayev et al.156 A suspension of 4 (1.00 g, 2.73 mmol,
1 eq.) in conc. HCl (4 mL) and glacial AcOH (6 mL) was heated at 115 °C for three
hours. The solvents were removed by short-path distillation leaving a light yellow
residue. H2O (10 mL) was added to the residue and the white precipitate was filtered
and washed with aq. HCl (6 M, 6 mL). The combined filtrates were distilled off via
short-path distillaiton to give crude 4 as a light yellow crystalline solid (0.644 g,
3.60 mmol). The crude material was recrystallised from hot EtOH to give colourless
crystals of purified 5 (0.442 g, 2.47 mmol, 90%). 1H NMR agreed with literature
values156 (500 MHz, D2O): d 4.19 (4H, t, J = 6.1 Hz, O-CH2-CH2), 2.11 (2H, quintet, J
= 6.1 Hz, CH2-CH2-CH2) ppm; ATR-IR: n = 3405 (N-H), 2877 (C-H), 1502 (N-O), 1449
(C-H), 1190 (C-O), 966 (N-O) cm-1; ESI-MS: m/z 107 [M-2HCl].
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6,6’-Dimethoxy-2,2’-[(1,3-propylene)dioxybis(nitrilomethylidyne)] diphenol
(H2L2)

Adapted from the method of Ren et al.157 To a solution of 3-methoxy-2-hydroxybenz-
aldehyde (0.850 g, 5.59 mmol, 2 eq.) in dry EtOH (30 mL) was added 5 (0.510 g, 2.79
mmol, 1 eq.) and Et3N (0.780 mL, 5.59 mmol, 2 eq.). The light yellow solution was
stirred at 55 °C for three hours. After cooling to RT, the light yellow precipitate
was filtered and washed successively with cold H2O, EtOH and Et2O to give H2L2
as a light yellow solid (0.832 g, 2.22 mmol, 80%). 1H NMR agreed with literature
values157 (500 MHz, CDCl3): d 9.87 (2H, s, Ar-OH), 8.20 (2H, s, CH=N), 6.91 (2H, dd,
J1 = 7.9 Hz, J1 = 1.4 Hz, a), 6.86 (2H, t, J = 7.9 Hz, b), 6.81 (2H, dd, J1 = 7.9 Hz, J2 =
1.4 Hz, c), 4.32 (4H, t, J = 6.3 Hz, O-CH2-CH2), 3.91 (6H, s, O-CH3), 2.16 (2H, quintet,
J = 6.3 Hz, CH2-CH2-CH2) ppm; ATR-IR: n = 3421 (O-H), 2941 (C-H), 1606 (C=N),
1576 (Ar), 1471 (C-H), 1412 (O-H), 1251 (Ar-O), 1066 (C-O), 993 (N-O), 729 (Ar) cm-1;
ESI-MS: m/z 397 [M+Na]+.
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2.4 H4L3

The compound H4L3 utilised in complex C65, the CuII
12EuIII

4 cluster, was produced
as an extension to H2L2 to provide more possibilities for µ2-O coordination. H4L3
was synthesised similarly to H2L2, with the same adapted Gabriel synthesis, how-
ever an additional nucleophilic substitution reaction was included to synthesise the
modified aromatic unit (Figure 2.7). The procedure was adapted from the methods
of Smith et al. and Jeong et al. and gave 6 as a brown oil in 40 - 50% yield.159,160

Alike H2L2, a Schiff base condensation was the final reaction to obtain H4L3 as a
dark yellow waxy solid. Optimisation of the temperature and length of reaction of
the method used for H2L2 afforded H4L3 in ⇠ 90% yield.

This research found two different coordination modes for H4L3, with metal ions co-
ordinated to the alkyloxime nitrogens and phenolate and hydroxy oxygens (Figure
2.8). For both modes, the ligand is found in the form L34- with the phenolate and
hydroxy oxygens deprotonated. A key difference between the two modes is that
for mode I, inner and outer coordination pockets are formed with additional coordi-
nated metal ions on the exterior of the outer pocket. For Mode II, the ligand doesn’t
form coordination pockets, it coordinates the metal ion in an extended orientation
with each aromatic unit coordinating to three metal ions.

Figure 2.7: Reaction scheme for the synthesis of H4L3
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Figure 2.8: Representation of the coordination modes and Harris notation found for L34- in
this research. Metal ions are represented as black circles.
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2.4.1 Synthetic Procedure for H4L3

5-tert-Butyl-3-hydroxymethyl-2-hydroxybenzaldehyde (6)

Adapted from the methods of Smith et al.159 and Jeong et al.160 To a stirred solution
of 2 (2.04 g, 7.38 mmol, eq.) in dioxane (50 mL) was added a solution of CaCO3 (3.69
g, 36.9 mmol, 5 eq.) in H2O (50mL) at RT. The light yellow suspension was then
refluxed overnight. The suspension was cooled to RT and filtered through celite.
The filtrate was reduced in vacuo by half to give a yellow solution. The aqueous
layer was extracted with DCM (2 x 30 mL) and combined organic layers were dried
over anhydrous MgSO4, filtered, and concentrated in vacuo to give 6 as a brown oil
(0.813 g, 3.90 mmol, 52%). 1H NMR agreed with literature values159,160 (500 MHz,
CDCl3): d 11.22 (1H, s, Ar-OH), 9.91 (1H, s, CH=O), 7.62 (1H, d, J = 2.3 Hz, b), 7.47
(1H, d, J = 2.3 Hz, a), 4.76 (2H, d, J = 5.6 Hz, Ar-CH2-O), 1.34 (9H, s, tBu) ppm; ATR-
IR: n = 3278 (O-H), 2955 (C-H), 1649 (C=O), 1618 (Ar), 1454 (C-H), 1323 (O-H), 1218
(Ar-O), 1066 (C-O), 732 (Ar) cm-1; ESI-MS: m/z 231 [M+Na]+.

6,6’-Dihydroxymethyl-2,2’-[(1,3-propylene)dioxybis(nitrilomethylidyne)]di-
phenol (H4L3)

Adapted from the method of Ren et al.157 To a solution of 6 (0.47 g, 2.40 mmol, 2
eq.) in dry EtOH (20 mL) was added 5 (0.22 g, 1.20 mmol, 1 eq.) and Et3N (0.33 mL,
2.40 mmol, 2 eq.). The light yellow solution was refluxed overnight. After cooling
to RT, the yellow solution was concentrated in vacuo to give H2L3 as a dark yellow
waxy solid (0.544 g, 1.12 mmol, 92%). 1H NMR (500 MHz, CDCl3): d 10.09 (2H, s,
Ar-OH), 8.24 (2H, s, CH=N), 7.34 (2H, d, J = 2.3 Hz, Ar-b), 7.12 (2H, d, J = 2.3 Hz,
Ar-a), 4.74 (4H, d, J = 5.6 Hz, Ar-CH2-O), 4.34 (4H, t, J = 6.1 Hz, O – CH2 – CH2), 2.19
(2H, qunitet, J = 6.1 Hz, CH2 – CH2 – CH2), 1.32 (9H, s, tBu) ppm; 13C NMR (176 MHz,
CDCl3): d 153.2, 152.1, 142.5, 128.2, 127.7, 126.9, 115.5, 70.9, 62.1, 34.0, 31.4, 28.6 ppm;
ATR-IR: n = 3382 (O-H), 3250 (O-H), 2956 (C-H), 1614 (C=N), 1478 (C-H), 1364 (O-H),
1217 (Ar-O), 1071 (C-O), 953 (N-O), 745 (Ar) cm-1; ESI-MS: m/z 508 [M+Na]+.

Mobile User



2.5. H3L4 53

2.5 H3L4

Throughout the course of this research, a common similarity found between the
complexes was the coordination of phenolate groups in a µ2 fashion, which provided
a pathway for superexchange to occur. As this was shown to be an optimal feature,
the design of the compound, H3L4, 6,6’-dimethoxy-2,2’-[(4-tert-butylphenol)dimeth-
yloxybis(nitrilomethylidyne)]diphenol (Figure 2.9), was centered around this with
the inclusion of an additional phenolate group into the alkyloxime bridge. H3L4
was synthesised by a series of four reactions: a dimethylbromination followed by an
adapted Gabriel synthesis, this time however using a Ing-Manske hydrolysis, and
finally a Schiff base condensation to give H3L4 as a light yellow solid.

Figure 2.9: Reaction scheme for the synthesis of H3L4

The dimethylbromination reaction followed the procedure of Baker et al. to give
7 as a dark yellow oil.161 Previous work with similar methylbromination reactions
showed that recrystallisation of the oily product produced a crystalline material that
was nicer to work with. This led to the hot recrystallisation of the dark yellow oil
from pentane to give 7 as a light yellow soild in 50% yield. An adapted Gabriel
synthesis was performed to obtain the aminooxy bridge, where the condensation re-
action followed that of an adapted method by Welch and Seper to give 8 as a white
solid in ⇠ 70% yield.162 The isolation of 8 was simplified from the method of Welch
and Seper as upon sitting at RT overnight, the white product precipitated out. The
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second part of the Gabriel synthesis, a hydrolysis reaction, followed an adapted Ing-
Manske procedure by Liu et al. to give 9 as a light yellow solid in ⇠ 80% yield.163 An
Ing-Manske procedure was preferred over the acidic hydrolysis used to produce 5
in the effort to limit any side reaction from occuring with the phenolate group. The
final reaction utilised a Schiff base condensation, the procedure of which followed
an adapted method of Kulchat et al. to give H3L4 as a light yellow solid in ⇠ 60%
yield.

When analysing the literature, there were several examples of o-alkyloxime com-
pounds where a central bridging group has additional oxygen coordinates, with a
few examples closely resembling that of H3L4 however instead of the central unit
being the bridge itself, two separate bridges join the central unit to the outer units
(Figure 2.10).164–166

Figure 2.10: Similar oxygen containing central bridging units found in the literature; Top
reported by Akine et al. and bottom reported by Pan et al. and Guo et al. for -Me and -tBu
respectively.

During several complexation reactions it was found that H3L4 underwent rearrange-
ment, resulting in two new ligands, 3-methoxy-2-hydroxybenzaldehyde oxime (L5)
and 4-tert-butyl-2-(((((2-hydroxy-3-methoxybenzylidene)amino)oxy)methyl)benzyl)-
6-N,N-diethylethanaminium phenolate (L6) (Figure 2.11). There are a number of
possible pathways for which this rearrangement occurred, including protonation
and/or metal ion coordination to produce good leaving groups. The method we are
proposing is the coordination of a metal ion and subsequent protonation of an alky-
loxime oxygen. As different metal ions coordinate in different fashions, for example
a NiII ion would coordinate between the alkyloxime nitrogen and phenolate oxy-
gen, whereas a MnIII ion requires an additional donor, such as the phenolate oxygen
of the bridge, therefore, the mechanism in Figure 2.12 only concerns the protonation
part of the proposed mechanism. This method was proposed as the resulting ligand,
L5 has a protonated alkyloxime group and secondly, due to the fact it is less likely
for a metal ion to coordinate to an alkyloxime oxygen.

L5 was found to have one coordination mode, with one metal ion coordinated to
the oxime nitrogen and phenolate oxygen. L6 was also found to have a single co-
ordination mode, with a metal ion coordinated to the two phenolate oxygens and
the alkyloxime nitrogen. In terms of reproducibility, both ligands L5 and L6 can be
reproduced through complexation of H3L4 with either CuII/NiII or MnII ions respec-
tively.

Mobile User



2.5. H3L4 55

Figure 2.11: Representation of the coordination modes and Harris notation found for the in
situ ligands, L5 and L6 in this research. Metal ions are represented as black circles.
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Figure 2.12: Mechanism for the proposed rearrangement of H3L4 to produce the ligands L5
and L6.
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2.5.1 Synthetic procedure for H3L4

4-tert-Butyl-2,6-dibromomethylphenol (7)

Prepared as per the method of Baker et al.161 To a stirred solution of paraformalde-
hyde (2.55 g, 0.085 mol, 2.5 eq.) in HBr (48% in AcOH; 26 mL, 0.15 mol, 4.4 eq.) at
0 °C was added 4-tert-butylphenol (5.10 g, 0.034 mmol, 1 eq.) slowly portionwise.
The solution was stirred at 0 °C for one hour, then a further two hours at RT. Ice (100
g) was added to the solution and it was allowed to warm to RT. The aqueous layer
was extracted with petroleum ether (60-80; 2 x 30 mL), followed by DCM (2 x 30
mL). The organic layers were combined and dried over anhydrous CaCl2, filtered,
and concentrated in vacuo to give crude 7 as dark yellow oil (6.30 g, 0.0187 mol).
The crude material was recrystallised from hot pentane to give purified 7 as a light
yellow solid (5.71 g, 0.0170 mol, 50%). 1H NMR agreed with literature values161 (500
MHz, CDCl3): d 7.26 (2H, s, Ar-H), 5.49 (1H, s, Ar-OH), 4.57 (4H, s, Ar-CH2-Br), 1.29
(9H, s, tBu) ppm; ATR-IR: n = 3498 (O-H), 2958 (C-H), 1491 (Ar), 1462 (C-H), 1364
(O-H), 1208 (Ar-O), 1119 (C-O), 762 (Ar), 566 (C-Br) cm-1; ESI-MS: m/z 337 [M+H]+.

4-tert-Butyl-2,6-Bis(phthalimidooxymethyl)phenol (8)

Adapted from the method of Welch and Seper.162 To a solution of 7 (0.516 g, 1.53
mmol, 1 eq.) in MeCN (8 mL) was added N-hydroxyphthalimide (0.506 g, 3.07
mmol, 2 eq.) and Et3N (0.43 mL, 3.07 mmol, 2 eq.). The orange solution was refluxed
for three hours. The light yellow solution was left to sit at RT overnight, producing a
white precipitate. The precipitate was filtered and washed with cold MeCN to give
8 as a white solid (0.591 g, 1.18 mmol, 77%). 1H NMR (500 MHz, CDCl3): d 7.85-7.83
(4H, m, Ar-b), 7.75-7.73 (4H, m, Ar-c), 7.38 (2H, s, Ar-a), 5.31 (4H, s, Ar-CH2-O), 1.22
(9H, s, tBu) ppm; 13C NMR (125.7 MHz, CDCl3): d 163.8, 153.8, 142.8, 134.6, 130.3,
128.9, 123.7, 120.3, 76.8, 34.0, 31.3 ppm; ATR-IR: n = 3400 (O-H), 2963 (C-H), 1785
(C=O), 1716 (C=O), 1491 (N-O), 1466 (C-H), 1366 (O-H), 1214 (Ar-O), 1185 (C-N),
1080 (C-O), 970 (N-O), 698 (Ar) cm-1; ESI-MS: m/z 522 [M+Na]+.
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4-tert-Butyl-2,6-Bis(aminooxymethyl)phenol (9)

Adapted from the method of Liu et al.163 To a stirred suspension of 8 (0.502 g, 1.00
mmol, 1 eq.) in DCM (2 mL) was added NH2NH2 ·H2O (0.26 mL, 2.70 mmol, 2.7 eq.)
slowly dropwise. The suspension immediately turned to a yellow solution, which
was left to stir at RT overnight. The white precipitate that formed was filtered and
the filtrate was poured into Et2O (20 mL) at 0 °C and stirred for 30 minutes. The light
yellow solution was concentrated in vacuo to give crude 9 as a yellow solid (0.387 g).
The crude material was dried under high vac for 24 hours to give 9 as a light yellow
solid (0.202 g, 0.842 mmol, 84%). 1H NMR (500 MHz, CDCl3): d 7.24 (2H, s, Ar-H),
4.77 (4H, s, Ar-CH2-O), 1.30 (9H, s, tBu) ppm; 13C NMR (125.7 MHz, CDCl3): d 153.0,
142.6, 128.6, 124.3, 74.7, 34.1, 31.6 ppm; ATR-IR: n = 3444 (N-H), 3282 (O-H), 2937
(C-H), 1651 (N-H), 1557 (Ar), 1475 (C-H), 1364 (O-H), 1170 (C-O), 1035 (N-O), 804
(Ar) cm-1; ESI-MS: m/z 241 [M+H]+.

6,6’-Dimethoxy-2,2’-[(4-tert-Butylphenol)dimethyloxybis(nitrilomethylidy-
ne)]diphenol (H3L4)

Adapted from the method of Kulchat et al.167 To a solution of 3-methoxy-2-hydroxyb-
enzaldehyde (0.13 g, 0.84 mmol, 2 eq.) in dry MeOH (5 mL) was added 9 (0.10 g, 0.42
mmol, 1 eq.) and the dark yellow solution was refluxed for three hours. The solution
was cooled to RT, followed by cooling in the freezer overnight. The light yellow
precipitate that formed was filtered and washed sequentially with cold MeOH and
Et2O to give H3L4 as a light yellow solid (0.127 g, 0.25 mmol, 59%). 1H NMR (500
MHz, CDCl3): d 9.02 (2H, s, Ar-OH), 8.26 (2H, s, CH=N), 7.54 (1H, s, Ar-OH), 7.29
(2H, s, a), 6.88 (2H, td, J1 = 7.27 Hz, J2 = 1.89 Hz, c), 6.86 - 6.82 (4H, m, ad), 5.26
(4H, s, Ar-CH2-O), 3.89 (6H, s, OCH3), 1.30 (9H, s, tBu) ppm; 13C NMR (125.7 MHz,
CDCl3): d 152.4, 150.7, 147.9, 146.7, 143.0, 128.6, 123.1, 121.7, 119.5, 116.5, 113.2, 73.6,
56.1, 34.0, 31.5 ppm; ATR-IR: n = 3412 (O-H), 3152 (O-H), 2957 (C-H), 1609 (C=N),
1575 (Ar), 1463 (C-H), 1362 (O-H), 1258 (Ar-O), 1214 (C-O), 995 (N-O), 728 (Ar) cm-1;
ESI-MS: m/z 509.16 [M+H]+.
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Chapter 3

Defective Dicubanes

This chapter describes a series of NiII
4 defective dicubanes and explores the way in

which magnetism can be manipulated through synthetic modification. This research
is an extension to previous work conducted by the Plieger group, which resulted in
a NiII4 defective dicubane, [NiII4(HL1)2(OMe)2(OAc)2Cl2] · 3Et2O (Figure 3.1), that
exhibited dominant ferromagnetic exchange. Three key exchange interactions were
found: J1, Ni1-O1-Ni2, J2, Ni1-Cl1-Ni2, and J3, Ni1-O2-Ni1 (Figure 3.2). The re-
search presented here further investigates how small structural changes can affect
the overall magnetic properties in the hope of controlling and promoting ferromag-
netic exchange between metal centres. The original dicubane, found to have domi-
nant ferromagnetic exchange, will be the starting point for structural modifications
to further improve upon the ferromagnetic exchange.148,149 The target for the struc-
tural modifications were the original three exchange interactions, aiming for Ni-L-Ni
angles of 95 - 98°, with modifications occuring on the bridging groups and/or crystal
lattice.168–170 The structural modifications resulted from the use of different solvents
and/or metal anions during complexation.

Figure 3.1: Crystal structure of the original NiII4 defective dicubane,
[NiII4(HL1)2(OMe)2(OAc)2Cl2] · 3Et2O. Non-interacting hydrogen atoms and lattice
solvent molecules have been omitted for clarity, hydrogen bonding represented as black
dotted lines, and the thermal ellipsoids of the metal ions are shown at 70% probability.
Colour code: NiII = light green, N = blue, O = red, Cl = dark green, C = grey, and H = white.
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Figure 3.2: The three exchange interactions, J1, J2, and J3, of the original NiII4 defective
dicubanes. Colour code: NiII = light green, O = red, and halide = dark green.

3.1 Results and Discussion

The solid state complexes C1 - C5 were synthesised by a RT reaction between H2L1,
NiX2·H2O (X = OAc– , BF4

– , Cl– ), and Et3N in a 1 : 2 : 6 molar ratio. For all com-
plexes, a visible colour change from the yellow ligand solution to a green solution
indicated successful coordination. The complexes were isolated by slow vapour dif-
fusion of Et2O into the reaction solution over a period of three to nine weeks where
X-ray quality crystals were obtained. Successful complexations were confirmed by
SCXRD, ATR-IR, and CHN microanalysis. Magnetic and computational analyses
were performed through a collaboration with Prof. Euan Brechin and his research
group at The University of Edinburgh.

Table 3.1: Structural differences in the complexes C1 - C5

M Anion Solvent
C1 NiII OMe– /Cl– /OAc– –
C2 NiII OH– /Cl– /OAc– –
C3 NiII OMe– /Cl– MeOH
C4 NiII OMe– /F– MeOH
C5 NiII OMe– /Cl– /F– MeOH

3.1.1 Structural Analysis

The complexes C1 - C5, were found to be tetranuclear with a defective dicubane
topology, crystallising in either the monoclinic space groups, P21/a (C1) and P21/c
(C3 and C5) or the triclinic space group, P1̄ (C2 and C4). Representative structures
and the metallic cores highlighting the different bridging groups are shown in Fig-
ures 3.3 and 3.4 respectively, with full structures of C1 - C5 found in Figures B.1 - B.5.

The general structure of C1 - C5, consists of two oxime ligands, HL12 – , coordinated
to four NiII ions (Mode I, Figure 2.2), with bridging and capping groups such as
OMe– , OH– , OAc– , Cl– , F– , and MeOH. Each NiII ion is six-coordinate with an oc-
tahedral geometry as determined by CShM (Table B.1), with selected bond lengths
and angles found in Table 3.2.146,147,171 For all complexes, the body ions (Ni1/3) have
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Figure 3.3: Figures of the two different types of NiII4 defective dicubanes. Top is representa-
tive of C1 and C2, [NiII4(HL1)2(O)2(OAc)2Cl2]·solvent (O = OMe– (C1) and OH– (C2)) and
bottom is representative of C3 - C5, [NiII4(HL1)2(OMe)2(MeOH)2X4]·solvent (X = Cl– (C3),
F– (C4), and F– /Cl– (60 : 40, C5)). Non-interacting hydrogen atoms have been omitted for
clarity, hydrogen bonding is represented as black dotted lines, and the thermal ellipsoids of
the metal ions are shown at 70% probability. Colour code: NiII = light green, N = blue, O =
red, X = dark green, C = grey, and H = white.
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Figure 3.4: The metallic cores of the NiII4 defective dicubanes C1 - C5 illustrating the struc-
tural differences. Non interacting hydrogen atom have been omitted for clarity, hydrogen
bonding represented as black dotted lines, and the thermal ellipsoids of the metal ions are
shown at 70% probability. Colour code: NiII = light green, N = blue, O = red, Cl = dark
green, F = yellow, C = grey, and H = white.
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a donor set of NO4Cl consisting of a phenolate oxygen, an oxime nitrogen, two µ3-O
groups (OMe– (C1, C3 - C5) and OH– (C2)), one µ2 halide (Cl– (C1 - C3 and C5) and
F– (C4 and C5)), and either an OAc– (C1 and C2) or a MeOH molecule (C3 - C5).
For the wingtip ions (Ni2/4), the donor sets vary between the two different defective
dicubane types however for all complexes, the wingtip ions are coordinated to one
each of phenolate and methoxy oxygens, an amino nitrogen, a µ3-O group (OMe–

(C1 and C3 - C5) or OH– (C2)) and one µ2 halide (Cl– (C1 - C3 and C5) or F– (C4 and
C5)). For C1 and C2, the NO4Cl donor set is completed by an OAc– anion. For C3 -
C5, the NO3X2 donor sets are completed by a capping halide (Cl– (C3 and C5) or F–

(C4 and C5)). For all complexes, moderate hydrogen bonding is found between the
oxime OH groups (O5) and the µ2 halides (X1), O5· · ·X1, 2.657(2) - 3.073(7) Å, addi-
tionally for complexes, C3 - C5, moderate hydrogen bonding is found between the
capping halide (X2) and MeOH molecules (O6) O6· · ·X2, 2.657(2) - 3.018(3) Å.158 All
complexes are found to have solvent molecules, such as MeOH (C1 and C4), MeCN
(C2), and Et2O (C3 and C5) in the crystal lattice. The MeOH molecules are found to
form moderate hydrogen bonds with the OAc– anions (O6· · ·O8, 2.835(4) Å) in C1
and between another MeOH molecule (O8· · ·O7, 2.729(3) Å) and the capping halides
(O7· · ·F2, 2.559(2) Å) in C4.158

As shown by the Figure 3.3, there are two distinct types of defective dicubanes,
C1/C2 and C3 - C5. For the complexes C1 and C2, the key difference is the oxygen
donors bridging the Ni1-Ni1’ pathway (J3). The use of OMe– versus OH– donors
has shown to not significantly influence the Ni1-O2-Ni1’ angle as both complexes
have an angle of 94°(Table 3.3). For the complexes, C3 - C5, the J2 pathway was ex-
ploited, with the use of different halides and/or combination of halides. Complexes
C3 and C4, are opposites with the use of Cl– and F– anions respectively, which
has resulted in the biggest difference in the exchange angles with 86.80° for the Cl–

bridge and 98.14(5)° for the F– bridge. C5 has both Cl– and F– bridges for this path-
way, and as shown in Table 3.3, the Cl– bridge has decreased in angle whereas the
F– bridge has increased in angle in comparison to C3 and C4 respectively. When
comparing the two types of dicubanes, the pathway with the greatest difference in
angle is J1, Ni1-O1-Ni2. Although the bridge is via the phenolate for all complexes,
C1/C2 has additional OAc– bridging whereas C3 - C5 has interacting (hydrogen
bonding) halide and MeOH molecules. From Table 3.3 it can be seen that the OAc–

bridging incorporation into the structure has resulted in a smaller Ni1-O1-Ni2 an-
gle with 94.75(12)° and 94.20(10)° for C1 and C2 respectively, while the hydrogen
bonded molecules have shown to influence a larger Ni1-O1-Ni2 angle with 100.30°,
98.92(7)°, and 99.64° for C3 - C5 respectively.

In addition to the bridging groups, the crystal lattice was targeted with the inclusion
of different solvents. One of the biggest differences found was when comparing C1
with the original NiII

4 defective dicubane. From a first glance, these two dicubanes
appear identical however they have differing lattice bound solvent molecules. C1
has MeOH molecules, which form hydrogen bonds whereas the original has Et2O
molecules. It was found that the inclusion of an interacting lattice bound solvent did
not greatly influence the exchange angles, however it did greatly affect the packing
of the unit cell. This can be seen in the intermolecular Ni1-Ni1’ distances within and
between planes. The Ni1-Ni1’ distance within a plane for C1 is 10.91 Å whereas for
the original it is 13.86 Å. Between planes the Ni1-Ni1’ distance is 10.15 Å for C1 and
9.94 Å for the original.
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Table 3.2: Selected bond lengths (Å) and angles (°) of the complexes C1 - C5
from crystal structure determination

C1 C2 C3⇤ C4 C5⇤

Ni1-Cl1 2.428(1) 2.477(1) 2.407 – 2.296

Ni1-O1 2.006(3) 2.021(2) 2.008 1.997(2) 2.012

Ni1-O2 2.058(3) 2.034(2) 2.082 2.049(2) 2.058

Ni1-O6/11 2.071(3) 2.045(3) 2.090 2.120(2) 2.103

Ni1-N1 2.054(3) 2.042(3) 2.050 1.996(2) 2.014

Ni1-O2 2.071(3)a 2.079(2)b 2.078 2.043(2)c 2.060

Ni1-F1 – – – 2.077(1) 2.107

Ni2-O1 2.006(3)a 2.004(2)b 2.030 2.010(2)c 2.030

Ni2-O2 2.063(3) 2.019(2) 2.080 2.061(2) 2.091

Ni2-O7 2.021(3) 2.041(3) – – –

Ni2-O3/5 2.163(3) 2.139(2) 2.179 2.151(2) 2.174

Ni2-N2 2.096(4) 2.083(3) 2.096 2.084(2) 2.090

Ni2-Cl1 2.474(1) 2.515(1) 2.476 – 2.485

Ni2-Cl3 – – 2.374 – 2.360

Ni2-F1 – – – 2.080(1) 2.043

Ni2-F2 – – – 2.000(1) –

Ni1-O2-Ni1/3 98.24(11)a 99.85(9)b 95.65 95.18(7)c 94.96

Ni1-O1-Ni2/4 94.75(12)a 94.20(10)b 100.30 98.92(7)c 99.64

Ni1-Cl1-Ni2 85.60(4) 83.51(3) 86.80 – 84.82

Ni1-F1-Ni2 – – – 98.14(5) 102.10

Ni1-O2-Ni2 107.82(14) 110.21(11) 106.95 99.88(7) 102.26

Ni2-O2-Ni1/3 91.13(11)a 92.02(9)b 96.80 95.64(7)c 96.04

Ni1· · ·Ni1/3 3.122(1)a 3.147(1)b 3.083(2) 3.021(1)c 3.035(1)

Ni1· · ·Ni2 2.952(1) 2.949(1) 3.100 3.046(1) 3.088

Ni2· · ·Ni2/4 5.465(2)a 5.439(1)b 5.675(2) 5.400(1)c 5.540(1)
⇤ Averaged values; Non-averaged values can be found in Tables B.3 and B.2
a 1-X, 1-Y, -Z; b 1-X, 1-Y, 1-Z; c -X, 1-Y, 1-Z

Table 3.3: Bond angles of the three key exchange pathways (J1 - J3) for com-
plexes C1 - C5 from crystal structure determination

J1 J2 J3

Ni1-O1-Ni2 (°) Ni2-X1-Ni1’ (°) Ni1-O2-Ni1’ (°)
C1 94.75(12) 85.60(4) 98.24(11)
C2 94.20(10) 83.51(3) 99.85(9)
C3⇤ 100.30 86.80 95.65
C4 98.92(7) 98.14(5) 95.18(7)

C5⇤ 99.64
84.82a

94.96
102.10b

⇤ Averaged values; Non-averaged values found in Table B.2
a Ni1-Cl-Ni2; b Ni1-F-Ni2
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3.1.2 Magnetic Analysis

Magnetic characterisation has been performed on complexes C1 - C3 and C5. The
magnetic characterisation was performed at The University of Edinburgh through
collaborative work with Prof. Euan Brechin and his research group.149 For com-
plexes C1, C3, and C5, variable-temperature, solid-state DC magnetic susceptibility
data in the temperature range T = 290 - 2 K was collected on a Quantum Design
MPMS XL-5 SQUID magnetometer equipped with a 7 T DC magnet. For the com-
plex C2, magnetic susceptibility and magnetisation measurements in the tempera-
ture range T = 300 - 2 K was collected on a Quantum Design PPMS Dynacool VSM
magnetometer in the field range, B = 0.1 - 9 T. Samples were mounted in gelatine
capsules and either embedded in eicosane or restrained by the addition of a small
quantity of either eicosane or hexadecane. The magnetic measurements for both se-
ries had their observed paramagnetic susceptibilities corrected for diamagnetic con-
tributions using Pascal’s constants.

For complexes C1 - C3 and C5 DC molar magnetic susceptibilities, cM, were mea-
sured on polycrystalline samples in an applied magnetic field of B = 0.1 T over the
temperature ranges of 290 - 2 K (C1, C3, and C5) and 300 - 2 K (C2). The experimen-
tal results are shown in Figures 3.5a and 3.6a in the form of a cMT versus T plot. At
290 K the cMT values for C1, C3, and C5 were found to be 5.48, 5.25, and 4.91 cm3

K mol-1 respectively. The values resemble what was expected for four uncorrelated
NiII ions at 290 K (SNi = 1, cMT = 5.06 cm3 K mol-1, and gNi = 2.25), with the values
for C1 and C3 slightly above and C5 slightly below. For C2, the cMT value at 300 K
was found to be 4.61 cm3 K mol-1, slightly above what was expected for four uncor-
related NiII ions at 300 K (SNi = 1, cMT = 4.41 cm3 K mol-1, and gNi = 2.10). For C1 -
C3, the cMT value rises upon cooling to reach a maxima of 10.72 (T = 3.7 K), 5.06 (T
= 50 K), and 5.62 (T = 18 K) cm3 K mol-1 respectively. Further cooling causes the cMT
values to rapidly fall to 9.87 (C1), 0.55 (C2) and 4.42 (C3) cm3 K mol-1 at 2 K. As these
susceptibility values are lower than expected for a ferromagnetically coupled [NiII4]
unit (S = 4; 12.66 cm3 K mol-1), it is assumed that there are competing ferro- and
antiferromagnetic exchange interactions present, along with ZFS effects and antifer-
romagnetic intermolecular interactions. For C5, the experimental susceptibility data
is indicative of dominating antiferromagnetic exchange interactions, as evidenced
by the cMT value remaining constant upon initial cooling to approximately 77 K,
where it rapidly falls to a cMT value of 1.58 cm3 K mol-1 at 2 K. As the complex C5
has a large degree of disorder in the Cl– /F– bridges, the magnetisation data shown
in Figures 3.5a and 3.5d has not been fitted.

To obtain a greater definition of the magnetic properties at low temperatures, variabl-
e-temperature variable-field (VTVB) magnetisation measurements were performed
in the temperature ranges of 3 - 6 K (C1, C3, and C5) and 2 - 10 K (C2) and magnetic
field ranges of 0.5 - 7 T (C1, C3, and C5) and 0.5 - 9 T (C2) as shown in Figures 3.5b -
3.5d and 3.6b. For complexes, C1, C3, and C5 the magnetisation reaches a maxima at
a temperature of 3 K and field of 7 T to give 8.77, 7.02, and 7.02 µB respectively. For
C2, the magnetisation data rises rapidly in a near linear fashion reaching a maxima
at a temperature of 2 K and field of 9 T to give a value of 5.62 µB.

The susceptibility and magnetisation data and exchange interactions for complexes
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Figure 3.5: (a) cMT vs T for C1, C3, and C5 in the temperature (T) range 290 - 2 K and
magnetic field (B) of 0.1 T. Field dependence of the magnetisation (M) measured in the T = 3
- 6 K and B = 0.1 - 7 T temperature and field ranges for complexes C1 (b), C3 (c), and C5 (d).
The solid lines for (a) - (c) are the corresponding fit of the experimental data. The data for C5
(brown hexagons in plots (a) and (d)) has not been fitted due to the large degree of disorder
present in the complex.

Figure 3.6: (a) cMT vs T for C2 in the temperature (T) range 300 - 2 K and magnetic field
(B) of 0.1 T. (b) Plot of magnetisation (M) versus field measured in the T = 2 - 10 K and B =
0.5 - 9.0 T temperature and field ranges. The solid lines represent the simultaneous fit of the
susceptibility and magnetisation data using spin-Hamiltonian (Equation 3.2).
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C1 and C3 were fitted simultaneously using the program PHI with the spin-Hamilto-
nian (Equation 3.1), where the summation indices i and j label consecutive metal cen-
tres, D is the uniaxial single-ion anisotropy parameter of NiII, Ŝ is a spin operator,
S is the total spin, and J is the isotropic exchange interaction parameter.172 In order
to determine the exchange interactions between the NiII ions, a model using three
different exchange couplings was employed. The three couplings used were the two
wing-body interactions (J1, Ni-O-Ni and J2, Ni-X-Ni) and the body-body interaction
(J3, Ni-O-Ni) as illustrated in Figure 3.2. These interactions are typical for a [M4]
butterfly and are a reflectance of the significantly different exchange angles present
(the fitted values can be found in Table 3.4). The experimental values found for the
exchange interactions and anisotropy parameters for C1 and C3 are consistent with
similar NiII based defective dicubanes found in the literature.173–176

Ĥ = Â
i

Di

✓
Ŝ2

z,i �
1
3

Si(Si + 1)
◆
+ µBB Â

i
giŜi � 2 Â

i,j<1
Ji,jŜi · Ŝj (3.1)

The susceptibility and magnetisation data for C2 were simultaneously fitted to the
spin-Hamiltonian, Equation 3.2 (where the first part is a Heisenberg exchange term,
the second part collects the anisotropy terms of the NiII ions, and the third part
is the Zeeman term), employing the same model as C1 and C3 with three differ-
ent exchange interactions. This affords the best fit parameters J1 = +11.2 cm-1, J2 =
+1.96 cm-1, and J3 = -8.17 cm-1 and DNi = +4.30 cm-1, with gNi fixed to 2.1. Using
the isotropic-only part of the spin-Hamiltonian (Equation 3.2) this leads to an S = 0
ground state with several low-lying excited states.

Ĥ = �2 Â
i<j

JijŜi · Ŝj + Â
i

Ŝi · Di · Ŝj + µB
�!
B · Â

i
giŜi (3.2)

Previous reports of O-bridged NiII complexes have revealed a correlation between
the Ni-O-Ni angle and the sign and magnitude of the magnetic exchange.149,168,177–183

As the Ni-O-Ni angle increases, the larger the antiferromagnetic contribution be-
comes, with the switch from ferromagnetic to antiferromagnetic occurring at ap-
proximately 98°. The exchange in C2 follows this exchange with J1 which is medi-
ated via a syn, syn-carboxylate and a Ni-µ2/3-Ophenolate/OH– -Ni moiety with bridg-
ing angles of 94.19° and 92.33°, respectively, and would therefore be expected to
promote weak ferromagnetic exchange. For J2 the weak ferromagnetic contribution
is likely due to an orbital counter complementarity effect arising from the Ni-µ3-
OOH– -Ni bridge (110.67°) and the Ni-µ2-Cl-Ni bridge (83.52°). J3 is mediated by two
µ3-OOH– groups with a Ni-O-Ni angle of 100.19°, resulting in a weak antiferromag-
netic exchange. The calculated ZFS of the NiII ions is consistent with that observed
octahedral NiII ions in similar coordination spheres.149,184–188

Table 3.4: Fitted experimental magnetic exchange (J1, J2, and J3) and
anisotropy parameters (g and DNi) for C1 - C3.

J1(cm-1) J2(cm-1) J3(cm-1) g DNi(cm-1)
C1 +7.94 -1.31 +6.67 2.28 -3.99
C2 +11.2 +1.96 -8.17 2.10 +4.30
C3 -0.27 -0.17 +4.73 2.25 -15.10
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68 Chapter 3. Defective Dicubanes

As discussed in the previous subsection, the inclusion of interacting, in this case hy-
drogen bonding, lattice solvent molecules in C1, greatly altered the way in which
the unit cell packs. The effect of these differences on the magnetic properties of the
complexes can be seen in the C1/original defective dicubane comparison cMT vs
T plot (Figure 3.7). For both complexes, the cMT rises upon cooling, however dif-
ferent maxima are reached, 5.12 cm3 K mol-1 for the original dicubane compared to
C1 which reaches 10.72 cm3 K mol-1. This shows that the magnetic properties of
the original have been greatly improved by the inclusion of an interacting solvent
molecule.149 This has previously been seen in the literature, with an example by
Zenno et al. who found that hydrating their sample resulted in enhanced magnetic
properties, which was attributed to hydrogen bonding between a lattice bound H2O
molecule and a Cl– anion, which resulted in the Cl– anion lengthening enhancing
the Jahn-Teller nature of the metal ion.189 Similarly to the results by Zenno et al., Ge
et al. found that by exchanging the lattice solvent from benzene to CHCl3 they could
introduce different intermolecular interactions, which resulted in an enhancement
of the magnetic properties.190

Figure 3.7: Comparison of cMT vs T for C1 and the original defective dicubane, both in the
temperature (T) range, 290 - 2 K and magnetic field (B) of 0.1 T.

3.1.3 Computational Analysis

In order to corroborate the structural and magnetic properties of the complexes C1,
C3, and C5, a computational analysis was performed to confirm the validity of the
experimental results. The analysis was again performed at The University of Edin-
burgh through collaborative work with Prof. Euan Brechin.149

The software, Gaussian 16, was used to estimate the magnetic exchange parameters,
J1 - J3, for C1, C3, and C5.149,191 DFT calculations in conjunction with a BS approach
(discussed further in Section 1.2.3) has been employed for this chapter as it has been
shown in the literature that this method reliably estimates the magnetic exchange
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3.1. Results and Discussion 69

parameters to a high level of accuracy.48,192–194 The B3LYP hybrid functional was
utilised for all atoms with a TZV basis set for NiII, ZnII, Cl, F, O, and N and a 6-31G⇤

basis set for C and H.195–201 For C5, the disorder in the µ2-Cl– /F– bridges was con-
sidered to only be F– bridged, as the Cl– bridging was more similar to C3 than the
F– bridges were to C4.

Eight different spin configurations were used to estimate the three exchange cou-
plings, as illustrated in Figure 3.2. The different spin configurations consisted of one
high spin model where all four NiII ions are spin up (S = 4), four models where one
NiII ion has its spin down (S = 2), and finally, three models where two NiII ions are
spin down (S = 0), as shown in Table B.4. For these spin configurations, pairwise ex-
change interaction calculations were performed, where two paramagnetic NiII ions
were replaced by ZnII ions. In addition to this, overlap intergral calculations were
performed using the Heisenberg-Dirac-Van Vleck Hamiltonian (equation 3.3) to de-
termine the overlap between the non-orthogonal singly occupied molecular orbitals
of the NiII ions, in order to further analyse the magnetic exchange parameters of
complexes C1, C3, and C5.202,203

Ĥ =� 2J1(ŜNi1 · ŜNi2 + ŜNi3 · ŜNi4)

� 2J2(ŜNi1 · ŜNi4 + ŜNi2 · ŜNi3)

� 2J3(ŜNi1 · ŜNi3)

(3.3)

In order to estimate the exchange coupling values (J1, J2, and J3), DFT calculations
have been performed on the full X-ray structures of complexes C1, C3, and C5 (Ta-
ble 3.5). The J1 exchange interaction, which is mediated via µ3-Omethoxy, µ2-Ophenolate,
and µ2-OOAc– groups for C1 with an average Ni-µ2/3O-Ni angle of 93.0°(Table B.5),
is estimated to be moderately ferromagnetic (+9.2 cm-1 (C1)). Overlap calculations
suggest one moderate overlap for C1 (hNi(1)dz2 |px/y/z|Ni(2)dz2i = 0.041, Table B.6)
and three small/orthogonal magnetic orbital overlaps resulting in ferromagnetic ex-
change. Previous studies on polymetallic NiII complexes highlight the importance
of the Ni-µ2/3O-Ni angle on the magnetic exchange coupling value: the larger the
angle, the larger the antiferromagnetic contribution, with the crossover between
ferro- and antiferromagnetic being ⇠97 - 98°.168,177,178,183 In addition to this, it has
been shown previously that the presence of a bridging phenolate group in tandem
with a bridging carboxylate group exhibits a counter-complementary effect, often
resulting in a ferromagnetic interaction.204 The J1 magnetic exchange interaction
for complexes C3 and C5, mediated by µ3-OOMe– and µ2-Ophenolate bridging groups
with average Ni-µ2/3O-Ni angles of 98.6° and 97.8°, respectively (Table B.5), shows
weak antiferromagnetic exchange (-2.3 cm-1 (C3) and -0.3 cm-1 (C5)). One strong
(hNi(1)dz2 |px/y/z|Ni(2)dx2-y

2i = 0.061 (C3) and hNi(1)dx2-y
2 |px/y/z|Ni(2)dx2-y

2i =
0.050 (C5), Table B.6) and three small/orthogonal magnetic orbital overlaps result
in weak antiferromagnetic exchange.

The J2 exchange interaction is mediated by µ3-Omethoxo and µ2-Cl/F groups with av-
erage Ni–µ2/3(O/Cl/F)–Ni angles of 96.7°(C1), 96.8°(C3), and 102.4°(C5), (Table B.5),
resulting in weak antiferromagnetic interactions in C1 (-0.8 cm-1), a weak ferromag-
netic interaction for complex C3 (+2.1 cm-1), and a moderate antiferromagnetic inter-
action in complex C5 (-7.7 cm-1). Overlap calculations suggest one strong interaction
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70 Chapter 3. Defective Dicubanes

Table 3.5: DFT computed magnetic exchange interactions for C1, C3, and C5.
The non-bolded values refer to calculations on the full molecules whereas the
bolded values refer to dimeric models.

J1(cm-1) J2(cm-1) J3(cm-1)
C1 +9.7/+9.2 -0.3/-0.8 +0.3/+1.3
C3 -2.9/-2.3 +1.8/+2.1 +9.1/+9.7
C5 -2.2/-0.3 -5.9/-7.7 +7.2/+10.7

for C1 (hNi(2)dx2-y
2 |px/y/z|Ni3)(dx2-y

2i = 0.055, Table B.6), leading to a small antifer-
romagnetic interaction. For C3, only one moderate interaction (hNi(2)dx2-y

2 |px/y/z|Ni-
(3)dx2-y

2i = 0.035, Table B.6) is observed, resulting in a small ferromagnetic interac-
tion between the NiII centres. Although the average structural parameters for C1
and C3 are similar, there is a significant difference in sign and magnitude of the
magnetic coupling (-0.8 cm-1 and +2.1 cm-1, respectively). The Ni–µ2Cl–Ni angle is
85.6°(C1) and 86.7°(C3) whereas the Ni–µ3O–Ni angle is 107.8°(C1) and 107.0°(C3).
In agreement with previously published magneto-structural studies, the change in
the Ni–O–Ni angle gives a more dominant shift to antiferromagnetic coupling, com-
pared to the small increased ferromagnetic contribution due to narrowing of the
Ni–Cl–Ni angle, as supported by overlap calculations.183 For C5, one strong and
one moderate magnetic orbital overlap (hNi(2)dx2-y

2 |px/y/z|Ni(3)dz2i = 0.061 and
hNi(2)dz2 |px/y/z|Ni(3)dz2i = 0.036, Table B.6) results in a moderate antiferromag-
netic interaction. Note that C5 contains the more electronegative F-bridging group
with a smaller average Ni–F distance resulting in a much stronger antiferromagnetic
interaction compared to the Cl– analogue.

The J3 exchange interaction is mediated by two µ3-Omethoxy groups with average Ni–
µ3O–Ni angles of 98.2°, 95.7°, and 95.0°, respectively for C1, C3, and C5. This results
in weak ferromagnetic exchange in C1 (+1.3 cm-1) and moderate ferromagnetic ex-
change for complexes C3 (+9.7 cm-1) and C5 (+10.7 cm-1). Overlap calculations sug-
gest the presence of one moderate overlap interaction for C1 (hNi(1)dx2-y

2 |px/y/z|Ni-
(3)dx2-y

2i = 0.044, Table B.6), which leads to a small ferromagnetic interaction. For
C3 and C5, none of the magnetic orbitals are interacting (Table B.6), affording a rel-
atively large ferromagnetic exchange interaction.

The spin density plots for C1, C3, and C5 (Figure 3.8 and Table B.7) suggest a spin
delocalisation mechanism with the spin density on the NiII ions in the range 1.661 -
1.717, which is as expected since the unpaired electrons reside in the eg orbitals.205,206

Of all the bridging atoms, the largest spin density is detected on the µ3-Omethoxo
atoms (0.162 - 0.168). The spin density on the µ2-Cl bridging atoms (0.099 - 0.112) is
greater than that on the µ2-F bridging atoms (0.068 - 0.074), since the 3p orbitals of
Cl are energetically closer to the 3d orbitals of the NiII ions.

Two complexes, C1 and C3 have both been characterised by magnetic and com-
putational analyses. The DFT calculated J values were found to be in good agree-
ment with the experimental values (Table 3.6) as the sign and order of magnitude
of the calculated exchange interactions were consistent with the experimental find-
ings. One minor outlier to the agreement between the computed and experimental
values was the J2 value for C3, as the experimental magnetic exchange value was
found to be weakly antiferromagnetic with a value of -0.17 however the computed
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3.1. Results and Discussion 71

Figure 3.8: Spin density plots for the high spin states of C1, C3, and C5. Hydrogen atoms
have been removed for clarity. The iso-density surface shown corresponds to a value of 0.005
e-/bohr3.

value was found to be weakly ferromagnetic with a value of +1.8. This is thought
to result from the differences in the exchange angles (µ2-Cl versus µ3-OMe) and
the degree to which they contribute to the magnetic exchange. As mentioned above,
larger exchange angles, specifically the J2 pathway mediated by a µ3-OMe group has
been shown to provide a more dominant shift towards antiferromagnetic exchange
compared to the ferromagnetic contribution provided by the reduction of the µ2-
Cl group.183 Although the experimental magnetic exchange for C5 was not fitted,
the magnetic susceptibility data was indicative of dominant antiferromagnetic ex-
change, which is consistent with the DFT computed values of -2.2 and -5.9 for the J1
and J2 pathways. The computed value found for the J3 value was found to be posi-
tive, indicating ferromagnetic exchange. This result however fits with the exchange
pathway angle of 94.96°.

Table 3.6: Fitted experimental/DFT computed magnetic exchange (J1, J2, and
J3) for the complexes C1 and C3.

J1(cm-1) J2(cm-1) J3(cm-1)
C1 +7.94/+9.7 -1.31/-0.3 +6.67/+1.3
C3 -0.27/-2.9 -0.17/+1.8 +4.73/+9.1
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72 Chapter 3. Defective Dicubanes

3.2 Literature Analysis

When comparing C1 with the literature, there are many examples of µ3-OMe bridg-
ing with several examples of OAc– bridging in dicubanes, specifically NiII

4 dicuban-
es. An example of this is shown by the NiII

4 dicubane reported by Oyarzabal et al.
(Figure 3.9), which has two exchange pathways that resemble that of C1.207

Figure 3.9: Crystal structure of the NiII4 defective dicubane, [NiII4L2(OMe)2(OAc)2], pro-
duced by Oyarzabal et al.207 Colour code: NiII = light green, N = blue, O = red, Br = light
orange, and C = grey.

The ligand utilised by Oyarzabal et al. was a symmetrical bridged salicylaldamine
derivative, N,N’-bis(2-hydroxy-3-formyl-5-bromo-benzyl)-ethylenediamine which in-
troduced an additional phenolate group to mediate exchange between the metal
ions. This key difference is shown in Figure 3.9, with two body - wing interactions
mediated by a µ2-phenolate group instead of the µ2-Cl interaction as seen in C1.207

With the inclusion of a different bridging group for the J2 pathway, it was thought
that the angles of the other two exchange pathways would also differ significantly,
however this was not found to be the case (Table 3.7).

Table 3.7: Bond angles/Exchange parameters of the three exchange path-
ways (J1 - J3) for complexes C1 and C2 and the structure by Oyarzabal et al.

J1 J2 J3

Ni1-O-Ni2
(°/cm-1)

Ni2-X-Ni1’
(°/cm-1)

Ni1-O-Ni1’
(°/cm-1)

C1 94.76(12)/+7.94 85.60(4)a/-1.31 98.24(11)/+6.67
[M]⇤ 94.83()/+4.2 99.68()b/-4.8 97.22()/+11.5
⇤Oyarzabal et al.207

a Ni1-Cl-Ni2; b Ni1-O-Ni2
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With C1 and the structure by Oyarzabal et al. having comparable exchange angles
and parameters, the cMT vs. T plot results were unexpected. At RT (290 and 300
K for C1 and Oyarzabal et al. respectively) the cMT values are comparable with
5.48 and 5.03 cm3 K mol-1 respectively for C1 and Oyarzabal et al. where upon cool-
ing both values increase however the maxima achieved are significantly different,
10.72 (T = 3.7 K) and 5.31 (T = 36 K) cm3 K mol-1 respectively. Further cooling sees
both values decrease rapidly to give 9.87 (T = 2 K) and 3.46 (T = 5 K) cm3 K mol-1

respectively. These results show that both complexes have competing ferro- and an-
tiferromagnetic interactions with the ferromagnetic interactions dominant, but what
is more interesting is that the competing interactions along with ZFS effects and anti-
ferromagnetic intermolecular interactions are stronger in the structure by Oyarzabal
et al. significantly reducing the magnetic properties compared to that of C1.

3.3 Conclusions

The reaction between ligand, H2L1, and NiII metal salts, Ni(X)2 ·H2O (X = OAc– ,
Cl– , BF4

– ), has resulted in the formation of five new tetranuclear NiII defective
dicubanes ([Ni4(HL1)2(OMe)2(OAc)2Cl2]·2MeOH (C1), [Ni4(HL1)2(OH)2(OAc)2Cl2]-
·2MeCN (C2), [Ni4(HL1)2(OMe)2(MeOH)2Cl4]·Et2O (C3), [Ni4(HL1)2(OMe)2(MeOH-
)2F4]·4MeOH (C4), and [Ni4(HL1)2(OMe)2(MeOH)2Cl2.8F1.2]·Et2O (C5). The NiII ions
are bridged by a series of phenolate, OMe– , OH– , Cl– , and F– groups originating
from the NiII metal salt used. Despite the similarities in the formulae and general
structural topology of C1 - C5 there are significant geometric differences that result
in rather different magnetic properties (C1 - C3, and C5). Perhaps the most striking
example comes from a comparison of C1 and the original dicubane where different
solvation leads to different packing in the extended structure which in turn leads to
different intramolecular Ni-X-Ni angles and thus different magnetic exchange inter-
actions. A computational study performed on the complexes C1 and C3 was found
to be in good agreement with experimental findings as the sign and order of mag-
nitude of the exchange values with consistent with the experimental findings. This
study highlights the subtle intricacies involved in controlling intramolecular geome-
tries and hence the sign and magnitude of magnetic coupling constants, particu-
larly those relating to non-coordinating species such as anions/cations and solvent
of crystallisation.

Complex Preparation and Characterisation

To a solution of H2L1 (1 eq.) was added a solution of NiX2 ·H2O. The bright green solution
was stirred at RT for 10 minutes followed by the addition of Et3N (6 eq.). The dark green
solution was stirred for a further 10 minutes at RT. Isolation of the complex was achieved by
the diffusion of Et2O into the reaction solution. Green X-ray quality crystals were produced
after a period of three to eight weeks.

[NiII
4(HL1)2(OMe)2(OAc)2Cl2] · 2MeOH (C1): H2L1 (0.200 g, 0.616 mmol, 1 eq.) in MeOH

(20 mL), Ni(OAc)2 · 4 H2O (0.153 g, 0.616 mmol, 1 eq.) and NiCl2 · 6 H2O (0.146 g, 0.616
mmol, 1 eq.), both in MeOH (15 mL), and Et3N (0.520 mL, 3.70 mmol, 6 eq.). Green prism
shaped crystals were produced after three weeks. Yield (0.140 g, 19%); ATR-IR: n = 3255
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74 Chapter 3. Defective Dicubanes

(O-H), 2944 (C-H), 1639 (C=O), 1575 (C=N), 1487 (Ar), 1472 (C-H), 1417 (O-H), 1219 (Ar-
O), 1131 (C-O), 1027 (C-N) 990 (N-O), 717 (Ar) cm-1; elemental analysis calcd. (%) for
C40H66N4O14Cl2Ni4: C 42.42, H 5.87, N 4.95; found: C 42.82, H 6.07, N 4.83.

[NiII
4(HL1)2(OH)2(OAc)2Cl2] · 2MeCN (C2): H2L1 (0.0648 g, 0.1 mmol, 1 eq.) in MeCN (10

mL), Ni(OAc)2 · 4 H2O (0.0498 g, 0.1 mmol, 1 eq.) and NiCl2 · 6 H2O (0.0476 g, 0.1 mmol, 1
eq.), both in MeCN (2 mL), and Et3N (0.168 mL, 0.6 mmol, 6 eq.). Green platelet shaped
crystals were produced after four weeks. Yield (0.0403 g, 34%); ATR-IR: n = 3655 (O-H), 3238
(O-H), 2947 (C-H), 1639 (C=O), 1572 (C=N), 1489 (Ar), 1463 (C-H), 1336 (O-H), 1221 (Ar-O),
1132 (C-O), 1061 (C-O), 1033 (C-N), 986 (N-O), 719 (Ar) cm-1; elemental analysis calcd. (%)
for C42H68N6O14Cl2Ni4: C 42.51, H 5.78, N 7.08; found: C 42.52, H 6.03, N 6.80.

[NiII
4(HL1)2(OMe)2(MeOH)2Cl4] ·Et2O (C3): H2L1 (0.0530 g, 0.163 mmol, 1 eq.) in MeOH

(10 mL), NiCl2 · 6 H2O (0.0775 g, 0.326 mmol, 2 eq.) in MeOH (20 mL), and Et3N (0.140 mL,
0.979 mmol, 6 eq.). Green platelet shaped crystals were produced after three weeks. Yield
(0.030 g, 15%); ATR-IR: n = 3637 (O-H), 3291 (O-H), 2966 (C-H), 1609 (C=N), 1479 (Ar), 1462
(C-H), 1330 (O-H), 1221 (Ar-O), 1128 (C-O), 1052 (C-O), 1024 (C-N), 986 (N-O), 718 (Ar) cm-1;
elemental analysis calcd. (%) for C38H68N4O12Cl4Ni4: C 39.70, H 5.96, N 4.87; found: C
40.62, H 5.36, N 4.15.

[NiII
4(HL1)2(OMe)2(MeOH)2F4] · 4MeOH (C4): H2L1 (0.234 g, 0.616 mmol, 1 eq.) in MeOH

(10 mL), Ni(BF4)2 · 6 H2O (0.419 g, 1.23 mmol, 2 eq.) in MeOH (10 mL), and Et3N (0.520
mL, 3.70 mmol, 6 eq.). Green block shaped crystals were produced after eight weeks. Yield
(0.0655 g, 9%); ATR-IR: n = 3585 (O-H), 3352 (O-H), 2954 (C-H), 1608 (C=N), 1511 (Ar), 1468
(C-H), 1361 (O-H), 1215 (Ar-O), 1125 (C-O), 1052 (C-O), 1027 (C-N), 992 (N-O), 713 (Ar) cm-1;
elemental analysis calcd. (%) for C38H68N4O12F4Ni4 · 5H2O: C 38.96, H 6.36, N 5.05; found:
C 39.03, H 6.33, N 5.32.

[NiII
4(HL1)2(OMe)2(MeOH)2Cl2.8F1.2] ·Et2O (C5): H2L1 (0.100 g, 0.308 mmol, 1 eq.) in

MeOH (5 mL), Ni(BF4)2 · 6 H2O (0.105 g, 0.308 mmol, 1 eq.) and NiCl2 · 6 H2O (0.0732 g, 0.308
mmol, 1 eq.), both in MeOH (7.5 mL), and Et3N (0.260 mL, 1.85 mmol, 6 eq.). Green platelet
shaped crystals were produced after three weeks. Yield (0.070 g, 19%); ATR-IR: n = 3159 (O-
H), 2947 (C-H), 1610 (C=N), 1559 (Ar), 1463 (C-H), 1218 (Ar-O), 1127 (C-O), 1038 (C-O), 1020
(C-N), 924 (N-O), 715 (Ar) cm-1; elemental analysis calcd. (%) for C42H78N4O13Cl2.8F1.2Ni4:
C 41.90, H 6.53, N 4.65; found: C 41.80, H 6.64, N 4.44.
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Chapter 4

3d3d’ Dinuclear Complexes

This chapter describes a series of 3d3d’ dinuclear complexes that expand on the
theme of manipulating magnetism through structural modification. Taking the re-
sults of the defective dicubane series, where the majority of the exchange interactions
originated from co-ligands, this 3d3d’ series was designed so that the exchange in-
teractions originated solely from the ligand itself. The ligand chosen for this research
was 6,6’-dimethoxy-2,2’-[(1,3-propylene)dioxybis(nitrilomethylidyne)]diphenol, H2-
L2, as it contained several favourable properties: pre-designed coordination pockets
(M1 and M2, Figure 4.1) and phenolate and alkyloxime groups to promote ferromag-
netic exchange and provide stability.81,129,148 The target for structural modification
are the two exchange pathways, M1-O1-M2 and M1-O2-M2, where instead of the
structural modifications occurring on the bridging groups, the structural modifica-
tions will occur on the metal ions with the introduction of mixed metal combinations
and the use of transmetalation reactions.

Figure 4.1: Schematic representation of the coordination pockets present for L22-. Black
circles represent metal ions coordinated in the coordination pockets, M1 and M2.

4.1 Results and Discussion

The solid state complexes C6 - C13 were synthesised by RT reactions between H2L2,
M(OAc)2·H2O (M = CoII, CuII, MnII, NiII, and ZnII), and M(NO3)2·H2O (M = CoII,
CuII, MnII, NiII, and ZnII) in a 1 : 1 : 1 molar ratio. For all complexes, a visible
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Table 4.1: Structural differences in the complexes C6 - C13

M1 M2 Anion Solvent
C6 CuII CoII NO3

– –
C7 CuII CuII NO3

– –
C8 CuII MnII NO3

– –
C9 CuII ZnII NO3

– –
C10 CoII MnII NO3

– MeOH
C11 MnII MnII NO3

– MeOH
C12 NiII MnII NO3

– MeOH
C13 ZnII MnII NO3

– MeOH

colour change from the pale yellow ligand solution confirmed successful coordina-
tion. The complexes were isolated by slow vapour diffusion of Et2O into the reac-
tion solution where X-ray quality crystals were obtained after a period of one to four
weeks. Successful complexations were confirmed by SCXRD, FAAS (C6, C8, C10,
and C12, Section C.1), ATR-IR, ESI-MS, and CHN microanalysis. Magnetic analysis
was performed through a collaboration with Prof. Euan Brechin at The University
of Edinburgh. Computational analysis was performed by Dr Tyson Dais at Massey
University using the New Zealand eScience Infrastructure (NeSI) high performance
computing facilities.

4.1.1 Structural Analysis

The complexes, C6 - C13, were found to be discrete dinuclear complexes, either crys-
tallising in the monoclinic space group, P21/n (C6, C7, C8, and C9) or the triclinic
space group, P1̄ (C10, C11, C12, and C13). For all complexes, the whole structure can
be found within the asymmetric unit, with representative structures of the isostruc-
tural complexes shown in Figures 4.2 and 4.3. The general structure consists of one
unit of L2 coordinated to two 3d ions, M1 and M2 (inner and outer pockets respec-
tively, Figure 4.1), which are either homometallic (C7 and C11) or heterometallic (C6,
C8 - C10, C12, and C13). Select heterometallic complexes have been characterised by
FAAS to determine the 1 : 1 metal ion ratios (Section C.1), with bond length analyses
and the crystallographic software, Olex2 used to determine position.208

For complexes C6 - C9, M1 is four-coordinate with a distorted square planar geom-
etry or ‘seesaw’ geometry, with t4 values of 0.17 (C8) and 0.18 (C6, C7, and C9).209

The N2O2 donor set consists of two alkyloxime nitrogens and two phenolate oxy-
gens. For C10 - C13, M1 is six-coordinate with an octahedral geometry (CShM, Table
C.3) and a N2O4 donor set which resembles that of C6 - C9 but with an additional
two MeOH coordinates.146,147,171

For all complexes, M2 is seven-coordinate with a distorted capped trigonal pris-
matic geometry (CShM, Table C.3) and O7 donor set, consisting of two phenolate
oxygens, two methoxy oxygens, and two NO3

– anions, one bidentate and the other
monodentate (Selected bond lengths and angles can be found in Table 4.2).146,147,210

For the complexes, C8 and C10 - C13, the second oxygen atom of the monodentate
NO3

– anion is weakly coordinated with bond lengths of 2.486, 2.531, 2.526, 2.565,
and 2.495 Å respectively (M-ONO3 bond lengths in the literature are reported in the
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4.1. Results and Discussion 77

Figure 4.2: Representative structure of complexes, C6 - C9, [CuIIM2IIL2(NO3)2] (M2 = CoII

(C6), CuII (C7), MnII (C8), and ZnII (C9)). Hydrogen atoms omitted for clarity and the ther-
mal ellipsoids of the metal ions are shown at 70% probability. Colour code: CuII/M2II =
dark yellow, N = blue, O = red, and C = grey.

Figure 4.3: Representative structure of complexes, C10 - C13, [M1IIMnIIL2(MeOH)2(NO3)2]
(M1 = CoII (C10), MnII (C11), NiII (C12) and ZnII (C13)). Non-interacting hydrogen atoms
omitted for clarity and the thermal ellipsoids of the metal ions are shown at 70% probability.
Colour code: M1II/MnII = light purple, N = blue, O = red, C = grey, and H = white.
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78 Chapter 4. 3d3d’ Dinuclear Complexes

range of 1.996 to 2.480 Å).211–213 This difference can be seen visually when compar-
ing the angle (M2-O10-N4) at which the monodentate NO3

– anion is coordinated to
M2 (Figure 4.4).

Moderate intermolecular hydrogen bonding is found in C10 - C13 between the co-
ordinated MeOH molecules (O13 and O14) and NO3

– anions (O7 and O12) above
and below the molecular plane, as shown in Figure 4.5.158 When only considering
one complex, the above-plane hydrogen bonding (2.771(3) - 2.910(5) Å) occurs be-
tween O13 (MeOH) and the coordinated oxygen, O7 (NO3

– ), whereas the below-
plane hydrogen bonding (2.770(3) - 2.788(6) Å) occurs between O14 (MeOH) and a
non-coordinated oxygen, O12 (NO3

– ). This difference is assumed to be largely at-
tributed to both the packing of the unit cell and the M2-O10-N4 angle of the NO3

–

anion, as the larger the angle, the closer the free oxygen, O12, is to the adjacent
molecule, as is the case for the below-plane interaction.

The most noticeable structural difference between the complexes is the structural
arrangement of the alkyloxime bridge as shown in Figure 4.6. For the complexes
where M1 is four-coordinate (C6 - C9), the nitrogen and oxygen atoms of the alky-
loxime bridge sit almost planar with the metal ions and aromatic rings, with the
alkyl part of the bridge sitting almost perpendicular. For the complexes where M1 is
octahedral (C10 - C13), the coordination geometry causes the alkyl part of the bridge
to zig-zag above and below the plane of the metal ions/aromatic rings resulting in
small differences in the angles surrounding the M1 ions between the two different
M1 geometries with the greatest difference being the N1-M1-N2 angle (An average
of 101.98 and 112.15 Å for the perpendicular and zig-zag bridges respectively). The
structural differences in the bridge however don’t influence the O1-M1-O2 angle as
the angles are all within experimental error of one and another. Other angles such
as M1-N-O and N-O-C of the alkyloxime bridge are also within experimental error
of each other. It is assumed that the difference in the bridges has occurred due to
the steric hinderence caused by the capping MeOH molecules. If the bridge were
structurally arranged as it is in the four-coordinate M1 complexes, then the central
carbon of the bridge and its hydrogen atoms would be too close in proximity to the
top MeOH molecule (Figure 4.6, top).

The complexes, C6 - C13, have been characterised by ESI-MS, with similar fragmen-
tation patterns found for the complexes. The spectra indicate that when in solution,
specifically methanolic solution, the complexes do not remain intact with the loss
of NO3

– and MeOH coordinates as the complexes are present as either [M-NO3]+

(C6 - C9 and C11) or [M-NO3-2MeOH]+ (C10, C12, and C13) instead of the more
typical [M+H]+ (Table C.4). This is thought to be due to the fact that less energy is
required to remove a NO3

– anion and/or MeOH molecules than it is to protonate
the system.214 Additionally, [L2+M1]+ and [L2+Na]+ peaks are present in the spectra.

ATR-IR spectroscopy has been used to compare the complexes, C6 - C13 with the free
ligand, H2L2 (Table C.5). As the results from SCXRD have indicated, the ligand co-
ordinates to the metal ions via the alkyloxime nitrogen and phenolate and methoxy
oxygen atoms, therefore it is expected that there will be shifts of the C=N, Ar-O, and
C-O stretches indicating coordination. For all complexes, the C=N stretches can be
seen to shift from 1606 to approximately 1604 cm-1, the Ar-O stretches shift from
1251 to approximately 1243 cm-1 and the C-O stretches shifted from 1066 to approx-
imately 1100 cm-1. All complexes have two coordinated NO3

– anions, which can be
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80 Chapter 4. 3d3d’ Dinuclear Complexes

Figure 4.4: Schematic showing the differences in the NO3
– anion coordination angle to the

M2 ions for complexes C6 - C13. Thermal ellipsoids of the metal ions are shown at 70%
probability. Colour code: CuII = dark yellow, MnII = light purple, CoII = dark purple, ZnII =
light purple, N = blue, and O = red.
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4.1. Results and Discussion 81

Figure 4.5: The hydrogen bonding network found for complexes C10 - C13. Hydrogen atoms
apart from those of the MeOH molecules have been omitted for clarity, hydrogen bonding
represented as black dotted lines, and the thermal ellipsoids of the metal ions are shown at
70% probability. Colour code: MII = light purple, N = blue, O = red, C = grey, and H = white.
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82 Chapter 4. 3d3d’ Dinuclear Complexes

Figure 4.6: The structural differences between the alkyloxime bridges of the CuIIM2II (left;
C6 - C9) and M1IIMnII dinuclear complexes (right; C10 - C13). Hydrogen atoms omitted for
clarity, metal ions and alkyloxime bridges shown as ellipsoids (70% probability) for ease of
view. Colour code: MII = dark yellow (left) and light purple (right), N = blue, O = red, C =
grey, and H = white.
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4.1. Results and Discussion 83

seen in the spectra with stretches at approximately 1463, 1298, 1038, and 816 cm-1.
Previous research in the literature has found that the coordination of anions, which
are capable of coordinating in various modes such as NO3

– or OAc– , can be de-
termined by the difference between asymmetric and symmetric stretches.215,216 For
NO3

– anions, bidentate coordination is found when the range between the stretches
at approximately 1463 and 1298 cm-1 is ⇠ 180 cm-1 whereas for mondentate coordi-
nation the range is ⇠ 120 cm-1.215–218 Values of 174, 161, 168, 174, 165, 165, 166, and
166 cm-1 were found for C6 - C13 respectively indicating mixed coordination, which
is in agreement with the SCXRD results.

4.1.2 Transmetalation

The first example of transmetalation in this research occurred when attempting to
form a larger mixed metal cluster, subsequently producing the first heterometallic
3d3d’ dinuclear complex (C8). After finding the most reliable method to synthesise
both C8 and the other heterometallic complexes (1 : 1 ratio of OAc– : NO3

– metal
salts) we wanted to determine whether transmetalation could be used to structurally
modify the dinuclear complexes and determine the relative stabilities and metal ion
preferences of the coordination pockets.

The general method used for the transmetalation reactions was to "soak" several
crystals of the starting complex in 2.0 mL of a 0.025 molL-1 MII(NO3)2·xH2O methano-
lic solution of the desired metal ion to be transmetalated. The ‘soaks’ were then left
for approximately 24 hours, where the crystals dissolved, and for some samples, the
methanolic solution changed colour. These solutions were filtered and then set up
for Et2O vapour diffusion, similarly to all other complexation reactions. X-ray qual-
ity crystals were produced between periods of 24 hours to three weeks. The initial
two transmetalations (C7 and C11 to C8) were repeated in bulk and characterised by
both SCXRD and FAAS (C7 and C11 to C8, CuMn1 and CuMn2 respectively; Table
C.2) to confirm the 1 : 1 metal ratio. The remaining transmetalation reactions were
characterised by SCXRD and bond length analysis.

A series of transmetalations were set up with the dinuclear complexes, with results
found in Table 4.3. It was found that the successful transmetalation reactions in-
volved either Cu(NO3)2·3 H2O or Mn(NO3)2·4H2O solutions clearly indicating that
CuII was the most stable in the inner pocket and MnII the most stable in the outer
pocket, further suggesting that C8 had the greatest overall stability.

As transmetalation reactions are often said to be irreversible processes, this was
confirmed by attempting the transmetalation reactions on C8. Crystals of C8 were
soaked in 0.025 mol/L methanolic solutions of both Mn(NO3)2·4H2O and Cu(NO3)2-
·3H2O, following the general method. The result for both reactions was the isolation
of C8 only, showing transmetalation is indeed irreversible for this particular system.

When considering these results from a structural view, they make sense as the smaller
CuII ion was more stable in the smaller coordination pocket and the larger MnII ion
was more stable in the larger coordination pocket. Additionally, the four-coordinate
geometry of the CuII ion retains the structural stability of the inner pocket, whereas
the octahedral geometry of the MnII ion caused the N1-Mn-N2 angles to significantly
increase, decreasing the stability of the pocket. If we consider these results using
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84 Chapter 4. 3d3d’ Dinuclear Complexes

Table 4.3: Transmetalation results for C6 - C13

Initial Complex Metal Solution Result
C6 - CuIICoII Mn(NO3)2·4H2O C8 - CuIIMnII

C7 - CuIICuII Mn(NO3)2·4H2O C8 - CuIIMnII

C8 - CuIIMnII Cu(NO3)2·3H2O C8 - CuIIMnII

Mn(NO3)2·4H2O C8 - CuIIMnII

C9 - CuIIZnII Mn(NO3)2·4H2O C8 - CuIIMnII

C10 - CoIIMnII Cu(NO3)2·3H2O C8 - CuIIMnII

C11 - MnIIMnII Cu(NO3)2·3H2O C8 - CuIIMnII

C12 - NiIIMnII Cu(NO3)2·3H2O C8 - CuIIMnII

C13 - ZnIIMnII Cu(NO3)2·3H2O C8 - CuIIMnII

an Irving-Williams lens, the prediction would be that C7 would be expected to be
the most stable. Clearly, the larger coordination pocket and preference for seven-
coordinate geometry favours MnII ions over CuII ions in the outer pocket.

4.1.3 Magnetic Analysis

For the complexes C6 - C13, two different magnetic analyses have been performed,
the first analysis was performed on complexes C6 - C8 and C10 - C12 as these com-
plexes have two magnetically active metal ions. The second was performed on com-
plexes C9 and C13 as these complexes are effectively single-ion complexes due to
the presence of non-magnetically active ZnII ions.

Magnetic measurements performed on the complexes, C6 - C8 and C10 - C12 were
performed at the University of Edinburgh through collaborative work with Prof.
Euan Brechin.151 DC molar magnetic susceptibility and magnetisation measurements
in the temperature range T = 300 - 2 K were performed on microcrystalline samples
and collected using a Quantum Design PPMS Dynacool VSM magnetometer in the
applied field range, B = 0.1 - 9 T. Samples were mounted in gelatine capsules and
restrained by the addition of a small quantity of either eicosane or hexadecane. The
magnetic measurements for both series had their observed paramagnetic suscepti-
bilities corrected for diamagnetic contributions using Pascal’s constants. The exper-
imental results are shown in Figures 4.7 and 4.8 as the cMT product versus T, where
cM = M/B and M is the magnetisation.

Upon cooling the cMT of C7 slowly increases from 0.94 cm3 K mol-1 at T = 300 K to
a maximum value of 1.11 cm3 K mol-1 at T = 36 K, before decreasing to 0.90 cm3 K
mol-1 at 2 K. This behaviour is indicative of a ferromagnetic interaction between the
two CuII ions, with the low T decrease assigned to antiferromagnetic intermolecular
interactions, consistent with the packing of the molecules in the extended structure
and the close contacts between the NO3

– molecules on one complex and the alky-
loxime ligand on its neighbour (O(NO3)· · ·(H)C, ⇠ 3.1 Å, Figure C.5). To better
define the low temperature magnetic properties of C7, VTVB magnetisation mea-
surements were performed in the temperature and field ranges T = 2 - 10 K and
B = 0.5 - 9.0 T, respectively (Figure 4.9). The VTVB magnetisation data of C7 rises
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4.1. Results and Discussion 85

Figure 4.7: Plot of the cMT product versus T for C7, C8, and C11 in an applied field, B = 0.1 T
over the T = 300 - 2 K temperature range. The solid lines represent the fit of the experimental
data (circles) using spin-Hamiltonian (Equation 4.1), as discussed in the text.

rapidly with increasing field, with the maximum value at T = 2 K and B = 9.0 T be-
ing 2.12 µB. Both the susceptibility and magnetisation data are therefore consistent
with the stabilisation of an S = 1 ground state. The susceptibility and magnetisation
data were simultaneously fitted to isotropic spin-Hamiltonian (Equation 4.1) afford-
ing the best-fit parameters J = +63.0 cm-1 and gCu = 2.12. The fit requires inclusion
of an intermolecular interaction term zJ = -0.10 cm-1, consistent with the extended
structure. A thorough search of the literature has revealed C7 to have the largest
ferromagnetic coupling for a Schiff-based derived CuII

2 complex. The ferromag-
netic exchange observed is unexpected based on previous magneto-structural cor-
relations of O-bridged dinuclear CuII complexes which consider only the Cu-O-Cu
angles.219–223 The Cu-O-Cu angles in C7 are 105° and 106° and would be expected
to promote strong antiferromagnetic interactions based on this model and similar
CuII dinuclear complexes found in the literature.224–227 As discussed by Ruiz and
coworkers, other structural factors such as complex asymmetry, metal ion geom-
etry, O-Cu-O-Cu torsion angles, and the out-of-plane shift of the phenolate units
can contribute to the magnetic properties of the complex.228 Upon comparing C7
with similar CuII

2 complexes in the literature,224,225,227 the bond lengths and angles,
O-Cu-O-Cu torsion angles, and the out-of-plane shift of the phenolate units are all
fairly consistent with no significant outlier for C7, therefore it is believed that the
unexpected ferromagnetic coupling of C7 is to be contributed to both the complex
asymmetry and the metal ion geometries, specifically the seven-coordinate geome-
try of Cu2.229

Ĥ = �2 Â
i<j

Jij ŝi · ŝj (4.1)
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86 Chapter 4. 3d3d’ Dinuclear Complexes

For C8 the cMT product at T = 300 K is 4.25 cm3 K mol-1, somewhat lower than the
value of 4.83 cm3 K mol-1 expected for a dinuclear CuIIMnII complex assuming gMn
= 2.00 and gCu = 2.20. Upon cooling the cMT product slowly decreases and then
plateaus at a value of 3.24 cm3 K mol-1 at T = 50 K. Below 50 K the cMT value de-
creases once more reaching a value of 3.05 cm3 K mol-1 at 2 K. This behaviour is
indicative of a weak antiferromagnetic interaction between the two metal ions and
an S = 2 ground state, with the low T (< 50 K) decrease in cMT being attributed to
intermolecular antiferromagnetic interactions (O(NO3)· · ·(H)C, ⇠ 3.3 Å), which are
similar to those found in C7. This is corroborated by the VTVB data which saturates
at a value of 4.18 µB at 2 K and B = 9.0 T (Figure 4.9). A simultaneous fit of the
susceptibility and magnetisation data afforded the best-fit parameters J = -34.8 cm-1,
gav = 2.06 and zJ = -0.01 cm-1, consistent with similar compounds reported in the
literature.230–232

For C11 the cMT product at T = 300 K is 8.84 cm3 K mol-1, close to the value of 8.75
cm3 K mol-1 expected for two uncorrelated S = 5/2 MnII ions with g = 2.00. Upon
cooling the cMT product decreases slowly to a value of 8.71 cm3 K mol-1 at 100 K
and then more rapidly to 1.64 cm3 K mol-1 at 2 K. This behaviour is indicative of a
weak antiferromagnetic interaction between the two MnII ions. The VTVB magneti-
sation data of C11 is consistent with this interpretation, initially increasing slowly at
lower fields before saturating at a value of 9.95 µB at T = 2 K and B = 9.0 T, where
the large, applied field overcomes the weak exchange (Figure 4.9). A simultaneous
fit of the susceptibility and magnetisation data to (Equation 4.1) affords the best fit
parameters J = -0.45 cm-1 and gMn = 2.03, in agreement with similar compounds in
the literature.233–235

Figure 4.8: Plot of cMT product versus T for C6, C10, and C12 in an applied field B = 0.1
T in the T = 300 - 2 K range. The solid line for C12 is a fit of the experimental data using
spin-Hamiltonian (Equation 4.2), as explained in text.
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4.1. Results and Discussion 87

The cMT products of C6 and C10 at T = 300 K (2.40 and 8.11 cm3 K mol-1, respec-
tively) are somewhat larger than the values expected (2.25 and 6.25 cm3 K mol-1; SCu
= 1/2, SCo = 3/2, SMn = 5/2, and g = 2.00) for the dinuclear complexes assuming no
interaction between the metal ions. Upon cooling, the cMT product of C6 decreases
continuously to a value of 1.33 cm3 K mol-1 at T = 42 K, before rising sharply to a
value of 1.49 cm3 K mol-1 at T = 11 K, before decreasing again to a value of 0.88 cm3

K mol-1 at T = 2 K. The VTVB magnetisation data (Figure 4.9) of C6 rises rapidly
with increasing field, saturating at a maximum value of 2.04 µB at 2 K and 9 T. Upon
cooling, the cMT product of C10 slowly drops to a value of 7.05 cm3 K mol-1 at 100 K,
whereupon it decreases much more rapidly to a value of 1.79 cm3 K mol-1 at 2 K. At
T = 2 K (Figure 4.9), the magnetisation data for C10 increases rapidly with increasing
field and tends towards saturating at a value of 3.71 µB at B = 7.5 T. At higher fields
there is a small inflection in the data, where M appears to rise more rapidly, reaching
4.04 µB at B = 9.0 T. At higher temperatures, M rises more linearly with increasing B.

Quantitative interpretation of the magnetic properties of C6 and C10 is complicated
by the large anisotropy normally associated with CoII ions, specifically for seven-
coordinate ions in the case of C6, with ZFS parameters typically in the range |D| =
30 - 60 cm-1 whose value is highly dependent on both the nature of the donor atoms
present and the symmetry around the metal ion.236,237 Isotropic exchange interac-
tions are usually not relevant in such cases (and thus spin-Hamiltonian, Equation
4.2, is not relevant) and both g and J anisotropy must be determined. Therefore,
only a qualitative discussion of the data for C6 and C10 is possible. In both cases
the initial decrease of cMT upon cooling is due to the presence of SOC and low-
symmetry ligand field effects of the CoII ion. For C6, the increase in cMT between
11 - 42 K is indicative of ferromagnetic exchange between the two metal ions, with
the decrease in cMT between 2 - 11 K ascribed to antiferromagnetic intermolecular
interactions, consistent with the X-ray structure. The rapid rise and saturation of
the magnetisation data with increasing field corroborates this picture. For C10 the
continual decrease of cMT and non-saturation of the M versus B data is indicative
of the presence of weak antiferromagnetic exchange.

At 300 K the cMT product of C12 is 5.19 cm3 K mol-1, lower than the expected value
of 5.93 cm3 K mol-1 for uncorrelated NiII and MnII ions (SNi = 1, gNi = 2.15; SMn
= 5/2, gMn = 2.0). Upon cooling, the value of cMT slowly decreases to a value of
5.00 cm3 K mol-1 at 200 K, then more rapidly to a value of 1.86 cm3 K mol-1 at 8 K,
before sharply increasing to 2.39 cm3 K mol-1 at 2 K. This behaviour is indicative
of an antiferromagnetic interaction between the two metal centres, with the low T
increase assigned to ferromagnetic intermolecular interactions, consistent with the
packing of the molecules in the crystal and the short-contacts between neighbour-
ing complexes. To better define the low temperature magnetic properties of C12,
VTVB magnetisation measurements were performed in the temperature and field
ranges T = 2 - 10 K and B = 0.5 - 9 T, respectively (Figure 4.9). The VTVB magneti-
sation data of C12 rises rapidly with increasing field, reaching a maximum value of
2.88 µB at 2 K and 9 T. Both the susceptibility and magnetisation data are therefore
consistent with the stabilisation of an S = 3/2 ground state. The susceptibility and
magnetisation data were simultaneously fitted to a spin-Hamiltonian (Equation 4.2;
the first part is a Heisenberg exchange term and the second part a Zeeman term)
affording the best fit parameters J = -6.43 cm-1, gNi = 2.15, and gMn = 2.02. The fit re-
quires the inclusion of an intermolecular interaction term, zJ = +0.06 cm-1, consistent
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with the extended structure. The sign and magnitude of the antiferromagnetic ex-
change observed for C12 is in agreement with previously established magnetostruc-
tural correlations for O-bridged NiIIMnII compounds where the J value decreases
with increasing Ni-O-Mn angle, with a crossing angle of ⇠98°.187,188,238 For C12, the
Ni-O-Mn angles are both ⇠105° and therefore were expected to display weak anti-
ferromagnetic exchange.

Ĥ = �2 Â
i<j

JijŜi · Ŝj + µB
�!
B · Â

i
giŜi (4.2)

Table 4.4: Best-fit parameters for the complexes C7, C8, C11, and C12

J (cm-1) gM zJ (cm-1)
C7 +63.0 2.12 -0.10
C8 -34.8 2.06⇤ -0.01

C11 -0.45 2.03 –
C12 -6.43 2.09⇤ +0.06

⇤ Averaged values

For the complexes C9 and C13, magnetic susceptibility measurements (cM) and the
effective magnetic moment (µe f f ) of the complexes were measured on polycrys-
talline samples using a Sherwood Scientific magnetic susceptibility balance. Mea-
surements were performed on powdered polycrystalline material packed into a sam-
ple tube and collected at RT (294 K). The samples were embedded in polyethylene
glycol (PEG; avg. molecular weight of 4000) due to a small sample size. The suscep-
tibility data was corrected for any diamagnetic contributions from the PEG, sample,
and sample tube using Pascal’s constants.

The µe f f of the complexes was calculated using Equation 4.3, where kB is the Boltz-
mann constant, NA is Avogadro’s number, b is the Bohr magneton, and T is the
temperature (294.15 K).239 The cM results shown in Table 4.5 reveal that both C9 and
C13 are paramagnetic with positive cM values of 1.16x10-3 cm3 mol-1 and 1.38x10-3

cm3 mol-1. The cMT and µe f f values found for C9, 0.342 cm3 K mol-1 and 1.65 µB
resemble what is found in the literature for salicylaldoxime derived mononuclear
CuII complexes.148,240,241 In the literature, high-spin MnII mononuclear compounds
are reported to have µe f f values in the range 5.00 - 5.55 µB, as the µe f f value found
for C13, 1.80 µB, is considerably lower than 5.00 µB it is assumed the MnII ion is low
spin.242,243

µe f f =

s
3kB

NAb2 (cMT) (4.3)

Table 4.5: Magnetic susceptibility results for the complexes C9 and C13

cM (cm3 mol-1) cMT (cm3 K mol-1) µe f f (µB)
C9 1.16x10-3 0.342 1.65
C13 1.38x10-3 0.405 1.80
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4.1. Results and Discussion 89

Figure 4.9: Plot of the M vs. B for C6 - C8 and C10 - C12 in the T = 2 - 10 K range with B = 0.5
- 7 T. The solid line is a fit of the experimental data using spin Hamiltonians, Equations 4.1
(C7, C8, and C11) and 4.2 (C6, C10, and C12). Complexes C6 and C10 have not been fitted
as discussed in text.
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4.1.4 Computational Analysis

A DFT study was performed on the complexes C7, C8, and C11 to determine the rel-
ative binding energies, based on the calculated Gibbs free energy, of the complexes
to establish a trend in the energetic stability of the complexes. These three com-
plexes were chosen based on the transmetalation results. BS-DFT calculations have
additionally been performed as a comparison with the experimental magnetic mea-
surements on the complexes C7, C8, and C11.151 All calculations were performed
by a Plieger group member, Dr Tyson Dais using ORCA v5.02.244,245 Geometry op-
timisations, starting from the crystal structure coordinates, were completed on an
in-house Linux workstation with frequency calculations completed using the NeSI
high-performance computing cluster.

Geometry optimisation and frequency calculations were completed for the C11 com-
plex using the PBE,246 BP86,247–249 B3LYP,195 TPSSh,250 and M06-2x191,251 functionals.
The PBE and BP86 functionals consistently calculated frequencies ⇠ 20 cm-1 too low
while the M06-2x functional consistently overestimated frequencies by ⇠ 100 cm-1,
relative to the experimental ATR-IR data. B3LYP and TPSSh both gave reasonably
accurate frequencies for the important functional groups; however TPSSh and M06-
2x were considered too computationally expensive, as such B3LYP was chosen to
carry out the binding energy calculations. Grimme’s third generation dispersion
correction with Becke-Johnson damping (D3BJ)252,253 was also applied to the B3LYP,
TPSSh, and M06-2x calculations, however it led to convergence issues in the fre-
quency calculations. All calculations were performed with the B3LYP functional
under the unrestricted Kohn-Sham (UKS) formalism,249 using the Def2-TZVP ba-
sis set for all atoms and tight convergence (TightOpt) criteria using the RIJCOSX
approximation with Def2/J auxiliary basis.199,254,255 For consistency with the exper-
imental methods used, methanolic solvation was accounted for by means of the
Conductor-like Polarizable Continuum Model (CPCM), as implemented in ORCA,
using CPCM(MeOH).256 Relative binding energies were calculated by taking the dif-
ference in final Gibbs free energy between the products (complex + H2O molecules)
and starting components (H2L2, 3d·xH2O, 3d’·xH2O, 2NO3, + solvents, where x = 5
for d = Cu and x = 6 for d = Mn; Table C.6).

The resulting binding energies for C7, C8, and C11 were found to corroborate the
experimental results observed during the transmetalation reactions with a trend of
C8 > C7 > C11 (C8, -127.1349 kcal mol-1; C7, -125.7668 kcal mol-1; C11, -91.7206 kcal
mol-1). From these results we can confidently say that CuII ions are the most stable in
the M1 pocket, with further confirmation provided by the literature, where several
examples show that CuII ions strongly coordinate to N2O2 pockets.56,257–259

Upon optimising the crystal structures of C7, C8, and C11 it was revealed that the
nature of the propylene bridge, whether perpendicular (CuIIM2II) or zig-zagged
(M1IIMnII) was retained, further confirming that this structural confirmation is in
fact a result of steric strain introduced by the coordinated MeOH molecules in the
M1IIMnII complexes.

The sign and magnitude of the magnetic couplings between metal ions in each dimer
have been estimated using the DFT BS approach48,193 according to the Yamaguchi
method.47,260 These calculations utilised the same level of theory as in the geometry
and frequency calculations. It was found that for the complexes, C7, C8, and C11,
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the sign and order of magnitude of the calculated J couplings were consistent with
the experimentally determined values (Tables 4.6 and 4.7). For all three complexes,
the calculated J coupling values are larger than experimentally determined, however
the calculated values are still considered to be of the same magnitude. Plots of the
magnetic orbitals of C7, C8, and C11 can be found in Figures C.6 - C.12.

Table 4.6: J-coupling values for the complexes C7, C8, and C11 calculated
using the BS DFT approach

J (cm-1) EHS � EBS (cm-1) < S2 >HS < S2 >BS

C7 123.78 -123.84 2.0049 1.0044
C8 -85.09 428.26 12.0059 6.9730
C11 -2.09 52.156 30.0067 5.0013

Table 4.7: Fitted experimental/DFT computed magnetic exchange (J) for the
complexes C7, C8, and C11.

Expt. J (cm-1) Calcd. J (cm-1)
C7 +63.0 +123.78
C8 -34.8 -85.09

C11 -0.45 -2.09

4.2 Literature Analysis

Throughout the literature, there are many examples of 3d based complexes where at
least two metal ions are bridged by a phenolate group. By refining the search (CCDC
v1.20, 02/08/22) to complexes containing Schiff base or oxime based ligands gave
1274 and 135 hits respectively, clearly showing how much smaller the field of oxime
based complexes is. Of the 135 hits, only 13 were discrete dinuclear complexes and
of those 13, only six were closely related to the research in this chapter, with none
of them containing NO3

– anions.135,136,261–263 In addition to this, of the 135 hits only
four were heterometallic, all with a nuclearity of three.166,264,265 The most common
type of structure found with 84 submissions was trinuclear M3L2 structures.

A number of Schiff base counterparts to the complexes C6 - C13 are found in the lit-
erature, with an example by Branzea and coworkers who produced a number of din-
uclear 3d3d’ complexes that they then went on to bridge with various anions to form
polymers.213,266 Two of the dinuclear complexes are heterometallic CuIIMII (M = CoII

and MnII), which resemble that of complexes C6 and C8 however the ligand utilised
is the Schiff base counterpart of H2L2, N,N’-propylene-bis-(3-methoxysalcilideneimi-
nato). Initially it was thought that there would not be a large difference between the
two types of complexes, with minor differences in bridging angles due to the differ-
ences in the bridge. This was found to be the case, with almost neglible differences
as shown in Table 4.8, however the biggest difference was found to be the coordi-
nation of the second NO3

– anion between the two CuIIMnII complexes. Magnetic
characterisation wasn’t performed on the discrete dinuclear complexes however it
was performed on the CuIIMnII polymers where the dinuclear units were bridged
by pyrazole-3,5-dicarboxylic acid, trimesic acid, and [Ni(CN)4]. Interestingly, the
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Table 4.8: Selected bond lengths (Å) and bond angles (°) of literature exam-
ples vs. complexes C6 and C8

C6 [CuCo(L)(NO3)2]a C8 [CuMn(L)(NO3)2]a

Bridge Type Alkyloxime Imine Alkyloxime Imine
M1· · ·M2 3.2031(7) 3.198 3.329(7) 3.322

M1-O1-M2 105.13(11) 105.55 107.16(12) 107.44
M1-O2-M2 105.94(11) 106.22 107.11(12) 107.51
M2-ONO3

b 2.220(3) 2.257 2.315(3) 2.343
M2-ONO3

b 2.102(3) 2.094 2.288(3) 2.267
M2-ONO3

c 2.029(3) 2.094 2.207(3) 2.191
M2· · ·ONO3 3.084(3) 3.068 2.486(6) 2.640

M2-O-NNO3
c 123.2(2) 123.42 100.8(2) 106.95

aBranzea et al.;213 bBidentate NO3; cMonodentate NO3

cMT vs T curves closely resembled that of C8, with room temperature values of
4.20, 3.85, and 3.93 cm3 K mol– 1 for pyrazole-3,5-dicarboxylic acid, trimesic acid,
and [Ni(CN)4] respectively. These values are lower than expected for a CuIIMnII

pair of uncoupled ions, similarly to what was found for C8 however the RT values
are lower than the 4.25 cm3 K mol– 1 obtained for C8. A J coupling value of -34.8
cm-1 was obtained for C8 where values of J = -48.9, -64.7, and -60.4 cm-1 were ob-
tained for the pyrazole-3,5-dicarboxylic acid, trimesic acid, and [Ni(CN)4] polymers
respectively.213,266

4.3 Conclusion

A series of dinuclear homo- and heterometallic complexes, C6 - C13, have been syn-
thesised by a 1 : 1 : 1 reaction of ligand, H2L2, M(OAc)2 ·H2O, and M(NO3)2 ·H2O.
All complexes have been characterised by a combination of SCXRD, FAAS, ESI-MS,
ATR-IR, CHN microanalysis, and magnetic and computational analyses. Through
the use of transmetalation, it was found that C8 was the most stable complex, a re-
sult that was somewhat unexpected as the canonical Irving-Williams monoatomic
stability trend would suggest C7 to be the most stable. DFT based binding energy
calculations confirmed that C8 was in fact more stable than C7 by 1.37 kcal mol-1

or approximately 2.3 times thermal energy. Magnetic characterisation found that
complexes C8 and C10 - C12 to have antiferromagnetic couplings and exchange pa-
rameters of J = -34.8 cm-1 (C8), J = -0.45 cm-1 (C11), and J = -6.43 cm-1 (C12). Unex-
pectedly, both C6 and C7 were found to have ferromagnetic couplings between the
metal ions with an exchange parameter of J = +63.0 cm-1 found for C7, the largest
ferromagnetic coupling for a Schiff base derived dinuclear CuII

2 complex reported
in the literature. Its thought the unusual seven-coordinate geometry of the CuII ion
was a driving factor for the ferromagnetic coupling and lessened experimental sta-
bility. This seven-coordinate CuII phenomena has introduced the potential to explore
unusual coordination environments and their associated magnetic properties in the
future.
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Complex Preparation and Characterisation

To a solution of H2L2 (1 eq.) in CHCl3 was added solutions of M(OAc)2·H2O (1 eq.) and
M(NO3)2·H2O (1 eq.), both in MeOH and stirred at RT for five minutes. Isolation of the
complex was achieved by the diffusion of Et2O into the reaction solution. X-ray quality
crystals were obtained after a period of one to four weeks.

[CuIICoIIL2(NO3)2] (C6): H2L2 (0.0150 g, 0.04 mmol, 1 eq.) in CHCl3 (4 mL), Cu(OAc)2·H2O
(0.0080 g, 0.04 mmol, 1 eq.), and Co(NO3)2·6H2O (0.0117 g, 0.04 mmol, 1 eq.) both in MeOH
(0.8 mL). Brown block shaped X-ray quality crystals were produced after two weeks. Yield
(0.0160 g, 65%); ATR-IR: n = 2924 (C-H), 1607 (C=N), 1594 (Ar), 1555 (N-O), 1462 (NO3), 1429
(C-H), 1288 (NO3), 1246 (Ar-O), 1098 (C-O), 1038 (NO3), 960 (N-O), 809 (NO3), 743 (Ar) cm-1;
ESI-MS: m/z 555 [M-NO3]+; elemental analysis calcd. (%) for C19H20N4O12CuCo: C 36.88, H
3.26, N 9.05; found C 36.91, H 3.32, N 8.71.

[CuII
2L2(NO3)2] (C7): H2L2 (0.0378 g, 0.101 mmol, 1 eq.) in CHCl3 (4 mL), Cu(OAc)2·H2O

(0.0200 g, 0.100 mmol, 1 eq.), and Cu(NO3)2·3H2O (0.0242 g, 0.100 mmol, 1 eq.) both in
MeOH (0.8 mL). Brown platelet shaped X-ray quality crystals were produced after three
weeks. Yield (0.0314 g, 50%); ATR-IR: n = 2928 (C-H), 1605 (C=N), 1593 (Ar), 1552 (N-
O), 1456 (NO3), 1431 (C-H), 1295 (NO3), 1244 (Ar-O), 1099 (C-O), 1039 (NO3), 959 (N-O),
821 (NO3), 744 (Ar) cm-1; ESI-MS: m/z 559 [M-NO3]+; elemental analysis calcd. (%) for
C19H20N4O12Cu2: C 36.60, H 3.23, N 8.99; found: C 36.72, H 3.22, N 8.82.

[CuIIMnIIL2(NO3)2] (C8): H2L2 (0.0378 g, 0.101 mmol, 1 eq.) in CHCl3 (4 mL), Cu(OAc)2·H2O
(0.0200 g, 0.100 mmol, 1 eq.), and Mn(NO3)2·4H2O (0.0251 g, 0.100 mmol, 1 eq.) both in
MeOH (0.8 mL). Green platelet shaped X-ray quality crystals were produced after three
weeks. Yield (0.0401, 65%); ATR-IR: n = 2925 (C-H), 1607 (C=N), 1594 (Ar), 1554 (N-O),
1433 (C-H), 1463 (NO3), 1298 (NO3), 1244 (Ar-O), 1098 (C-O), 1038 (NO3), 973 (N-O), 816
(NO3), 745 (Ar) cm-1; ESI-MS: m/z 551 [M-NO3]+, 458 [L+Cu+Na]+, 397 [L+Na]+; elemental
analysis calcd. (%) for C19H20N4O12CuMn·H2O: C 36.06, H 3.50, N 8.85; found: C 35.71, H
3.06, N 8.66.

[CuIIZnIIL2(NO3)2] (C9): H2L2 (0.0150 g, 0.04 mmol, 1 eq.) in CHCl3 (4 mL), Cu(OAc)2·H2O
(0.0080 g, 0.04 mmol, 1 eq.), and Zn(NO3)2·6H2O (0.0119 g, 0.04 mmol, 1 eq.) both in MeOH
(0.8 mL). Green block shaped X-ray quality crystals were produced after one week. Yield
(0.0193 g, 77%); ATR-IR: n = 2942 (C-H), 1606 (C=N), 1597 (Ar), 1557 (NO3), 1464 (NO3), 1430
(C-H), 1290 (NO3), 1249 (Ar-O), 1105 (C-O), 1036 (NO3), 969 (N-O), 810 (NO3), 744 (Ar) cm-1;
ESI-MS: m/z 564 [M-NO3]+; elemental analysis calcd. (%) for C19H20N4012CuZn·1.5H2O: C
34.98, H 3.55, N 8.59; found: C 34.72, H 3.21, N 8.17.

[CoIIMnIIL2(MeOH)2(NO3)2] (C10): H2L2 (0.0151 g, 0.04 mmol, 1 eq.) in CHCl3 (4 mL),
Co(OAc)2·4H2O (0.0098 g, 0.04 mmol, 1 eq.), and Mn(NO3)2·4H2O (0.0099 g, 0.04 mmol, 1
eq.) both in MeOH (0.8 mL). Orange block shaped X-ray quality crystals were produced
after two weeks. Yield (0.0152 g, 56%); ATR-IR: n = 3374 (O-H), 2943 (C-H), 1605 (C=N), 1557
(N-O), 1468 (NO3), 1436 (C-H), 1303 (NO3), 1242 Ar-O), 1102 (C-O), 1081 (C-O), 1041 (NO3),
979 (N-O), 818 (NO3), 737 (Ar) cm-1; ESI-MS: m/z 548 [M-2MeOH-NO3]+; elemental analysis
calcd. (%) for C21H28N4O14CoMn: C 37.40, H 4.19, N 8.31; found C 37.21, H 4.18, N 8.29.

[MnII
2L2(MeOH)2(NO3)2] (C11): H2L2 (0.0373 g, 0.100 mmol, 1 eq.) in CHCl3 (10 mL),

Mn(OAc)2·4H2O (0.0248 g, 0.100 mmol, 1 eq.), and Mn(NO3)2·4H2O (0.0255 g, 0.100 mmol,
1 eq.) both in MeOH (2 mL). Light brown block shaped X-ray quality crystals were produced
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after four weeks. Yield (0.0382 g, 57%); ATR-IR: n = 3362 (O-H), 2942 (C-H), 1604 (C=N), 1598
(Ar), 1555 (N-O), 1463 (NO3), 1436 (C-H), 1295 (NO3), 1242 (Ar-O), 1094 (C-O), 1083 (C-O),
1042 (NO3), 969 (N-O), 809 (NO3), 736 (Ar) cm-1; ESI-MS: m/z 608 [M-NO3]+; elemental anal-
ysis calcd. (%) for C21H28N4O14Mn2: C 37.63, H 4.21, N 8.36; found: C 37.90, H 4.38, N 8.13.

[NiIIMnIIL2(MeOH)2(NO3)2] (C12): H2L2 (0.0187 g, 0.05 mmol, 1 eq.) in CHCl3 (5 mL),
Ni(OAc)2·4H2O (0.0124 g, 0.05 mmol, 1 eq.), and Mn(NO3)2·4H2O (0.0123 g, 0.05 mmol, 1
eq.) both in MeOH (1.0 mL). Green platelet shaped X-ray quality crystals were produced
after three weeks. Yield (0.0269 g, 80%); ATR-IR: n = 3374 (O-H), 2943 (C-H), 1605 (C=N),
1596 (Ar), 1557 (N-O), 1467 (NO3), 1435 (C-H), 1301 (NO3), 1242 (Ar-O), 1102 (C-O), 1083
(C-O), 1042 (NO3), 979 (N-O), 817 (NO3), 737 (Ar) cm-1; ESI-MS: m/z 548 [M-NO3-2MeOH]+;
elemental analysis calcd. (%) for C21H28N4O14NiMn·H2O: C 36.44, H 4.37, N 8.10; found:
C 36.71, H 4.17, N 8.35.

[ZnIIMnIIL2(MeOH)2(NO3)2] (C13): H2L2 (0.0150 g, 0.04 mmol, 1 eq.) in CHCl3 (4 mL),
Zn(OAc)2·2H2O (0.0088 g, 0.04 mmol, 1 eq.), and Mn(NO3)2·4H2O (0.010 g, 0.04 mmol, 1
eq.) both in MeOH (0.8 mL). Yellow block shaped X-ray quality crystals were produced after
three weeks. Yield (0.0097 g, 36%); ATR-IR: n = 3366 (O-H), 2942 (C-H), 1604 (C=N), 1598
(Ar), 1557 (N-O), 1464 (NO3), 1436 (C-H), 1298 (NO3), 1241 (Ar-O), 1102 (C-O), 1083 (C-O),
1041 (NO3), 967 (N-O), 817 (NO3), 736 (Ar) cm-1; ESI-MS: m/z 554 [M-NO3-2MeOH]+; ele-
mental analysis calcd. (%) for C21H28N4O14ZnMn: C 37.05, H 4.15, N 8.23; found C 37.10, H
4.20, M 8.13.
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Chapter 5

3d4f Dinuclear Complexes

This chapter describes a series of 3d4f dinuclear complexes that extend from the suc-
cess of both the defective dicubane and 3d3d’ dinuclear series by incorporating dif-
ferent aspects of each. This series takes the next step from the 3d3d’ series by retain-
ing the same ligand, 6,6’-dimethoxy-2,2’-[(1,3-propylene)dioxybis(nitrilomethylidy-
ne)]diphenol, H2L2 and exchange pathways, M1-O1-M2 and M1-O2-M2, but struc-
turally modifying the pathways by introducing 4f ions with varying ionic radii. In-
stead of directly modifying the bridging groups, the peripheral coordinates will be
modified by the use of different anions and solvents, similarly to what was shown in
the defective dicubane series. Various structural modifications and properties, such
as transmetalation, polymorphism, and isomorphism will be explored.

5.1 General Results

The solid state complexes C14 - C49 were synthesised from RT reactions between
H2L2, 3 dX2·H2O (3d = CuII, CoII, NiII, and ZnII; X = OAc– , NO3

– , and Cl– ), and
4 fX3·H2O (4f = LaIII, CeIII, EuIII, GdIII, TbIII, DyIII, HoIII, ErIII, YbIII; X = OAc– , NO3

– ,
and Cl– ) in a 1 : 1 : 1 molar ratio. Successful coordination was indicated by the
colour of the solution visibly changing with each addition of metal salt. The com-
plexes were isolated by the slow vapour diffusion of Et2O into the reaction solution
with X-ray quality crystals obtained over a period of one to nine weeks. Successful
complexations were confirmed by characterisation methods such as SCXRD, ATR-
IR, and ESI-MS, with select complexes (C17, C21, and C37) further confirmed by
CHN microanalysis. Due to both an initial small sample size and reproducibility
issues, the complexes C25, C27, C30 - C32, C40, and C41 have solely been char-
acterised by SCXRD. Magnetic measurements were performed on complexes C17,
C21, and C37 at the Institute of Nanotechnology, Karlsruhe Institute of Technology
through collaboration with Prof. Annie Powell and Dr. Christopher Anson.

5.2 CuII4f Complexes

The complexes C14 - C40 discussed in this section refer to the CuII4f dinuclear struc-
tures where the 4f ions are coordinated to either NO3

– or Cl– anions. Key differ-
ences between the complexes can be found in Table 5.1.

Mobile User



96 Chapter 5. 3d4f Dinuclear Complexes

Table 5.1: Coordination differences in the complexes C14 - C40

M1 M2 Anion Solvent
C14 CuII DyIII NO3

– –
C15 CuII ErIII NO3

– –
C16 CuII HoIII NO3

– –
C17 CuII GdIII NO3

– –
C18 CuII EuIII NO3

– –
C19 CuII TbIII NO3

– –
C20 CuII YbIII NO3

– –
C21 CuII DyIII NO3

– –
C22 CuII EuIII NO3

– –
C23 CuII GdIII NO3

– –
C24 CuII LaIII NO3

– H2O

C25 CuII LaIII NO3
– /

–
[CuI(MeCN)4]+

C26 CuII LaIII NO3
– –

C27 CuII LaIII NO3
– MeOH

C28 CuII CeIII NO3
– MeOH

C29 CuII CeIII NO3
– H2O

C30 CuII CeIII NO3
– MeOH

C31 CuII CeIII NO3
– MeOH

C32 CuII CeIII NO3
– MeOH

C33 CuII EuIII NO3
– MeOH

C34 CuII DyIII Cl– H2O/MeOH
C35 CuII EuIII Cl– H2O/MeOH
C36 CuII TbIII Cl– H2O/MeOH
C37 CuII ErIII Cl– H2O
C38 CuII HoIII Cl– H2O
C39 CuII HoIII Cl– /[CuCl4]2 – H2O
C40 CuII CeIII Cl– H2O
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5.2.1 Structural Analysis - NO3
– Coordinates

The complexes C14 - C20 were found to be discrete dinuclear complexes, all crys-
tallising in the monoclinic space group, P21/n. The whole structure can be found
within the asymmetric unit as shown by Figures 5.1, 5.2, and 5.3. The structure
consists of one deprotonated alkyloxime ligand, L22- coordinated to one CuII ion
(Cu1; M1) and one 4f ion (M2) resembling that of Mode I (Figure 2.6).145 Cu1 is
four-coordinate with a distorted square planar geometry as determined by CShM
(Table D.2), however when considering the t4 values of the complexes (range of 0.15
- 0.17), the values are closer to that of a ‘seesaw’ geometry.146,147,209,267 The N2O2
donor set, consists of two phenolate oxygens and two alkyloxime nitrogens. M2 is
10-coordinate which as shown by CShM measurements (Table D.3) has very sim-
ilar values for bicapped square antiprismatic (C14 - C16; Figure 5.1) and spheno-
corona geometries (C17 - C19; Figure 5.2), attributed to the small differences in the
angles and bond lengths of the NO3

– coordinates.146,147,268,269 The O10 donor set for
M2 consists of two phenolate and methoxy oxygens and three bidentate NO3

– an-
ions. For C20, M2 varies slightly as one of the NO3

– anions is monodentate, leading
to a nine-coordinate YbIII ion with a capped square antiprismatic geometry (Figure
5.3).146,147,270

Figure 5.1: Representative structure of [CuIIM2IIIL2(NO3)3] (M2 = DyIII (C14), ErIII (C15),
and HoIII (C16)). Hydrogen atoms have been omitted for clarity and thermal ellipsoids of
the metal ions are shown at 70% probability. Colour code: CuII = dark yellow, M2III = aqua,
N = blue, O = red, and C = grey.

Due to the similarities of C14 - C20, it was presumed the M1· · ·M2 distances and
M1-O-M2 angles would all be within a small range of each other, with the subtle dif-
ference a result of the different ionic radii (Table 5.1). This presumption was found to
be true for all except C17, as the complex was found to have a larger M1· · ·M2 sepa-
ration (3.547(1) versus 3.360(1) - 3.439(1)) subsequently resulting in a larger M1-O1-
M2 exchange angle (109.11(16) versus 104.58(16) - 105.60(2)), which was attributed
to the NO3

– anion coordination.
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98 Chapter 5. 3d4f Dinuclear Complexes

Figure 5.2: Representative structure of [CuIIM2IIIL2(NO3)3] (M2 = GdIII (C17), EuIII (C18),
and TbIII (C19)). Hydrogen atoms have been omitted for clarity and thermal ellipsoids of
the metal ions are shown at 60% probability. Colour code: CuII = dark yellow, M2III = aqua,
N = blue, O = red, and C = grey.

Figure 5.3: Full molecular structure of [CuIIYbIIIL2(NO3)3] (C20). Hydrogen atoms have
been omitted for clarity and thermal ellipsoids of metal ions shown at 60% probability.
Colour code: CuII = dark yellow, YbIII = aqua, N = blue, O = red, and C = grey.
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5.2. CuII4f Complexes 99

After the initial collection of the complexes, subsequent bulk synthesis attempts
were made in order to perform full characterisation. For each remake, the crys-
tals were screened and a structure was collected to determine the success. It was
found that for a number of complexes, polymorphic and/or isomorphic structures
were formed. A polymorphic complex resembles that of an original complex with
the same composition however with a different unit cell and/or space group. This
can result in varied connectivity and/or a different number of molecules in the
asymmetric unit. This differs from isomorphic complexes, which have the same
or similar structural appearance, atom placements, space group, and unit cell but
with the replacement of one or more atoms.1 It has been shown in the literature that
polymorphs themselves produce unique magnetic properties therefore bulk samples
need to contain only one polymorph to achieve cohesive results. Commonly PXRD
is the method used to confirm only one complex is present.216,271 Three of the above
complexes, C14, C17, and C18 all had at least one other polymorph produced during
bulk synthesis, with many different polymorphs produced for complexes C14 and
C17. The most common polymorph found had two molecules per asymmetric unit,
as shown by the complexes C21 - C23 (Figures 5.4 and D.1).

Figure 5.4: Representative structure of [CuIIM2IIIL2(NO3)3]2 (M2 = DyIII (C21), EuIII (C22),
and GdIII (C23)). Hydrogen atoms have been omitted and only one unit numbered for clarity.
Thermal ellipsoids of the metal ions are shown at 70% probability. Colour code: CuII = dark
yellow, M2III = aqua, N = blue, O = red, C = grey.

The complexes C21 - C23, closely resemble C14 - C19 with one unit of L2 coordinated
to both a CuII ion (M1) and a 4f ion (M2), resembling Mode I (Figure 2.6).145 Cu1 is
four-coordinate with a square planar geometry (CShM, Table D.2) or distorted see-
saw geometry (t4 values of 0.15 and 0.16) and a N2O2 donor set consisting of two
alkyloxime nitrogens and two phenolate oxygens.146,147,209,267 M2 is 10-coordinate
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100 Chapter 5. 3d4f Dinuclear Complexes

with a sphenocorona geometry (CShM, Table D.3) and an O10 donor set consist-
ing of two phenolate oxygens, two methoxy oxygens, and three bidentate NO3

–

anions.146,147,268

The creation of the polymorphs and following isomorphic series are phenomena not
entirely understood however it is believed the crystallisation conditions have been
a large contributor.272 All crystallisations were performed using the same method
of Et2O vapour diffusion however the environment the crystallisations were per-
formed in was not always identical. For example, the crystallisations were always
performed at RT however RT and the temperature shift from day to night can vary
significantly depending on the time of year, with other environmental factors such
as humidity and the hydration of the metal salt and/or solvent affecting the repro-
ducibility.

The two following series are thought to be the result of kinetic versus thermody-
namic products and or the subtle changes in the method and/or reagents, with the
first a CuIILaIII series where it is believed the differences in composition arose from
the different lengths of crystallisation. The complexes C24 - C27 were found to crys-
tallise in the triclinic space group, P1. The four complexes share the similarity of
L22- coordinated to both CuII and LaIII ions (Mode I, Figure 2.6), however apart
from the metal ions, the complexes have significant structural differences.145 The
complex C24 was found to be a dinuclear complex, with the entire structure found
within the asymmetric unit as shown in Figure 5.5. Cu1 is four-coordinate with a
distorted square planar geometry (CShM value of 2.601, Table D.2).146,147,267 As indi-
cated by the CShM value, C24 has a larger degree of distortion for Cu1 than found
for the other complexes, thought to be attributed to both the larger 4f ion and the
introduction of intermolecular hydrogen bonding. The N2O2 donor set consists of
two phenolate oxygens and two alkyloxime nitrogens, with an additional weakly
coordinated monodentate NO3

– anion (2.567(4) Å; Cu-ONO2 bond lengths found
in the literature range between 1.996 to 2.480 Å).211–213 La1 is 10-coordinate with a
metabidiminished icosahedron geometry (CShM, Table D.3) and O10 donor set con-
sisting of two phenolate and methoxy oxygens, one H2O molecule, and three NO3

–

anions, two bidentate and one monodentate.146,147,268 Two moderate intermolecular
hydrogen bonds are found between the H2O molecule O16 and the oxygen atoms
of two NO3

– anions, O9 (O16· · ·O9, 2.855(5) Å) and O12 (O16· · ·O12, 2.860(5) Å),
of two adjacent complexes.158 For C24, the SQUEEZE procedure was implemented
using the crystallographic software, Olex2, to remove diffuse solvent in the crystal
lattice. The result was removal of 30 electrons per asymmetric unit which equates to
three H2O molecules (30 e-).208,273

Due to the inclusion of the H2O coordinate, the weak coordination between CuII and
the monodentate NO3

– anion, and the large degree of distortion, it was assumed
this would result in significantly different M1-O-M2 angles. It was found however
that the average M1-O-M2 angle (105.48°) for C24 was within the range found for
both the CuIILaIII and other 3d4f dinuclear complexes with coordinated NO3

– an-
ions, 99.69° - 109.11°. A number of reasons could explain this, with it most likely
attributed to the intermolecular hydrogen bonding drawing the M2 ions further out
of the pocket, increasing both the M1· · ·M2 distance and M1-O-M2 angles.
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102 Chapter 5. 3d4f Dinuclear Complexes

Figure 5.5: Full molecular structure of [CuIILaIIIL2(H2O)(NO3)3], C24. Non-interacting hy-
drogen atoms have been omitted for clarity and the thermal ellipsoids of the metal ions are
shown at 70% probability. Colour code: CuII = dark yellow, LaIII = aqua, N = blue, O = red,
C = grey, and H = white.

The complex C25 (Figures 5.6 and D.2) is a single dinuclear complex, resembling
that of C24 however with one key difference, La1 is 12-coordinate instead of 10.
Cu1 is four-coordinate with a square planar (CShM, Table D.2) or distorted seesaw
(t4 = 0.14) geometry and as typical of the other four-coordinate M1 ions, the donor
set consists of two phenolate oxygens and two alkyloxime nitrogens.146,147,267 La1 as
mentioned above is dodecanuclear with an icosahedron geometry (CShM, Table D.3)
and an O12 donor set consisting of two phenolate oxygens, two methoxy oxygens,
and four bidentate NO3

– anions.146,147,274,275 Due to the extra bidentate NO3
– anion,

a [CuI(MeCN)4]+ complex is found in the crystal lattice to balance the -1 charge.
The asymmetric unit for C25 consists of two CuIILaIII units, two [CuI(MeCN)4]+

units, and one MeCN molecule (Figure D.2). This complex was initially set up as
a bulk crystallisation of C24, however the crystallisation was left undisturbed for
an extended period of time compared to the original sample. The formation of this
complex is not entirely understood however there are several reports of complexes
with [CuI(MeCN)4]+ anions found in the crystal lattice.276–279 The groups of Lopez-
Dellamury et al. and Moreno Pineda et al. found that [CuI(MeCN)4]+ anions formed
when CuII salts such as OAc– and O2CtBu– in MeCN were in the presence of free
carboxylic acids. Although it can not be known if this was the cause for the forma-
tion of C25, it is an example of how these types of complexes can form.

The complex, C26, was found to be a dimeric complex, with bridging between two 4f
ions. The asymmetric unit contains half of the complete structure as shown in Figure
5.7 with the full structure shown in Figure 5.8. Cu1 has a square planar geometry
(CShM, Table D.2) with the typical N2O2 donor set consisting of two phenolate oxy-
gens and two alkyloxime nitrogens.146,147,267 Additonally, O7 is weakly coordinated
to Cu1 with a bond length of 2.499 Å. La1 is 11-coordinate with a capped pentago-
nal antiprismatic geometry (CShM) and an O11 donor set.146,147,274,275 The donor set
is similar to that of the previous dinuclear complexes, with two phenolate oxygens,
two methoxy oxygens, and two bidentate NO3

– anions, with two additional bridg-
ing NO3

– anions, one bidentate and the other monodentate (2.11212 Harris coordi-
nation mode, Figure A.18).145 For both C25 and C26, the different structural features
such as the 12-coordinate La1 ion and the bridging between two LaIII ions would in
theory result in interesting magnetic properties however due to a lack of 4f orbital
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5.2. CuII4f Complexes 103

Figure 5.6: Full molecular structure of ([CuI(MeCN)4][CuIILaIIIL2(NO3)4])2 ·MeCN, C25.
One CuIILaIII unit of C25, two units of [CuI(MeCN)4]+, one MeCN solvate, and hydrogen
atoms have been omitted for clarity. Thermal ellipsoids of the metal ions are shown at 70%
probability. Colour code: CuII = dark yellow, LaIII = aqua, N = blue, O = red, and C = grey.

electrons for the LaIII ions, the magnetic properties in this structure are solely de-
rived from the CuII ions.280

The final complex in the CuIILaIII series, C27, differs from the rest in that this struc-
ture was produced by transmetalation rather than resulting from a different length
of crystallisation. This structure is the result of a transmetalation reaction where
C17 (CuIIGdIII) was soaked in a La(NO3)3·6H2O methanolic solution (further dis-
cussed in Section 5.2.3). The complex, C27 was found to be a single dinuclear com-
plex where Cu1 is five-coordinate with a vacant octahedral geometry (CShM, Table
D.2) and a N2O3 donor set consisting of two phenolate oxygens, two alkyloxime
nitrogens, and one MeOH molecule.146,147,281 La1 is 10-coordinate with a metabidi-
minished icosahedron geometry (CShM, Table D.3) and an O10 donor set consisting
of two phenolate and methoxy oxygens, one MeOH molecule, and three NO3

– an-
ions, two bidentate and one monodentate.146,147,268 Moderate intermolecular hydro-
gen bonding is found between the MeOH molecules (O7 and O17) and NO3

– anions
(O10 and O16) on structures above and below the molecular plane with O7· · ·O10,
2.877 Å and O17· · ·O16, 2.889 Å.158

When looking at the CuIILaIII series in comparison with the previous CuII4f com-
plexes (C14 - C23), it can be seen that the CuIILaIII single dinuclear complexes have a
larger degree of distortion present in both the metal ion geometries and the ligands
(Figure 5.10 and Tables D.2 and D.3). This was thought to be the result of both a
larger 4f ion and the presence of intermolecular interactions however when looking
at C26, the dimeric complex (Figures 5.8 and 5.10), it can be seen that the complex is
significantly more planar than the other structures. As all structures have the same
M2 ion (La1), the most feasible explanation for this is that the intermolecular inter-
actions are inducing the distortion.
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104 Chapter 5. 3d4f Dinuclear Complexes

Figure 5.7: Asymmetric unit of [CuII
2LaIII

2(L2)2(NO3)6], C26. Hydrogen atoms have been
omitted for clarity and the thermal ellipsoids of the metal ions are shown at 70% probability.
Colour code: CuII = dark yellow, LaIII = aqua, N = blue, O = red, and C = grey.

Figure 5.8: Full molecular structure of C26. Hydrogen atoms have been omitted for clarity
and the thermal ellipsoids of the metal ions are shown at 70% probability. Colour code: CuII

= dark yellow, LaIII = aqua, N = blue, O = red, and C = grey.
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5.2. CuII4f Complexes 105

Figure 5.9: Full molecular structure of [CuIILaIIIL2(MeOH)2(NO3)3], C27. Non-interacting
hydrogen atoms have been omitted for clarity and the thermal ellipsoids of the metal ions
are shown at 70% probability. Colour code: CuII = dark yellow, LaIII = aqua, N = blue, O =
red, C = grey, and H = white.

Figure 5.10: Schematic showing the different degrees of ligand distortion for the CuIILaIII

series, C24 - C27. Hydrogen atoms and metal ion coordinates have been omitted for clarity
and the thermal ellipsoids of the metal ions are shown at 70% probability. Colour code: CuII

= dark yellow, LaIII = aqua, N = blue, O = red, and C = grey.
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106 Chapter 5. 3d4f Dinuclear Complexes

Initial attempts at producing a metal ion combination can result in many different
complexations with subtle differences to allow for the best combination of metal
ions, anions, solvent, and coligands to be determined. Previously, it has been found
that similar combinations will result in the same structure as it is the most stable
however this was initially not the case for the CuIICeIII series (C28 - C32). The sim-
ilar complexation combinations resulted in various complexes (Figures 5.11 - 5.16),
which have similar compositions but varied connectivity. The complexes C28 - C32
are dinuclear complexes where one unit of L22- is coordinated to one CuII ion (M1)
and one CeIII ion (M2) with a Harris coordination mode, Mode I (Figure 2.6).145

For complexes C28 and C30, Cu1 is five-coordinate with a square pyramidal geom-
etry (CShM, Table D.2) and N2O3 donor set whereas for C29, C31, and C32 Cu1
is four-coordinate with a square planar geometry (CShM, Table D.2) and a N2O2
donor set.146,147,267,281 The donor sets all consist of two phenolate oxygens and two
alkyloxime nitrogens, with an extra oxygen coordinate for C28 and C30, a MeOH
molecule and a bridging NO3

– anion (2.1112 Harris coordination mode, Figure A.18)
respectively.145 For C29, C31, and C32, Cu1 is weakly coordinated to a monodentate
NO3

– anion (2.515, 2.525 and 2.513 Å respectively), coordinated to Ce1 either on
the same structure or an adjacent one. For all five complexes, Ce1 is 10-coordinate
with either a distorted metabidiminished icosahedral geometry (C28 - C30 and C32)
or a distorted augmented tridiminished icosahedral geometry (C31) as determined
by CShM (Table D.3).146,147,268 Ce1 has an O10 donor set consisting of two phenolate
oxygens, two methoxy oxygens, three NO3

– anions (two bidentate and one mon-
odentate), and one solvent molecule, MeOH for C28 and C30 - C32 and H2O for
C29. For complexes C30 and C32, solvent molecules are found in the crystal lattice,
one CHCl3 molecule and one Et2O molecule respectively. Moderate intermolecular
hydrogen bonding is found in the complexes C28 - C31 between the coordinated
solvent molecules and NO3

– anions on structures adjacent and above and below the
molecular plane; O7· · ·O10, 2.892 Å and O17· · ·O16, 2.953 Å for C28, O16· · ·O9,
2.864(6) Å and O16· · ·O12, 2.884(5) Å for C29, O16· · ·O13, 2.812(7) Å for C30, and
016· · ·09, 2.697(7) Å and 2.690(6) Å for C31.158 The SQUEEZE procedure was im-
plemented for C29 using the crystallographic software, Olex2, to remove diffuse
solvent in the crystal lattice. The result was removal of 30 electrons per asymmetric
unit which equates to three H2O molecules (30 e-).208,273

As mentioned above, it has been found for the CuIICeIII series that in general the dif-
ference in the complexation composition results in small structural differences. This
however was found to be incorrect when comparing C28 and C29, as both complexes
are derived from Cu(OAc)2·H2O and Ce(NO3)3·6H2O salts. One key difference be-
tween the syntheses is the length of crystallisation, one week versus two respec-
tively. It was shown in the CuIILaIII series that different crystallisation periods can
result in different structures however those periods differed significantly. This again
leads to the non-identical environment issue discussed earlier, with factors such as
humidity, and/or moisture content resulting in different structures. This repeating
issue has resulted in several non-reproducible complexes as the exact enviromental
conditions could not be replicated. Attempts were made to try and combat this issue
and produce a reproducible environment for the complexes C28 - C32. To combat the
large temperature shift during the day, the crystallisations were kept in boxes, both
polystyrene and cardboard to create an identical temperature environment. Sec-
ondly, for complexes C28 and C30, the crystallisations were set up in duplicates with
one of each in dry MeOH and the other in regular lab grade MeOH to see whether
the presence of H2O coordinates were a direct result of ‘wet’ solvent. It was hoped
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5.2. CuII4f Complexes 107

Figure 5.11: Full molecular structure of [CuIICeIIIL2(MeOH)2(NO3)3], C28. Non-interacting
hydrogen atoms have been omitted for clarity and the thermal ellipsoids of the metal ions
are shown at 50% probability. Colour code: CuII = dark yellow, CeIII = aqua, N = blue, O =
red, C = grey, and H = white.

that by creating a similar environment to the original crystallisations, the resulting
structures would be that of C28 - C32 however SCXRD analyses revealed that the
crystallisations of C28 and C30 - C32 were that of C28, the crystallisation of C29
however successfully produced C29. Although this was not the desired outcome, it
showed that C28 is the most stable complex of the CuIICeIII series. Additionally, it
was found that C28 could be produced via transmetalation. When crystals of C17
(CuIIGdIII) were soaked in a methanolic solution of Ce(NO3)3·6H2O the resulting
structure was that of C28 (further discussed in Section 5.2.3).

A key structural difference for C30 is the coordination of the NO3
– anions with

a NO3
– anion bridging between M1 and M2. It was thought the bridging NO3

–

would cause the structure and specifically the metal ion geometries to become more
distorted than the other CuIICeIII dimers. This however did not occur, with the ge-
ometry distortions comparable to the other structures and the M1-O-M2 angles and
M1· · ·M2 distance within the range found for the series (Table 5.3). This is thought
to be attributed to the fact that the other CuII centres have weakly coordinated NO3

–

anions.

The complex C31 is another example of varied connectivity for the CuIICeIII series
as shown in the asymmetric unit and full structure (Figures 5.14 and 5.15 respec-
tively). The asymmetric unit shows a third NO3

– anion in the crystal lattice how-
ever when the full structure is grown, it can be seen that the anion is coordinated
to an above-plane unit (Figure 5.15). The composition for this structure resembles
that of C28 and C29 with Cu(OAc)2·H2O and Ce(NO3)3·6H2O however NH4Cl was
added to this complexation in a 1 : 1 : 3 ratio respectively. This composition mixture
was an attempt at producing a CuIICeIII dinuclear structure with coordinated Cl–

anions as an alternative to using CeCl3·7H2O. When attempts were made to repro-
duce C31, an equimolar ratio of metal salts, ligand, and NH4Cl resulted in that of
C28, as mentioned above. This again shows the importance of the complexation and
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108 Chapter 5. 3d4f Dinuclear Complexes

Figure 5.12: Full molecular structure of [CuIICeIIIL2(H2O)(NO3)3], C29. Non-interacting
hydrogen atoms have been omitted for clarity and the thermal ellipsoids of the metal ions
are shown at 70% probability. Colour code: CuII = dark yellow, CeIII = aqua, N = blue, O =
red, C = grey, and H = white.

Figure 5.13: Full molecular structure of [CuIICeIIL2(MeOH)(NO3)3] ·CHCl3, C30. Non-
interacting hydrogen atoms and one CHCl3 solvate have been omitted for clarity. The ther-
mal ellipsoids of the metal ions are shown at 70% probability. Colour code: CuII = dark
yellow, CeIII = aqua, N = blue, O = red, C = grey, and H = white.
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5.2. CuII4f Complexes 109

Figure 5.14: Asymmetric unit of the structure [CuIICeIIIL2(MeOH)(NO3)3], C31. Non-
interacting hydrogen atoms and one half complex have been omitted for clarity. Hydrogen
bonding represented as black dotted lines, and the thermal ellipsoids of the metal ions are
shown at 50% probability. Colour code: CuII = dark yellow, CeIII = aqua, N = blue, O = red,
C = grey, and H = white.

crystallisation environment, as using a different ratio of NH4Cl resulted in a differ-
ent structure. This reaction has been repeated with an excess of NH4Cl however no
crystalline material has been produced to date.

As an alternative to the Cu(OAc)2·H2O, Ce(NO3)3·6H2O, NH4Cl synthesis, the op-
posite in terms of composition (Cu(OAc)2·H2O, CeCl3·7H2O, and NH4NO3) was
used resulting in C32. When comparing the structures, C32 closely resembles that
of C29 and C30 however with a coordinated MeOH instead of a H2O coordinate
in the case of C29 or a bridging NO3

– anion instead of a monodentate coordinated
anion alike C30, causing the complexes to pack differently as a result of the varied
intermolecular interactions. The difference in packing however has not produced
differences in the structural properties such as the M1-O-M2 angles and M1· · ·M2
distances. This result was unexpected as for the defective dicubane series reported
in Chapter 3, it was found that subtle changes in the composition such as a different
lattice bound solvent or coordinated solvent molecule and differences in the packing
of the complexes resulted in significant differences in the M-X-M bridging angles.

Throughout the period of this research, many complexations were set up utilising
H2L2 and for the most part the ligand was stable. One exception to this was a com-
plexation reaction where H2L2, Cu(OAc)2·H2O, Eu(NO3)3·6H2O, and Et3N were
used in a 1 : 1 : 1 : 1 molar ratio. The resulting structure obtained was a dinu-
clear CuIIEuIII complex however the ligand had cleaved to its precursor, o-van. This
was unexpected as the literature had shown that both the alkyloxime type ligands
are more stable then their salen counterparts and typically imine hydrolysis occurs
under acidic conditions.129,282 Attempts were made to reproduce this result however
the non-cleaved complex, C18, was obtained. It is still not entirely understood why
the ligand cleaved in this particular reaction however as this structure provided a
comparison to determine the effect of the propylene bridge, further attempts were
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110 Chapter 5. 3d4f Dinuclear Complexes

Figure 5.15: Full molecular structure of C31. Non-interacting hydrogen atoms and the sec-
ond complex have been omitted for clarity. Hydrogen bonding represented as black dotted
lines, and the thermal ellipsoids of the metal ions are shown at 50% probability. Colour code:
CuII = dark yellow, CeIII = aqua, N = blue, O = red, C = grey, and H = white.

Figure 5.16: Full molecular structure of [CuIICeIIIL2(MeOH)(NO3)3] ·Et2O, C32. Non-
interacting hydrogen atoms and one Et2O solvate have been omitted for clarity. The thermal
ellipsoids of the metal ions are shown at 70% probability. Colour code: CuII = dark yellow,
CeIII = aqua, N = blue, O = red, C = grey, and H = white.
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112 Chapter 5. 3d4f Dinuclear Complexes

Table 5.4: Selected bond lengths (Å) and angles (°) of the complex C33 from
crystal structure determination

C33

Cu1-O1 1.913(10) Cu1-O2 1.886(12) Cu1-O3 1.942(11)

Cu1-O4 1.945(11) Cu1-O16 2.336(16) Eu1-O1 2.405(10)

Eu1-O2 2.392(10) Eu1-O5 2.584(11) Eu1-O6 2.609(12)

Eu1-O7 2.503(11) Eu1-O8 2.459(11) Eu1-O10 2.485(12)

Eu1-O11 2.583(13) Eu1-O13 2.525(11) Eu1-O14 2.457(12)

Cu1-O1-Eu1 107.40(5) Cu1-O2-Eu1 108.90(5) Cu1· · ·Eu1 3.492(2)

made to reproduce the structure. Instead of using H2L2, the ligand chosen was o-van
and a CuIIEuIII complexation was set up base free resulting in the complex C33 (Fig-
ure 5.17), which resembled that of the original cleaved complex. The complex C33
was found to be a dinuclear complex consisting of two units of o-van coordinated
to a CuII ion (M1) and a EuIII ion (M2). Cu1 is five-coordinate with a vacant octahe-
dral geometry (CShM, Table D.2) and an O5 donor set consisting of two phenolate
oxygens, two carbonyl oxygens, and one MeOH molecule (50% occupancy).146,147,281

There is weak coordination (2.550(13) Å) between Cu1 and an NO3
– anion, O15, of

an above-plane unit. Eu1 is 10-coordinate with a tetradecahedron geometry (CShM,
Table D.3) and an O10 donor set consisting of two phenolate oxygens, two methoxy
oxygens, and three bidentate NO3

– anions.146,147,268

Figure 5.17: Full molecular structure of [CuIIEuIII(o�van)2(MeOH)(NO3)3], C33. Hydrogen
atoms apart from those attached to donor atoms have been omitted for clarity. Thermal
ellipsoids of the metal ions are shown at 50% probability. Colour code: CuII = dark yellow,
EuIII = aqua, N = blue, O = red, C = grey, and H = white.

Within this section, there are three different dinuclear CuIIEuIII structures, C18, C22,
and C33. The first two complexes are polymorphs of one another, therefore it was
assumed that these complexes would have the closest Cu-O-Eu angles and Cu· · ·Eu
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5.2. CuII4f Complexes 113

Table 5.5: Key differences between the different CuIIEuIII dinuclear com-
plexes from crystal structure determination

Complex 3d· · ·4f (Å) Cu1-O1-Eu1 (°) Cu1-O2-Eu1 (°)
C18 3.439(2) 105.60(2) 104.73(19)
C22⇤ 3.539 107.38 108.80
C33 3.492(2) 107.40(5) 108.90(5)

⇤ Averaged values; Non-averaged values can be found in Table D.5

distances, however this was not found to be true. When comparing the two poly-
morphs with C33, the cleaved complex, it can be seen that C22 (the polymorph with
two structures per asymmetric unit) is the closest in both angles and distance. This
is believed to be a direct result of the two structures per asymmetric unit as this has
caused the EuIII ion to be closer to the ligand plane, reducing the steric interaction
between the units but as a consequence, extending the Cu· · ·Eu distance and Cu-O-
Eu angles.

5.2.2 Structural Analysis - Cl– Coordinates

The complexes C34 - C40 were found to be discrete dinuclear complexes utilising
the deprotonated ligand, L22-, coordinated to both CuII (M1) and 4f ions (M2) with
a Harris coordination mode, Mode I (Figure 2.6 and Appendix A).145 The general
structure for these complexes are similar with differing Cl– coordination patterns
and coordinated solvents. The complexes C35 - C37 were found to crystallise in ei-
ther the monoclinic space group, P21/c (C34) or the triclinic space group, P1 (C35
and C36), with the whole structure found in the asymmetric unit for all (Figure 5.18).
Cu1 is five-coordinate with a square pyramidal geometry (CShM, Table D.2) and
N2O2Cl donor set consisting of two phenolate oxygens, two alkyloxime nitrogens
and one Cl– anion.146,147,281 M2 is eight-coordinate with a distorted biaugmented
trigonal prismatic geometry (CShM, Table D.3) and O6Cl2 donor set consisting of
two phenolate oxygens, two methoxy oxygens, two Cl– anions, and two solvent
molecules, one MeOH and one H2O (Figure 5.18).146,147,283 For C34, the two Cl– an-
ions coordinated to M2 are both disordered over two sites, with Cl2 a 50 : 50 ratio
and Cl3 a 65 : 35 ratio. Moderate intramolecular hydrogen bonding is found be-
tween the Cl– anion (Cl1) coordinated to M1 and the coordinated solvent molecules
(O7 and O8), O7· · ·Cl1 3.049(4) - 3.178(9) Å and O8· · ·Cl1 3.002(5) - 3.083(8) Å.158

The complexes C37 and C38 were found to crystallise in the triclinic space group,
P1, with the entire structure found in the asymmetric unit. The isostructural com-
plexes resemble that of C34 - C36 however they only have one coordinated solvent
molecule leading to a seven-coordinate M2 ion. Cu1 is five-coordinate with a square
pyramidal geometry and N2O2Cl donor set consisting of two phenolate oxygens,
two alkyloxime nitrogens, and one Cl– anion.146,147,281 M2 is seven-coordinate with a
pentagonal bipyramidal geometry and an O5Cl2 donor set consisting of two pheno-
late oxygens, two methoxy oxygens, two Cl– anions, and one H2O molecule (Figure
5.19).146,147,210 Similarly to the previous complexes, moderate intramolecular hydro-
gen bonding is found between Cl1 and the H2O molecule (O7), O7· · ·Cl1, 2.998(3) Å
(C37) and 3.006(5) Å (C38).158
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114 Chapter 5. 3d4f Dinuclear Complexes

Figure 5.18: Representative structure of [CuIIM2IIIL2(H2O)(MeOH)Cl3] (M2 = DyIII (C34),
EuIII (C35), and TbIII (C36)). Non-interacting hydrogen atoms have been omitted for clarity,
hydrogen bonding represented as black dotted lines, and thermal ellipsoids of the metal ions
are shown at 70% probability. Colour code: CuII = dark yellow, M2III = aqua, N = blue, O =
red, Cl = green, C = grey, and H = white.

Figure 5.19: Representative structure of the complexes [CuIIErIIIL2(H2O)Cl3] (M2 = ErIII

(C37) and HoIII (C38)). Non-interacting hydrogen atoms have been omitted for clarity, hy-
drogen bonding represented as black dotted lines, and thermal ellipsoids of the metal ions
are shown at 50% probability. Colour code: CuII = dark yellow, M2III = aqua, N = blue, O =
red, Cl = green, C = grey, and H = white.
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5.2. CuII4f Complexes 115

Table 5.6: Selected bond lengths (Å) and angles (°) of the complexes C34 -
C38 from crystal structure determination

C34 C35 C36 C37 C38
Cu1-O1 1.980(8) 1.978(5) 1.970(4) 1.962(2) 1.966(3)
Cu1-O2 1.958(8) 1.985(5) 1.981(4) 1.971(2) 1.968(3)
Cu1-N1 1.981(9) 1.999(6) 2.000(5) 1.998(3) 1.994(4)
Cu1-N2 2.005(10) 1.990(6) 1.977(5) 1.980(2) 1.975(4)
Cu1-Cl1 2.665(4) 2.666(2) 2.671(2) 2.668(1) 2.660(2)
M2-O1 2.317(8) 2.343(5) 2.332(4) 2.291(2) 2.298(3)
M2-O2 2.357(8) 2.378(5) 2.350(4) 2.285(2) 2.297(3)
M2-O5 2.495(8) 2.521(5) 2.513(4) 2.411(2) 2.418(3)
M2-O6 2.473(9) 2.527(5) 2.508(4) 2.452(2) 2.460(3)
M2-O7 2.411(10) 2.441(5) 2.410(4) 2.302(2) 2.298(4)
M2-O8 2.424(8) 2.428(5) 2.393(4) – –
M2-Cl2 2.634(3) 2.662(2) 2.630(2) 2.595(1) 2.600(1)
M2-Cl3 2.617(3) 2.739(2) 2.714(1) 2.557(1) 2.576(2)
Cu1-O1-M2 106.30(3) 106.20(2) 105.74(16) 107.89(9) 107.83(13)
Cu1-O2-M2 105.50(4) 104.73(19) 104.69(16) 107.80(8) 107.80(13)
Cu1· · ·M2 3.444(3) 3.463(1) 3.437(1) 3.444(1) 3.451(2)
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116 Chapter 5. 3d4f Dinuclear Complexes

The complex C39, differs further from the previous Cl– capped complexes in that
three structures are found within the asymmetric unit, two CuIITbIII units and one
[CuIICl4]2 – unit (Figures 5.20 and 5.21). This complex was found to crystallise in
the monoclinic space group, P21/c and resulted from an attempt to reproduce the
dinuclear CuIITbIII complex, C36. The formation of C39 is not entirely understood
as the syntheses for the two complexes closely resembled one another, 1 : 1 : 1 mo-
lar ratio of H2L2 : Cu(OAc)2·H2O : TbCl3·6H2O. The two CuIITbIII units resem-
ble each other however have differing M2 coordinates, bond lengths, angles, and
distances can be found in Table 5.7. Cu1 and Cu2 are both four-coordinate with a
square planar geometry (CShM, Table D.2) and typical N2O2 donor set consisting
of two phenolate oxygens and two alkyloxime nitrogens.146,147,267 Tb1 and Tb2 are
both eight-coordinate with biaugmented trigonal prism and triangular dodecahe-
dral geometries respectively (CShM, Table D.3), the donor set for Tb1 was found
to be O7Cl consisting of two phenolate oxygens, two methoxy oxygens, three H2O
molecules, and one Cl– anion.146,147,283 The donor set (O8) for Tb2 resembles that
of Tb1 however has four H2O molecules instead of three and a Cl– anion. To bal-
ance the combined +5 charge of the two units, three Cl– anions and one [CuIICl4]2 –

unit are found in the crystal lattice. Additionally, one MeOH molecule and one H2O
molecule are found in the lattice, both positionally disordered over two positions, 60
: 40 and 50 : 50 respectively. For both CuIITbIII units, the central carbon of the propy-
lene bridge is positionally disordered over two sites with a 60 : 40 occupancy ratio
for both units. Within this complex, there is a large amount of moderate hydrogen
bonding both intramolecular and intermolecular, the details of which can be found
in Table 5.8.158 Within the literature, [CuIICl4]2 – anions are commonly found cocrys-
tallised with charged organic molecules, there are however a few examples where
[CuIICl4]2 – anions are found cocrystalised with 3d complexes with the [(NiIIKIL)2]
(L = N,N’-ethylenedi(3-methoxysalicylicylideneiminato)) complex by Costes et al. a
close comparison.224,284–286

Table 5.7: Selected bond lengths (Å) and bond angles (°) of the complex C39
from crystal structure determination

C39
Cu1-O1 1.960(4) Cu1-O2 1.954(4) Cu1-N1 1.975(5)
Cu1-N2 1.993(5) Cu2-O10 1.953(4) Cu2-O11 1.953(4)
Cu2-N3 1.976(5) Cu2-N4 1.981(5) Tb1-O1 2.347(4)
Tb1-O2 2.340(4) Tb1-O5 2.450(4) Tb1-O6 2.428(5)
Tb1-O7 2.295(5) Tb1-O8 2.369(4) Tb1-O9 2.352(5)
Tb1-Cl1 2.689(2) Tb2-O10 2.330(3) Tb2-O11 2.335(4)
Tb2-O14 2.399(4) Tb2-O15 2.416(4) Tb2-O16 2.329(4)
Tb2-O17 2.395(4) Tb2-O18 2.375(4) Tb2-O19 2.346(4)

Cu1-O1-Tb1 108.72(19) Cu1-O2-Tb1 109.21(17) Cu2-O10-Tb2 109.04(16)
Cu2-O11-Tb2 108.84(17) Cu1· · ·Tb1 3.508(1) Cu2· · ·Tb2 3.495(1)

The complex C40 was found to be a dimeric complex with bridging between the two
4f ions. The complex was found to crystallise in the triclinic space group, P1, with
half of the structure found in the asymmetric unit and the full structure symmetry
generated (Figures 5.22 and 5.23 respectively). Cu1 is four-coordinate with a square
planar geometry and typical N2O2 donor set consisting of two phenolate oxygens
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5.2. CuII4f Complexes 117

Figure 5.20: Asymmetric unit of [CuIITbIIIL2(H2O)xCly]2[CuIICl4][Cl3] (x = 3 and 4, y = 1
and 0 respectively), C39. Hydrogen atoms apart from those attached to donor atoms and
lattice solvate have been omitted for clarity. Hydrogen bonding represented as black dotted
lines and the thermal ellipsoids of the metal ions and lattice Cl– anions are shown at 50%
probability. Colour code: CuII = dark yellow, TbIII = aqua, N = blue, O = red, Cl = green, C
= grey, and H = white.

Figure 5.21: Labelled CuIITbIII units of C39. Hydrogen atoms apart from those attached to
donor atoms and lattice solvates and anions have been omitted for clarity. Thermal ellipsoids
of the metal ions are shown at 50% probability. Colour code: CuII = dark yellow, TbIII = aqua,
N = blue, O = red, Cl = green, C = grey, and H = white.
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Table 5.8: Hydrogen bonding distances (Å) of the complex C39 from crystal
structure determination

C39
O7a · ··O4 2.901(7) O7a · ··Cl2 2.936(5)
O8· · ·O20 2.761(12) O8b · ··Cl1 3.102(5)
O9· · ·O20 2.584(10) O9· · ·Cl2 3.018(5)

O16· · ·O12c 2.923(6) O16· · ·Cl3 2.987(4)
O17· · ·Cl4d 3.054(4) O18· · ·Cl4d 3.036(4)
O18· · ·Cl8 3.128(4) O19c · ··Cl3 3.036(4)
O19· · ·Cl5 3.030(5) O20· · ·Cl6e 3.022(9)

a 1-X, -1/2+Y, 1/2-Z; b 1-X, 3-Y, -Z; c -X, -1/2+Y, 1/2-Z
d -X, 2-Y, 1-Z; e +X, 5/2-Y, -1/2+Z

and two alkyloxime nitrogens.146,147,267 Ce1 is nine-coordinate with a muffin geom-
etry and O5Cl4 donor set consisting of two phenolate and methoxy oxygens, one
H2O molecule and four Cl– anions, two of which are bridging.146,147,270 One of the
Cl– anions, Cl3 has half occupancy, which together with the +1 charge of the struc-
ture is balanced by 3 Cl– anions (1.5 per asymmetric unit) found in the crystal lattice.
The lattice Cl– anions are heavily disordered, with one Cl– disordered over four po-
sitions (Figure D.4). Moderate intramolecular hydrogen bonding is found between
a H2O coordinate (O7) and a Cl– anion (Cl1) of the other unit, O7· · ·Cl1 3.080(7) Å.158

When comparing the M1-O-M2 angles and M1· · ·M2 distances between the Cl–

capped structures, it can be seen that the average M1-O-M2 angles are significantly
smaller for C40 than for C34 - C39: 102.60° for C40 versus 105.20° - 109.21° for C34 -
C39. Although the M1-O-M2 angles are significantly smaller, the M1· · ·M2 distance
of 3.454(1) Å is within the range found for C34 - C39, 3.437(1) - 3.508(2) Å. This is
thought to result from the bridging between two units as the M2 ion is pulled out of
the ligand plane. This result however was not found for the CuIILaIII dimer bridged
by NO3

– anions, indicating that the decrease in the exchange angle is correlated to
bridging by a single atom. The magnetic properties for C40 from a structural stand-
point have exciting potential with the direct bridging between the CeIV ions and
the smaller M1-O-M2 angles, however due to the fact that the Ce ions are in the +4
oxidation state, they have no 4f orbital electrons resulting in diamagnetic ions. At-
tempts to remake bulk quantities of this structure have been unsuccessful to date.

Table 5.9: Selected bond lengths (Å) and bond angles (°) of the complex C40
from crystal structure determination

C40
Cu1-O1 1.959(6) Cu1-O2 1.947(6) Cu1-N1 1.958(7)
Cu1-N2 1.993(7) Ce1-O1 2.458(6) Ce1-O2 2.451(6)
Ce1-O5 2.689(7) Ce1-O6 2.714(8) Ce1-O7 2.463(6)
Ce1-Cl1 2.941(2) Ce1-Cl2 2.890(2) Ce1-Cl2a 2.891(2)
Ce1-Cl3 2.824(5) Cu1-O1-Ce1 102.30(2) Cu1-O2-Ce1 102.90(2)

Ce1-Cl2-Ce1a 104.67(6) Cu1· · ·Ce1 3.454(1) Ce1· · ·Ce1a 4.577(1)
a 1-X, 2-Y, -Z
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5.2. CuII4f Complexes 119

Figure 5.22: Asymmetric unit of [CuII
2CeIV

2(L2)2(H2O)2Cl5][Cl3], C40. Hydrogen atoms
apart from those attached to donor atoms and lattice Cl– anions have been omitted for clar-
ity. Thermal ellipsoids of the metal ions shown at 40% probability. Colour code: CuII = dark
yellow, CeIV = aqua, N = blue, O = red, Cl = green, C = grey, and H = white.

Figure 5.23: Full molecular structure of C40. Non-interacting hydrogen atoms and lattice
Cl– anions have been omitted for clarity. Hydrogen bonding represented as black dotted
lines and thermal ellipsoids of the metal ions are shown at 40% probability. Colour code:
CuII = dark yellow, CeIV = aqua, N = blue, O = red, Cl = green, C = grey, and H = white.
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5.2.3 Transmetalation

Following on from the success of the 3d3d’ transmetalations, transmetalation reac-
tions were performed on selected CuII4f complexes to investigate the stability of the
outer 4f ions and whether conversion between dinuclear structures and dimers is
possible. The complex chosen to transmetalate was the CuIIGdIII complex, C17, as
this complex had a short crystallisation period.

The method used for the 3d3d’ complexes was adopted for the CuII4f series, with
several crystals of C17 soaked in 2.0 mL of a 0.025 molL-1 MIII(NO3)3·xH2O methano-
lic solution of the desired metal ion to be transmetalated. The ‘soaks’ were then left
for approximately 24 hours, where the crystals dissolved, and for some samples, the
solution changed colour. The solutions were filtered and set up for Et2O vapour
diffusion. X-ray quality crystals were produced after a period of 24 hours to three
weeks and were characterised by SCXRD and bond length analyses.

The first series involved ‘soaking’ C17 in solutions of the available 4f (NO3)3 metal
salts: Ce(NO3)3·6H2O, Dy(NO3)3·6H2O, Eu(NO3)3·6H2O, and La(NO3)3·6H2O. The
results of these were fairly successful with Ce(NO3)3·6H2O and Eu(NO3)3·6H2O
transmetalations resulting in the complexes C28 and C22 respectively (Table 5.10).
The La(NO3)3·6H2O transmetalation resulted in a new dinuclear CuIILaIII complex,
C27. The transmetalation involving Dy(NO3)3·6H2O was unsuccessful and did not
result in any crystalline material suggesting the M2 pocket is size preferential, with
a preference for the larger 4f ions.

Table 5.10: Transmetalation results for selected CuII4f complexes

Initial Complex Metal Solution Result
C17 - CuIIGdIII Ce(NO3)3·6H2O C28 - CuIICeIII

C17 - CuIIGdIII Eu(NO3)3·6H2O C22 - CuIIEuIII

C17 - CuIIGdIII La(NO3)3·6H2O C27 - CuIILaIII

C17 - CuIIGdIII Mn(NO3)2·4H2O C8 - CuIIMnII

C20 - CuIIYbIII Mn(NO3)2·4H2O C8 - CuIIMnII

C21 - CuIIDyIII Mn(NO3)2·4H2O C8 - CuIIMnII

C26 - CuII
2LaIII

2 Mn(NO3)2·4H2O C8 - CuIIMnII

C29 - CuIICeIII Mn(NO3)2·4H2O C8 - CuIIMnII

C17 - CuIIGdIII Zn(NO3)2·6H2O C9 - CuIIZnII

Unlike the 3d3d’ series, the structures produced via transmetalation had different
connectivity and coordination patterns than the initial complex, C17 which was a
dinuclear complex with a four-coordinate CuII ion and a 10-coordinate GdIII ion co-
ordinated to three bidentate NO3

– anions. The structures produced for the Ce(NO3)3-
·6H2O and La(NO3)3·6H2O transmetalations (C28 and C27 respectively) differed by
five-coordinate CuII ions, both with an additional MeOH coordinate. The M2 ions
also differed, this time by the inclusion of a MeOH molecule, resulting in one of
the NO3

– anions having monodentate coordination to retain the 10-coordinate ge-
ometry. The general structure for the Eu(NO3)3·6H2O transmetalation remained the
same as C17 however the asymmetric unit changed to have two structures instead
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5.2. CuII4f Complexes 121

of the one.

As the 3d3d’ dinuclear series found that the CuIIMnII complex, C8, was the most
stable, a series of transmetalations, this time using Mn(NO3)2·4H2O were set up to
determine whether C8 had the greatest stability overall. The selected CuII4f com-
plexes (C17, C20, C21, C26, and C29) ranged in terms of 4f coordinates, extended
structure, and size (dinuclear versus dimer). For all five transmetalations it was
found that the resulting complex was that of C8 indicating just how stable MnII ions
are in the outer pocket (Table 5.10). This result was somewhat surprising as the
mini series of CuIIGdIII to CuIIMIII transmetalations suggested the larger ions were
more stable. Concurrently with the Mn(NO3)2·4H2O transmetalations, several other
3 d(NO3)2·4H2O salts were used for transmetalation attempts: Co(NO3)2·6H2O, Cu(-
NO3)2·3H2O, Ni(NO3)2·6H2O, and Zn(NO3)2·6H2O. Out of these transmetalations,
only the Zn(NO3)2·6H2O one produced crystalline material, which was found to be
that of C9.

5.2.4 Magnetic Analysis

As a result of both reproducibility issues and a number of unforseen events, mag-
netic characterisation was only performed on the complexes, C17, C21, and C37.
Magnetic measurements were performed by Sören Schlittenhardt at the Karlsruhe
Institute of Technology, Karlsruhe Germany through collaborative work with Prof.
Annie Powell and Dr Christopher Anson. Variable-temperature, solid-state DC mag-
netic susceptibility data was collected in the temperature range 300 - 1.8 K. Measure-
ments were collected on powdered polycrystalline samples using a Quantum Design
MPMS-XL SQUID magnetometer equipped with magnets capable of applying field
up to 7 T. The applied field used was 0.1 T. The samples were embedded in eicosane
and the data was corrected for the diamagnetic contributions of the eicosane, the
sample and the sample holder based on Pascal’s constants. The data for C17 was
fitted to Equation 5.1 by Dr Christopher Anson. The remaining data for C21 and
C37 however was not fitted.

Ĥ = �2JijŜi · Ŝj (5.1)

Upon cooling the cMT value of C17 increases from 8.31 cm3 K mol-1 at 300 K (com-
parable to the value, 8.25 cm3 K mol-1, expected for magnetically isolated CuII and
GdIII ions) to a maximum of 9.82 cm3 K mol-1 at 6 K before rapidly decreasing to 9.78
cm3 K mol-1 at 2 K (Figure 5.24).287 This behaviour is indicative of ferromagnetic ex-
change between the CuII and GdIII ions, with the slight decrease at low temperature
thought to be a result of either antiferromagnetic intermolecular interactions or sat-
uration effects. The susceptibility data was fitted to the spin-Hamiltonian (Equation
5.1) to give the parameters J = +2.94 cm-1, gGd = 2.0, and gCu = 1.86. When comparing
the gCu value with both the magnetic results of C7 and C8 and similar literature ex-
amples, the value found for C17 is lower than expected (2.1 - 2.2) however due to the
sample sitting around for an extended period of time it is possible that the sample
absorbed moisture.128,288 By accounting for this and changing the formula weight to
include one H2O molecule, a more realistic gCu = 2.05 was obtained. When compar-
ing C17 with literature examples, the cMT values obtained at both 300 K and low
T are comparable to similar Schiff base complexes.128,288 One difference however is
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122 Chapter 5. 3d4f Dinuclear Complexes

Figure 5.24: Plot of cMT versus T for the complex C17 in an applied magnetic field of B =
0.1 T over a temperature range of 300 - 2 K. The black circles represent the experimental data
with the solid red line the fit of the data using the spin-Hamiltonian, Equation 5.1.

the J coupling value as it is significantly lower than the values found by Costes et al.
(6.8 and 7.0 cm-1) and Wen et al. (4.38 and 6.59 cm-1).128,288

The cMT value for C21 at 300 K was found to be 14.9 cm3 K mol-1, which is slightly
above the expected value of 14.5 cm3 K mol-1 for magnetically isolated CuII and DyIII

ions.287 Upon cooling, the cMT value decreases to a minimum of 12.0 cm3 K mol-1

at 14 K before increasing to 12.2 cm3 K mol-1 at 2 K (Figure 5.25). Although this
behaviour is typically indicative of antiferromagnetic exchange between the metal
ions, it can be attributed to a depopulation of the Stark sublevels of the DyIII ions,
with the increase of the cMT value at low temperatures an indication of a ferro-
magnetic interaction between the CuII and DyIII ions.287,289–291 Similar complexes
in the literature have performed further magnetic characterisation with variable-
temperature AC susceptibility measurements to determine the SMM properties of
the complex. A few examples report the presence of SMM behaviour (frequency de-
pendent signal both in-phase and out-of-phase) under a zero DC field however most
examples report an absence of SMM properties, typically attributed to QTM.289,292,293

By applying a static DC field, the QTM effects are surpressed and the presence of
SMM behaviour can be detected. This is what is known as a field-induced SMM.287,289–291

For C37, the cMT value at 300 K was found to be 11.2 cm3 K mol-1, slightly less
than the 11.9 cm3 K mol-1 expected for non-interacting CuII and ErIII ions.291 Upon
cooling, the cMT value decreases to 9.8 cm3 K mol-1 at 45 K where the value rapidly
decreases to 5.9 cm3 K mol-1 at 2 K (Figure 5.26). This behaviour is fairly indicative
of dominant antiferromagnetic interactions, consistent with the large M1-O-M2 an-
gles of 107.89(9)° and 107.80(8)°. Within the literature, similar CuIIErIII dinuclear
structures typically have NO3

– coordinates, with cMT patterns resembling both
ferro- and antiferromagnetic coupling between the metal ions.291,294,295 There are
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5.2. CuII4f Complexes 123

Figure 5.25: Plot of cMT versus T for the complex C21 in an applied magnetic field of B = 0.1
T over a temperature range of 300 - 2 K. The black circles represent the experimental data.

a few CuIIErIII examples in the literature where variable-temperature AC suscep-
tibility measurements have been performed to determine whether the complexes
have SMM properties or not.294–296 The majority of the examples reported that the
complexes had no easy-axis anisotropy (a direction to which the complex can spon-
taneously be magnetised) or SMM properties, which some of the researchers at-
tributed to QTM.294–297

Figure 5.26: Plot of cMT versus T for the complex C37 in an applied magnetic field of B = 0.1
T over the temperature range of 300 - 2 K. The black circles represent the experimental data.
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5.3 CoII4f Complexes

The complexes reported in this Section refer to the CoII4f dinuclear complexes with
NO3

– and Cl– coordinates. Key differences between the complexes can be seen in
Table 5.11 with other selected bond lengths and angles found in Tables 5.12 and 5.13.

Table 5.11: Structural differences in the complexes C41 - C46

M1 M2 Anion Solvent
C41 CoII EuIII NO3

– /OAc– –
C42 CoII ErIII Cl– H2O
C43 CoII EuIII Cl– H2O
C44 CoII DyIII Cl– H2O/MeOH
C45 CoII ErIII Cl– H2O/MeOH
C46 CoII EuIII Cl– H2O/MeOH

5.3.1 Structural Analysis - NO3
– Coordinates

Within the CoII4f series, only one complex, C41 was found to have NO3
– coordi-

nates. This structure was found to be a dimer, differing from the other dimers, C26
and C40, as the bridging occurs between the M1 and M2 ions instead of solely be-
tween the M2 ions. The complex was found to crystallise in the monoclinic space
group, P21/c, with half of the structure found in the asymmetric unit as shown
in Figure 5.27 and the full structure symmetry generated (Figure 5.28). Co1 is six-
coordinate with an octahedral geometry (CShM, Table D.2) and N2O4 donor set con-
sisting of two phenolate oxygens, two alkyloxime nitrogens, and two bridging an-
ions, one NO3

– and the other OAc– (2.111211 and 2.1112 Harris coordination modes
respectively, Figures A.18 and A.17).145–147,171 Eu1 is nine-coordinate with a spheri-
cal capped square antiprismatic geometry (CShM, Table D.3) and O9 donor set con-
sisting of two phenolate oxygens, two methoxy oxygens, one bridging OAc– anion
(2.1112 Harris coordination mode, Figure A.17), and two bidentate NO3

– anions,
where one is bridging (2.111211 Harris coordination mode, Figure A.18).145–147,270

When comparing C41 with the other NO3
– capped complexes, C14 - C33, there are

two very noticeable structural differences, the first being the large distortion of the
ligand, most obvious in the propylene bridge and aromatic rings. Looking at the
Co1 and Eu1 geometries, slight distortion can be seen with CShM values of 1.140
and 2.250 respectively however in comparison to other similar metal ion geometries
(Tables D.2 and D.3) they are fairly consistent. It is believed this is the result of both
the two different types of brigding (NO3

– and OAc– ) between Co1 and Eu1 and the
zig-zag nature of the propylene bridge, as these have introduced a large amount of
steric strain. This level of distortion isn’t seen in the other dimeric complexes C26
and C40, as shown in Figure 5.29, however these complexes are bridged solely be-
tween the M2 ions removing the steric interactions between the molecular planes of
the two units, additionally their M1 ions are four-coordinate removing the added
propylene bridge strain.
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Figure 5.27: Asymmetric unit of [CoII
2EuIII

2(L2)2(OAc)2(NO3)4], C41. Hydrogen atoms
have been omitted for clarity and the thermal ellipsoids of the metal ions are shown at 70%
probability. Colour code: CoII = dark purple, EuIII = aqua, N = blue, O = red, and C = grey.

Figure 5.28: Full molecular structure of C41. Hydrogen atoms have been omitted for clarity
and the thermal ellipsoids of the metal ions are shown at 70% probability. Colour code: CoII

= dark purple, EuIII = aqua, N = blue, O = red, and C = grey.
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Figure 5.29: Schematic showing the different degrees of ligand distortion found for the
dimeric complexes, C26, C40, and C41. The schematic shows the asymmetric units with
metal ion coordinates and hydrogen atoms omitted for clarity. Thermal ellipsoids of the
metal ions are shown at 70% (C26 and C41) and 40% (C40) probability. Colour code: CuII =
dark yellow, CoII = dark purple, M2

III = aqua, N = blue, O = red, and C = grey.
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The second difference is both the M1-O-M2 angles and M1· · ·M2 distance, which
for C41 are greatly reduced: M1-O-M2 angles of 99.69(15)° and 102.96(16)° and a
M1· · ·M2 distance of 3.390(1). The cause for this is most likely derived from both the
ligand distortion and the bridging between Co1 and Eu1.

Table 5.12: Selected bond lengths (Å) and bond angles (°) of the complex C41
from crystal structure determination

C41
Co1-O1 2.097(4) Co1-O9 2.266(5) Eu2-O8 2.360(4)
Co1-O2 2.027(4) Eu2-O1 2.334(4) Eu2-O10a 2.570(4)
Co1-N1 2.126(5) Eu2-O2 2.300(4) Eu2-O11a 2.525(4)
Co1-N2 2.104(5) Eu2-O5 2.515(4) Eu2-O12 2.494(4)
Co1-O7 2.043(5) Eu2-O6 2.538(4) Eu2-O13 2.485(4)

Co1-O1-Eu2 99.69(15) Co1-O2-Eu2 102.96(16) Co1· · ·Eu2 3.390(1)
Co1· · ·Eu2a 5.787(1)

a 1-X, 1-Y, 1-Z

5.3.2 Structural Analysis - Cl– Coordinates

The following five complexes, C42 - C46, are dinuclear complexes where L22- is coor-
dinated to both a CoII ion and a 4f ion (Mode I, Figure 2.6).145 The structures differ by
their coordination patterns and the solvent molecules coordinated. For complexes,
C42 - C45, Co1 is five-coordinate with either a spherical square pyramidal geometry
(C42 and C43; Figure 5.30) or a vacant octahedral geometry (C44 - C45; Figure 5.31)
as determined by CShM (Table D.2).,146,147,281 The N2O2Cl donor set consists of two
alkyloxime nitrogens, two phenolate oxygens, and one Cl– anion, with a weakly co-
ordinated Cl– anion (Cl3) for all complexes (the weakly coordinated distances range
from 2.587(2) Å - 2.717(2) Å; Co-Cl distances in similar literature complexes range
from 2.212 - 2.573 Å).298–302 M2 is eight-coordinate with either a square antiprismatic
geometry (C42 and C43) or a triangular dodecahedral geometry (C44 and C45) as
determined by CShM (Table D.3).146,147,283 The four complexes have O7Cl donor sets
consisting of two phenolate oxygens, two methoxy oxygens, one Cl– anion, and
three solvent molecules, three H2O for C42 and C43 and two MeOH and one H2O
for C44 and C45. Moderate intramolecular hydrogen bonding is found for all com-
plexes between the H2O molecule (O9) and the lattice Cl– anion (Cl3), O9· · ·Cl3,
3.014(3) - 3.043(4) Å. Complexes C42 and C43 have additional moderate intramolec-
ular hydrogen bonding between the H2O molecule (O7) and the coordinated Cl– an-
ion (Cl1), O7· · ·Cl1, 2.974(6) and 2.973(5) Å respectively. For C44 and C45, additional
hydrogen bonding is found between the coordinated MeOH molecule (O7) and lat-
tice solvent (one MeOH and one H2O) molecules (O10 and O11), O7· · ·O10 2.589(8)
and 2.590(5) Å respectively and O7· · ·O11 2.549(15) and 2.574(17) Å respectively.158

The complex, C46 (Figure 5.32), resembles that of complexes C42 - C45 however the
connectivity is varied, with a different arrangement of anions and solvent molecules.
Co1 is six-coordinate with an octahedral geometry (CShM, Table D.2) and N2O3Cl
donor set consisting of two alkyloxime nitrogens, two phenolate oxygens, one Cl–
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Figure 5.30: Representative structure of [CoIIM2IIIL2(H2O)3Cl2][Cl] (M2 = ErIII (C42) and
EuIII (C43)). Hydrogen atoms apart from those attached to donor atoms have been omitted
for clarity, hydrogen bonding represented as black dotted lines, and the thermal ellipsoids of
the metal ions are shown at 70% probability. Colour code: CoII = dark purple, M2III = aqua,
N = blue, O = red, C = grey, and H = white.

anion, and one MeOH molecule.146,147,171 Eu1 is eight-coordinate with a largely dis-
torted triangular dodecahedral geometry (CShM value of 5.742; Table D.3) and an
O6Cl2 donor set consisting of two phenolate oxygens, two methoxy oxygens, two
Cl– anions, and two solvent molecules, one MeOH and one H2O.146,147,283 Moder-
ate intramolecular hydrogen bonding is found between the H2O molecule (O9) and
the Cl– anion (Cl3), O9· · ·Cl3, 3.069(5) Å with intermolecular hydrogen bonding
found between the MeOH molecules (O7 and O8) and the Cl– anions (Cl1 and Cl2)
of above-plane and adjacent units respectively, O7· · ·Cl1 3.073(5) Å and O8· · ·Cl2
3.157(5) Å.158

The literature has shown that CoII4f complexes, especially those incorporating DyIII

and TbIII ions, have interesting magnetic properties as the magnetism originates
from the large anisotropies of both the CoII and 4f ions.86,303,304 Out of the six struc-
tures reported in this section, C44 the CoIIDyIII dinuclear complex, has the most
desirable magnetic properties, as similar literature examples have reported SMM
properties when AC susceptibility measurements were performed under a static DC
field.287,303,305 Although the other five complexes do not have magnetically interest-
ing 4f ions, the literature has reported several mononuclear CoII complexes as hav-
ing SMM behaviour therefore the complexes C41 - C43, C45, and C46 could them-
selves have interesting magnetic properties resulting from the CoII ions.306,307
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Figure 5.31: Representative structure of [CoIIM2IIIL2(H2O)(MeOH)2Cl2][Cl]·H2O·MeOH
(M2 = DyIII (C44) and ErIII (C45)). Hydrogen atoms apart from those attached to donor
atoms have been omitted for clarity, hydrogen bonding represented as black dotted lines,
and the thermal ellipsoids of the metal ions are shown at 70% probability. Colour code: CoII

= dark purple, M2III = aqua, N = blue, O = red, C = grey, and H = white.

Figure 5.32: Full molecular structure of [CoIIEuIIIL2(H2O)(MeOH)2Cl3], C46. Hydrogen
atoms apart from those attached to donor atoms have been omitted for clarity, hydrogen
bonding represented as black dotted lines, and thermal ellipsoids of the metal ions are shown
at 70% probability. Colour code: CoII = dark purple, EuIII = aqua, N = blue, O = red, C =
grey, and H = white.
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Table 5.13: Selected bond lengths (Å) and angles (°) of the complexes C42 -
C46 from crystal structure determination

C42 C43 C44 C45 C46
Co1-O1 2.057(6) 2.056(4) 2.067(5) 2.076(3) 2.063(5)
Co1-O2 2.108(5) 2.113(4) 2.072(5) 2.070(3) 2.060(4)
Co1-N1 2.116(8) 2.104(5) 2.147(6) 2.146(4) 2.151(5)
Co1-N2 2.115(7) 2.119(5) 2.101(6) 2.110(4) 2.177(5)
Co1-O7 – – – – 2.133(5)
Co1-Cl1 2.416(2) 2.439(2) 2.440(2) 2.428(1) –
Co1-Cl3 – – – – 2.487(2)
M2-O1 2.276(5) 2.343(4) 2.264(5) 2.239(3) 2.407(4)
M2-O2 2.255(5) 2.313(4) 2.342(5) 2.322(3) 2.333(4)
M2-O5 2.420(6) 2.484(4) 2.509(5) 2.496(3) 2.520(5)
M2-O6 2.418(6) 2.485(4) 2.496(5) 2.491(3) 2.482(4)
M2-O7 2.336(6) 2.417(4) 2.421(6) 2.348(3) –
M2-O8 2.368(6) 2.434(4) 2.417(5) 2.391(3) 2.477(4)
M2-O9 2.343(5) 2.413(4) 2.349(5) 2.310(3) 2.403(4)
M2-Cl1 – – – – 2.729(2)
M2-Cl2 2.718(2) 2.754(2) 2.660(2) 2.644(1) 2.705(2)

Co1-O1-M2 108.20(2) 106.99(15) 108.70(19) 108.83(13) 105.90(17)
Co1-O2-M2 107.10(2) 106.12(15) 105.69(19) 105.97(12) 108.73(18)
Co1· · ·M2 3.511(1) 3.540(1) 3.522(1) 3.510(1) 3.574(1)
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5.4 ZnII4f and NiII4f Complexes

The complexes discussed below, C47 - C49, were found to be ZnII4f and NiII4f din-
uclear complexes with NO3

– and Cl– coordinates. Alike the other complexes in this
chapter, the deprotonated ligand, L22- is coordinated to both 3d and 4f ions (Mode I,
Figure 2.6).145 Key differences between these complexes can be seen in the Table 5.14.

Table 5.14: Structural differences in the complexes C47 - C49

M1 M2 Anion Solvent
C47 ZnII DyIII NO3

– /OAc– –
C48 NiII DyIII NO3

– /Acac– H2O
C49 NiII EuIII Cl– H2O

5.4.1 Structural Analysis - NO3
– Coordinates

The complex C47 was found to be a dinuclear ZnIIDyIII complex, which was found
to crystallise in the triclinic space group, P1. The whole structure is found in the
asymmetric unit as shown in Figure 5.33. Zn1 is five-coordinate with a spheri-
cal square pyramidal geometry (CShM, Table D.2) and N2O3 donor set consisting
of two alkyloxime nitrogens, two phenolate oxygens, and one bridging OAc– an-
ion (2.1112 Harris coordination mode, Figure A.17).145–147,281 Dy1 is nine-coordinate
with a spherical capped square antiprismatic geometry (CShM, Table D.3) and an O9
donor set consisting of two phenolate oxygens, two methoxy oxygens, two biden-
tate NO3

– anions, and one bridging OAc– anion (2.1112 Harris coordination mode,
Figure A.17).145–147,270

Figure 5.33: Full molecular structure of [ZnIIDyIIIL2(OAc)(NO3)2], C47. Hydrogen atoms
have been omitted for clarity and the thermal ellipsoids of the metal ions are shown at 40%
probability. Colour code: ZnII = light purple, DyIII = aqua, N = blue, O = red, and C = grey.

Attempts to remake C47 have been unsuccessful, however the magnetic properties
of the complex can be predicted using similar complexes found in the literature as
a guide. The groups of Zheng et al., Upadhyay et al., Zhang et al., and Panja et al.
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Figure 5.34: Full molecular structure of [NiIIDyIIIL2(H2O)(acac)(NO3)2]·MeOH, C48. Hy-
drogen atoms apart from those attached to donor atoms and the disordered bridge have
been omitted for clarity. hydrogen bonding represented as black dotted lines and the ther-
mal ellipsoids of the metal ions are shown at 60% probability. Colour code: NiII = green,
DyIII = aqua, N = blue, O = red, C = grey, and H = white.

have reported the magnetic properties of analogous ZnIIDyIII complexes, which dif-
fer from C47 by the Schiff base/alkyloxime ligand used.289,292,293,308 The groups all
found that upon cooling, the cMT values gradually decreased as the result of anti-
ferromagnetic interactions and both the single-ion anisotropy and depopulation of
the Stark energy levels of the DyIII ion. To further probe the magnetics, three groups,
Upadhyay et al., Zhang et al., and Panja et al. performed variable temperature AC
magnetic susceptibility measurements. It was found that with a zero DC field there
was no out-of-phase signal but under an applied DC field, a signal was achieved in-
dicating the presence of slow relaxation of magnetisation and SMM properties. From
these literature results, it can be predicted that the interaction between the ZnII and
DyIII ions in C47 will be antiferromagnetic, which is also in line with the M1-O-M2
angles of 101.57(12)° and 102.97(12)°. There is great potential for C47 to have SMM
properties, albeit as a field-induced SMM.

The complex C48 was found to be a dinuclear NiIIDyIII complex that crystallised
in the monoclinic space group, P21/n. For this complex, the entire structure can be
found within the asymmetric unit (Figure 5.34). Ni1 is six-coordinate with an octahe-
dral geometry (CShM, Table D.2) and N2O4 donor set consisting of two alkyloxime
nitrogens, two phenolate oxygens, one H2O molecule, and one bridging NO3

– an-
ion (2.1112 Harris coordination mode, Figure A.18).145–147,171 Dy1 is nine-coordinate
with a muffin geometry and an O9 donor set consisting of two phenolate oxygens,
two methoxy oxygens, one bidentate acac– anion, and two NO3

– anions, one biden-
tate and the other bridging (2.1112 Harris coordination mode, Figure A.18).145–147,270
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Figure 5.35: Schematic showing the different distortion found in complexes C47 and C48.
Metal ion coordinates, hydrogen atoms and the disordered bridge (C48) have been omitted
for clarity. Thermal ellipsoids of metal ions are shown at 40% (C47) and 60% (C48) probabil-
ity. Colour code: ZnII = light purple, NiII = green, DyIII = aqua, N = blue, O = red, and C =
grey.

There is a large amount of disorder found in this structure, with a large portion of the
propylene bridge (N1-O3-(CH2)3-O4) disordered over two positions with a 50 : 50
occupancy ratio. Moderate hydrogen bonding is found in the complex between the
H2O molecule (O7) and one of the acac– oxygens (O15), O7· · ·O15, 2.899(5) Å and
between a lattice MeOH molecule (O16) and an oxygen of the bidentate NO3

– (O12),
O16· · ·O12, 2.800(5) Å.158 Although magnetic characterisation wasn’t performed on
this complex, the potential magnetic properties are appealing as throughout the lit-
erature there are several examples where the combination of NiII and DyIII ions ex-
hibited SMM properties, both with and without an applied DC field.142,287,309,310

When comparing the different bridging in C47 and C48, it can be seen that the OAc–

bridging in C47 induces a greater deal of distortion to the molecular plane of the
complex (Figure 5.35). The cause for this is not entirely understood as the geome-
try of OAc– and NO3

– anions are very similar however its thought that for C48 the
inclusion of both an extra M1 coordinate and intramolecular hydrogen bonding are
responsible for the more planar structure.
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Table 5.15: Selected bond lengths (Å) and angles (°) of the complexes C47
and C48 from crystal structure determination

C47 C48
M1-O1 2.036(3) 2.027(3)
M1-O2 2.100(3) 2.011(3)
M1-N1 2.099(4) 2.056(9)
M1-N2 2.064(4) 2.054(4)
M1-O7 1.974(3) 2.096(4)
M1-O8 – 2.115(3)
M2-O1 2.307(3) 2.298(3)
M2-O2 2.288(3) 2.306(3)
M2-O5 2.566(3) 2.519(3)
M2-O6 2.517(3) 2.527(3)
M2-O8 2.301(3) –
M2-O9 2.448(4) 2.454(3)
M2-O10 2.433(4) –
M2-O11 – 2.520(3)
M2-O12 2.445(3) 2.515(3)
M2-O13 2.455(3) –
M2-O14 – 2.272(3)
M2-O15 – 2.339(3)

M1-O1-M2 102.97(12) 104.12(11)
M1-O2-M2 101.57(12) 104.39(11)
M1· · ·M2 3.402(1) 3.416(1)
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5.4.2 Structural Analysis - Cl– Coordinates

The final complex in this chapter, C49 is a NiIIEuIII dinuclear complex, which is
isostructural to complexes C42 and C43. The complex was found to crystallise in
the triclinic space group, P1, with the whole structure found in the asymmetric unit
(Figure 5.36). Ni1 is five-coordinate with a vacant octahedral geometry (CShM, Table
D.2) and a N2O2Cl donor set, consisting of two alkyloxime nitrogens, two phenolate
oxygens, and one Cl– anion.146,147,281 Ni1 is also weakly coordinated to a lattice Cl–

anion (Cl3) with a distance of 2.562(4) Å (Ni-Cl distances in similar complexes range
from 2.200 - 2.498 Å).311–313 Eu1 is eight-coordinate with a square antiprismatic ge-
ometry (CShM, Table D.3) and an O7Cl donor set consisting of two phenolate oxy-
gens, two methoxy oxygens, one Cl– anion, and three H2O molecules.146,147,283 Mod-
erate hydrogen bonding is found between the H2O molecules, O7 and O9 and the
Cl– anions, Cl1 and Cl3 respectively, O7· · ·Cl1, 2.977(10) and O9· · ·Cl3, 3.042(9).158

Figure 5.36: Full molecular structure of [NiIIEuIIIL2(H2O)3Cl2][Cl], C49. Hydrogen atoms
apart from those attached to donor atoms have been omitted for clarity, hydrogen bonding
represented as black dotted lines, and the thermal ellipsoids of the metal ions are shown at
70% probability. Colour code: NiII = green, EuIII = aqua, N = blue, O = red, C = grey, and H
= white.

When comparing C49 with the isostructural complexes C42 and C43 there is mini-
mal differences in the complexes with bond lengths and angles within error of each
other. The three complexes also have the same degree of distortion indicating the
combination of Cl– and H2O coordinates and hydrogen bonding are the driving
force for the distortion. The potential magnetic properties for this complex do not
have the same appeal as the previous NiII complex (C48) as EuIII is not as well known
as DyIII for its magnetic properties.

Table 5.16: Selected bond lengths (Å) and bond angles (°) of the complex C49
from crystal structure determination

C49
M1-O1 2.057(5) M1-N1 2.077(6) M1-Cl1 2.422(2)
M1-O2 2.077(5) M1-N2 2.087(6) M2-O1 2.328(4)
M2-O2 2.312(4) M2-O7 2.412(5) M2-O9 2.426(5)
M2-O5 2.486(5) M2-O8 2.430(5) M2-Cl2 2.763(2)
M2-O6 2.479(5) M1-O1-M2 106.97(19) M1-O2-M2 106.90(19)

M1· · ·M2 3.528(1)
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5.5 Structural Comparisons

When comparing the complexes C14 - C49, it can be seen that the complexes, which
have solvent coordinates have a larger degree of ligand distortion. This can be seen
clearly between the complexes C14 - C23, which have solely NO3

– coordinates ver-
sus C24 which has an added solvent coordinate. The complexes C14 - C23 have fairly
planar ligands, whereas there is a large degree of ligand distortion for C24 thought to
be induced by the introduction of hydrogen bonding, both intramolecular and inter-
molecular, drawing the metal ion/s and adjacent donor atoms out of the molecular
plane. It was also found that the complexes that had NO3

– anions and solvent coor-
dinates versus those with Cl– anions and solvent coordinates had a greater degree of
ligand distortion, which was thought to result from additional steric strain induced
by both the larger anions and the bidentate coordination. Lastly, as expected the
five- and six-coordinate M1 ions have induced larger degrees of ligand distortion
than the four-coordinate M1 ions. This is believed to result from the arrangement of
the propylene bridge as the larger number of coordinates causes the bridge to adopt
a zig-zag arrangement, increasing the N1-M1-N2 angle.

For the majority of the complexes, the M1-O-M2 angles are found to be in the range
of 104° - 109° with a few outliers. It was found that the complexes C40, C41, and
C47 had M1-O-M2 angles smaller than the range mentioned above, 102.30(2)° and
102.90(2)° for C40, 99.69(15)° and 102.96(16)° for C41, and 102.97(12)° and 101.57(12)°
for C47. One thing these three complexes have in common is that they all have some
form of bridging, with complexes C40 and C41 having bridging between two units
and C47, bridging between the M1 and M2 ions. It was thought that these complexes
with smaller M1-O-M2 angles would subsequently have smaller M1· · ·M2 distances,
however this was found to not be true as the M1· · ·M2 range found for C14 - C49
was 3.36 Å - 3.63Å and the complexes C40, C41, and C47 had distances of 3.454(1),
3.309(1), and 3.402(1) Å respectively.

Looking at the ESI-MS data for the 3d4f series, it can be seen that all of the complexes
with solely NO3

– coordinates, such as C14 - C23 are present as [M-NO3]+ whereas
the complexes with NO3

– and coordinated solvent are found as [M-NO3-solvent]+,
resembling the results found for the 3d3d’dinuclear series. This is in contrast to the
results found for the Cl– capped complexes where there is greater variability, with
[M-Cl]+, [M-Cl-solvent]+, [M-solvent]+, and [M]+ all found. Similarly, to the 3d3d’
series, peaks corresponding to [L2+Na]+ and [L2+M1]+ are found. ATR-IR charac-
terisation was performed on all reproducible complexes (Table D.8) and found, sim-
ilarly to the 3d3d’ series, that the coordination of the ligand to the metal ions caused
the typical ligand stretches, C=N, Ar-O, and C-O, to shift to 1600 - 1611 cm-1, 1219 -
1251 cm-1, and 1066 - 1101 cm-1 respectively. For the complexes with solvent coor-
dinates, O-H stretches can be found in the range 3201 - 3400 cm-1. The complexes
with NO3

– coordinates, are found to have symmetric and asymmetric stretches at
approximately 1463, 1284, 1028, and 817 cm-1. As discussed for the 3d3d’ series, the
range between the NO3

– stretches at approximately 1463 and 1298 cm-1 is charac-
teristic of the type of coordination. The general range found for the 3d4f series is
approximately 175 - 181 cm-1, which is consistent with bidentate coordination.215–218
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5.6 Literature Analysis

Looking at the literature, there are many examples of 3d4f complexes where at least
two metal ions are bridged by phenolate groups. By refining the comparison search
(CCDC v1.20, 22/09/22) to complexes containing an alkyloxime ligand, 107 hits
were obtained. Further refining to an alkyloxime ligand with a propylene bridge
revealed no results, with the 107 hits all ethylene bridged. Out of the 107 results,
37 were dinuclear, with the remaining complexes trinuclear, dimers, polymers, or
larger extended structures. The 3d and 4f metal ions commonly used were exam-
ined, with 82 of the 107 results containing ZnII ions as the 3d metal ion source. The 4f
ions were more distributed with the most common being LaIII with 23 hits, closely
followed by DyIII, TbIII, GdIII, and EuIII with 14, 12, 12, and 10 hits respectively. As
shown throughout this chapter, CuII ions have been the most successful as the 3d ion
source for this research, which in contrast to the literature is surprising considering
only four complexes containing at least one CuII ion has been reported.314,315 An-
other interesting result was that the most common coordinated entities were NO3

–

and OAc– anions and solvents such as MeOH, H2O, DMF, and MeCN.

It has been well discussed throughout the literature that the symmetry surround-
ing the metal ions, specifically 4f ions is crucial to whether easy-axis or easy-plane
anisotropy is present. Kajiwara and coworkers produced two CuIITbIII dinuclear
complexes using the ligands 2-methoxy-6-((3-methoxypropylimino)methyl)phenol
(1) and 2-methoxy-6-((2-ethoxyethylimino)methyl)phenol (2) (Figure 5.37).316 Altho-
ugh the structural differences in these ligands look minor, the way in which they co-
ordinate has affected the orientation of the bidentate NO3

– anions, resulting in the
complex on the right (2) switching from easy-axis anisotropy to easy-plane anisotropy
as the plane of one of the NO3

– anions now intersects both metal ions. This results
in the loss of any SMM behaviour.

For complexes, C14 - C33, the symmetry of the 4f coordinates was found to be more
alike to complex 1 by Kajiwara et al. as the plane of the NO3

– anion did not align
along the crystallographic 2-fold axis, or proposed ’easy axis’. It was found that
the plane of the NO3

– anion intersected a plane of Cu-O1-4f -O2 at angles of 50.70
- 51.97° for complexes C14 - C33. It is thought that the reason for the difference
between the similar dimers of this work and the work of Kajiwara et al. is due to
the differences in the planarity of the aromatic rings, with the aromatic ring planes
of complexes C14 - C33 intersecting at angles ranging from 4.75 - 6.01° whereas the
structures of Kajiwara et al. have intersecting aromatic rings at degrees of 38.44° and
35.50° for 1 and 2 respectively. The reason for the lack of planarity in the structures
of Kajiwara et al. is the octahedral coordination around the CuII ion, whereas for the
complexes in this work, the CuII ions are four- and five-coordinate, which distort the
ligand to a lesser degree than for six-coordinate ions.316
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Figure 5.37: Crystal structures of the CuIITbIII complexes produced by Ka-
jiwara et al.316 illustrating the different NO3

– anion orientations, with cor-
responding ligands below. Hydrogen atoms and lattice solvent molecules
omitted for clarity. Colour code: CuII = dark yellow, TbIII = aqua, N = blue,
O = red, C = grey.
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5.7 Conclusion

An extensive series of heterometallic CuII, CoII, NiII, and ZnII4f dinuclear complexes
have been synthesised by a RT reaction between H2L2, MX2·H2O, and MX3·H2O in
a 1 : 1 : 1 ratio. The complexes, apart from a few due to reproducibility issues, have
been characterised by SCXRD, ESI-MS, and ATR-IR with the select complexes C17,
C21, and C37 further characterised by CHN microanalysis and magnetic analysis.
Transmetalation reactions were performed on select complexes (C17, C20, C21, C26,
and C29) to determine whether there was a trend in complex stability of the 4f ions
and 3d versus 4f ions. The results indicated that 4f ions larger than the GdIII ion
were more stable in the outer pocket, however when all transmetalated complexes
were in the presence of Mn(NO3)·4H2O, C8, the CuIIMnII complex was produced.
The transmetalation reaction between C26 and Mn(NO3)·4H2O indicated that inter-
conversion between a dimer and a dinuclear structure was possible as the dimer,
C26 was transmetalated to the dinuclear complex, C8. Magnetic characterisation
found that both C17 and C21 have ferromagnetic exchange between the CuII and 4f
ions with a J exchange parameter of +2.94 cm-1 for C17. For C37, it was found that
dominant antiferromagnetic exchange is present between the metal ions, consistent
with the large M1-O-M2 angles. When comparing the 3d4f series, it was found that
the complexes C40, C41, and C47 all had additional forms of bridging between the
metal ions, which resulted in smaller M1-O-M2 angles. Although these particular
complexes have not be magnetically characterised to date, they introduce a poten-
tial pathway to explore the effects and associated magnetic properties of different
forms of metal ion bridging in the future.

Complex Preparation and Characterisation

To a solution of ligand (1 eq.) in CHCl3 was added solutions of CuX2·H2O (1 eq.) and
MX3·H2O (1 eq.), both in MeOH and stirred at RT for five minutes. Isolation of the complex
was achieved by the diffusion of Et2O into the reaction solution, with X-ray quality crystals
obtained after a period of one to 10 weeks.

[CuIIDyIIIL2(NO3)3] (C14): H2L2 (0.0037 g, 0.010 mmol, 1 eq.) in CHCl3 (1 mL), Dy(NO3)3·6-
H2O (0.0046 g, 0.010 mmol, 1 eq.), Cu(OAc)2·H2O (0.0020 g, 0.010 mmol, 1 eq.), and NH4NO3
all in MeOH (0.2 mL). Brown prism shaped X-ray quality crystals were produced after three
weeks. Yield (0.0027 g, 35%); ATR-IR: n = 2952 (C-H), 1602 (C=N), 1562 (Ar), 1533 (N-O),
1470 (NO3), 1437 (C-H), 1291 (NO3), 1230 (Ar-O), 1098 (C-O), 1032 (NO3), 957 (N-O), 815
(NO3), 744 (Ar) cm-1; ESI-MS: m/z 722 [M-NO3]+.

[CuIIErIIIL2(NO3)3] (C15): H2L2 (0.0038 g, 0.010 mmol, 1 eq.) in CHCl3 (1 mL), ErCl3·6H2O
(0.0038 g, 0.010 mmol, 1 eq.), and Cu(NO3)2·3H2O (0.0024 g, 0.010 mmol, 1 eq.) both in
MeOH (0.2 mL). Brown platelet shaped X-ray quality crystals were produced after three
weeks. Yield (0.0030 g, 38%); ATR-IR: n = 2948 (C-H), 1607 (C=N), 1562 (Ar), 1463 (NO3),
1438 (C-H), 1286 (NO3), 1225 (Ar-O), 1093 (C-O), 1027 (NO3), 955 (N-O), 821 (NO3), 740 (Ar)
cm-1; ESI-MS: m/z 666 [M-2NO3]+.

[CuIIHoIIIL2(NO3)3] (C16): H2L2 (0.0038 g, 0.010 mmol, 1 eq.) in CHCl3 (1 mL), HoCl3·6H2O
(0.0038 g, 0.010 mmol, 1 eq.), Cu(OAc)2·H2O (0.0020 g, 0.010 mmol, 1 eq.), and NH4NO3
(0.0024 g, 0.030 mmol, 3 eq.), all in MeOH (0.2 mL). Brown platelet shaped crystals were
produced after three weeks. Yield (0.0041 g, 52%); ATR-IR: n = 2955 (C-H), 1611 (C=N), 1558
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(Ar), 1463 (NO3), 1435 (C-H), 1285 (NO3), 1228 (Ar-O), 1096 (C-O), 1027 (NO3), 955 (N-O),
817 (NO3), 742 (Ar) cm-1; ESI-MS: m/z 725 [M-NO3]+.

[CuIIGdIIIL2(NO3)3] (C17): H2L2 (0.0480 g, 0.128 mmol, 1 eq.) in CHCl3 (4.8 mL), Gd(NO3)3-
·6H2O (0.0596 g, 0.128 mmol, 1 eq.) and Cu(OAc)2·H2O (0.0255 g, 0.128 mmol, 1 eq.), both
in MeOH (2.6 mL). Dark green block shaped crystals were produced after one week. Yield
(0.0706 g, 45%); ATR-IR: n = 2955 (C-H), 1603 (C=N), 1561 (Ar), 1464 (NO3), 1435 (C-H), 1284
(NO3), 1227 (Ar-O), 1098 (C-O), 1029 (NO3), 955 (N-O), 817 (NO3), 744 (Ar) cm-1; ESI-MS:
m/z 718 [M-NO3]+; elemental analysis calcd. (%) for C19H20N5O15CuGd: C 29.29, H 2.59, N
8.99; found: C 29.49, H 2.71, N 8.89.

[CuIIEuIIIL2(NO3)3] (C18): H2L2 (0.0372 g, 0.020 mmol, 1 eq.) in CHCl3 (5 mL), Eu(NO3)3·6-
H2O (0.0446 g, 0.020 mmol, 1 eq.), and Cu(OAc)2·H2O (0.020 g, 0.020 mmol, 1 eq.) both in
MeOH (1 mL). Dark green block shaped X-ray quality crystals were produced after three
weeks. Yield (0.0495 g, 64%); ATR-IR: n = 2954 (C-H), 1603 (C=N), 1561 (Ar), 1464 (NO3),
1447 (C-H), 1283 (NO3), 1226 (Ar-O), 1099 (C-O), 1028 (NO3), 955 (N-O), 817 (NO3), 743 (Ar)
cm-1; ESI-MS: m/z 711 [M-NO3]+.

[CuIITbIIIL2(NO3)3] (C19): H2L2 (0.0224 g, 0.060 mmol, 1 eq.) in CHCl3 (3 mL), TbCl3·6H2O
(0.0224 g, 0.060 mmol, 1 eq.), and Cu(NO3)2·3H2O (0.0145 g, 0.060 mmol, 1 eq.) both in
MeOH (0.6 mL). Red/brown block shaped X-ray quality crystals were produced after one
week. Yield (0.0106 g, 23%); ATR-IR: n = 2941 (C-H), 1606 (C=N), 1575 (Ar), 1471 (NO3), 1424
(C-H), 1249 (NO3), 1225 (Ar-O), 1093 (C-O), 1065 (NO3), 968 (N-O), 835 (NO3), 728 (Ar) cm-1;
ESI-MS: m/z 718 [M-NO3

– ]+.

[CuIIYbIIIL2(NO3)3] (C20): H2L2 (0.0075 g, 0.010 mmol, 1 eq.) in CHCl3 (1 mL), Yb(OAc)3·6-
H2O (0.0084 g, 0.010 mmol, 1 eq.), and Cu(NO3)2·3H2O (0.0048 g, 0.010 mmol, 1 eq.) both
in MeOH (0.2 mL). Yellow/brown block shaped X-ray quality crystals were produced after
three weeks. Yield (0.0111 g, 70%); ATR-IR: n = 2949 (C-H), 1600 (C=N), 1559 (Ar), 1515 (N-
O), 1463 (NO3), 1435 (C-H), 1289 (NO3), 1228 (Ar-O), 1096 (C-O), 1030 (NO3), 955 (N-O), 815
(NO3), 741 (Ar) cm-1; ESI-MS: m/z 733 [M-NO3+H]+.

[CuIIDyIIIL2(NO3)3] (C21): H2L2 (0.0475 g, 0.127 mmol, 1 eq.) in CHCl3 (4.8 mL), Dy(NO3)3-
·6H2O (0.0580 g, 0.127 mmol, 1 eq.) and Cu(OAc)2·H2O (0.0254 g, 0.127 mmol, 1 eq.), both
in MeOH (2.6 mL). Green/brown platelet shaped crystals were produced after two weeks.
Yield (0.0676 g, 68%); ATR-IR: n = 2954 (C-H), 1601 (C=N), 1562 (Ar), 1532 (N-O), 1468 (NO3),
1437 (C-H), 1290 (NO3), 1229 (Ar-O), 1098 (C-O), 1031 (NO3), 956 (N-O), 815 (NO3), 744 (Ar)
cm-1; ESI-MS: m/z 722 [M-NO3]+; elemental analysis calcd. (%) for C19H20N5O15CuDy: C
29.09, H 2.59, N 8.99; found: C 29.23, H 2.68, N 8.88.

[CuIIEuIIIL2(NO3)3] (C22): H2L2 (0.0038 g, 0.010 mmol, 1 eq.) in CHCl3 (1 mL), Eu(NO3)3·6-
H2O (0.0045 g, 0.010 mmol, 1 eq.), and Cu(OAc)2·H2O (0.0020 g, 0.010 mmol, 1 eq.) both in
MeOH (0.2 mL). Dark green block shaped X-ray quality crystals were produced after one
week. Yield (0.0057 g, 74%); ATR-IR: n = 2952 (C-H), 1611 (C=N), 1561 (Ar), 1463 (NO3),
1435 (C-H), 1285 (NO3), 1227 (Ar-O), 1098 (C-O), 1029 (NO3), 955 (N-O), 817 (NO3), 742 (Ar)
cm-1; ESI-MS: m/z 711 [M-NO3]+.

[CuIIGdIIIL2(NO3)3] (C23): H2L2 (0.0075 g, 0.02 mmol, 1 eq.) in CHCl3 (2 mL), Gd(NO3)3·6-
H2O (0.0090 g, 0.02 mmol, 1 eq.) and Cu(OAc)2·H2O (0.0040 g, 0.02 mmol, 1 eq.), both in
MeCN (0.4 mL). Dark brown platelet shaped crystals were produced after one week. Yield
(0.0042 g, 27%); ATR-IR: n = 2929 (C-H), 1611 (C=N), 1559 (Ar), 1530 (N-O), 1463 (NO3), 1435
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(C-H), 1286 (NO3), 1228 (Ar-O), 1096 (C-O), 1030 (NO3), 956 (N-O), 814 (NO3), 743 (Ar) cm-1;
ESI-MS: m/z 716 [M-NO3]+.

[CuIILaIIIL2(H2O)(NO3)3] (C24): H2L2 (0.0037 g, 0.010 mmol, 1 eq.) in CHCl3 (1 mL),
La(NO3)3·6H2O (0.0044 g, 0.010 mmol, 1 eq.) and Cu(OAc)2·H2O (0.0020 g, 0.01 mmol, 1
eq.), both in MeCN (0.2 mL). Green block shaped crystals were produced after two weeks.
Yield (0.0064 g, 82%); ATR-IR: n = 3400 (O-H), 2955 (C-H), 1600 (C=N), 1556 (Ar), 1463 (NO3),
1435 (C-H), 1282 (NO3), 1220 (Ar-O), 1093 (C-O), 1028 (NO3), 959 (N-O), 816 (NO3), 742 (Ar)
cm-1; ESI-MS: m/z 697 [M-NO3-H2O]+.

[CuII(MeCN)4][CuIILaIIIL2(NO3)4]·MeCN (C25): H2L2 (0.0372 g, 0.020 mmol, 1 eq.) in
CHCl3 (5 mL), La(NO3)3·6H2O (0.0433 g, 0.020 mmol, 1 eq.) and Cu(OAc)2·H2O (0.0195
g, 0.020 mmol, 1 eq.), both in MeCN (1 mL). Dark green block shaped crystals were pro-
duced after 10 weeks.

[CuII
2LaIII

2(L2)2(NO3)6] (C26): H2L2 (0.0748 g, 0.10 mmol, 1 eq.) in CHCl3 (10 mL), La(NO3)-
3·6H2O (0.0866 g, 0.10 mmol, 1 eq.) and Cu(OAc)2·H2O (0.0400 g, 0.10 mmol, 1 eq.), both
in MeCN (2 mL). Dark green block shaped crystals were produced after four weeks. Yield
(0.0080 g, 11%); ATR-IR: n = 3356 (O-H), 2954 (C-H), 1609 (C=N), 1562 (Ar), 1524 (N-O), 1464
(NO3), 1430 (C-H), 1351 (O-H), 1286 (NO3), 1243 (Ar-O), 1101 (C-O), 1032 (NO3), 954 (N-O),
819 (NO3), 743 (Ar) cm-1; ESI-MS: m/z 699 [0.5M-NO3]+.

[CuIILaIIIL2(MeOH)2(NO3)3] (C27): To a solution of La(NO3)3·6H2O (0.0217 g, 0.05 mmol)
in MeOH (2 mL) was added a few (four - five) crystals of C17 and the solution was left
to sit at RT overnight after which the crystals had dissolved. Isolation of the complex was
achieved by the diffusion of Et2O into the filtered reaction solution with green block-shaped
X-ray quality crystals obtained after two weeks.

[CuIICeIIIL2(MeOH)2(NO3)3] (C28): H2L2 (0.0037 g, 0.010 mmol, 1 eq.) in CHCl3 (1 mL),
Ce(NO3)3·6H2O (0.0043 g, 0.010 mmol, 1 eq.), and Cu(OAc)2·H2O (0.0020 g, 0.010 mmol, 1
eq.) both in MeOH (0.2 mL). Dark green block shaped X-ray quality crystals were produced
after one weeks. Yield (0.0064 g, 77%); ATR-IR: n = 3399 (O-H), 2953 (C-H), 1605 (C=N), 1557
(Ar), 1463 (NO3), 1435 (C-H), 1312 (O-H), 1286 (NO3), 1222 (Ar-O), 1097 (C-O), 1031 (NO3),
962 (N-O), 818 (NO3), 739 (Ar) cm-1; ESI-MS: m/z 698 [M-NO3-2MeOH]+.

[CuIICeIIIL2(H2O)(NO3)3] (C29): H2L2 (0.0375 g, 0.10 mmol, 1 eq.) in CHCl3 (5 mL), Ce(NO-
3)3·6H2O (0.0434 g, 0.10 mmol, 1 eq.), and Cu(OAc)2·H2O (0.0200 g, 0.10 mmol, 1 eq.) both
in MeOH (1 mL). Dark green block shaped X-ray quality crystals were produced after two
weeks. Yield (0.0511 g, 62%); ATR-IR: n = 3352 (O-H), 2954 (C-H), 1600 (C=N), 1564 (Ar),
1556 (N-O), 1463 (NO3), 1435 (C-H), 1352 (O-H), 1281 (NO3), 1244 (Ar-O), 1093 (C-O), 1028
(NO3), 960 (N-O), 815 (NO3), 742 (Ar) cm-1; ESI-MS: m/z 700 [M-H2O-NO3]+.

[CuIICeIIIL2(MeOH)(NO3)3]·CHCl3 (C30): H2L2 (0.0038 g, 0.010 mmol, 1 eq.) in CHCl3
(1 mL), Ce(NO3)3·6H2O (0.0043 g, 0.010 mmol, 1 eq.), and Cu(NO3)2·3H2O (0.0024 g, 0.010
mmol, 1 eq.) both in MeOH (0.2 mL). Dark Green block shaped X-ray quality crystals were
produced after one week.

[CuII
2CeIII

2(L2)2(MeOH)2(NO3)6] (C31): H2L2 (0.0038 g, 0.010 mmol, 1 eq.) in CHCl3 (1
mL), Ce(NO3)3·6H2O (0.0043 g, 0.010 mmol, 1 eq.), Cu(OAc)2·H2O (0.0020 g, 0.010 mmol,
1 eq.), and NH4Cl (0.0016 g, 0.030 mmol, 3 eq.), all in MeOH (0.2 mL). Dark green block
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shaped crystals were produced after one week.

[CuIICeIIIL2(MeOH)(NO3)3]·Et2O (C32): H2L2 (0.0038 g, 0.010 mmol, 1 eq.) in CHCl3 (1
mL) was added CeCl3·6H2O (0.0037 g, 0.010 mmol, 1 eq.), Cu(OAc)2·H2O (0.0020 g, 0.010
mmol, 1 eq.), and NH4NO3 (0.0024 g, 0.030 mmol, 3 eq.) all in MeOH (0.2 mL). Green platelet
shaped crystals were produced after two weeks.

[CuIIEuIII(o – van)(MeOH)(NO3)3] (C33): o-Van (0.0031 g, 0.020 mmol, 1 eq.) in CHCl3 (2
mL), was added Cu(OAc)2·H2O (0.0040 g, 0.020 mmol, 1 eq.) and Eu(NO3)3·6H2O (0.0089
g, 0.020 mmol, 1 eq.), both in MeOH (0.4 mL). The green solution was stirred at RT for five
minutes. Isolation of the complex was achieved by the diffusion of Et2O into the reaction
solution. Green block shaped crystals were produced after three weeks. Yield (0.0041 g,
28%); ATR-IR: n = 3373 (O-H), 2953 (C-H), 1634 (C=O), 1554 (Ar), 1468 (NO3), 1437 (C-H),
1340 (O-H), 1291 (NO3), 1219 (Ar-O), 1096 (C-O), 951 (N-O), 735 (Ar) cm-1; ESI-MS: m/z 641
[M-NO3-MeOH]+.

[CuIIDyIIIL2(H2O)(MeOH)Cl3] (C34): H2L2 (0.0225 g, 0.060 mmol, 1 eq.) in CHCl3 (3 mL),
DyCl3·6H2O (0.0226 g, 0.060 mmol, 1 eq.) and Cu(OAc)2·H2O (0.0120 g, 0.060 mmol, 1 eq.),
both in MeOH (0.6 mL). Dark green platelet shaped crystals were produced after four weeks.
Yield (0.0230 g, 51%); ATR-IR: n = 3201 (O-H), 2935 (C-H), 1603 (C=N), 1561 (Ar), 1464 (C-H),
1372 (O-H), 1227 (Ar-O), 1092 (C-O), 1034 (C-O), 953 (N-O), 738 (Ar) cm-1; ESI-MS: m/z 668
[M-Cl-MeOH-H2O]+.

[CuIIEuIIIL2(H2O)(MeOH)Cl3] (C35): H2L2 (0.0150 g, 0.040 mmol, 1 eq.) in CHCl3 (2 mL),
EuCl3·6H2O (0.0146 g, 0.040 mmol, 1 eq.) and Cu(OAc)2·H2O (0.0080 g, 0.040 mmol, 1 eq.),
both in MeOH (0.4 mL). Brown block shaped crystals were produced after two weeks. Yield
(0.0084 g, 28%); ATR-IR: n = 3349 (O-H), 2959 (C-H), 1608 (C=N), 1559 (Ar), 1470 (C-H), 1321
(O-H), 1249 (Ar-O), 1093 (C-O), 1065 (C-O), 968 (N-O), 729 (Ar) cm-1; ESI-MS: m/z 711 [M-
MeOH]+.

[CuIITbIIIL2(H2O)(MeOH)Cl3] (C36): H2L2 (0.0037 g, 0.010 mmol, 1 eq.) in CHCl3 (1 mL),
TbCl3·6H2O (0.0037 g, 0.010 mmol, 1 eq.) and Cu(OAc)2 ·H2O (0.0020 g, 0.010 mmol, 1
eq.), both in MeOH (0.2 mL). Brown platelet shaped crystals were produced after one week.
Yield (0.0061 g, 81%); ATR-IR: n = 3313 (O-H), 2946 (C-H), 1608 (C=N), 1563 (Ar), 1439 (C-H),
1372 (O-H), 1228 (Ar-O), 1096 (C-O), 960 (N-O), 747 (Ar) cm-1; ESI-MS: m/z 665 [M-Cl-H2O-
MeOH]+.

[CuIIErIIIL2(H2O)Cl3] (C37): H2L2 (0.0513 g, 0.137 mmol, 1 eq.) in CHCl3 (4.8 mL), ErCl3·6H-
2O (0.0523 g, 0.137 mmol, 1 eq.) and Cu(OAc)2·H2O (0.0274 g, 0.137 mmol, 1 eq.), both
in MeOH (2.6 mL). Yellow block shaped crystals were produced after seven weeks. Yield
(0.0421 g, 42%); ATR-IR: n = 3215 (O-H), 2953 (C-H), 1608 (C=N), 1563 (Ar), 1465 (C-H), 1368
(O-H), 1227 (Ar-O), 1093 (C-O), 954 (N-O), 742 (Ar) cm-1; ESI-MS: m/z 674 [M-H2O]+; ele-
mental analysis calcd. (%) for C19H22N2O7Cl3CuEr: C 31.37, H 3.05, N 3.85; found: C 31.45,
H 3.24, N 3.72.

[CuIIHoIIIL2(H2O)Cl3] (C38): H2L2 (0.0038 g, 0.010 mmol, 1 eq.) in CHCl3 (1 mL), HoCl3·6H-
2O (0.0038 g, 0.010 mmol, 1 eq.) and Cu(OAc)2·H2O (0.0020 g, 0.01 mmol, 1 eq.), both
in MeOH (0.2 mL). Yellow platelet shaped crystals were produced after two weeks. Yield
(0.0019 g, 26%); ATR-IR: n = 3228 (O-H), 2944 (C-H), 1602 (C=N), 1563 (Ar), 1470 (C-H), 1368
(O-H), 1228 (Ar-O), 1095 (C-O), 960 (N-O), 738 (Ar) cm-1; ESI-MS: m/z 669 [M-Cl-H2O]+.
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[CuIITbIIIL2(H2O)4][CuIITbIIIL2(H2O)3Cl][CuIICl4][Cl3] (C39): H2L2 (0.0037 g, 0.010 mmol,
1 eq.) in CHCl3 (1 mL), TbCl3·6H2O (0.0037 g, 0.010 mmol, 1 eq.) and Cu(OAc)2·6H2O
(0.0020 g, 0.010 mmol, 1 eq.), both in MeOH (0.2 mL). Light brown platelet shaped crystals
were produced after two weeks. Yield (0.0037 g, 22%); ATR-IR: n = 3242 (O-H), 2954 (C-H),
1602 (C=N), 1558 (Ar), 1461 (C-H), 1357 (O-H), 1221 (Ar-O), 1088 (C-O), 965 (N-O), 740 (Ar)
cm-1; ESI-MS: m/z 665 [0.5M-3Cl-CuCl4-MeOH-H2O]+.

[CuII
2CeIV

2(L2)2(H2O)2Cl6] (C40): H2L2 (0.0378 g, 0.10 mmol, 1 eq.) in CHCl3 (4 mL),
CeCl3·7H2O (0.0373 g, 0.10 mmol, 1 eq.) and CuCl2·2H2O (0.0170 g, 0.10 mmol, 1 eq.), both
in MeOH (0.8 mL). Brown platelet shaped crystals were produced after eight weeks.

[CoII
2EuIII

2(L2)2(OAc)2(NO3)4] (C41): H2L2 (0.0037 g, 0.010 mmol, 1 eq.) in CHCl3 (1 mL),
Eu(NO3)3·6H2O (0.0045 g, 0.010 mmol, 1 eq.) and Co(OAc)2·2H2O (0.0025 g, 0.010 mmol, 1
eq.), both in MeOH (0.2 mL). Red block shaped crystals were produced after six weeks.

[CoIIErIIIL2(H2O)3Cl2][Cl] (C42): H2L2 (0.0037 g, 0.010 mmol, 1 eq.) in CHCl3 (1 mL),
ErCl3·6H2O (0.0038 g, 0.010 mmol, 1 eq.) and Co(OAc)2·4H2O (0.0025 g, 0.01 mmol, 1 eq.),
both in MeOH (0.2 mL). Orange prism shaped crystals were produced after three weeks.
Yield (0.0052 g, 68%); ATR-IR: n = 3319 (O-H), 2953 (C-H), 1602 (C=N), 1562 (Ar), 1464 (C-
H), 1355 (O-H), 1215 (Ar-O), 1096 (C-O), 977 (N-O), 734 (Ar) cm-1; ESI-MS: m/z 758 [M]+.

[CoIIEuIIIL2(H2O)3Cl2][Cl] (C43): H2L2 (0.0075 g, 0.020 mmol, 1 eq.) in CHCl3 (2 mL),
EuCl3·6H2O (0.0074 g, 0.020 mmol, 1 eq.) and Co(OAc)2·4H2O (0.0050 g, 0.020 mmol, 1 eq.),
both in MeOH (0.4 mL). Orange platelet shaped crystals were produced after two weeks.
Yield (0.0105 g, 70%); ATR-IR: n = 3394 (O-H), 2945 (C-H), 1602 (C=N), 1562 (Ar), 1464 (C-
H), 1355 (O-H), 1215 (Ar-O), 1096 (C-O), 977 (N-O), 734 (Ar) cm-1; ESI-MS: m/z 709 [M-Cl]+.

[CoIIDyIIIL2(H2O)(MeOH)2Cl2][Cl]·MeOH·H2O (C44): H2L2 (0.0297 g, 0.080 mmol, 1 eq.)
in CHCl3 (4 mL), DyCl3·6H2O (0.0302 g, 0.080 mmol, 1 eq.) and Co(OAc)2·4H2O (0.0199
g, 0.080 mmol, 1 eq.), both in MeOH (0.8 mL). Green/brown platelet shaped crystals were
produced after four weeks. Yield (0.0351 g, 53%); ATR-IR: n = 3386 (O-H), 2975 (C-H), 1602
(C=N), 1562 (Ar), 1466 (C-H), 1355 (O-H), 1215 (Ar-O), 1096 (C-O), 1056 (C-O), 977 (N-O),
733 (Ar) cm-1; ESI-MS: m/z 732 [M-2MeOH-2H2O]+.

[CoIIErIIIL2(H2O)(MeOH)2Cl2][Cl]·MeOH·H2O (C45): H2L2 (0.0375 g, 0.020 mmol, 1 eq.)
in CHCl3 (5 mL), ErCl3·6H2O (0.0382 g, 0.020 mmol, 1 eq.) and Co(OAc)2·4H2O (0.0249 g,
0.01 mmol, 1 eq.), both in MeOH (1 mL). Yellow platelet shaped crystals were produced after
three weeks. Yield (0.0198 g, 64%); ATR-IR: n = 3386 (O-H), 2951 (C-H), 1602 (C=N), 1575
(Ar), 1463 (C-H), 1354 (O-H), 1215 (Ar-O), 1095 (C-O), 1056 (C-O), 978 (N-O), 733 (Ar) cm-1;
ESI-MS: m/z 723 [M-3MeOH-H2O]+.

[CoIIEuIIIL2(H2O)(MeOH)2Cl3] (C46): H2L2 (0.0300 g, 0.10 mmol, 1 eq.) in CHCl3 (5 mL),
EuCl3·6H2O (0.0366 g, 0.10 mmol, 1 eq.) and Co(OAc)2·4H2O (0.0249 g, 0.10 mmol, 1 eq.),
both in MeOH (1 mL). Yellow platelet shaped crystals were produced after three weeks.
Yield (0.0311 g, 40%); ATR-IR: n = 3374 (O-H), 2942 (C-H), 1606 (C=N), 1575 (Ar), 1471 (C-
H), 1354 (O-H), 1251 (Ar-O), 1093 (C-O), 1065 (C-O), 968 (N-O), 729 (Ar) cm-1; ESI-MS: m/z
771 [M+H]+.

[ZnIIDyIIIL2(OAc)(NO3)2] (C47): H2L2 (0.0037 g, 0.010 mmol, 1 eq.) in CHCl3 (1 mL),
Dy(NO3)3·6H2O (0.0046 g, 0.010 mmol, 1 eq.) and Zn(OAc)2·2H2O (0.0022 g, 0.01 mmol,
1 eq.), both in MeOH (0.2 mL). Colourless platelet shaped crystals were produced after six
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weeks. Yield (0.0034 g, 44%); ATR-IR: n = 2940 (C-H), 1641 (C=O), 1606 (C=N), 1575 (Ar),
1471 (C-H), 1353 (O-H), 1249 (Ar-O), 1093 (C-O), 968 (N-O), 728 (Ar) cm-1; ESI-MS: m/z 438
[M-Dy-2NO3-OAc]+.

[NiIIDyIIIL2(H2O)(acac)(NO3)2]·MeOH (C48): H2L2 (0.0748 g, 0.10 mmol, 1 eq.) in CHCl3
(10 mL), Dy(NO3)3·6H2O (0.0914 g, 0.10 mmol, 1 eq.) and Ni(acac)2·6H2O (0.0586 g, 0.10
mmol, 1 eq.), both in MeOH (2 mL). Green block shaped crystals were produced after eight
weeks. Yield (0.0076 g, 19%); ATR-IR: n = 3255 (O-H), 2947 (C-H), 1611 (C=N), 1585 (Ar),
1523 (N-O), 1467 (NO3), 1435 (C-H), 1366 (O-H), 1290 (NO3), 1238 (Ar-O), 1096 (C-O), 1035
(NO3), 975 (N-O), 810 (NO3), 745 (Ar) cm-1; ESI-MS: m/z 755 [M-NO3-H2O]+.

[NiIIEuIIIL2(H2O)3Cl2][Cl] (C49): H2L2 (0.0038 g, 0.010 mmol, 1 eq.) in CHCl3 (1 mL),
EuCl3·6H2O (0.0037 g, 0.010 mmol, 1 eq.) and Ni(OAc)2·4H2O (0.0025 g, 0.010 mmol, 1 eq.),
both in MeOH (0.2 mL). Orange block shaped crystals were produced after four weeks. Yield
(0.0060 g, 81%); ATR-IR: n = 3382 (O-H), 2986 (C-H), 1605 (C=N), 1563 (Ar), 1463 (C-H), 1372
(O-H), 1216 (Ar-O), 1085 (C-O), 978 (N-O), 733 (Ar) cm-1; ESI-MS: m/z 744 [M+H]+.
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Chapter 6

Other Work

Throughout the duration of this research, several unexpected complexes were pro-
duced. Although these complexes do not fit into the other chapter themes of de-
fective dicubanes and dinuclear complexes, they are worthy additions to the overall
theme of manipulating magnetism and in their own right are interesting. For several
of these complexes, a suitable and reliable synthetic pathway was not achieved and
therefore several examples reported below are to date, non-reproducible.

6.1 NiII Clusters

6.1.1 NiII
3 Clusters

The complexes C50 and C51 are trinuclear NiII3 clusters synthesised from RT reac-
tions between H2L1, Ni(acac)2·6H2O, and Et3N in a 1 : 1.5 : 6 molar ratio. A colour
change from the pale yellow solution of the dissolved ligand to a dark green solu-
tion indicated successful coordination. Isolation of the complexes was achieved by
the slow evaporation of the reaction solution over a period of nine weeks (C50) and
vapour diffusion of Et2O into the reaction solution over a period of four weeks (C51).

The complex, C50 was synthesised concurrently with the defective dicubanes se-
ries, complexes C1 - C5. The complex was a result of experimenting with various
metal anions, solvents, coligands, and crystallisation methods. When attempting to
remake C50, the same complexation procedure was followed however the method
of crystallisation was altered to Et2O vapour diffusion, as this method had shown to
be more reliable at producing high quality crystalline material, resulting in the com-
plex, C51. A representative structure of the two complexes can be seen in Figure 6.1
(Note the numbering of the atoms correlates to C51) with complete structures found
in Figures E.1 and E.3.

The trinuclear NiII
3 complexes were both found to crystallise in monoclinic space

groups, P21/n and C2/c respectively for C50 and C51. For C50, the whole struc-
ture is found within the asymmetric unit, whereas half of the structure is found
for C51. Both complexes consist of two deprotonated ligands, L12- coordinated to
three NiII ions (Mode II, Figure 2.2).145 Each of the three NiII ions have an octahe-
dral geometry (CShM, Table E.4) with a NO5 donor set for the two outer ions (Ni1
and Ni3 in C50 and Ni1 in C51) consisting of one phenolate, one oximato, and one
methoxy oxygen, one amino nitrogen, and a bidentate acac– anion.146,147,171 Ni2 for
both complexes has a N2O4 donor set, consisting of two phenolate oxygens, two ox-
imato nitrogens, and two solvent molecules, one MeOH and one H2O for C50 and
two MeOH molecules for C51. The difference in solvent molecules was assumed to
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Figure 6.1: Representative structure of [NiII3(L1)2(H2O)n(MeOH)m(acac)2]·MeOH (n = 1
(C50) and 0 (C51), m = 1 (C50) and 2 (C51)). Hydrogen atoms and lattice MeOH molecules
have been omitted for clarity and the thermal ellipsoids of the metal ions are shown at 70%
probability. Colour code: NiII = light green, N = blue, O = red, and C = grey.
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6.1. NiII Clusters 147

be a result of the method used for isolation of the complex. For both complexes there
is moderate intramolecular hydrogen bonding found between the coordinated sol-
vent molecules (O7 and O14) and acac– anions (O5 and O12), O7· · ·O5, 2.681(4) Å
and 014· · ·O12, 2.630(4) Å for C50 and 07· · ·O5, 2.629(3) Å for C51.158 For both com-
plexes, MeOH molecules are found in the crystal lattice, with three for C50, which
form additional moderate hydrogen bonds with each other (017· · ·O16, 2.659(7) Å)
and both oximato oxygens (016· · ·O2, 2.601(5) Å and 015· · ·O9, 2.594(5) Å) and
two non-interacting MeOH molecules for C51. Intermolecular hydrogen bonding is
found in C50, between the MeOH (O14) and H2O (O7) molecules coordinated to Ni2
and their opposite counterparts on an above-plane unit, O7· · ·O14 2.951(5) Å (Fig-
ure E.2).158 The SQUEEZE procedure was implemented for both C50 and C51 using
the crystallographic software, Olex2 to remove diffuse solvent in the crystal lattice.
For C50, the result was the removal of 24 electrons per asymmetric unit equating to
2.5 H2O molecules (25 e-) and for C51, the result was the removal of 15 electrons per
asymmetric unit which equates to 1.5 H2O molecules (15 e-).208,273

When comparing the two complexes structurally, there are small differences be-
tween the bond lengths and distances of the two complexes, however this was not
found for the Ni-X-Ni exchange angles, the exchange angles were found to be 112°
for both complexes. The differences were found between bond distances closely
associated with the solvent coordinates corroborating the findings of the defective
dicubane series that subtle differences in the coordinates can significantly affect the
bond lengths and distances. It is thought the exchange pathway angles were not
greatly affected, as compared to the defective dicubane series, as the solvent coor-
dinates do not bridge multiple metal ions. Another structural difference between
the two complexes C50 and C51 is that the lattice bound MeOH molecules for C50
form hydrogen bond networks whereas the lattice bound MeOH molecules in C51
do not form any type of interaction. If these results were to follow that of the defec-
tive dicubane series, the magnetic properties of the complexes could be significantly
different with the magnetic properties of C50 greatly enhanced by the interacting
lattice solvent molecules, this however would need to be analysed at a later date.
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Table 6.1: Selected bond lengths (Å) and angles (°) of complexes C50 and C51
from crystal structure determination

C50 C51

Ni1-O1 2.065(3) 2.059(3)

Ni1-O2/9 2.032(3) 2.005(3)⇤

Ni1-O3 2.128(3) 2.151(3)

Ni1-O5 2.032(3) 2.027(3)

Ni1-O6 2.034(3) 2.038(3)

Ni1-N2 2.112(4) 2.115(4)

Ni2-O1 2.010(3) 2.017(3)

Ni2-O7 2.136(3) 2.113(3)

Ni2-O8 2.014(3) –

Ni2-O14 2.149(3) –

Ni2-N1 2.053(4) 2.031(4)

Ni2-N3 2.049(4) –

Ni3-O2/9 2.008(3) –

Ni3-O8 2.055(3) –

Ni3-O10 2.161(3) –

Ni3-O12 2.068(3) –

Ni3-O13 1.996(3) –

Ni3-N4 2.137(4) –

Ni1-O1-Ni2 112.83(15) 112.63(14)

Ni2-O8-Ni3 112.32(14) –

Ni1· · ·Ni2 3.395(2) 3.392(1)

Ni2· · ·Ni3 3.380(1) –

Ni1· · ·Ni1/3 6.483(2) 6.551(2)⇤

⇤ 1-X, +Y, 3/2-Z
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6.1.2 NiII
4 Cluster

Initial attempts at producing a NiIIEuIII dinuclear complex involved two complexa-
tions simultaneously set up, one base free and the other in the presence of Et3N. The
base free complexation resulted in C49, a dinuclear NiIIEuIII complex whereas the
Et3N containing complexation resulted in C52. The complex C52 was found to be
a tetranuclear defective dicubane, similarly to complexes C1 - C5 however utilising
the deprotonated ligand, L22- (Mode II, Figure 2.6).145 The defective dicubane was
found to crystallise in the triclinic space group, P1̄, with half of the structure found in
the asymmetric unit. The full structure is shown in Figure 6.2. The structure consists
of four NiII ions each with an octahedral geometry (CShM; Table E.4), with a O5Cl
donor set for Ni1 consisting of one µ2-phenolate oxygen, one methoxy oxygen, two
µ3-OMe– , one MeOH molecule, and one µ2-Cl– anion.146,147,171 Ni2 has a N2O3Cl
donor set consisting of two alkyloxime nitrogens, two µ2-phenolate oxygens, one
µ3-OMe– , and one µ2-Cl– anion.

Figure 6.2: Full molecular structure of [NiII4(L2)2(OMe)2(MeOH)2Cl2]·2CHCl3, C52. Non-
interacting hydrogen atoms and lattice CHCl3 molecules have been omitted for clarity, hy-
drogen bonding represented as black dotted lines, and thermal ellipsoids of metal ions
shown at 70% probability. Colour code: NiII = light green, N = blue, O = red, Cl = dark
green, C = grey, and H = white.

Moderate hydrogen bonding is found in the complex between the coordinated MeOH
molecules (O8) and both the monodentate phenoxo oxygen (O2) and free methoxy
oxygen (O6), O8· · ·O2 (2.670(4) Å) and O8· · ·O6 (3.085(4) Å).158 Within the crystal
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lattice, there are two CHCl3 molecules found. The SQUEEZE procedure was imple-
mented using the crystallographic software, Olex2 to remove diffuse solvent found
in the crystal lattice. The result was the removal of 20 electrons per asymmetric unit
which equates to two H2O molecules (20 e-).208,273

Apart from the use of different ligands, another large difference between the de-
fective dicubane series (C1 - C5) and C52 is the way in which the ligands coordi-
nate to the metal ions. For all complexes, the ligands are found on the peripheral
of the defective dicubane core with phenolate oxygens bridging between the body
and wingtip ions. For C1 - C5, the ligand, HL1- coordinates in such a fashion that
the oximato nitrogen is coordinated to the body ions, allowing for moderate hy-
drogen bonding to occur between the oximato oxygen and bridging Cl– anions.158

For C52 the ligand, L22- coordinates such that the alkyloxime nitrogens are coordi-
nated to the wingtip ions. This difference is thought to result from the difference
in both the oxime-based ligands and the donor group pattern as for all complexes
the bulk of the ligand is found on the periphery of the wingtip ion, which for HL1-

is the amino sidearm and for L22- is the alkyloxime bridgehead. Previous defec-
tive dicubane research perfomed in the Plieger group found that differences in the
spacing of donor groups coordinated to the wingtip ion, for example the amino ni-
trogen and methoxy oxygen (five-membered ring) for C1 - C5 and the alkyloxime
nitrogens (eight-membered ring) for C52, can greatly affect the Ni-X-Ni bridging
angles.148 When comparing C52 to C3, the structurally closest complex of the de-
fective dicubane series, the Ni-X-Ni bridging angles are found to be fairly consis-
tent, with no large differences as shown in Table 6.3. This result was unexpected
as the eight-membered ring for C52 had less steric strain associated than the five-
membered ring, however steric strain is most likely induced by the perpendicular
coordination of the second aromatic unit of L22-.

Table 6.2: Selected bond lengths (Å) and angles (°) of the complex C52 from
crystal structure determination

C52

Ni1-O1 1.985(3) Ni2-O1 2.009(3)

Ni1-O5 2.196(3) Ni2-O2 2.024(3)

Ni1-O7 2.046(3) Ni2-O7a 2.141(3)

Ni1-O7a 2.058(3) Ni2-N1 2.139(3)

Ni1-O8 2.085(3) Ni2-N2 2.060(4)

Ni1-Cl1 2.349(1) Ni2-Cl1a 2.450(1)

Ni1-O7-Ni1a 93.92(11) Ni1-O7-Ni2 97.08(11)

Ni1-O1-Ni2 103.99(12) Ni1-Cl1-Ni2a 87.96(4)

Ni1-O7a-Ni2a 105.54(12) Ni1· · ·Ni1a 2.999(1)

Ni2· · ·Ni1a 3.334(1) Ni1· · ·Ni2 3.147(1)

Ni2· · ·Ni2a 5.748(1)
a1-X, 1-Y, 1-Z
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Table 6.3: Selected bond angles (°) of the complexes C3 and C52

C3⇤ C52

Ni1-OOMe-Ni1a/3 95.64 93.92(11)

Ni1-OPhen-Ni2 100.35 103.99(12)

Ni2-Cl-Ni1/3a 86.79 87.96(4)

Ni2-OOMe-Ni1a/3 106.91 105.53(12)
⇤ Averaged values; Non-averaged values, Table B.2
a 1-X, 1-Y, 1-Z

6.1.3 NiII
7 Cluster

The complex C53 was found to be a heptanuclear NiII
7 double cubane, utilising three

units of the deprotonated ligand, L22- (mode VII, Figure 2.6).145 Each of the three
ligands are coordinated diagonally across the double cubane, with the propylene
bridge in a zig-zag arrangement producing a paddlewheel-like rotation of the lig-
ands (Figure E.4). This complex resulted from an attempt to produce a NiIIGdIII din-
uclear complex from BF4

– and NO3
– metal salts respectively. To date a reproducible

synthesis has not been achieved, with attempts following both the intial procedure
and a newly developed procedure that reflects the structure composition have both
been unsuccessful at producing any material.

The complex was found to crystallise in the monoclinic space group, P21/n, with the
full structure found in the asymmetric unit (Figures 6.3 and 6.4). The metallic core
resembles that of a double cubane, where two cubanes are rotated vertically 180°
and share a vertice, Ni1. All seven NiII ions have an octahedral geometry (CShM,
Table E.4), with a O6 donor set for Ni1 consisting of six µ3-OH– anions.146,147,171 The
remaining six metal ions, Ni2 - Ni7, have NO5 donor sets consisting of a phenolate
oxygen, an alkyloxime nitrogen, a MeOH molecule, a OMe– anion, and two OH–

anions. Moderate intermolecular hydrogen bonding is found between the MeOH
molecules and both the phenolate oxygens (2.693(4) - 2.736(4)) and the methoxy
oxygens (3.045(4) - 3.186(4)) with additional hydrogen bonding between the OH–

anions and alkyloxime oxygens (3.024(4) - 3.126(4)).158 Within the crystal lattice, one
Et2O molecule can be found, with the SQUEEZE procedure implemented using the
crystallographic software, Olex2, to remove diffuse solvent found in the crystal lat-
tice. The result was the removal of 33 electrons per asymmetric unit which equates
to one MeOH molecule (18 e-) and 1.5 H2O molecules (15 e-).208,273

Within the literature there is an analogous NiII
7 cluster, [NiII

7(L)3(OH)6(OEt)2(EtOH-
)2] produced by the group of Dong et al.317 Key differences between the two com-
plexes are the atom positions ortho and para to the phenolate group of the ligands
and the use of OEt– anions and EtOH molecules instead of OMe– anions and MeOH
molecules. Despite these small differences in the ligand and coligands, they do not
result in any great differences between the complexes bond lengths and angles. The
fluorescent properties of the complex by Dong et al. were reported, with excitation
at 378 nm resulting in a photoluminescence emission at 469 nm. As C53 is closely
related to the structure by Dong et al., it is thought that C53 could have fluorescent
properties however due to limited material this was not tested.
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Figure 6.3: Full molecular structure of [NiII7(L2)3(OH)6(OMe)2(MeOH)2]·Et2O, C53. Non-
interacting hydrogen atoms and lattice solvates have been omitted for clarity, hydrogen
bonding represented as black dotted lines, and the thermal ellipsoids of the metal ions are
shown at 70% probability. Colour code: NiII = light green, N = blue, O = red, C = grey, and
H = white.

Figure 6.4: Figure showing the metallic core of C53. Hydrogen atoms have been omitted
for clarity and the thermal ellipsoids of the metal ions are shown at 70% probability. Colour
code: NiII = light green, N = blue, O = red, and C = grey.
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Table 6.4: Selected bond lengths (Å) and angles (°) of the complex C53 from
crystal structure determination

C53

Ni1-O19 2.062(3) Ni3-O20 2.072(3) Ni5-O29 2.111(3)

Ni1-O20 2.069(3) Ni3-O22 2.041(3) Ni5-N4 2.065(3)

Ni1-O21 2.049(3) Ni3-O33 2.138(3) Ni6-O13 2.037(3)

Ni1-O25 2.050(3) Ni3-N2 2.048(4) Ni6-O26 2.045(3)

Ni1-O26 2.070(3) Ni4-O7 2.032(3) Ni6-O27 2.067(3)

Ni1-O27 2.076(3) Ni4-O20 2.038(3) Ni6-O28 2.063(3)

Ni2-O4 2.011(3) Ni4-O21 2.074(3) Ni6-O31 2.139(3)

Ni2-O19 2.055(3) Ni4-O22 2.056(3) Ni6-N5 2.050(3)

Ni2-O21 2.048(3) Ni4-O24 2.122(3) Ni7-O16 2.035(3)

Ni2-O22 2.058(3) Ni4-N3 2.045(3) Ni7-O25 2.072(3)

Ni2-O23 2.101(3) Ni5-O10 2.053(3) Ni7-O27 2.034(3)

Ni2-N1 2.060(3) Ni5-O25 2.039(3) Ni7-O28 2.053(3)

Ni3-O1 2.040(3) Ni5-O26 2.067(3) Ni7-O30 2.093(3)

Ni3-O19 2.047(3) Ni5-028 2.052(3) Ni7-N6 2.061(3)

Ni1-O19-Ni2 97.18(11) Ni1-O26-Ni5 96.89(11) Ni3-O20-Ni4 97.98(12)

Ni1-O19-Ni3 99.01(11) Ni1-O26-Ni6 98.85(11) Ni3-O22-Ni4 98.42(12)

Ni1-O20-Ni3 97.95(11) Ni1-O27-Ni6 97.96(11) Ni5-O25-Ni7 98.42(12)

Ni1-O20-Ni4 97.98(12) Ni1-O27-Ni7 97.70(11) Ni5-O26-Ni6 97.93(12)

Ni1-O21-Ni2 97.83(11) Ni2-O19-Ni3 97.24(11) Ni5-O28-Ni6 97.83(12)

Ni1-O21-Ni4 97.47(12) Ni2-O21-Ni4 97.39(12) Ni5-O28-Ni7 97.93(12)

Ni1-O25-Ni5 98.42(11) Ni2-O22-Ni3 97.33(12) Ni6-O27-Ni7 97.67(12)

Ni1-O25-Ni7 97.31(11) Ni2-O22-Ni4 97.64(12) Ni6-O28-Ni7 97.19(12)

Ni1· · ·Ni2 3.088(1) Ni1· · ·Ni7 3.095(1) Ni3· · ·Ni7 5.485(1)

Ni1· · ·Ni3 3.125(1) Ni2· · ·Ni3 3.078(1) Ni4· · ·Ni5 6.182(1)

Ni1· · ·Ni4 3.100(1) Ni2· · ·Ni4 3.097(1) Ni5· · ·Ni6 3.102(1)

Ni1· · ·Ni5 3.096(1) Ni2· · ·Ni6 5.325(1) Ni5· · ·Ni7 3.096(1)

Ni1· · ·Ni6 3.125(1) Ni3· · ·Ni4 3.102(1) Ni6· · ·Ni7 3.087(1)
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6.2 3d3d’3d Trinuclear Clusters

The complexes C54 and C55 were found to be trinuclear heterometallic MII
2ZnII

complexes, which resulted from attempts to produce the dinuclear combinations of
CoIIZnII and NiIIZnII. The complexes were synthesised by RT reactions between
H2L2, M(OAc)2·H2O (M = CoII and NiII), and Zn(NO3)2·6H2O in a 1 : 1 : 1 molar
ratio. A colour change from the pale yellow ligand solution to either a pink (C54) or
light green (C55) solution confirmed successful coordination. The complexes were
isolated by slow vapour diffusion of Et2O into the reaction solution where X-ray
quality crystals were obtained. As is generally the case, when remaking and/or
bulking complexes, the stoichiometry is made to reflect the composition of the com-
plex. For these two complexes that would result in a 2 : 2 : 1 molar ratio of H2L2,
M(OAc)2·H2O, and Zn(NO3)2·6H2O however when this was attempted there was
no resulting crystalline material. Upon remaking the complexes for a second time,
a 1 : 1 : 1 molar ratio was used and this resulted in C54 in four weeks and a few
crystals of C55 in 18 weeks. Although the initial crystallisations of C54 and C55
crystallised in the same time period, it is presumed that the extended crystallisation
of the remake of C55 is due to differences in solubility.

The complex C54 was found to crystallise in the monoclinic space group, P21/c
whereas C55 crystallised in the triclinic space group, P1̄. For both complexes the
whole structure can be found in the asymmetric unit as represented in Figure 6.5.
The complexes are composed of two deprotonated alkyloxime ligands, L22-, which
are coordinated to three metal ions (Mode III, Figure 2.6). The two MII ions are
found in the M1 pocket of each ligand with the ZnII ion found between the two M2
pockets. All of the metal ions are six-coordinate with distorted octahedral geome-
tries (CShM, Table 6.5).146,147,171 For C54, Co1 was found to be more distorted than
the other metal ions (CShM values of 6.295, 4.806, and 4.814 for Co1, Co3, and Zn2
respectively), thought to be the result of the ligand distortion induced by the coordi-
nation of the metal ions and the angle at which the NO3

– anion coordinates. The M1
and M3 ions have a N2O4 donor set consisting of two phenolate oxygens, two alky-
loxime nitrogens, and a bidentate NO3

– anion. Zn2 has an O6 donor set consisting
of four phenolate oxygen atoms, two from each ligand, and two methoxy oxygen
atoms, one from each ligand. For C54, the SQUEEZE procedure was implemented
using Olex2 to remove diffuse solvent in the crystal lattice. The result was the re-
moval of 54 electrons (e-) per asymmetric unit which equates to 5.5 H2O molecules
(55 e-).208,273

Similar to the other 3d complexes where the metal ion in the inner pocket is octa-
hedral, the propylene bridge has a zig-zag appearance rather than perpendicular to
the alkyloxime nitrogen and oxygen atoms. Again this is thought to be due to steric
hinderance, due to not only the bidentate NO3

– anion, but also the close proximity
of the non-coordinated methoxy group of the other ligand.

These trinuclear complexes were an unexpected result as the dinuclear structures,
C10 (CuIIZnII) and C13 (ZnIIMnII), had previously been obtained. The mechanism
for the formation of the trinuclear complexes versus the dinuclear complexes is not
entirely understood, however several factors such as coordination pocket preference
and coordination of the metal ions and anions/solvents play a role. One theory is
that the ligand coordinates to the CoII ion first, with the NO3

– anion completing
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Figure 6.5: Representative structure of [MII
2ZnII(L2)2(NO3)2] (M = CoII (C54) and NiII

(C55)). Hydrogen atoms have been omitted for clarity and the thermal ellipsoids of the
metal ions are shown at 70% probability. Colour code: MII = dark purple, ZnII = light pur-
ple, N = blue, O = red, and C = grey.

the donor set. The coordination of the NO3
– anion induces the large ligand distor-

tion increasing the size of the M2 pocket. The widening of the pocket results in the
ZnII ion only coordinating to one of the two methoxy oxygens, allowing a second
[CoIIL2(NO3)] unit to coordinate to the ZnII ion. As shown in Table 6.6, for C10, the
dinuclear CuIIZnII complex, the coordination of the Cu1 ion is stronger than the co-
ordination of the Zn2 ion with shorter phenolate bonds (O1 and O2) whereas for the
trinuclear structures, M1/3 has weaker coordination than found for C10 however
the coordination of Zn2 is stronger.

As mentioned in the 3d3d’ series (Chapter 4), the most common type of structure
utilising an alkyloxime ligand in the literature (CCDC v1.20, 02/08/22) was M3L2
clusters. For the majority of these complexes, the ligands do not have functionalised
3-positions (H2L2 has a methoxy group in the 3-position) and therefore utilise anions
to bridge between the inner and outer metal ions. This leaves the central ion with a
donor set of four phenolate oxygens and two bridging anions, with OAc– the most
common anion found. There are two examples where the ligand is functionalised
with a methoxy group at the three-position, with the coordination of the central ion
reflecting what was found for C54 and C55, these structures however were found to
be homometallic NiII

3 and CoII
3.
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Table 6.5: Selected bond lengths (Å) and angles (°) of the complexes C54 and
C55 from crystal structure determination

C54 C55
M1-O1 1.987(2) 2.000(2)
M1-O2 2.042(2) 2.003(2)
M1-N1 2.132(3) 2.058(3)
M1-N2 2.112(3) 2.089(3)
M1-O13 2.154(2) 2.190(2)
M1-O14 2.282(2) 2.087(2)
Zn2-O1 2.019(2) 1.990(2)
Zn2-O2 2.033(2) 2.022(2)
Zn2-O5 2.251(2) 2.322(2)
Zn2-O7 2.018(2) 1.995(2)
Zn2-O8 2.044(2) 2.037(2)

Zn2-O11 2.272(2) 2.348(2)
M3-O7 1.981(2) 1.983(2)
M3-O8 2.046(2) 2.006(2)
M3-N3 2.114(3) 2.047(3)
M3-N4 2.111(3) 2.083(3)
M3-O16 2.310(2) 2.206(2)
M3-O17 2.110(2) 2.085(2)

M1-O1-Zn2 105.08(9) 101.94(8)
M1-O2-Zn2 102.55(9) 100.78
Zn2-O7-M3 105.15(9) 104.10(9)
Zn2-O8-M3 101.89(9) 101.79(8)
M1· · ·Zn2 3.180(1) 3.101(1)
Zn2· · ·M3 3.175(1) 3.137(1)
M1· · ·M3 5.953(1) 5.899(1)

Table 6.6: Selected bond lengths (Å) of the complexes C10, C54, and C55
from crystal structure determination

C10 C54 C55
M1-O1 1.931(3) 1.987(2) 2.000(2)
M1-O2 1.936(3) 2.042(2) 2.003(2)
M1-N1 1.973(4) 2.132(3) 2.058(3)
M1-N2 1.956(4) 2.112(3) 2.089(3)
Zn2-O1 2.092(3) 2.019(2) 1.992(2)
Zn2-O2 2.085(3) 2.033(2) 2.022(2)
Zn2-O5 2.417(3) 2.251(2) 2.322(2)

Zn2-O6/11 2.435(3) 2.272(2) 2.348(2)
Zn2-O7 – 2.018(2) 1.995(2)
Zn-O8 – 2.044(2) 2.037(2)

M1· · ·Zn2 3.194(1) 3.180(1) 3.101(1)
M3· · ·Zn2 – 3.175(1) 3.137(1)
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6.3 Polymers and More

After finding that the CuIIGdIII complex, C17, could be produced in a relatively short
period of time, further complexations were attempted using C17 as a starting plat-
form to extended structures by the addition of various anions and coligands. One
coligand used was Na oxalate and when added in excess, the result was three differ-
ent complexes (C56 - C58) from one complexation. The complexes were synthesised
by a RT reaction between C17 and Na2C2O4 in a 1 : 7 molar ratio. Isolation of the
complexes was achieved through the use of different crystallisation methods: slow
evaporation of the complexation solution (C56 and C58) and Et2O vapour diffusion
(C57). X-ray quality crystals were obtained over a period of one to seven weeks. All
complexes were found to be heterometallic, with C56 and C57 polymeric structures
and C58 a dinuclear structure. The complexes were found to crystallise in either the
monoclinic space groups, P21/n (C56) or P21/c (C58) or the triclinic space group, P1̄
(C57).

When only considering one repeating unit ot C56 (Figure 6.6a), one deprotonated lig-
and, L22- is coordinated to both a CuII ion and a GdIII ion (Mode I, Figure 2.6), with
the unit resembling that of the dinuclear series. Cu1 is five-coordinate with a vacant
octahedral geometry (CShM, Table E.4) and a N2O3 donor set consisting of two alky-
loxime nitrogens, two phenolate oxygens, and one MeOH molecule.146,147,281 Gd1 is
nine-coordinate with a spherical capped square antiprism geometry (CShM, Table
E.4) and O9 donor set consisting of two phenolate oxygens, two methoxy oxygens,
a monodentate NO3

– anion, and two bidentate oxalate (Ox2 – ) anions, which bridge
above-plane and below-plane as shown by Figures 6.6b and 6.6c.146,147,270 Moder-
ate intramolecular hydrogen bonding is found between the Ox2 – anion (O12) that
bridges above-plane and the coordinated MeOH molecule (O7), O7· · ·O12, 2.703(12)
Å.158 The SQUEEZE procedure was implemented using the crystallographic soft-
ware, Olex2, to remove diffuse solvent in the crystal lattice, resulting in the re-
moval of 18 electrons per asymmetric unit, which equates to one MeOH molecule
(18e-).208,273

The second polymeric structure, C57 consists of one deprotonated ligand, L22- co-
ordinated to both a CuII ion and a NaI ion (Mode IV, Figure 2.6), again resembling
that of the dinuclear series when considering one unit (Figure 6.7a).145 The coordina-
tion of L22- in this structure where the alkyloxime oxygen is coordinated to a metal
ion is uncommon, as mentioned in Section 2.3, only having been reported twice
previously.133,134 Cu1 is four-coordinate with a square planar geometry (CShM, Ta-
ble E.4) and typical N2O2 donor set consisting of two alkyloxime nitrogens and two
phenolate oxygens, additionally Cu1 is weakly coordinated to a monodentate NO3

–

anion (2.463(4) Å) and a phenolate oxygen (2.511(3) Å) from above- and below-plane
units.146,147,267 Na1 is seven-coordinate with a distorted pentagonal bipyramidal ge-
ometry (CShM, Table E.4) and an O7 donor set consisting of two phenolate oxygens,
two methoxy oxygens, two monodentate NO3

– anions, and an above-plane alky-
loxime oxygen.146,147,210 Within the crystal lattice there is one MeOH molecule (O10)
per asymmetric unit, which is found to form hydrogen bonds with the bridging
NO3

– anion (O9), O10· · ·O9 3.064(7) Å.

The different bridging groups in the polymeric complexes C56 and C57 have re-
sulted in different arrangements and stacking of the dinuclear units. For C56, the
polymer has a zig-zag appearance with the dinuclear units alternating left and right

Mobile User



158 Chapter 6. Other Work

Figure 6.6: Asymmetric unit (a), two units (b), and extended polymeric network (c) of the
complex •[CuIIGdIIIL2(MeOH)(NO3)(Ox)2], C56. Non-interacting hydrogen atoms have
been omitted for clarity, hydrogen bonding represented as black dotted lines, and the ther-
mal ellipsoids of the metal ions are shown at 50% probability. Colour code: CuII = dark
yellow, GdIII = aqua, N = blue, O = red, C = grey, and H = white.
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Figure 6.7: Asymmetric unit (a) and the extended polymeric structure (b) of the complex
•[CuIINaIL2(NO3)]·MeOH, C57. Hydrogen atoms and lattice MeOH molecules have been
omitted for clarity and the thermal ellipsoids of the metal ions are shown at 50% probability.
Colour code: CuII = dark yellow, NaI = purple, N = blue, O = red, and C = grey.
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whereas the stacking for C57 was found to be an off-centered type of zig-zag with
alternating bridges of NO3

– anions and alkyloxime oxygens. If the bridges were
solely NO3

– anions, the stacking of C57 would resemble that of C56 with an alter-
nating zig-zag however the alkyloxime oxygen bridges interrupt this arrangement
with two units on top of each other.

The complex, C58 was found to be a dinuclear structure, similarly to the complexes
reported in Chapters 4 and 5. The complex resembles that of C58 with one unit
of L22- coordinated to both a CuII ion and a NaI ion (Mode I, Figure 2.6) as shown
in Figure 6.8. Cu1 is four-coordinate with a square planar geometry (CShM, Table
E.4) and typical N2O2 donor set of two alkyloxime nitrogens and two phenolate
oxygens.146,147,267 Na1 is six-coordinate with a distorted pentagonal pyramidal ge-
ometry (CShM, Table E.4) and O6 donor set consisting of two phenolate oxygens,
two methoxy oxygens, and two H2O molecules.146,147,171 One NO3

– anion is found
in the crystal lattice to balance the overall charge of the complex. Although C58 and
the polymeric complex C57 are very similar in terms of asymmetric unit, it is thought
the inclusion of H2O into the crystallisation environment for C58 (a consequence of
slow evaporation and the solution being open to the air for an extended period of
time) hindered the polymer formation.

Figure 6.8: Full molecular structure of [CuIINaIL2(H2O)2][NO3], C58. Hydrogen atoms,
apart from those of donor atoms and the lattice NO3

– anion have been omitted for clarity.
Thermal ellipsoids of the metal ions are shown at 70% probability. Colour code: CuII = dark
yellow, NaI = purple, N = blue, O = red, C = grey, and H = white.

For all three complexes, the aromatic rings are found to be non-planar with respect
to each other, with intersecting planes at 45.2°, 23.5°, and 37.3° for C57 - C59 respec-
tively. This is thought to be the result of steric strain induced by the bridging groups
for the polymers C56 and C57, with additional strain induced by the weakly coor-
dinated oxygens for C57. The non-planarity for C58 is not entirely understood, as
there should be minimal steric strain induced by the H2O coordinates. Comparing
the alkyloxime nitrogen, phenolate and methoxy oxygen distances with C8 and C17,
more planar complexes it can be seen that the smaller metal ions fit better in the M2
pocket.
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Table 6.7: Selected bond lengths (Å) and angle (°) of the complexes C56 - C58
from crystal structure determination

C56 C57 C58
Cu1-O1 1.942(7) 1.928(3) 1.912(2)
Cu1-O2 1.958(8) 1.970(3) 1.913(2)
Cu1-N1 1.952(9) 2.020(4) 1.993(2)
Cu1-N2 2.002(10) 1.986(4) 1.953(2)
Cu1-O7 2.358(9) – –
M2-O1 2.352(7) 2.353(4) 2.370(2)
M2-O2 2.334(7) 2.388(3) 2.407(2)
M2-O4 – 2.455(4)c –
M2-O5 2.492(7) 2.478(4) 2.492(2)
M2-O6 2.513(7) 2.406(4) 2.462(2)

M2-O7 –
2.389(4)/

2.292(2)
2.502(4)b

M2-O8 – – 2.336(2)
M2-O9 2.455(8) – –

M2-O11 2.393(7) – –
M2-O12 2.412(8)a – –
M2-O13 2.405(7) – –
M2-O14 2.478(8)b – –

Cu1-O1-M2 106.10(3) 104.98(15) 108.05(8)
Cu1-O2-M2 106.20(3) 102.35(14) 106.57(8)
M2-O7-M2b – 101.77(13) –

Cu1· · ·M2 3.441(2)
3.405(2)/

3.475(1)
3.835(2)c

M2· · ·M2
6.201(1)a/

3.796(4) –
6.320(1)b

a1-X, 2-Y, 1-Z; b1-X, 1-Y, 1-Z; c-X, 1-Y, 1-Z
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6.4 Large Clusters

6.4.1 Acetate Cluster

Throughout this research, many attempts were made to synthesise a dinuclear com-
plex with CuII and NiII metal salts to complete the 3d3d’ series. One complexa-
tion/crystallisation attempt produced a few green block-like crystals which were
found to be the large OAc– appended polymeric cluster, C59. The polymer resulted
from the RT reaction between H2L2, Cu(NO3)3·3H2O, and Ni(OAc)2·4H2O in a 1 : 1
: 1 molar ratio. The complex was isolated by Et2O vapour diffusion with X-ray qual-
ity crystals obtained after nine weeks. Further attempts to remake C59 following the
original ligand containing method and a second method where the complexation
reflected the complex composition (no ligand was present in the crystal structure)
have been unsuccessful at producing C59. The ligand containing remake success-
fully produced crystals however they were found to be that of C62, discussed in the
following section.

The polymeric cluster, C59 was found to crystallise in the rhombohedral space group,
R3̄c. The asymmetric unit consists of two CuII ions, two NiII ions, and one NaI ion
coordinated to H2O molecules, OH– , and OAc– anions with an additional NaI ion
found in the crystal lattice (Figure 6.9a). When only considering one unit of the
polymer (Figure 6.9b), the metallic core consists of a CuII

12 cuboctahedron with one
NiII ion found at each vertice of the cuboctahedron (eight in total). Two NaI ions
are found on the exterior of the cuboctahedron, para to one another, with the lat-
tice NaI ion found in the void created by the cuboctahedron. Cu1 and Cu2 are both
five-coordinate with a vacant octahedron geometry (CShM, Table E.4) with O5 donor
sets consisting of four OH– anions and one bridging OAc– anion.146,147,281 Ni1 (Ni
ions adjacent to the coordinated NaI ions) and Ni2 are both six-coordinate with an
octahedral geometry (CShM, Table E.4) and O6 donor sets consisting of three OH–

anions and either three bridging OAc– anions (Ni1) or one bridging OAc– anion and
two H2O molecules. Na1, similarly to the NiII ions is six-coordinate with an octahe-
dral geometry (CShM, Table E.4) and an O6 donor set consisting of three bridging
OAc– anions and three bridging oxide anions.146,147,171 Within the structure there
are two different coordination modes found for the OAc– anions, with a 2.1121 Har-
ris cooridnation mode for the bridging between the CuII and NiII ions and a 3.21213
Harris cooridnation mode for the bridging between the CuII, NiII, and NaI ions.145

As shown in Figure 6.9c, the polymer forms a linear chain with each alternating
cuboctahedron unit arranged in such a fashion that the view along the c axis (look-
ing along the NaI axis, straight through the void), creates a type of six-point star as
shown in Figure 6.10.

Intramolecular hydrogen bonding is found in the complex between the H2O molecu-
les (O7 and O6) and bridging OAc– anions (O3 and O9). Strong hydrogen bonding
(X· · ·A, 2.2 - 2.5 Å)158 is found between O7· · ·O9, 2.489(11) Å with moderate hydro-
gen bonding found between O6· · ·O3, 2.626(10) Å. The SQUEEZE procedure was
implemented for C59 using the crystallographic software, Olex2, to remove disor-
der in the crystal lattice. The result was removal of 64 electrons per asymmetric unit
which equates to three MeOH molecules (54 e-) and one H2O molecule (10 e-).208,273
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Figure 6.9: Asymmetric unit (a), two views of a single unit (b), and the extended polymeric
structure of •[NaI][CuII

2NiII2NaIO(H2O)2(OH)4(OAc)2], C59. Hydrogen atoms and lattice
NaI ions (c) have been omitted for clarity. Thermal ellipsoids of the metal ions are shown at
70% probability. Colour code: CuII = yellow, NiII = green, NaI = purple, O = red, and C =
grey.
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Figure 6.10: Unit cell packing of C59 along the c axis. Hydrogen atoms have been omitted
for clarity and the thermal ellipsoids of the metal ions are shown at 70% probability. Colour
code: CuII = yellow, NiII = green, NaI = purple, O = red, and C = grey.
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Table 6.8: Selected bond lengths (Å) and angles (°) of the complex C59 from
crystal structure determination

C59

Cu1-O3a 2.288(7) Ni1-O2 2.050(7) Ni2-O10 2.080(6)

Cu1-O4 1.976(6) Ni1-O2a 2.050(7) Ni2-O11b 2.109(6)

Cu1-O4a 1.985(6) Ni1-O2d 2.050(7) Na1-O1 2.022(12)

Cu1-O5 1.966(6) Ni1-O4 2.071(6) Na1-O1a 2.022(11)

Cu1-O11b 1.974(6) Ni1-O4a 2.072(6) Na1-O1d 2.022(11)

Cu2-O5 1.985(6) Ni1-O4d 2.072(7) Na1-O2 2.118(8)

Cu2-O9 2.283(8) Ni2-O5 2.069(6) Na1-O2a 2.118(8)

Cu2-O10 1.990(6) Ni2-O6 2.050(6) Na1-O2d 2.118(8)

Cu2-O10c 1.979(6) Ni2-O7 2.056(7) Cu1-O4-Cu1d 127.50(3)

Cu2-O11 1.977(6) Ni2-O8 2.032(6) Cu1-O4-Ni1 93.20(3)

Cu1d-O4-Ni1 92.90(2) Cu1c-O11-Ni2c 96.60(2) Cu2c-O10-Ni2 97.30(3)

Cu1-O5-Cu2 118.90(3) Cu2-O5-Ni2 94.20(2) Cu2-O11-Ni2c 96.40(3)

Cu1-O5-Ni2 98.20(2) Cu2b-O10-Cu2 121.99(3) Ni1-O2-Na1 82.70(3)

Cu1c-O11-Cu2 117.60(3) Cu2-O10-Ni2 93.80(2) Na1-Na1e 69.70(5)

Cu1· · ·Cu1a 3.552(2) Cu2· · ·Cu2b 3.471(1) Ni1· · ·Na1 2.754(6)

Cu1· · ·Cu2 3.402(2) Cu2· · ·Ni1 5.986(3) Ni2· · ·Ni2 f 10.258(3)

Cu1· · ·Cu2b 3.379(2) Cu2· · ·Ni2 2.971(2) Ni2· · ·Na1 7.742(4)

Cu1· · ·Ni1 2.940(2) Cu2· · ·Na1 8.383(5) Na1· · ·Na1 f 15.225(11)

Cu1· · ·Ni2 3.050(2) Ni1· · ·Ni1 f 9.717(6) Na1· · ·Na1g 2.312(11)

Cu1· · ·Na1 5.276(5) Ni1· · ·Ni2 5.864(2)

Cu2· · ·Cu1d 4.895(2) Ni1· · ·Ni2 f 8.089(3)
a1-Y, +X-Y, +Z; b1/3-Y+X, -1/3+X, 2/3-Z; c1/3+Y, 2/3-X+Y, 2/3-Z; d1+Y-X, 1-X, +Z
e1/3+Y, 1/3+X, 7/6-Z; f 4/3-X, 2/3-Y, 2/3-Z; g4/3-X, 2/3-X+Y, 7/6-Z
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6.4.2 CuII
12EuIII

4 Cluster

Similarly to the previous large complex, the heterometallic CuII
12EuIII

4 cluster, C60
came about when attempting to produce dinuclear complexes using H4L3. The com-
plex C60, was synthesised by a RT reaction between H4L3, Cu(OAc)2·H2O, Eu(NO3)3-
·6H2O, and Et3N in a 1 : 1 : 1 : 2 molar ratio. Isolation of the complex was achieved
by Et2O vapour diffusion with a few X-ray quality crystals produced after approx-
imately 8.5 months. To date a suitable synthetic method has not been developed,
with subsequent attempts to form both the original complexation and the crystal
composition having been unsuccessful. Within the asymmetric unit, half of the com-
plex is found with the full structure shown in Figure 6.11. The large cluster was
found to crystallise in the monoclinic space group, C2/m and consists of four units
of the deprotonated ligand, L34- (Harris coordination Modes I and II; Figure 2.8)145

coordinated to 12 CuII ions and four EuIII ions forming a pseudo bowl-like shape
(Figures 6.11 and 6.12).

The composition of C60 consists of 12 CuII ions, where two ions, Cu1 and Cu4, are
four-coordinate with a square planar geometry with the remaining five-coordinate,
with a spherical square pyramidal geometry (CShM, Table E.4).146,147,267,281 The donor
sets vary among the ions, Cu1 has a typical N2O2 donor set consisting of two alky-
loxime nitrogens and two phenolate oxygens, with an additional weakly coordi-
nated H2O molecule. Cu4 has an O4 donor set consisting of one phenolate oxygen,
one hydroxy oxygen, and two OH– anions, with a weakly coordinated OAc– anion.
Cu8 reflects that of Cu1 however the H2O molecule is coordinated giving a N2O3
donor set. Cu2 and Cu7 have O5 donor sets consisting of two phenolate oxygens,
two hydroxy oxygens and one bridging OAc– anion. Cu5 similarly has an O5 donor
set however conisting of one phenolate oxygen, one hydroxy oxygen, one bridging
OAc– anion and two OH– anions. Lastly, Cu3 and Cu6 have NO4 donor sets con-
sisting of one phenolate oxygen, one hydroxy oxygen, one alkyloxime nitrogen, and
two OH– anions. For the EuIII ions there are two different geometry/donor set com-
binations with Eu1 and Eu3 eight-coordinate, with a square antiprismatic geometry
and Eu2 nine-coordinate with a muffin geometry (CShM, Table E.4).146,147,270,283 All
of the EuIII ions have oxygen donors with O8 and O9 donor sets, which for Eu1 and
Eu3 consists of two hydroxy oxygens, two OH– anions, and four bridging OAc–

anions. For Eu2 the donor set consists of two hydroxy oxygens, one OH– anions,
two bridging OAc– anions and two bidentate NO3

– anions.

As mentioned above, there are two different modes for which the ligand coordinates
to the metal ions, with the two outer most ligands coordinating in the same fash-
ion as Mode I and the inner ligands coordinating alike Mode II (Figure 2.8). There
are two different coordination modes found for the OAc– anions with 2.1112 and
3.21213 (Figure A.17).145 Solvent molecules are found in the crystal lattice with one
H2O molecule on the periphery of the bowl-like structure with one Cl– anion and
two MeOH molecules found within the cavity of the bowl-like structure. Moder-
ate intramolecular hydrogen bonding is found between the OH– anions (O13, O14,
O16, and O17) and both the alkyloxime oxygens (O5 and O8), O13· · ·O5 2.929(12)
Å and O17· · ·O8 2.820(9) Å and lattice Cl– anion (Cl1), O14· · ·Cl1 3.105(6) Å and
O16· · ·Cl1 3.079(6) Å.158 For C60, the SQUEEZE procedure was implemented using
the crystallographic software, Olex2, to remove diffuse solvent in the crystal lattice.
The result was removal of 217 electrons per asymmetric unit which equates to four
MeOH molecules, three Et2O molecules, and two H2O molecules (218 e-).208,273
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Figure 6.11: Full molecular structure of [CuII
12EuIII

4(L3)4(H2O)(OH)8(OAc)7(NO3)4][Cl]·
H2O·2MeOH, C60 viewed top down (a) and side on (b). Non-interacting hydrogen atoms
and lattice solvent molecules have been omitted for clarity, hydrogen bonding represented
as black dotted lines, and the thermal ellipsoids of the metal ions and Cl– anion are shown
at 50% probability. Colour code: CuII = yellow, EuIII = aqua, N = blue, O = red, Cl = dark
green, C = grey, and H = white.
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Figure 6.12: Labelled metallic core of C60. Hydrogen atoms have been omitted for clarity
and the thermal ellipsoids of the metal ions are shown at 50% probability. Colour code: CuII

= yellow, EuIII = purple, N = blue, O = red, and C = grey.
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Table 6.9: Selected bond lengths (Å) and angles (°) of the complex C60 from
crystal structure determination

C60

Cu1-O1 1.962(6) Cu5-O16 1.925(5) Eu1-O24 2.410(7)

Cu1-N1 1.972(13) Cu5-O23 2.450(5) Eu2-O6 2.365(5)

Cu2-O1 1.944(6) Cu6-O7 1.945(5) Eu2-O9 2.283(5)

Cu2-O3 1.905(5) Cu6-O12 2.287(5) Eu2-O15 2.526(5)

Cu2-O18 2.385(14) Cu6-O16 2.006(4) Eu2-O21 2.349(5)

Cu3-O3 2.290(5) Cu6-O17 1.902(3) Eu2-O22 2.377(5)

Cu3-O4 1.957(6) Cu6-N3 1.938(6) Eu2-O29 2.545(7)

Cu3-O13 1.907(3) Cu7-O10 1.959(6) Eu2-O30 2.526(8)

Cu3-O14 1.995(5) Cu7-O12 1.921(5) Eu2-O32 2.526(5)

Cu3-N2 1.932(8) Cu7-O27 2.308(9) Eu2-O33 2.594(6)

Cu4-O4 1.980(5) Cu8-O10 1.970(6) Eu3-O12 2.492(5)

Cu4-O6 1.895(5) Cu8-O28 2.345(13) Eu3-O16 2.427(4)

Cu4-O14 1.950(5) Cu8-N4 1.955(10) Eu3-O23 2.438(5)

Cu4-O15 1.957(5) Eu1-O3 2.475(5) Eu3-O25 2.370(6)

Cu5-O7 1.998(5) Eu1-O14 2.433(5) Eu3-O26 2.361(7)

Cu5-O9 1.881(5) Eu1-O19 2.335(10) Cu1-O1-Cu2 102.60(3)

Cu5-O15 1.962(5) Eu1-O20 2.424(5) Cu2-O3-Cu3 110.99(3)

Cu2-O3-Eu1 99.70(2) Cu4-O14-Eu1 115.90(2) Cu5-O16-Eu3 115.50(2)

Cu3-O13-Cu3a 144.50(5) Cu4-O6-Eu2 104.40(2) Cu6-O17-Cu6a 142.20(4)

Cu3-O4-Cu4 98.90(2) Cu4-O15-Eu2 96.99(2) Cu6-O12-Cu7 121.80(2)

Cu3-O14-Cu4 98.60(2) Cu5-O7-Cu6 98.50(2) Cu6-O12-Eu3 93.50(2)

Cu3-O3-Eu1 95.10(2) Cu5-O16-Cu6 98.90(2) Cu6-O16-Eu3 103.30(2)

Cu3-O14-Eu1 104.70(2) Cu5-O9-Eu2 104.97(2) Cu7-O10-Cu8 103.90(3)

Cu4-O15-Cu5 128.30(3) Cu5-O15-Eu2 94.30(2) Cu7-O12-Eu3 97.70(2)

Cu1· · ·Cu2 3.049(2) Cu4· · ·Eu2 3.378(1) Cu7· · ·Eu3 3.344(2)

Cu2· · ·Cu3 3.463(2) Cu5· · ·Cu6 2.987(1) Eu1· · ·Eu2 5.970(1)

Cu2· · ·Eu1 3.367(2) Cu5· · ·Eu2 3.313(1) Eu1· · ·Eu3 6.417(1)

Cu3· · ·Cu4 2.991(1) Cu5· · ·Eu3 3.690(1) Eu2· · ·Eu2a 9.889(1)

Cu3· · ·Eu1 3.517(1) Cu6· · ·Cu7 3.682(2) Eu2· · ·Eu3 6.041(1)

Cu4· · ·Cu5 3.527(1) Cu6· · ·Eu3 3.485(1)

Cu4· · ·Eu1 3.724(1) Cu7· · ·Cu8 3.093(2)
a+X, 1-Y, +Z
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6.5 3 dIINaI Clusters

6.5.1 NiIINaI Clusters

The three NiIINaI clusters, C61 - C63 have resulted from different complexation at-
tempts. The complex, C61 was the result of another attempt at producing an ex-
tended structure of C17 similarly to the polymers reported previously, C62 was an
attempt to remake the large CuIINiIINaI cluster reported in the previous section,
and finally C63 resulted from attempts to remake C61, however with a varied ratio
of Ni(OAc)2·4H2O : NaOAc. The three structures were found to be either tetranu-
clear (C61 and C62) or decanuclear (C63), utilising two or four units of L2 respec-
tively with Harris coordination modes alike Mode VI (C61 and C62) and Mode V
(C63).145 For both C61 and C62 the whole structure can be found in the asymmetric
unit (representative structure in Figure 6.13 and full structures in Figures E.1 and
E.3) whereas for C63, half of the structure can be found in the asymmetric unit as
shown in Figure 6.14 with the whole structure shown in Figure 6.15.

Figure 6.13: Representative structure of [NiII3NaI(L2)2X3(OAc)2] (X = one NO3
– and one

H2O (C61) and three MeOH (C62)). Hydrogen atoms and lattice solvates (C61) and anions
(C62) have been omitted for clarity. Thermal ellipsoids of the metal ions are shown at 60%
probability. Colour code: NiII = light green, NaI = purple, N = blue, O = red, and C = grey.

All three structures were found to crystallise in the triclinic space group, P1̄, with
the three NiII ions for all complexes, Ni1 - Ni3, each adopting a six-coordinate, octa-
hedral geometry (CShM, Table E.4).146,147,171 The donor sets vary with a NO5 donor
set for Ni1 and Ni3 consisting of two phenolate oxygens, one alkyloxime nitrogen,
a methoxy oxygen, and two OAc– anions and for Ni2, the N2O4 donor set consists
of two phenolate oxygens, two alkyloxime nitrogens, and two OAc– anions. The
largest structural differences between the complexes is the geometry and coordina-
tion of the NaI ion/s. The singular NaI ions for C61 and C62 are six-coordinate with
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distorted trigonal prismatic and distorted octahedral geometries (CShM, Table E.4)
respectively.146,147,171 The O6 donor sets consist of a phenolate oxygen, a methoxy
oxygen, a bidentate OAc– anion, and three oxygen atoms (a bidentate NO3

– an-
ion and H2O molecule for C61 and three MeOH molecules (O17 and O18 are both
50% occupancy) for C62). The four NaI ions for C63 are found to be significantly
different due to both the coordination mode of the NO3

– anion and the disordered
NO3

– /OH– (75 : 25) bridging. Na1 is found to be seven-coordinate with a very
distorted capped trigonal prism geometry (CShM value of 18.618, Table E.4) and
O7 donor set consisting of a phenolate oxygen, a methoxy oxygen, an OAc– an-
ion, and two bidentate NO3

– anions (one NO3
– has 75% occupancy).146,147,210 For

Na2, the geometry and donor set varys depending on the disordered bridge. Na2 is
five-coordinate with either a distorted trigonal bipyramidal geometry (NO3 bridg-
ing; CShM, Table E.4) or a highly disorded spherical square pyramidal geometry
(OH bridging; CShM value of 12.543, Table E.4).146,147,281 The O5 donor set for Na2
consists of one phenolate oxygen, one methoxy oxygen, one OAc– anion and either
a NO3

– or OH– anion (75 : 25). When comparing C61/C62 and C63, the coordi-
nation modes of the OAc– anions vary slightly due to the different number of NaI

coordinates. For C61/C62 the OAc– anions coordinate in both a 3.21213 and 4.212234
fashion, whereas for C63 both OAc– anions are coordinated in a 4.212234 fashion
(Figure A.17).145

Figure 6.14: Asymmetric unit of [NiII6NaI
4(L2)4(OH)0.5(OAc)4(NO3)3.5], C63. Non-

interacting hydrogen atoms have been omitted for clarity and the thermal ellipsoids of the
metal ions are shown at 50% probability. Colour code: NiII = light green, NaI = purple, N =
blue, O = red, C = grey, and H = white.
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Figure 6.15: Full molecular structure of [NiII6NaI
4(L2)4(OH)0.5(OAc)4(NO3)3.5], C63. Non-

interacting hydrogen atoms have been omitted for clarity and the thermal ellipsoids of the
metal ions are shown at 50% probability. Colour code: NiII = light green, NaI = purple, N =
blue, O = red, C = grey, and H = white.

For C61, two H2O molecules (O21 and O22) are found in the crystal lattice, with
moderate hydrogen bonding found between the lattice H2O molecules and a NO3

–

anion (O21· · ·O18, 2.824(5) Å), an OAc– anion (O22· · ·O16, 2.818(4) Å), and the co-
ordinated H2O molecule (O19· · ·O21, 2.820(5) Å).158 For C62, one Cl– anion is found
in the crystal lattice to balance the +1 charge of the structure. Moderate hydrogen
bonding is found for C62 between the MeOH molecules (C18 and C19), the lattice
Cl– anion (Cl1), and a phenolate oxygen (O2), O18· · ·Cl1 3.089(6) Åand O19· · ·O2
2.959(4) Å. For C61 and C62, the SQUEEZE procedure was implemented using the
crystallographic software, Olex2, to remove diffuse solvent in the crystal lattice. The
result was removal of 21 electrons per asymmetric unit for C61 equating to two H2O
molecules (20 e-) and 14 electrons per asymmetric unit for C62, which equates to 0.75
MeOH molecule (14 e-).208,273
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Table 6.10: Selected bond lengths (Å) for the complexes C61 - C63 from crys-
tal structure determination

C61 C62 C63
Ni1-O1 1.983(2) 1.998(2) 2.015(3)
Ni1-O5 2.276(3) 2.227(3) 2.139(3)
Ni1-O7 1.914(2) 1.933(3) 1.966(3)
Ni1-O13 2.023(3) 2.055(3) 2.089(4)
Ni1-O15 2.367(2) 2.235(3) 2.147(3)
Ni1-N3 1.985(3) 2.003(3) 2.024(4)
Ni2-O1 2.043(2) 2.013(2) 1.993(3)
Ni2-O8 2.045(2) 2.031(2) 1.997(3)
Ni2-O14 2.061(2) 2.072(3) 2.149(3)
Ni2-O15 2.113(2) 2.122(2) 2.120(3)
Ni2-N1 2.107(3) 2.103(3) 2.093(4)
Ni2-N4 2.080(3) 2.084(3) 2.103(4)
Ni3-O2 1.923(2) 1.943(3) 1.964(4)
Ni3-O8 1.991(2) 2.007(2) 1.995(3)
Ni3-O12 2.324(2) 2.309(3) 2.169(3)
Ni3-O14 2.418(2) 2.372(3) 2.122(3)
Ni3-O16 1.977(2) 1.993(3) 2.102(4)
Ni3-N2 1.964(3) 1.964(3) 2.025(5)
Na1-O7 2.282(3) 2.325(3) 2.304(4)

Na1-O11 2.462(4) 2.415(4) 2.487(4)
Na1-O13 2.387(3) 2.427(3) 2.423(4)
Na1-O17 2.411(4) 2.359(6) 2.458(5)
Na1-O18 2.467(4) 2.385(6) 2.387(5)
Na1-O19 2.251(4) 2.369(4) –
Na1-O21 – – 2.501(8)
Na1-O22 – – 2.554(6)
Na2-O2 – – 2.252(4)
Na2-O6 – – 2.393(5)

Na2-O16 – – 2.457(4)
Na2-O20 – – 2.281(7)
Na2-O21 – – 2.302(8)
Na2-O23 – – 2.477(18)
Na2-O23⇤ – – 2.402(17)

⇤1-X,1-Y,1-Z
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Table 6.11: Selected bond angles (°) and distances (Å) for the complexes C61
- C63 from crystal structure determination

C61 C62 C63
Ni1-O1-Ni2 103.38(10) 102.44(11) 102.47(13)
Ni1-O15-Ni2 89.51(9) 91.69(10) 94.18(12)
Ni1-O7-Na1 106.22(12) 107.04(13) 106.45(16)

Ni1-O13-Na1 99.08(11) 99.59(11) 98.54(14)
Ni2-O8-Ni3 103.76(10) 103.41(11) 102.83(15)
Ni2-O14-Ni3 89.93(9) 90.69(10) 93.89(13)
Ni3-O2-Na2 – – 107.23(18)

Ni3-O16-Na2 – – 96.09(15)
Ni1· · ·Ni2 3.159(1) 3.127(1) 3.125(1)
Ni1· · ·Ni3 4.859(1) 4.780(1) 4.753(1)
Ni1· · ·Na1 3.363(2) 3.432(2) 3.426(2)
Ni1· · ·Na2 – – 5.414(3)
Ni1· · ·Ni3⇤ – – 11.034(1)
Ni2· · ·Ni3 3.175(1) 3.169(1) 3.121(1)
Ni2· · ·Na1 5.521(2) 5.555(2) 5.685(2)
Ni2· · ·Na2 – – 5.651(2)
Ni2· · ·Ni2⇤ – – 14.900(2)
Ni3· · ·Na1 5.298(2) 5.230(2) 5.542(2)
Ni3· · ·Na2 – – 3.399(2)
Na1· · ·Na2 – – 4.514(3)
Na1· · ·Na2⇤ – – 5.829(3)
Na1· · ·Na2⇤ – – 9.548(4)

⇤1-X,1-Y,1-Z
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Magnetic Analysis

Magnetic measurements on the complex, C63 were performed at The University
of Electro-Communications, Tokyo, Japan, through collaborative work with Prof.
Takayuki Ishida. Variable-temperature, solid-state DC magnetic susceptibility data
was carried out with a Quantum Design MPMS-XL7 SQUID magnetometer over the
temperature range 300 - 2 K using a static field of 0.05 T. A field of 0.5 T was used
to measure the susceptibility of the sample with small magnetic moments. Measure-
ments were corrected with diamagnetic blank data from the empty sample holder.
The diamagnetic contribution of the sample itself was estimated using Pascal’s con-
stants. To avoid any possible field alignment effects, the polycrystalline sample was
fixed with a small amount of eicosane.

Upon cooling, the cMT value remains constant from 7.8 cm3 K mol-1 at 300 K un-
til 100 K where the cMT value rapidly increases to 13.0 cm3 K mol-1 at 5 K before
rapidly decreasing to 10.1 cm3 K mol-1 at 2 K (Figure 6.16). The maximum value was
found to slightly exceed the value, 12.0 cm3 K mol-1, expected for magnetically iso-
lated NiII ions. This behaviour is indicative of ferromagnetic coupling between the
NiII ions with the decrease of the cMT value at low temperature attributed to either
antiferromagnetic intermolecular interactions or ZFS. The low temperature magnetic
properties were further investigated with variable field measurements performed at
1.8 K. The results of which are consistent with the presence of six unpaired electrons
from six S = 1 centres.

Figure 6.16: cMT vs T plot for C63 in an applied field of B = 0.05 T over the temperature
range T = 300 - 2 K. The solid line represents the fit of the experimental data using the spin-
Hamiltonian, Equation 6.1.

The susceptibility and magnetisation data were simultaneously fitted to the spin-
Hamiltonian (Equation 6.1), based on a linear symmetrical model, giving the values
2J/KB = 5.06(9) K and gNi = 2.206(3) (Figure 6.17). To avoid any analytical contamina-
tion due to the possible antiferromagnetic intramolecular interactions as described
above, the curve fitting was performed using the data from 10 K to 300 K.
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Figure 6.17: Plot of magnetisation versus field for C63 at 1.8 K over the applied field range
of B = 0 - 7 T.

Ĥ = �2J(S1 · S2 + S2 · S3) (6.1)

6.5.2 CuIINaI Cluster

The CuIINaI cluster, C64 resulted from an attempt to produce a CuII version of C63.
The cluster was synthesised from the RT reaction between H2L2, Cu(OAc)2·H2O,
Na(NO3)2, and Et3N in a 1 : 1 : 1 : 1 ratio, with isolation of the complex achieved by
Et2O vapour diffusion into the methanolic complexation solution. The complex was
found to crystallise in the triclinic space group, P1̄, with half of the complex found in
the asymmetric unit (Figure 6.18), the complete structure can be seen in Figure 6.19.
The cluster consists of four units of L22- coordinated to eight CuII ions and eight NaI

ions (Mode V, Figure 2.6).145

The eight CuII ions are four-coordinate with a square planar geometry (CShM, Table
E.4) and NO3 donor set consisting of an alkyloxime nitrogen, a phenolate oxygen, an
µ2-oxide anion and an OAc– anion.146,147,267 The CuII ions are weakly coordinated
to an oxygen atom of the lattice NO3

– anions found above and below the structure
(2.459(5) - 2.643(5) Å), with additional weak coordination between Cu2, Cu3, and
the µ2-oxide anions of opposing ligand planes (2.523(4) and 2.488(3) Å respectively).
Na1, Na3, and Na4 were all found to be six-coordinate with distorted trigonal pris-
matic geometries for Na1 and Na3 and a distorted octahedral geometry (CShM, Ta-
ble E.4) for Na4.146,147,171 Each NaI ion has an O6 donor set consisting of a phenolate
oxygen, a methoxy oxygen, an OAc– anion, a solvent molecule (1 : 1 mixture of
MeOH : H2O for Na1 and Na3 and H2O molecule for Na4), and bridging NO3

– an-
ion/s, two monodentate for Na1 and one bidentate each for Na3 and Na4. Na2 was
found to be five-coordinate with a distorted spherical square pyramidal geometry
(CShM, Table E.4) and an O5 donor set consisting of a phenolate oxygen, a methoxy
oxygen, an OAc– anion, a bridging NO3

– anion, and a H2O molecule.146,147,281 One
Harris coordination mode is found for the OAc– anions, 4.212234, and two modes for
the NO3

– anions, 3.1112223 and 2.21212 (Figures A.17 and A.18).145
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Figure 6.18: Asymmetric unit of [CuII
8NaI

8O4(L2)4(H2O)6(MeOH)2(OAc)4(NO3)4][(NO3)4],
C64. Non-interacting hydrogen atoms and disordered MeOH coordinates have been omitted
for clarity, hydrogen bonding represented as black dotted lines, and the thermal ellipsoids
of the metal ions are shown at 50% probability. Colour code: CuII = yellow, NaI = purple, N
= blue, O = red, C = grey, and H = white.

Moderate intramolecular hydrogen bonding is found in the complex between the co-
ordinated solvent molecules (O19, O21, and O22) and lattice NO3

– anions (O31, O33,
and O34), O19· · ·O31 2.933(17) Å, O21· · ·O33 2.987(13) Å, and O22· · ·O34 2.827(17)
Å.158 The SQUEEZE procedure was implemented using the crystallographic soft-
ware, Olex2, to remove diffuse solvent in the crystal lattice. The result was removal
of 208 electrons per asymmetric unit which equates to four MeOH molecules, three
Et2O molecules, and one H2O molecule (208 e-).208,273

As C64 was produced to be an analogue of C63, it was thought the two complexes
would have similar structural properties however when comparing the two, they
have significant differences. Both complexes consist of two MxL2 subunits, which
are bridged by NO3

– anions however for C63 two overlapping ligands coordinate
to three NiII ions and two NaI ions. The complex C64 differs in that the two ligands
form parallel sheets with each ligand coordinated to two CuII ions and two NaI ions,
with both NO3

– bridging and weak coordination holding the ligand units together.
These differences in the subunits is thought to result from the geometry preferences
of the metal ions as the CuII ions adopt a four-coordinate geometry and the NiII ions
adopt a six-coordinate geometry. Although the metal ions have different geometries,
the ligand was found to coordinate alike Mode V (Figure 2.6), for both complexes.145

The exchange pathways were found to have similarities with the MII-X-MII bridges
mediated by OAc– anions, the MII-X-NaI bridges mediated by phenolate oxygens
and OAc– anions, and the NaI-X-NaI bridges mediated by NO3

– and OAc– anions.
The differences in the remaining exchange pathways are again thought to be a result
of the different geometries and ligand orientations, the NiII-X-NiII bridges in C63 are
mediated by phenolate oxygens, whereas the CuII-X-CuII bridges in C64 are medi-
ated by oxide anions.
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Table 6.12: Selected bond lengths (Å) and angles (°) of the complex C64 from
crystal structure determination

C64

Cu1-O1 1.894(4) Cu4-O14 1.893(4) Na3-O7 2.287(5)

Cu1-O13 1.899(3) Cu4-O18 1.989(5) Na3-O11 2.455(6)

Cu1-O15 1.987(4) Cu4-N4 1.959(6) Na3-O17 2.409(4)

Cu1-N1 1.951(5) Na1-O1 2.298(5) Na3-O22 2.300a

Cu2-O2 1.909(4) Na1-O5 2.410(4) Na3-O25 2.458(6)

Cu2-O13 1.913(4) Na1-O15 2.435(4) Na3-O26 2.425(5)

Cu2-O16 1.990(4) Na1-O19 2.410a Na4-O8 2.243(7)

Cu2-N2 1.973(5) Na1-O26 2.390(5) Na4-O12 2.426(6)

Cu3-O7 1.915(4) Na2-O2 2.258(6) Na4-O18 2.418(5)

Cu3-O14 1.905(4) Na2-O6 2.425(5) Na4-O24 2.326(7)

Cu3-O17 1.999(4) Na2-O16 2.399(4) Na4-O28 2.356(11)

Cu3-N3 1.984(5) Na2-O21 2.367(10) Na4-O29 2.479(10)

Cu4-O8 1.893(4) Na2-O29 2.207(7)

Cu1-O13-Cu2 126.50(2) Cu2-O16-Na2 99.67(17) Cu4-O8-Na4 107.40(2)

Cu1-O1-Na1 107.85(17) Cu3-O14-Cu4 127.50(2) Cu4-O18-Na4 98.07(18)

Cu1-O15-Na1 99.88(16) Cu3-O7-Na3 106.67(19) Na1-O26-Na3 130.10(2)

Cu2-O2-Na2 107.41(19) Cu3-O17-Na3 99.65(17) Na2-O29-Na4 122.99(4)

Cu1· · ·Cu2 3.404(1) Cu3· · ·Cu4 3.406(1) Na1· · ·Na4b 9.557(4)

Cu1· · ·Cu3 3.700(1) Cu3· · ·Na3 3.378(3) Na2· · ·Na4 4.121(5)

Cu1· · ·Na1 3.397(2) Cu3· · ·Cu2b 14.804(1) Na2· · ·Na3b 11.054(4)

Cu1· · ·Cu4b 13.691(1) Cu4· · ·Na4 3.340(3) Na3· · ·Na4 6.510(4)

Cu2· · ·Cu4 3.671(1) Cu4· · ·Cu1b 13.691(1) Na3· · ·Na2b 11.054(4)

Cu2· · ·Na2 3.365(2) Na1· · ·Na2 6.519(3) Na4· · ·Na1b 9.557(4)

Cu2· · ·Cu3b 14.804(1) Na1· · ·Na3 4.365(4)
aAveraged values
b2-X, 1-Y, 2-Z
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Figure 6.19: Full molecular structure of [CuII
8NaI

8O4(L2)4(H2O)6(MeOH)2(OAc)4(NO3)4]
[(NO3)4], C64. Non-interacting hydrogen atoms and disordered MeOH coordinates have
been omitted for clarity, hydrogen bonding represented as black dotted lines, and the ther-
mal ellipsoids of the metal ions are shown at 50% probability. Colour code: CuII = yellow,
NaI = purple, N = blue, O = red, C = grey, and H = white.

6.6 Mononuclear Complexes

The mononuclear complexes C65 and C66 resulted from intial complexation attemp-
ts for the ligand, H3L4, as this ligand had no direct comparisons in the literature,
many test complexations were performed to determine whether typical dinuclear
complexes or larger clusters would form. As mentioned in Section 2.5, the ligand
however did not remain intact during complexation. The complexes were synthe-
sised by RT reactions between H3L4, MX2·H2O (Ni(OAc)2·4H2O (C65) or Mn(NO3)2-
·4H2O (C66)), Gd(NO3)3·6H2O, and Et3N in a 1 : 1 : 1 : 1 molar ratio. The com-
plexes were isolated by both slow evaporation of the complexation solution (C65)
and vapour diffusion of Et2O into the complexation solution (C66). The crystallisa-
tions were left undisturbed for an extended period of time, with the structures of the
X-ray quality crystals collected after a period of approximately 10 months. Attempts
to reproduce C65 were successful with a RT reaction between H3L4, Ni(OAc)2·4H2O,
and Et3N in a 1 : 1 : 2 molar ratio. The complex was isolated by vapour diffusion of
Et2O into the reaction solution, with X-ray quality crystals produced after approxi-
mately two weeks. Attempts to reproduce C66, following the initial procedure have
been unsuccessful at producing crystalline material however brown precipitate of
the complex was obtained after five weeks.

The complexes C65 and C66 were found to crystallise in the monoclinic space groups,
P21/n and P21/c respectively. For C65, half of the structure can be found in the
asymmetric unit with the remainder generated by inversion symmetry through the
NiII ion (Figure 6.20) whereas for C66, two units of the structure can be found in the
asymmetric unit (Figure 6.21). Both complexes consist of one metal ion coordinated
to two units of a new cleaved ligand, for C65, the cleaved ligand is L5 whereas for
C66, the cleaved ligand is that of L6 (Figure 2.11).145 For C65, L5 is coordinated to a
four-coordinate NiII ion with a square planar geometry (CShM, Table E.4).146,147,267

The NiII ion sits in a classical N2O2 pocket with the donor groups consisting of
two phenolate oxygens and two alkyloxime nitrogens. Strong intramolecular hy-
drogen bonding (X· · ·A, 2.2 - 2.5 Å)158 is found between the alkyloxime oxygen
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Figure 6.20: Full molecular structure of [NiII(L5)2], C65. Non-interacting hydrogen atoms
have been omitted for clarity, hydrogen bonding represented as black dotted lines, and the
thermal ellipsoid of the metal ion is shown at 70% probability. Colour code: NiII = light
green, N = blue, O = red, C = grey, and H = white.

(O2) and the phenolate oxygen (O1), O2· · ·O1 2.498(1) Å. For C66, L6 is coordi-
nated to a six-coordinate MnIII ion with an octahedral geometry (CShM, Table E.4)
and N2O4 donor set resembling that of C65 but with an additional two phenolate
oxygens.146,147,171 Within the crystal lattice, one MeOH molecule and one NO3

– an-
ion are found for each unit. Moderate intermolecular hydrogen bonding for C66
between the MeOH molecule (O12) and the NO3

– anion (O10), O12· · ·O10 2.693(6)
Å.158 Disorder is found in the complex, with one of the two tBu groups rotationally
disordered for each unit and the SQUEEZE procedure was implemented to remove
disorder in the crystal lattice. The result was the removal of 93 electrons per asym-
metric unit which equates to two Et3O molecules (84 e-) and one H2O molecule (10
e-).208,273

The mechanism for which these complexations are formed, as mentioned earlier
(Figure 2.12), is thought to result from the coordination of a metal ion and subse-
quent protonation of the alkyloxime oxygen, causing a rearrangement to occur and
one of the alkyloxime groups to leave, forming L5. When this occurs in the presence
of excess Et3N, the lone pair on the nitrogen attacks and a rearrangement occurs to
produce the ligand, L6.
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Figure 6.21: Full molecular structure of [MnIII(L6)2][NO3]·MeOH, C66. Hydrogen atoms
and the lattice MeOH molecule and NO3

– anion have been omitted for clarity. The thermal
ellipsoid of the metal ion is shown at 70% probability. Colour code: MnIII = purple, N = blue,
O = red, and C = grey.

Table 6.13: Selected bond lengths (Å) of the complexes C65 and C66 from
crystal structure determination

C65 C66
M1-O1 1.829(1) 1.927(3)
M1-O4 – 1.909(3)
M1-O5 – 1.919(3)
M1-O8 – 1.921(3)
M1-N1 1.873(1) 2.328(4)
M1-N3 – 2.307(4)
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6.7 Conclusion

A series of complexes ranging from nuclearity of one to large extended clusters and
polymers (C50 - C66) have unexpectedly been produced through reactions of ligand
(H2L1, H2L2, H4L3, and H3L4), M(OAc)2·H2O, and M(NO3)2·H2O in various molar
ratios. The complexes, apart from a few due to reproducibility issues, have been
characterised by SCXRD, ESI-MS, and ATR-IR with the complex C63 further char-
acterised by CHN microanalysis and magnetic analysis. A few of the highlights of
this chapter are the unusual and uncommon properties of a few of the unexpected
complexes. One of the more unusual types of bridging found is the alkyloxime oxy-
gen coordination to a NaI ion in the polymer C57, the structure which is one of three
different structures produced from a single complexation reaction between C17 and
Na oxalate, where the alkyloxime oxygen bridging has caused the polymer to have
a staircase appearance. Another unexpected result was the bowl-like CuII

12EuIII
4

cluster, C60, which provided an example of the bridging capability of the ligand
H4L3. This chapter highlights the ligand, H2L2 and its capability to produce differ-
ent and interesting complexes in addition to the extensive dinuclear series. The use
of different metal ion combinations such as NiII

2, CoIIZnII, NiIIZnII, CuIINiII, and
NiIINaI have resulted in trinuclear, tetranuclear, decanuclear, and polymeric struc-
tures, which highlights the versatility of this simple ligand system.

Complex Preparation and Characterisation

[NiII
3(L1)2(H2O)(MeOH)(acac)2]·3MeOH (C50): To a solution of H2L1 (0.202 g, 0.616 mmol,

1 eq.) in MeOH (10 mL) was added a solution of Ni(acac)2·2H2O (0.276 g, 0.924 mmol, 1.5
eq.) in MeOH (10 mL). The bright green solution was stirred at RT for 10 minutes, followed
by the addition of Et3N (0.520 mL, 3.70 mmol, 6 eq.). The solution was stirred for a further
30 minutes at RT. Isolation of the complex was achieved by slow evaporation of the reaction
solution. Green block shaped X-ray quality crystals were produced after nine weeks. Yield
(0.138 g, 19%); ATR-IR: n = 3328 (O-H), 2951 (C-H), 1594 (C=N), 1515 (Ar), 1460 (C-H), 1392
(O-H), 1259 (C-N), 1221 (Ar-O), 1042 (C-O), 1019 (C-O), 924 (N-O), 723 (Ar) cm-1; ESI-MS:
m/z 1018 [M-4MeOH-H2O]+.

[NiII
3(L1)2(MeOH)2(acac)2] (C51): To a solution of H2L1 (0.0065 g, 0.01 mmol, 1 eq.) in

MeOH (2 mL) was added a solution of Ni(acac)2·2H2O (0.0088 g, 0.015 mmol, 1.5 eq.) in
MeOH (0.4 mL). The bright green solution was stirred at RT for 10 minutes, followed by
the addition of Et3N (0.017 mL, 0.12 mmol, 6 eq.). The solution was stirred for a further 30
minutes at RT. Isolation of the complex was achieved by vapour diffusion of Et2O into the
reaction solution. Light green needle shaped crystals were produced after three weeks. Yield
(0.0002 g, 2%); ESI-MS: m/z 1021 [M-2MeOH]+.

[NiII
4(L2)2(OMe)2(MeOH)2Cl2]·2CHCl3 (C52): To H2L2 (0.0038 g, 0.010 mmol, 1 eq.) in

CHCl3 (1 mL) was added Ni(OAc)2·4H2O (0.0050 g, 0.02 mmol, 2 eq.) in MeOH (0.2 mL).
Isolation of the complex was achieved by the diffusion of Et2O into the reaction solution.
Green block shaped crystals were produced after two weeks. Yield (0.0017 g, 13%); ATR-IR:
n = 3412 (O-H), 2948 (C-H), 1604 (C=N), 1544 (Ar), 1471 (C-H), 1364 (O-H), 1214 (Ar-O), 1084
(C-O), 966 (N-O), 734 (Ar) cm-1; ESI-MS: m/z 1137 [M-2CHCl3-Cl]+.

Mobile User



6.7. Conclusion 183

[NiII
7(L2)3(OH)6(OMe)2(MeOH)2]·2Et2O (C53): To H2L2 (0.0025 g, 0.0067 mmol, 0.67 eq.)

in CHCl3 (1 mL) was added Gd(NO3)3·6H2O (0.0045 g, 0.01 mmol, 1 eq.) in MeOH (0.2 mL)
and the light yellow solution was stirred at RT for five minutes. A solution of Ni(BF4)2·6H2O
(0.0034 g, 0.01 mmol, 1 eq.) in MeOH (0.2 mL) was added and the pale green solution was
stirred at RT for a further five minutes. Isolation of the complex was achieved by the diffu-
sion of Et2O into the reaction solution. A few green block shaped crystals were produced
after six weeks.

[CoII
2ZnII(L2)2(NO3)2] (C54): To a solution of H2L2 (0.0113 g, 0.03 mmol, 1 eq.) in CHCl3 (3

mL), was added solutions of Co(OAc)2·4H2O (0.0075 g, 0.03 mmol, 1 eq.), and Zn(NO3)2·6H-
2O (0.0089 g, 0.03 mmol, 1 eq.) both in MeOH (0.6 mL) and stirred at RT for one hour. Isola-
tion of the complex was achieved by the diffusion of Et2O into the reaction solution. Orange
block shaped X-ray quality crystals were produced after four weeks. Yield (0.0012 g, 11%);
ATR-IR: n = 2943 (C-H), 1602 (C=N), 1558 (Ar), 1465 (NO3), 1437 (C-H), 1285 (NO3), 1213
(Ar-O), 1093 (C-O), 969 (N-O), 810 (NO3), 738 (Ar) cm-1; ESI-MS: m/z 862 [M-Zn-2NO3]+.

[NiII
2ZnII(L2)2(NO3)2] (C55): To a solution of H2L2 (0.0113 g, 0.03 mmol, 1 eq.) in CHCl3 (3

mL), was added solutions of Ni(OAc)2·4H2O (0.0075 g, 0.03 mmol, 1 eq.), and Zn(NO3)2·6H2-
O (0.0089 g, 0.03 mmol, 1 eq.) both in MeOH (0.6 mL) and stirred at RT for one hour. Isolation
of the complex was achieved by the diffusion of Et2O into the reaction solution. A few green
block shaped X-ray quality crystals were produced after 18 weeks.

•[CuIIGdIIIL2(MeOH)(NO3)(ox)2] (C56): To a brown suspension of C17 (0.0776 g, 0.10
mmol, 1 eq.) in MeOH (10 mL) was added Na2(C2O4) (0.0957 g, 0.70 mmol, 7 eq.) portion-
wise. The light yellow suspension was stirred at RT overnight after which the suspension
was filtered. Isolation of the complex was achieved by the slow evaporation of the reaction
solution. Yellow block shaped X-ray quality crystals were achieved after a period of one
week. Yield (0.0067 g, 8%); ATR-IR: n = 3442 (O-H), 2941 (C-H), 1631 (C=O), 1560 (Ar), 1472
(NO3), 1453 (C-H), 1354 (O-H), 1278 (NO3), 1225 (Ar-O), 1094 (NO3), 1033 (C-O), 956 (N-O),
810 (NO3), 742 (Ar) cm-1; ESI-MS: m/z 771 [M+H]+.

•[CuIINaIL2(NO3)]·MeOH (C57): To a brown suspension of C17 (0.0776 g, 0.10 mmol, 1
eq.) in MeOH (10 mL) was added Na2(C2O4) (0.0957 g, 0.70 mmol, 7 eq.) portionwise. The
light yellow suspension was stirred at RT overnight after which the suspension was filtered.
Isolation of the complex was achieved by the diffusion of Et2O into 1.4 mL of the reaction
solution. A few yellow/brown block shaped X-ray quality crystals were achieved after a pe-
riod of three weeks. Yield (0.0004 g, 7%); ATR-IR: n = 34.12 (O-H), 2919 (C-H), 1604 (C=N),
1545 (Ar), 1452 (NO3), 1436 (C-H), 1307 (NO3), 1237 (Ar-O), 1075 (NO3), 984 (N-O), 811
(NO3), 745 (Ar) cm-1; ESI-MS: m/z 458 [M-NO3-MeOH]+.

[CuIINaIL2(H2O)2][NO3] (C58): To a brown suspension of C17 (0.0776 g, 0.10 mmol, 1 eq.)
in MeOH (10 mL) was added Na2(C2O4) (0.0957 g, 0.70 mmol, 7 eq.) portionwise. The light
yellow suspension was stirred at RT overnight after which the suspension was filtered. Iso-
lation of the complex was achieved by the slow evaporation of the reaction solution. Dark
green block shaped X-ray quality crystals were achieved after a period of seven weeks. Yield
(0.0090 g, 16%); ATR-IR: n = 3418 (O-H), 2935 (C-H), 1604 (C=N), 1547 (Ar), 1455 (C-H), 1316
(O-H), 1220 (Ar-O), 1103 (C-O), 958 (N-O), 748 (Ar) cm-1; ESI-MS: m/z 458 [M-2H2O-NO3]+.

•[NaI][CuII
2NiII

2NaIO(H2O)2(OH)4(OAc)2] (C59): To a solution of H2L2 (0.0038 g, 0.01
mmol, 1 eq.) in CHCl3 (1 mL) was added Ni(OAc)2·4H2O (0.0025 g, 0.01 mmol, 1 eq.) and
Cu(NO3)2·H2O (0.0024 g, 0.01 mmol, 1 eq.), both in MeOH (0.2 mL) and the brown/green

Mobile User



184 Chapter 6. Other Work

solution was stirred at RT for five minutes. Isolation of the complex was achieved by the dif-
fusion of Et2O into the reaction solution. A few green block shaped crystals were obtained
after nine weeks.

[CuII
12EuIII

4(L3)4(H2O)(OH)8(OAc)7(NO3)4][Cl]·H2O·2MeOH (C60): To a solution of H4L3
(0.0049 g, 0.10 mmol, 1 eq.) in CHCl3 (1 mL) was added Et3N (0.003 mL, 0.02 mmol, 2 eq.)
and the solution was stirred at RT for five minutes. To this was added Eu(NO3)3·6H2O
(0.0045 g, 0.01 mmol, 1 eq.) followed by Cu(OAc)2·H2O (0.0020 g, 0.01 mmol, 1 eq.), both in
MeOH (0.2 mL) and the green solution was stirred at RT for five minutes. Isolation of the
complex was achieved by the diffusion of Et2O into the reaction solution. A few green block
shaped crystals were obtained after 33 weeks.

[NiII
3NaI(L2)2(H2O)(OAc)2(NO3)]·H2O (C61): To H2L2 (0.0038 g, 0.01 mmol, 1 eq.) in

CHCl3 (2 mL), was added a solution of Ni(OAc)2·4H2O (0.0025 g, 0.01 mmol, 1 eq.) in
MeOH (0.4 mL) and the green solution was stirred at RT for approximately one hour. Et3N
(0.01 mL, 0.07 mmol, 7 eq.) was added and the bright green solution was further stirred at
RT for 10 minutes. A solution of C17 (0.0078 g, 0.01 mmol, 1 eq.) in 3 : 2 CHCl3/MeOH
(2 mL) was added slowly dropwise and the dark brown solution was stirred overnight at
RT. Isolation of the complex was achieved by the diffusion of Et2O into the filtered reaction
solution. A few green block shaped X-ray quality crystals were produced after three weeks.
Yield (0.0010 g, 8%); ATR-IR: n = 3456 (O-H), 2943 (C-H), 1605 (C=N), 1549 (Ar), 1467 (NO3),
1438 (C-H), 1362 (O-H), 1288 (NO3), 1216 (Ar-O), 1083 (NO3), 1046 (C-O), 972 (N-O), 829
(NO3), 742 (Ar) cm-1; ESI-MS: m/z 1105 [M-Na-H2O]+.

[NiII
3NaI(L2)2(MeOH)3(OAc)2] (C62): To H2L2 (0.0038 g, 0.01 mmol, 1 eq.) in CHCl3 (1

mL), was added solutions of Ni(OAc)2·4H2O (0.0025 g, 0.01 mmol, 1 eq.), Cu(OAc)2·H2O
(0.0020 g, 0.01 mmol, 1 eq.), and NaOAc (0.0009 g, 0.01 mmol, 1 eq.) all in MeOH (0.2 mL).
Isolation of the complex was achieved by the diffusion of Et2O into the filtered reaction so-
lution. A few green block shaped X-ray quality crystals were produced after three weeks.
Yield (0.0011 g, 10%); ATR-IR: n = 3349 (O-H), 2943 (C-H), 1604 (C=N), 1550 (Ar), 1465 (C-H),
1395 (O-H), 1215 (Ar-O), 1045 (C-O), 968 (N-O), 741 (Ar) cm-1; ESI-MS: m/z 1125 [M-MeOH]+.

[NiII
6NaI

4(L2)4(OH)0.5(OAc)4(NO3)3.5] (C63): To H2L2 (0.0749 g, 0.20 mmol, 1 eq.) in CHCl3
(20 mL) was added Ni(OAc)2·4H2O (0.0496 g, 0.20 mmol, 1 eq.) in MeOH (4 mL). The green
solution was stirred at RT for 10 minutes. A solution of NaNO3 (0.0171 g, 0.20 mmol, 1 eq.) in
MeOH (4 mL) was added and the green solution was stirred at RT for 10 minutes, followed
by Et3N (0.056 mL, 0.40 mmol, 2 eq.) and further stirred at RT for 10 minutes. Isolation of
the complex was achieved by the diffusion of Et2O into the reaction solution. Green block
shaped crystals were produced after five weeks. Yield (0.0734 g, 15%); ATR-IR: n = 2943
(C-H), 1606 (C=N), 1579 (Ar), 1549 (N-O), 1467 (NO3), 1437 (C-H), 1288 (NO3), 1240 (Ar-O),
1085 (C-O), 1047 (NO3), 973 (N-O), 830 (NO3), 742 (Ar) cm-1; ESI-MS: m/z 977 [0.5M-2Na-
OAc-0.25OH-1.75NO3]+; elemental analysis calcd. (%) for C84H92.5N11.5O43Na4Ni6: C 42.12,
H 3.89, N 6.72; found: C 41.97, H 3.67, N 6.79.

[CuII
8NaI

8O4(L2)4(H2O)6(MeOH)2(OAc)4(NO3)4][(NO3)4] (C64): To H2L2 (0.0075 g, 0.020
mmol, 1 eq.) in CHCl3 (2 mL) was added Cu(OAc)2·H2O (0.0040 g, 0.020 mmol, 1 eq.) in
MeOH (0.4 mL) and the brown solution was stirred at RT for one hour. To this was added
Et3N (0.003 mL, 0.020 mmol, 1 eq.) and the dark brown solution was stirred at RT for 10
minutes, followed by NaNO3 (0.0017 g, 0.020 mmol, 1 eq.) in MeOH (0.4 mL) and the light
yellow suspension was stirred at RT overnight. Isolation of the complex was achieved by
the diffusion of Et2O into the filtered reaction solution. Green block shaped crystals were
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produced after one week. Yield (0.0062 g, 10%); ATR-IR: n = 3477 (O-H), 2943 (C-H), 1608
(C=N), 1548 (Ar), 1468 (NO3), 1455 (C-H), 1348 (O-H), 1243 (NO3), 1217 (Ar-O), 1103 (C-O),
1047 (NO3), 964 (N-O), 828 (NO3), 736 (Ar) cm-1; ESI-MS: m/z 1305 [0.5M-2NO3-MeOH-OAc-
3H2O]+.

[NiII(L5)2] (C65): To a solution of H3L4 (0.0051 g, 0.01 mmol, 1 eq.) in CHCl3 (1 mL), was
added Ni(OAc)2·4H2O (0.0025 g, 0.01 mmol, 1 eq.) in MeOH (0.2 mL) and the solution was
stirred at RT for five minutes. Et3N (0.03 mL, 0.02 mmol, 2 eq.) was added and the solution
was further stirred at RT for five minutes. Isolation of the complex was achieved by the dif-
fusion of Et2O into the filtered reaction solution. X-ray quality crystals were achieved after
two weeks. Yield (0.0003 g, 8%); ATR-IR: n = 3490 (O-H), 2931 (C-H), 1600 (C=N), 1557 (Ar),
1470 (C-H), 1332 (O-H), 1218 (Ar-O), 1080 (C-O), 968 (N-O), 734 (Ar) cm-1; ESI-MS: m/z 413
[M+Na]+.

[MnIII(L6)2][NO3]·MeOH (C66): To a solution of H3L4 (0.0051 g, 0.01 mmol, 1 eq.) in CHCl3
(1 mL), was added solutions of Mn(NO3)2·4H2O (0.0025 g, 0.01 mmol, 1 eq.), Gd(NO3)3·6H2-
O (0.0045 g, 0.01 mmol, 1 eq.) both in MeOH (0.2 mL) and the solution was stirred at RT for
10 minutes. Et3N (0.03 mL, 0.03 mmol, 3 eq.) was added and the solution was stirred at RT
overnight. Isolation of the complex was achieved by the vapour diffusion of Et2O into the
filtered reaction solution. Brown precipitate was collected after five weeks. Yield (0.0012 g,
12%); ATR-IR: n = 3439 (O-H), 2990 (C-H), 1600 (C=N), 1552 (Ar), 1467 (NO3), 1451 (C-H),
1362 (O-H), 1311 (C-N), 1248 (NO3), 1217 (Ar-O), 1084 (NO3), 1035 (C-O), 975 (N-O), 828
(NO3), 741 (Ar) cm-1; ESI-MS: m/z 938 [M-MeOH-NO3]+.
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Chapter 7

Conclusions and Future Work

This research has explored different methods to which the exchange pathways found
in polynuclear clusters can be manipulated. These methods have involved chang-
ing the bridging anions and/or groups, lattice solvates, metal ion combinations, and
finally changing the peripheral coordinated anions and/or solvent molecules. The
topologies of interest for this research were defective dicubanes, dinuclear, and ex-
tended structures and networks with a total of 66 complexes produced. Four dif-
ferent ligands systems have been produced, all of which focus on oxime derived
groups, with each ligand system building from lessons learnt from the last to in-
crease the potential to promote ferromagnetic exchange.

The ligand, H2L1, a single headed oxime-based ligand with an oxygen containing
amino side arm was known to coordinate 3d ions, producing homometallic polynu-
clear clusters. Five NiII

4 defective dicubanes (C1 - C5) were synthesised during this
research which explore the manipulation of three key exchange pathways. Two
methods of manipulation were used for this series, the switching of the exchange
pathway donor atoms and the incorporation of various solvate molecules into the
crystal lattice. DC molar magnetic susceptibility measurements were performed on
the complexes C1 - C3 and C5 revealing C1, C2, and C3 to have competing ferro-
and antiferromagnetic interactions, with the complex C5 found to have dominant
antiferromagnetic exchange between the metal ions. Comparing the magnetic prop-
erties of the complexes, it can be seen that the inclusion of the OH– bridging in C2
greatly influenced ferromagnetic exchange for the J1 and J2 pathways compared to
the OMe– bridging in C1, the closest comparison, however this type of bridging
(OH– ) produced large antiferromagnetic exchange for the J3 pathway. This Chapter
highlights how subtle differences can result in significantly different magnetic prop-
erties most strikingly seen between the original defective dicubane and C1, with the
key differences being the solvent molecules found in the crystal lattice. For the origi-
nal dicubane, the starting platform for the manipulations, Et2O molecules are found
in the crystal lattice whereas for C1, MeOH molecules are found with the key point of
difference being that the MeOH molecules ‘interact’ (hydrogen bond) with the donor
groups of the exchange pathways, resulting in shortened bond lengths and smaller
exchange pathway angles ultimately producing greater ferromagnetic exchange. As
shown, the best manipulator was the introduction of a hydrogen bonding solvent
into the crystal lattice.

Chapter 4 discusses a series of homo- and heterometallic 3d3d’ dinuclear complexes
(C6 - C13), which utilise the alkyloxime ligand, H2L2, chosen for its two distinct co-
ordination pockets. These complexes explore the way in which the metal ion combi-
nation affects both the exchange pathway angle and the overall magnetic properties
of the complex. It was found that for the most part the exchange angles are within
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experimental error of each other with the MnII
2 complex found to have the small-

est M1-O-M2 angles and the CuIIMnII complex the largest. The overall stability of
the complexes (C7, C8, and C11) was investigated by a combination of computa-
tional methods and transmetalation reactions to determine whether complex stabil-
ity corresponded to interesting magnetic properties. Transmetalation reactions were
performed in conjuction with the aforementioned computational analysis, which
revealed that when in the presence of either Cu(NO3)2·3H2O or Mn(NO3)2·4H2O
methanolic solutions, the complexes C6, C7, and C9 - C13 all produced the CuIIMnII

dinuclear complex, C8. This was further corroborated by computational analysis
which confirmed C8 to have the largest binding energy. DC molar magnetic suscep-
tibility measurements were performed on complexes C6 - C8 and C10 C12 revealing
complexes C6, C8, and C10 - C12 to have antiferromagnetic exchange between the
metal ions with J coupling parameters of -34.8, -0.45, and -6.43 cm-1 for C8, C11, and
C12 respectively. Due to the large and complicated anisotropy of the CoII ions in C6
and C10, the data was not fitted. The magnetic analysis revealed that C7 had large
ferromagnetic exchange (J = +63.0), an unusual result as typically CuII

2 dinuclear
complexes with large exchange angles (⇠ 105°) have antiferromagnetic exchange. It
is thought the unusual seven-coordinate geometry of the outer CuII ion was a driv-
ing factor for the ferromagnetic exchange.

Following on from the success of the 3d3d’ series, a series of 3d4f dinuclear com-
plexes (C14 - C49) were produced, which utilised H2L2. This series further investi-
gates the effect of metal ion combination by incorporating 4f ions. This series also
explores different anion and solvent coordinates and how they effect the structural
properties. DC molar magnetic susceptibility measurements were performed on the
complexes C17, C21, and C37 revealing that both C17 and C21 have ferromagnetic
exchange between the CuII and 4f ions with a J exchange parameter of +2.94 cm-1

found for C17. For C37, it was found that dominant antiferromagnetic exchange
was present between the metal ions, consistent with the large M1-O-M2 angles of
107°. Expanding from the transmetalation reactions performed in Chapter 4, a se-
lect series of transmetalation reactions were performed starting from the CuIIGdIII

dimer, C17. It was indicated that the larger metal ions, such as LaIII, CeIII, and EuIII,
were favoured, as the complexes C22, C27, and C28 were successfully produced.
The stability of the outer pocket was experimentally tested by transmetalating the
complexes, C17, C20, C21, C26, and C29, with Mn(NO3)2·4H2O, which revealed the
CuIIMnIII complex, C8 to have the greatest stability as all transmetalation reactions
resulted in the formation of C8. When comparing the structures, it can be seen that
the complexes with a CuII ion in the inner pocket have less structural distortion
around the inner pocket than the six-coordinate metal ions, a feature also seen in the
3d3d’ series.

For a large majority of the structures, the M1-O-M2 exchange angles and M1· · ·M2
distances are all within experimental error of one another, which suggests the lig-
and has considerable control of the binding environments of the metal ions. It was
found that additional interactions, such as increased bridging between the metal
ions, was required to disturb the ligand geometry and decrease the M1-O-M2 ex-
change angle(s). In addition to the exchange angle analysis, it was found that the
complexes with solvent coordinates and subsequently hydrogen bonding had larger
M1-O-M2 exchange angles and M1· · ·M2 distances as the metal ions are drawn out
of the pocket in order for the intra- and intermolecular hydrogen bonding networks
to form.
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The final chapter, Chapter 6, explores the complexes that were unexpectedly pro-
duced during the duration of this research, ranging from mononuclear complexes
to large extended clusters and polymers. One of the most intriguing structures pro-
duced in this chapter is the CuII

12EuIII
4 cluster, C60, which is the only example of

the ligand, H4L3. This structure is a bowl-like cluster which surrounds a Cl– anion
found in the crystal lattice. The use of H4L3 has provided an additional donor atom
to bridge between metal atoms, this is seen by the large nuclearity of the complex as
well as the large amount of exchange pathways present. To date a suitable synthetic
method has not been achieved with attempts to elucidate whether the Cl– anion was
essential to the formation of the structure proved inconclusive.

When attempting to produce extended networks, the polymeric complexes C56 and
C57 and dinuclear complex C58 were produced from a single complexation reaction
between C17 and Na oxalate with the use of different crystallisation methods and
time periods. The CuIIGdIII polymer, C56, has a zig-zag appearance with alternat-
ing dinuclear units bridged by Ox2 – groups. The second polymer of this group is a
CuIINaI polymer which has an unusual staggered appearance due to the two differ-
ent types of bridging groups: NO3

– anions and alkyloxime oxygens. The coordina-
tion of the alkyloxime oxygen to the metal ion is an uncommon type of coordination
with only a few examples reported in the literature. The final complex in this series
is a CuIINaI dinuclear structure that resembles the single unit of the CuIINaI poly-
mer however due to the coordination of solvent molecules, the polymer formation
was stunted.

This research has explored the way in which magnetic properties of a complex can be
manipulated by the use of different bridging groups, lattice molecules, and metal ion
combinations and coordinates. The use of simple oxime based ligands has resulted
in complexes with defective dicubane and dinuclear topologies providing a solid
platform for manipulations. This thesis provides a number of different directions
for future research to investigate different types of manipulations that enhance or
affect the exchange pathways and/or magnetic properties. The defective dicubanes,
investigated in Chapter 3, provide a pathway to further explore subtle differences
in the crystal lattice by methods of dehydration, hydration, and the use of different
complexation and crystallisation solvents. An interesting project would be to look
at single-crystal-to-single-crystal transformations surrounding dehydration, hydra-
tion, and the introduction of different solvents into the crystal lattice. The 3d3d’ din-
uclear series found unusual results with the ferromagnetic exchange present in the
CuII

2 complex, C7. It is thought that the unusual seven-coordinate geometry of the
outer CuII ion was a driving factor for the ferromagnetic exchange. This phenomena
has created a direction for future research to investigate how unusual coordination
geometries affect the magnetic properties of a complex. Another direction from this
chapter of research would be to further investigate the dinuclear complexes by both
transmetalation and computational methods to establish a stability series for the
complete 3d3d’ dinuclear series. Additionally, future work for this chapter would
be to complete the series, for example synthesise dinuclear complexes with CoIIZnII,
NiIIZnII, CoIINiII, and CuIINiII metal ion combinations and look into expanding the
series to incude FeII.

The future work relating to Chapter 5 has a lot of potential, starting with an investi-
gation into reproducing the series of complexes which have been non-reproducible
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to date. Another pathway would be to investigate the magnetic properties of all of
the 3d4f complexes, with a closer look at the effect of different 3d ions such as CoII

and NiII ions as these metal ions are known to have increased anisotropy compared
to CuII ions. Another direction this research could follow would be to further exam-
ine the structural properties of the dinuclear complexes, both by investigating the
use of additional bridging to reduce the exchange angle as this provides a method
to examine how different types of bridging affect the magnetic properties. Secondly,
by more closely examining the stability of the outer pocket with 4f ions, similarly
to the computational study performed in Chapter 4. The research found in Chapter
6 provides a number of directions for future research, starting with the polymeric
complexes C56 and C57 as they provide a pathway to research polymer formation
using different starting complexes, such as the 3d3d’ dinuclear complexes and dif-
ferent bridging groups such as azide, chloride, and 1,2-benzenedicarboxylic acid. It
would be interesting to see whether bridging through an alkyloxime oxygen also oc-
curs when using different metal ions and/or bridging groups. Additionally, it could
be investigated whether the CuIINaI polymer, C57 could be converted into the single
dinuclear CuIINaI complex, C58. The complex C60 provides a direction to explore
the different exchange pathways and the magnetic properties of the cluster, addi-
tionally providing an exciting introduction to the ligand H4L3 and its potential for
extended bridging between metal ions. Similarly to the 3d4f dinuclear series, several
complexes are non-reproducible to date, providing a pathway for future reseach into
finding reproducible synthetic methods.
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Appendix A

Additional Design and Synthesis
Data

A.1 Selected Spectra

Figures A.1 - A.15 show the 1H NMR, 13C NMR and ATR-IR spectra of the new com-
pounds: 8, 9, H4L3, and H3L4 reported in this research.

A.2 Associated Spectra of 8

Figure A.1: 1H NMR spectra of 8
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Figure A.2: 13C NMR spectra of 8

Figure A.3: 13C DEPT NMR spectra of 8
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Figure A.4: 13C HMQC NMR spectra of 8

Figure A.5: 13C HMQC NMR spectra of 8

Mobile User



194 Appendix A. Additional Design and Synthesis Data

Figure A.6: ATR-IR spectra of 8
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A.3 Associated Spectra of 9

Figure A.7: 1H NMR spectra of 9

Figure A.8: 13C NMR spectra of 9
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Figure A.9: ATR-IR spectra of 9
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A.4 Associated Spectra of H4L3

Figure A.10: 1H NMR spectra of H4L3

Figure A.11: 13C NMR spectra of H4L3
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Figure A.12: 1H NMR spectra of H4L3
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A.5 Associated Spectra of H3L4

Figure A.13: 1H NMR spectra of H3L4

Figure A.14: 13C NMR spectra of H3L4
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Figure A.15: ATR-IR spectra of H3L4
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A.6 Geometric Notation

A.6.1 Harris Notation

As mentioned in Chapter 2, a modified version of the Harris notation has been used
to denote the coordination modes of the ligands and anions found in the complexes
C1 - C66. The Harris notation was derived by Harris145 during his PhD research
at The University of Edinburgh in 1999 and describes the coordination of ligands
and anions by a simple numerical code. The notation is most commonly seen in
the literature when describing the coordination of polynuclear ligands318–320 and
phosphonate anions.321–323 The notation has been modified for use in this work by
including an additional identifying letter for each donor atom of the ligands. The
numerical code, X.Ya

Z, is as follows: X the first number denotes the total number of
coordinated metal ions, Ya denotes each donor atom, Y is a number which describes
the number of metal ions coordinated to the specific donor atom, with the modified
label, a, describing the specific donor atom. The donor atoms are listed from left to
right, and in order of highest atomic number, e.g. O is listed before N. Each metal
ion is denoted a number, left to right, and is described in the numerical code as Z.
An example can be seen in the Figure A.16, where the ligand, L22-, has a numerical
code 2.1a

12b
122g

121h
11c

21f
2. The various different coordination modes described in

this research are shown in the Figures 2.2, 2.6, 2.8, 2.11, and A.17 - A.19.

Figure A.16: Example use of the modified Harris notation used in this research.
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Figure A.17: Schematic representation of the OAc– coordination modes using the Harris
notation.
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Figure A.18: Schematic representation of the NO3
– coordination modes using the Harris

notation.
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Figure A.19: Schematic representation of the acac– (left) and Ox2 – (right) coordination
modes using the Harris notation.
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A.6.2 CShM Notation

The program SHAPE calculates the geometry of a given set of coordinates by con-
tinuous shape measurements relative to the coordinates of ideal polyhedra.146,147,324

Geometries with no distortion present have a value of one. The geometry codes re-
ported throughout this research correspond to the geometries found in Tables A.1 -
A.9.171,210,267,268,270,274,275,281,283

Table A.1: CShM notation for four-coordinate metal geometries

Code Point Group Geometry
SP-4 D4h Square
T-4 Td Tetrahedron
SS-4 C2v Seesaw

vTBPY-4 C3v
Vacant Trigonal

Bipyramid

Table A.2: CShM notation for five-coordinate metal geometries

Code Point Group Geometry
PP-5 D5h Pentagon

vOC-5 C4v Vacant Octahedron
TBPY-5 D3h Trigonal Bipyramid
SPY-5 C4v Spherical Square Pyramid

JTBPY-5 D3h
Johnson Trigonal

Bipyramid J12

Table A.3: CShM notation for six-coordinate metal geometries

Code Point Group Geometry
HP-6 D6h Hexagon
PPY-6 C5v Pentagonal Pyramid
OC-6 Oh Octahedron
TPR-6 D3h Trigonal Prism

JPPY-6 C5v
Johnson Pentagonal

Pyramid J2
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Table A.4: CShM notation for seven-coordinate metal geometries

Code Point Group Geometry
PBPY-7 D5h Pentagonal Bipyramid
COC-7 C3v Capped Octahedron
CTPR-7 C2v Capped Trigonal Prism

JPBPY-7 D5h
Johnson Pentagonal

Bipyramid J13

JETPY-7 C3v
Johnson Elongated

Triangular Pyramid J7

Table A.5: CShM notation for eight-coordinate metal geometries

Code Point Group Geometry
SAPR-8 D4d Square Antiprism
TDD-8 D2d Triangular Dodecahedron

JBTPR-8 C2v
Biaugmented Trigonal

Prism J50

BTPR-8 C2v
Biaugmented Trigonal

Prism
JSD-8 D2d Snub Diphenoid J84

Table A.6: CShM notation for nine-coordinate metal geometries

Code Point Group Geometry

JCSAPR-9 C4v
Capped Square Antiprism

J10

CSAPR-9 C4v
Spherical Capped Square

Antiprism

JTCTPR-9 D3h
Tricapped Trigonal Prism

J51

TCTPR-9 D3h
Spherical Tricapped

Trigonal Prism
MFF-9 Cs Muffin
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Table A.7: CShM notation for 10-coordinate metal geometries

Code Point Group Geometry

JBCSAPR-10 D4d
Bicapped Square

Antiprism J17
JSPC-10 C2v Sphenocorona J87

SDD-10 D2
Staggered Dodecahedron

(2:6:2)
TD-10 C2v Tetradecahedron (2:6:2)

Table A.8: CShM notation for 11-coordinate metal geometries

Code Point Group Geometry

JCPPR-11 C5v
Capped Pentagonal Prism

J9

JCPAPR-11 C5v
Capped Pentagonal

Antiprism J11

JAPPR-11 C2v
Augmented Pentagonal

Prism J52

JASPC-11 Cs
Augmented

Sphenocorona J87

Table A.9: CShM notation for 12-coordinate metal geometries

Code Point Group Geometry
COC-12 Oh Cuboctahedron

ACOC-12 D3h Anticuboctahedron J27
IC-12 Ih Icosahedron

JEPBPY-12 D6h
Johnson Elongated

Pentagonal Bipyramid J16
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Appendix B

Additional Data for the Defective
Dicubanes C1 - C5

B.1 Figures of the X-ray Structures for Complexes, C1 - C5

Figure B.1: Full molecular structure of the NiII4 defective dicubane
[NiII4(HL1)2(OMe)2(OAc)2Cl2]·2MeOH (C1), discussed in Section 3.1.1. Non-interacting
hydrogen atoms have been omitted for clarity, hydrogen bonding is represented as black
dotted lines, and thermal ellipsoids of the metal ions are shown at 70% probability. Colour
code: NiII = light green, N = blue, O = red, Cl = dark green, C = grey, and H = white.
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Figure B.2: Full molecular structure of the NiII4 defective dicubane
[NiII4(HL1)2(OH)2(OAc)2Cl2]·2MeCN (C2), discussed in Section 3.1.1. Non-interacting
hydrogen atoms have been omitted for clarity, hydrogen bonding is represented as black
dotted lines, and thermal ellipsoids of the metal ions are shown at 70% probability. Colour
code: NiII = light green, N = blue, O = red, Cl = dark green, C = grey, and H = white.
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Figure B.3: Full molecular structure of the NiII4 defective dicubane
[NiII4(HL1)2(OMe)2(MeOH)2Cl4]·Et2O (C3), discussed in Section 3.1.1. Non-interacting
hydrogen atoms have been omitted for clarity, hydrogen bonding is represented as black
dotted lines, and thermal ellipsoids of the metal ions are shown at 50% probability. Colour
code: NiII = light green, N = blue, O = red, Cl = dark green, C = grey, and H = white.
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Figure B.4: Full molecular structure of the NiII4 defective dicubane
[NiII4(HL1)2(OMe)2(MeOH)2F4]·4MeOH (C4), discussed in Section 3.1.1. Non-interacting
hydrogen atoms have been omitted for clarity, hydrogen bonding is represented as black
dotted lines, and thermal ellipsoids of the metal ions are shown at 70% probability. Colour
code: NiII = light green, N = blue, O = red, F = yellow, C = grey, and H = white.
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Figure B.5: Full molecular structure of the NiII4 defective dicubane
[NiII4(HL1)2(OMe)2(MeOH)2Cl2.4F1.2]·Et2O (C5), discussed in Section 3.1.1. Non-
interacting hydrogen atoms have been omitted for clarity, hydrogen bonding is represented
as black dotted lines, and thermal ellipsoids of the metal ions are shown at 50% probability.
Colour code: NiII = light green, N = blue, O = red, Cl = dark green, F = yellow, C = grey, and
H = white.
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B.2 Additional Structural Data

Table B.1: SHAPE values for complexes C1 - C5

6-Coordinate
PPY-6 OC-6 TPR-6 JPPY-6

C1-Ni1 25.196 0.990 13.744 28.493
C1-Ni2 26.463 1.020 13.705 29.325
C2-Ni1 23.857 1.293 13.115 27.285
C2-Ni2 25.993 1.100 12.761 28.907
C3-Ni1 24.242 1.072 12.903 27.503
C3-Ni2 25.346 1.558 11.908 28.315
C3-Ni3 24.724 1.005 14.861 27.907
C3-Ni4 25.438 1.578 12.035 28.417
C4-Ni1 23.821 1.001 11.674 27.142
C4-Ni2 23.189 1.175 11.344 26.763

C5-Ni1F 23.113 1.065 11.523 27.077
C5-Ni2F 22.325 1.726 12.149 27.478
C5-Ni3F 23.376 1.066 11.710 27.366
C5-Ni4F 22.622 1.600 11.993 27.635
C5-Ni1Cl 24.769 0.897 12.719 28.559
C5-Ni2Cl 25.258 1.426 12.942 28.107
C5-Ni3Cl 25.400 0.746 12.993 28.996
C5-Ni4Cl 25.817 1.261 13.345 28.681

Table B.2: Non-averaged bond angles (°) of the complexes C3 and C5 from
crystal structure determination

C3 C5
Ni1-O2-Ni3 95.51(7) 95.02(11)
Ni1-O3-Ni3 95.77(7) 94.90(11)
Ni1-O4-Ni4 99.96(6) 99.99(13)
Ni2-O1-Ni3 100.75(6) 99.29(12)
Ni1-Cl1-Ni2 86.68(8) 84.29(12)
Ni3-Cl2-Ni4 86.91(8) 85.35(16)
Ni1-F1-Ni2 – 103.1(2)
Ni3-F2-Ni4 – 101.1(3)
Ni1-O2-Ni2 106.95(5) 101.73(10)
Ni3-O3-Ni4 106.84(5) 102.78(11)
Ni2-O2-Ni3 96.38(7) 96.34(11)
Ni4-O3-Ni1 97.25(7) 95.73(12)
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Table B.3: Non-averaged bond lengths (Å) of the complexes C3 and C5 from
crystal structure determination

C3 C5
Ni1-Cl1 2.412(2) 2.283(6)
Ni1-F1 – 2.092(7)
Ni1-O2 2.091(5) 2.058(3)
Ni1-O3 2.056(6) 2.069(3)
Ni1-O4 2.015(5) 2.005(3)

Ni1-O12 2.085(6) 2.088(3)
Ni1-N1 2.054(7) 2.013(4)
Ni2-Cl1 2.473(3) 2.506(5)
Ni2-F1 – 2.017(6)
Ni2-O1 2.020(6) 2.036(3)
Ni2-O2 2.080(5) 2.090(3)
Ni2-O5 2.175(6) 2.173(3)
Ni2-Cl3 2.377(3) 2.369(1)
Ni2-N2 2.087(7) 2.089(3)
Ni3-Cl2 2.401(2) 2.309(7)
Ni3-F2 – 2.122(10)
Ni3-O1 2.000(5) 2.019(3)
Ni3-O2 2.073(6) 2.057(3)
Ni3-O3 2.100(5) 2.051(3)

Ni3-O11 2.095(6) 2.117(3)
Ni3-N3 2.046(7) 2.014(4)
Ni4-Cl2 2.479(3) 2.464(6)
Ni4-Cl4 2.371(3) 2.351(1)
Ni4-F2 – 2.069(9)
Ni4-O3 2.080(5) 2.092(3)
Ni4-O4 2.039(6) 2.024(3)
Ni4-O8 2.182(6) 2.175(3)
Ni4-N4 2.104(7) 2.090(4)

Ni1· · ·Ni2 3.103(2) 3.086(1)
Ni3· · ·Ni4 3.096(2) 3.090(1)
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216 Appendix B. Additional Data for the Defective Dicubanes C1 - C5

B.3 Additional Computational Data

Table B.4: Spin configurations for the complexes C1, C3, and C5 used to
estimating the magnetic exchange parameters

Serial Number S
Spin Configurations

Ni1 Ni2 Ni3 Ni4
1 4 a a a a

2 2 b a a a

3 2 a b a a

4 2 a a b a

5 2 a a a b

6 0 b b a a

7 0 a b b a

8 0 b a b a

Table B.5: Pertinent structural parameters for the complexes C1, C3, and C5

Exchange
avg Ni-O/F/Cl-Ni avg Ni-O/F/Cl-Ni

angle (°) distance (Å)
J1 93.0 2.037

C1 J2 96.7 2.256
J3 98.2 2.065
J1 98.6 2.043

C3 J2 96.8 2.264
J3 95.7 2.080
J1 97.8 2.051

C5 J2 102.4 2.064
J3 95.0 2.059
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218 Appendix B. Additional Data for the Defective Dicubanes C1 - C5

Table B.7: DFT computed spin density values of specific atoms for C1, C3,
and C5

C1 C3 C5
Ni1 1.690 1.689 1.714
Ni2 1.687 1.666 1.701
Ni3 – 1.694 1.717
Ni4 – 1.661 1.697
O1 0.099 0.092 0.090
O2 0.164 0.168 0.165
O3 0.021 0.162 0.162
O4 – 0.099 0.091
O5 – 0.023 0.023
O6 0.042 – –
O7 0.052 – –
O8 – 0.023 0.024

O11 – 0.034 0.028
O12 – 0.032 0.029
N1 0.055 0.056 0.058
N2 0.062 0.063 0.065
N3 – 0.054 0.058
N4 – 0.065 0.066
X1 0.099 0.104 0.074
X2 – 0.112 0.068
Cl3 – 0.084 0.068
Cl4 – 0.084 0.073

X = Cl– (C1 and C3), F– (C5)
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Appendix C

Additional Data for the 3d3d’
Dinuclear Complexes C6 - C13

C.1 FAAS Analysis

Samples were digested with 1.0 mL of conc. nitric acid and diluted with aq. 2M HCl.
The standards (0, 1, 2, 4, and 6 ppm) were prepared from BDH standard solutions for
atomic absorption spectroscopy. Results are shown in Tables C.1 and C.2 and Figures
C.1 - C.4. From the below results it can be seen that C8, CuMn1, and CuMn2 have
self consistent results indicating a 1 : 1 ratio of CuII and MnII ions. For the complexes
C6, C10, and C12 the experimental concentrations are lower than expected however
it can be seen that the Co and Ni results are self consistent with one another and the
Cu and Mn results are self consistent with one another, indicating that the ratio of
metals are correct, which has been further confirmed by CHN microanalysis. The
cause for the low Co and Ni results is not entirely understood, however it could be
due to a number of reasons such as poor digestion of the samples, or an interferring
substance. Due to limited sample size of C9 and C13, these samples have not been
characterised by FAAS, however the 1 : 1 ratio of C9 and C13 is indicated by CHN
microanalysis and magnetic measurements, which confirmed the presence of a sin-
gle magnetically active metal centre.

Table C.1: FAAS results for the Co, Cu, Ni, and Mn standard solutions

Conc. Abs./St. Dev.

Co Cu1 Cu2 Ni Mn1 Mn2

1.00 0.115/1.41 0.042/1.15 0.07/3.07 0.109/1.11 0.065/0.67 0.065/0.96

2.00 0.178/0.93 0.072/1.09 0.119/1.35 0.154/0.64 0.118/0.91 0.113/0.93

4.00 0.341/0.69 0.145/0.73 0.231/1.15 0.302/0.4 0.246/0.52 0.233/0.46

6.00 0.45/0.63 0.204/0.67 0.319/0.46 0.418/1.38 0.328/0.38 0.309/1.77
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220 Appendix C. Additional Data for the 3d3d’ Dinuclear Complexes C6 - C13

Figure C.1: FAAS standard curve plot for the Co standard solution with the associated trend-
line equation and R2 value.

Figure C.2: FAAS standard curve plot for the Cu standard solutions with the associated
trendline equations and R2 values.

Mobile User



C.1. FAAS Analysis 221

Figure C.3: FAAS standard curve plot for the Mn standard solutions with the associated
trendline equations and R2 values.

Figure C.4: FAAS standard curve plot for the Ni standard solution with the associated trend-
line equation and R2 value.
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222 Appendix C. Additional Data for the 3d3d’ Dinuclear Complexes C6 - C13

Table C.2: FAAS results for the complexes, C6, C8, C10, C12, CuMn1, and
CuMn2

M1 M2

Conc. (ppm) Abs./St. Dev. Conc. (ppm) Abs./St. Dev.

C6 2.28 0.131/1.61 0.79 0.083/0.27

C8 3.22 0.111/0.81 2.97 0.168/0.11

C10 0.81 0.084/0.99 2.31 0.129/1.05

C12 0.71 0.063/5.26 2.04 0.115/0.58

CuMn1 2.75 0.096/0.52 2.58 0.148/0.64

CuMn2 2.13 0.076/1.06 2.30 0.133/0.37

C.2 Additional Structural Data

Figure C.5: The close contact, ONO3· · ·(H)C (3.160(4) Å), found for C7, discussed in Section
4.1.3. Non-interacting hydrogen atoms omitted for clarity, close contact represented as black
dotted lines, and the thermal ellipsoids are shown at 70% probability. Colour code: CuII =
yellow, N = blue, O = red, C = grey, and H = white.
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C.2. Additional Structural Data 223

Table C.3: SHAPE values of the complexes C6 - C13

4-Coordinate
SP-4 T-4 SS-4 vTBPY-4

C6-Cu1 0.855 30.867 17.463 30.580
C7-Cu1 0.868 29.862 16.794 29.760
C8-Cu1 0.807 30.815 17.457 30.604
C9-Cu1 0.813 30.407 17.186 30.243

6-Coordinate
PPY-6 OC-6 TPR-6 JPPY-6

C10-Co1 23.937 1.498 11.183 27.731
C11-Mn1 23.327 1.939 11.007 27.251
C12-Ni1 24.879 1.224 11.845 28.623
C13-Zn1 23.865 1.722 11.028 27.776

7-Coordinate
PBPY-7 COC-7 CTPR-7 JPBPY-7

C6-Co1 3.652 4.662 3.654 6.827
C7-Cu1 4.427 5.282 4.188 5.396
C8-Mn1 4.815 4.544 3.420 8.399
C9-Zn1 4.073 5.143 3.801 7.771

C10-Mn1 3.855 4.903 3.396 7.477
C11-Mn1 3.928 4.752 3.102 7.443
C12-Mn1 4.264 5.096 3.875 7.880
C13-Mn1 3.943 4.841 3.289 7.595

Table C.4: ESI-MS data for the complexes C6 - C13

Found m/z Calcd. m/z Calcd. Formula
C6 557.87 557.82 C19H20N3O9CuCo+H+

C7 559.98 559.98 C19H20N3O9Cu2+H+

C8 551.75 551.99 C19H20N3O9CuMn+H+

C9 564.32 564.85 C19H20N3O9CuZn+H+

C10 548.25 548.76 C19H20N3O9CoMn+

C11 608.05 608.05 C21H28N3O11Mn2+H+

C12 548.25 548.70 C19H20N3O9NiMn+

C13 554.70 554.37 C19H20N3O9ZnMn+
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224 Appendix C. Additional Data for the 3d3d’ Dinuclear Complexes C6 - C13

Table C.5: Common IR stretches for the complexes C6 - C13

uO-H uC=N uAr-O uC-O uNO3
–

H2L2 3421 1606 1251 1066 – – – –
C6 – 1607 1246 1098 1462 1288 1038 809
C7 – 1605 1244 1099 1456 1295 1039 821
C8 – 1602 1244 1098 1463 1298 1038 816
C9 – 1606 1249 1105 1464 1290 1036 810

C10 3374 1605 1242 1102 1468 1303 1041 818
C11 3362 1604 1242 1094 1463 1295 1042 809
C12 3374 1605 1242 1102 1467 1301 1042 817
C13 3366 1604 1241 1102 1464 1298 1041 817
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C.3. Additional Computational Data 225

C.3 Additional Computational Data

Table C.6: Electronic energy, enthalpy, entropy, and Gibbs free energy values,
in Hartree for DFT/B3LYP CPCM(MeOH) TightOpt Freq calculations

Component E(el) (Eh) H (Eh) T * S (Eh) G (Eh)
[Cu(H2O)5]2+ -2022.3725 -2022.2326 0.0551 -2022.2878
[Mn(H2O)6]2+ -1609.4004 -1609.2355 0.0677 -1609.3032

H2O -76.4365 -76.4118 0.0214 -76.4332
MeOH -115.7169 -115.6618 0.0271 -115.6889
NO3

– -280.4652 -280.4473 0.0296 -280.4769
L2 – -1296.8102 -1296.4204 0.0815 -1296.4204
C7 -5138.2390 -5137.7978 0.1017 -5137.8995
C8 -4648.8217 -4648.3804 0.1036 -4648.4840
C11 -4390.8195 -4390.2641 0.1235 -4390.3876

Figure C.6: UCO 157 of C7
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226 Appendix C. Additional Data for the 3d3d’ Dinuclear Complexes C6 - C13

Figure C.7: UCO 153 of C8

Figure C.8: UCO 167 of C11

Figure C.9: UCO 168 of C11

Figure C.10: UCO 169 of C11
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Figure C.11: UCO 170 of C11

Figure C.12: UCO 171 of C11
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Appendix D

Additional Data for the 3d4f
Dinuclear Complexes C14 - C49

D.1 Figures of Selected Complexes

Figure D.1: Representative structure of [CuIIM2IIIL2(NO3)3]2 (M2 = DyIII (C21), EuIII (C22),
and GdIII (C23)) with the second unit labelled (discussed in Section 5.2.1). Hydrogen atoms
have been omitted for clarity. Thermal ellipsoids of metal ions are shown at 70% probability.
Colour code: CuII = dark yellow, M2III = aqua, N = blue, O = red, C = grey.
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230 Appendix D. Additional Data for the 3d4f Dinuclear Complexes C14 - C49

Figure D.2: Asymmetric unit of [CuI(MeCN)4][CuIILaIIIL2(NO3)4]·MeCN, C25, discussed in
Section 5.2.1. Hydrogen atoms and MeCN solvate have been omitted for clarity and thermal
ellipsoids of metal ions shown at 50% probability. Colour code: CuII = dark yellow, LaIII =
aqua, N = blue, O = red, and C = grey.
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Figure D.3: The second unit of [CuI(MeCN)4][CuIILaIIIL2(NO3)4]·MeCN, C25 with atoms
labelled (discussed in Section 5.2.1). Hydrogen atoms, MeCN solvate, first CuIILaIII unit and
both [CuI(MeCN)4] units have been omitted for clarity. The thermal ellipsoids of the metal
ions shown at 70% probability. Colour code: CuII = dark yellow, LaIII = aqua, N = blue, O =
red, and C = grey.
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232 Appendix D. Additional Data for the 3d4f Dinuclear Complexes C14 - C49

Figure D.4: Full molecular structure of C40, discussed in Section 5.2.2. Lattice Cl– anions
represented as ellipsoids for ease of view and non-interacting hydrogen atoms have been
omitted for clarity. Hydrogen bonding represented as black dotted lines and thermal ellip-
soids of metal ions and lattice Cl– anions shown at 40% probability. Colour code: CuII =
dark yellow, CeIII = aqua, N = blue, O = red, Cl = green, C = grey, and H = white.
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D.2 Additional Structural Data

Table D.1: SHAPE values for the four-coordinate metal ions in the complexes
C14 - C49

4-Coordinate
SP-4 T-4 SS-4 vTBPY-4

C14-Cu1 0.648 30.757 17.520 30.812
C15-Cu1 0.756 30.407 17.333 30.357
C16-Cu1 0.701 30.609 17.432 30.608
C17-Cu1 0.548 33.141 19.087 33.033
C18-Cu1 0.667 30.508 17.282 30.518
C19-Cu1 0.717 30.338 17.198 30.336
C20-Cu1 0.724 30.663 17.244 30.519
C21-Cu1 0.659 33.075 19.056 32.657
C22-Cu1 0.601 32.641 18.670 32.295
C23-Cu1 0.615 32.770 18.792 32.353
C24-Cu1 2.601 20.690 10.323 21.328
C25-Cu1 0.516 31.685 17.791 31.502
C26-Cu1 0.448 32.697 18.436 32.616
C29-Cu1 2.573 20.878 10.372 21.399
C31-Cu1 0.515 32.829 18.409 32.505
C32-Cu1 1.186 25.859 13.748 26.270
C39-Cu1 1.201 26.950 15.123 26.859
C39-Cu2 1.091 27.554 15.227 27.682
C40-Cu1 1.121 27.299 15.258 27.329
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Table D.2: SHAPE values for the five-coordinate metal ions in the complexes
C14 - C49

5-Coordinate
vOC-5 TBPY-5 SPY-5 JTBPY-5

C27-Cu1 1.376 5.056 1.456 7.973
C28-Cu1 1.402 5.057 1.383 7.968
C30-Cu1 1.350 4.954 1.297 7.694
C33-Cu1 1.410 6.522 1.482 9.290
C34-Cu1 2.773 5.868 1.335 9.600
C35-Cu1 2.804 5.962 1.343 9.763
C36-Cu1 2.967 6.257 1.389 10.094
C37-Cu1 3.239 4.557 1.636 8.379
C38-Cu1 3.247 4.540 1.631 8.382
C42-Co1 1.861 5.331 1.853 7.867
C43-Co1 1.746 5.130 1.745 7.741
C44-Co1 23.951 26.141 23.482 28.303
C45-Co1 1.997 5.589 2.156 8.430
C47-Zn1 2.509 3.836 0.988 6.135
C49-Ni1 1.458 5.388 1.734 8.081
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Table D.3: SHAPE values for the six- to nine-coordinate metal ions in the
complexes C14 - C49

6-Coordinate
PPY-6 OC-6 TPR-6 JPPY-6

C41-Co1 24.661 1.140 11.429 27.629
C46-Co1 24.258 1.894 10.058 27.075
C48-Ni1 25.200 0.879 13.891 28.232

7-Coordinate
PBPY-7 COC-7 CTPR-7 JPBPY-7

C37-Er2 2.107 5.860 4.496 6.026
C38-Ho2 2.165 5.911 4.519 6.084

8-Coordinate
SAPR-8 TDD-8 JBTPR-8 BTPR-8

C34-Dy2 6.480 3.866 3.785 3.414
C35-Eu2 4.190 3.001 3.842 2.997
C36-Tb2 4.001 2.890 3.672 2.888
C39-Tb1 3.225 2.501 3.288 2.289
C39-Tb2 3.164 1.654 3.387 2.763
C42-Er2 1.706 2.770 2.887 1.748
C43-Eu2 1.878 2.855 3.059 1.953
C44-Er2 3.067 1.277 3.353 2.856
C45-Dy2 3.082 1.334 3.386 2.831
C46-Eu2 7.126 5.742 7.826 6.650
C49-Eu2 1.865 2.809 3.151 2.025

9-Coordinate
JCSAPR-9 CSAPR-9 TCTPR-9 MFF-9

C20-Yb2 2.935 2.028 2.404 2.742
C40-Ce2 3.179 2.362 2.892 1.635
C41-Eu2 3.107 2.250 2.915 2.303
C47-Dy2 3.716 2.354 2.550 2.577
C48-Dy2 3.560 2.711 3.570 1.930
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Table D.4: SHAPE values for the 10- to 12-coordinate metal ions in the com-
plexes C14 - C49

10-Coordinate
JBCSAPR-10 JSPC-10 SDD-10 TD-10

C14-Dy2 3.635 3.814 5.647 5.064
C15-Er2 3.366 3.541 5.774 5.143
C16-Ho2 3.577 3.685 5.604 5.012
C17-Gd2 4.884 3.683 4.089 3.395
C18-Eu2 4.117 3.712 5.429 4.922
C19-Tb2 3.891 3.529 5.556 4.986
C21-Dy2 6.711 3.966 5.801 5.870
C22-Eu2 4.794 2.733 5.885 5.407
C23-Gd2 4.745 3.646 5.016 4.136
C24-La2 4.316 3.301 4.091 3.502
C27-La2 4.430 2.583 4.754 3.746
C28-Ce2 4.340 2.630 4.805 3.805
C29-Ce2 4.144 3.269 4.134 3.483
C30-Ce2 3.774 3.571 5.948 4.951
C31-Ce2 9.706 11.309 9.325 9.952
C32-Ce2 4.969 2.198 4.534 3.546
C33-Eu2 5.070 3.126 3.927 2.874

11-Coordinate
JCPPR-11 JCPAPR-11 JAPPR-11 JASPC-11

C26-La2 6.060 3.991 10.979 6.899
12-Coordinate

COC-12 ACOC-12 IC-12 JEPBPY-12
C25-La2 4.679 6.109 1.727 5.408
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Table D.5: Non-averaged bond lengths (Å) and bond angles (°) of the com-
plexes C21 - C23 and C25

C21 C22 C23
Cu1-O1 1.952(4) 1.951(4) 1.957(10)
Cu1-O2 1.947(4) 1.955(5) 1.941(10)
Cu1-N1 1.982(5) 1.975(6) 1.970(13)
Cu1-N2 1.979(5) 1.977(6) 1.967(13)
Cu2-O16 1.948(4) 1.955(4) 1.959(10)
Cu2-O17 1.942(4) 1.960(4) 1.949(10)
Cu2-N6 1.972(5) 1.978(6) 1.979(14)
Cu2-N7 1.983(5) 1.974(6) 1.987(13)
M1-O1 2.337(4) 2.416(4) 2.365(10)
M1-O2 2.391(4) 2.373(4) 2.403(10)
M1-O5 2.442(4) 2.502(5) 2.456(10)
M1-O6 2.474(4) 2.464(4) 2.480(10)
M1-O7 2.460(4) 2.502(5) 2.459(12)
M1-O8 2.442(4) 2.484(5) 2.451(12)
M1-O10 2.431(4) 2.458(5) 2.539(11)
M1-O11 2.529(4) 2.544(5) 2.444(11)
M1-O13 2.521(5) 2.550(5) 2.536(11)
M1-O14 2.460(4) 2.515(5) 2.511(11)
M2-O16 2.347(4) 2.434(4) 2.376(9)
M2-O17 2.372(4) 2.397(4) 2.420(10)
M2-O20 2.455(4) 2.499(4) 2.500(10)
M2-O21 2.451(4) 2.500(4) 2.479(10)
M2-O22 2.415(6) 2.453(5) 2.428(11)
M2-O23 2.426(4) 2.470(5) 2.426(11)
M2-O25 2.387(7) 2.532(6) 2.526(13)
M2-O26 2.813(14) 2.547(6) 2.522(12)
M2-O28 2.477(5) 2.515(5) 2.489(12)
M2-O29 2.458(5) 2.493(5) 2.505(11)

Cu1-O1-M1 108.98(16) 107.19(19) 108.6(4)
Cu1-O2-M1 107.08(16) 108.75(19) 107.6(4)

Cu2-O16-M2 108.55(16) 107.56(18) 109.3(4)
Cu2-O17-M2 107.79(17) 108.82(19) 107.9(4)

Cu1· · ·M1 3.499(1) 3.526(1) 3.517(3)
Cu2· · ·M2 3.494(1) 3.552(1) 3.544(3)
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Table D.6: Non-averaged bond lengths (Å) and angles (°) of the complex C31
from crystal structure determination

C31

Cu1-O1 1.941(6) Cu1-N2 1.966(8) Cu2-N7 1.951(8)

Cu1-O2 1.948(6) Cu2-O18 1.956(6) Cu2-N8 1.977(8)

Cu1-N1 1.989(8) Cu2-O19 1.940(6) La1-O1 2.493(6)

La1-O2 2.550(6) La1-O8 2.631(7) La1-O14 2.610(7)

La1-O5 2.745(6) La1-O10 2.609(7) La1-O16 2.626(7)

La1-O6 2.761(7) La1-O11 2.718(7) La1-O17 2.686(7)

La1-O7 2.731(7) La1-O13 2.668(7) La2-O18 2.525(6)

La2-O19 2.494(6) La2-O25 2.619(7) La2-O31 2.655(7)

La2-O22 2.765(7) La2-O27 2.613(7) La2-O33 2.645(7)

La2-O23 2.758(6) La2-O28 2.753(7) La2-O34 2.678(7)

La2-O24 2.723(7) La2-O30 2.596(7) Cu1-O1-La1 105.3(3)

Cu1-O2-La1 103.0(2) Cu2-O18-La2 103.1(3) Cu2-O19-La2 104.7(3)

Cu1· · ·La1 3.540(1) Cu2· · ·La2 3.527(1)
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Table D.7: ESI-MS data for selected 3d4f complexes

Found m/z Calcd. m/z Calcd. Formula
C14 722.43 722.73 C19H20N4O12CuDy+

C15 666.73 666.20 C19H20N3O9CuEr+

C16 725.71 725.86 C19H20N4O12CuHo+H+

C17 718.18 718.71 C19H20N4O12CuGd+

C18 711.67 711.90 C19H20N4O12CuEu+

C19 718.86 718.67 C19H20N4O12CuTb+

C20 733.99 733.75 C19H20N4O12CuYb+H+

C21 722.43 722.70 C19H20N4O12CuDy+

C22 711.71 711.90 C19H20N4O12CuEu+

C23 716.78 716.96 C19H20N4O12CuGd+

C24 697.85 697.94 C19H20N4O12CuLa+

C26 699.84 699.64 C19H20N4O12CuLa+H+

C28 698.85 698.94 C19H20N4O12CuCe+

C29 700.05 700.68 C19H20N4O12CuCe+

C33 641.79 641.80 C15.5H12N2O11.5CuEu+

C34 668.93 668.81 C19H20N2O6Cl2CuDy+

C35 711.90 711.67 C19H22N2O7Cl3CuEu+

C36 665.82 665.75 C19H20N2O6Cl2CuTb+

C37 674.08 674.82 C19H20N2O6Cl2CuEr+

C38 669.96 669.20 C19H20N2O6ClCuHo+

C39 665.82 665.03 C19H28N2O10CuTb+

C42 758.87 758.96 C19H26N2O9Cl3CoEr+

C43 709.73 709.22 C19H26N2O9Cl2CoEu+H+

C44 732.20 732.01 C20H24N2O7Cl3CoDy+

C45 723.94 723.73 C19H22N2O7Cl3CoEr+

C46 771.72 771.14 C21H30N2O9Cl3CoEu+H+

C47 436.99 436.06 C19H20N2O6Zn+

C48 755.69 755.81 C24H28N3O11NiDy+H+

C49 744.85 744.44 C19H26N2O9Cl3NiEu+H+
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Table D.8: Common IR stretches for selected 3d4f complexes

uO-H uC=N uAr-O uC-O uNO3
–

H2L2 3421 1606 1251 1066 – – – –
C14 – 1602 1230 1098 1470 1291 1032 815
C15 – 1607 1225 1093 1463 1286 1027 821
C16 – 1611 1228 1096 1463 1285 1027 817
C17 – 1603 1227 1098 1464 1284 1029 817
C18 – 1603 1226 1099 1464 1283 1028 817
C19 – 1606 1225 1093 1471 1249 1065 835
C20 – 1600 1228 1096 1463 1289 1030 815
C21 – 1601 1229 1098 1468 1290 1031 815
C22 – 1611 1227 1098 1463 1285 1029 817
C23 – 1611 1228 1096 1463 1286 1030 814
C24 3400 1600 1220 1093 1463 1282 1028 816
C26 – 1609 1243 1101 1464 1286 1032 819
C28 3399 1605 1222 1097 1463 1286 1031 818
C29 3352 1600 1244 1093 1463 1281 1028 815
C33 3373 1634 1219 1096 1468 1291 1029 –
C34 3201 1603 1227 1092 – – – –
C35 3349 1608 1249 1093 – – – –
C36 3313 1608 1228 1096 – – – –
C37 3215 1608 1227 1093 – – – –
C38 3228 1602 1228 1095 – – – –
C39 3242 1602 1221 1088 – – – –
C42 3313 1602 1215 1096 – – – –
C43 3394 1602 1215 1096 – – – –
C44 3386 1602 1215 1096 – – – –
C45 3386 1602 1215 1095 – – – –
C46 3374 1606 1251 1093 – – – –
C47 – 1606 1249 1093 – – – –
C48 3255 1611 1238 1096 1467 1290 1035 810
C49 3382 1605 1216 1085 – – – –
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Appendix E

Additional Data for the Complexes
C50 - C66

E.1 Additional Figures

Figure E.1: Full molecular structure of [NiII3(L1)2(H2O)(MeOH)(Acac)2]·3MeOH (C50), dis-
cussed in Section 6.1.1. Non-interacting hydrogen atoms and lattice MeOH molecules have
been omitted for clarity, thermal ellipsoids of metal ions shown at 70% probability, and hy-
drogen bonding represented as black dotted lines. Colour code: NiII = light green, N = blue,
O = red, C = grey, and H = white.
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242 Appendix E. Additional Data for the Complexes C50 - C66

Figure E.2: Intermolecular hydrogen bonding network of C50, discussed in Section 6.1.1.
Non-interacting hydrogen atoms and lattice MeOH molecules have been omitted for clarity,
thermal ellipsoids of metal ions shown at 70% probability, and hydrogen bonding repre-
sented as black dotted lines. Colour code: NiII = light green, N = blue, O = red, C = grey, and
H = white.

Figure E.3: Full molecular structure of [NiII3(L1)2(MeOH)2(acac)2]·2MeOH (C51), discussed
in Section 6.1.1. Non-interacting hydrogen atoms and lattice MeOH solvates have been omit-
ted for clarity, thermal ellipsoids of metal ions shown at 70% probability, and hydrogen
bonding represented as black dotted lines. Colour code: NiII = light green, N = blue, O =
red, C = grey, and H = white.
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E.1. Additional Figures 243

Figure E.4: The ligand arrangement found for the complex C53. The ligands have been
coloured differently in order to clearly diffrentiate them. Hydrogen atoms, lattice solvates,
and peripheral donor groups have been omitted for clarity. The thermal ellipsoids of the
metal ions are shown at 70% probability. Colour code: NiII = light green and O = red.
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Figure E.5: Full molecular structure of [NiII3NaI(L2)2(H2O)(OAc)2(NO3)]·2H2O (C61), dis-
cussed in Section 6.5.1. Non-interacting hydrogen atoms have been omitted for clarity and
thermal ellipsoids of metal ions shown at 60% probability. Colour code: NiII = light green,
NaI = purple, N = blue, O = red, C = grey, and H = white.

Figure E.6: Full molecular structure of [NiII3NaI(L2)2(MeOH)3(OAc)2][Cl] (C62), discussed
in Section 6.5.1. Non-interacting hydrogen atoms have been omitted for clarity and thermal
ellipsoids of metal ions shown at 60% probability. Colour code: NiII = light green, NaI =
purple, N = blue, O = red, Cl = dark green, C = grey, and H = white.
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E.2 Additional Structural Data

Table E.1: SHAPE values for the four-coordinate metal ions in the complexes
C50 - C66

4-Coordinate
SP-4 T-4 SS-4 vTBPY-4

C57-Cu1 0.421 32.539 18.536 32.705
C58-Cu1 2.081 22.463 12.105 23.025
C60-Cu1 1.047 33.654 17.888 32.488
C64-Cu1 0.645 27.409 13.688 27.840
C64-Cu2 0.547 27.608 14.824 28.367
C64-Cu3 0.403 28.634 15.443 29.420
C64-Cu4 0.571 27.969 13.894 28.411
C65-Ni1 0.096 33.388 18.788 34.770

Table E.2: SHAPE values for the five-coordinate metal ions in the complexes
C50 - C66

5-Coordinate
PP-5 vOC-5 TBPY-5 SPY-5 JTBPY-5

C56-Cu1 31.343 1.140 6.052 1.208 8.821
C59-Cu1 29.942 0.804 6.327 1.085 8.713
C59-Cu2 30.252 0.770 6.069 1.356 8.406
C60-Cu2 31.766 1.553 6.342 1.036 9.278
C60-Cu3 26.837 2.408 4.743 1.975 7.802
C60-Cu4 23.570 3.200 6.127 2.701 9.723
C60-Cu5 25.605 3.049 4.436 2.230 8.383
C60-Cu6 27.056 2.528 4.403 1.847 7.682
C60-Cu7 31.969 1.451 6.347 1.008 9.101
C60-Cu8 31.991 2.074 6.408 1.143 9.381
C63-Na1 8.464 16.530 23.083 19.583 24.123
C63-Na2a 32.191 7.936 4.850 5.073 7.593
C63-Na2b 19.336 13.855 16.441 12.543 17.914
C64-Na2 27.369 7.227 5.866 4.272 8.898

aNO3; bOH
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Table E.3: SHAPE values for the six-coordinate metal ions in the complexes
C50 - C66

6-Coordinate
HP-6 PPY-6 OC-6 TPR-6 JPPY-6

C50-Ni1 31.081 28.185 0.239 15.751 31.586
C50-Ni2 32.498 24.833 0.862 10.796 28.785
C50-Ni3 31.076 27.091 0.410 14.255 30.372
C51-Ni1 31.615 24.177 1.071 10.252 28.133
C51-Ni2 31.358 27.344 0.275 15.295 31.059
C52-Ni1 32.830 25.456 1.221 13.971 29.511
C52-Ni2 31.207 23.758 1.865 13.499 27.598
C53-Ni1 30.600 25.725 1.552 10.322 29.202
C53-Ni2 30.868 27.059 0.598 14.881 29.871
C53-Ni3 30.818 26.774 0.714 14.775 29.446
C53-Ni4 30.862 27.216 0.602 15.231 29.972
C53-Ni5 30.840 27.670 0.619 15.325 30.444
C53-Ni6 30.863 27.039 0.639 15.014 29.779
C53-Ni7 31.338 28.062 0.557 15.639 30.848
C54-Co1 31.178 17.449 6.295 7.088 21.957
C54-Co3 31.609 20.668 4.806 10.670 24.791
C54-Zn2 32.471 20.049 4.814 10.911 23.684
C55-Ni1 31.991 22.174 3.456 11.444 26.363
C55-Ni3 30.334 22.657 3.353 12.150 26.583
C55-Zn1 34.220 20.282 4.989 10.202 24.561
C58-Na1 28.464 4.997 20.595 8.216 8.886
C59-Ni1 30.606 29.106 1.111 14.148 32.327
C59-Ni2 30.515 27.296 1.112 12.659 30.774
C59-Na1 32.269 24.473 1.498 9.177 28.170
C61-Na1 28.553 15.010 11.826 8.231 18.063
C62-Na1 34.469 18.193 6.522 7.128 22.008
C63-Ni1 33.309 24.476 1.662 11.818 28.299
C63-Ni2 31.299 23.794 1.335 11.725 27.396
C63-Ni3 32.599 24.931 1.480 12.205 28.523
C64-Na1 32.914 15.531 7.233 6.229 19.662
C64-Na3 27.435 11.052 15.758 6.043 15.310
C64-Na4 31.521 16.964 8.268 10.760 22.054
C66-Mn1 29.056 27.933 1.386 15.620 30.331
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Table E.4: SHAPE values for the seven- to nine-coordinate metal ions in the
complexes C50 - C66

7-Coordinate
PBPY-7 COC-7 CTPR-7 JPBPY-7 JETPY-7

C57-Na1 3.073 3.584 3.095 7.386 19.124
C63-Na1 20.212 19.603 18.618 19.360 21.094

8-Coordinate
SAPR-8 TDD-8 JBTPR-8 BTPR-8 JSD-8

C60-Eu1 0.360 2.606 2.823 1.835 5.055
C60-Eu3 1.431 2.093 2.368 1.976 4.507

9-Coordinate
JCSAPR-9 CSAPR-9 TCTPR-9 JTCTPR-9 MFF-9

C56-Gd1 2.104 0.805 1.199 3.440 1.312
C60-Eu2 2.408 1.581 2.493 2.728 1.063
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Appendix F

Crystal Data and Structural
Refinement Details

The X-ray data for the complexes C1, C3, and C5 was collected on a Rigaku Spider
diffractometer equipped with a copper rotating anode X-ray source and a curved
image plate detector. Crystals were mounted on MiTeGen loops using Fomblin®,
transferred into the cold gas stream of the detector and irradiated with graphite
monochromated CuKa X-rays (l = 1.54187 Å). Data was collected using the pro-
gram Crystal Clear (v. 1.4.0) and processed using FS PROCESS.325,326 The structures
were solved by SHELXT, and refined using SHELXL in the Olex2 crystallographic
program.208,327–329

The X-ray data for the complexes C2, C4, and C6 - C66 was collected on a Bruker
D8 Venture diffractometer equipped with a IµS Diamond, microfocus CuKa X-ray
source (l = 1.54178 Å) and a Photon III detector. Crystals were mounted on MiTe-
Gen loops using Fomblin Y and cooled to 100 K with an Oxford Cryostream 800.
Data was collected and processed using APEX3.330 The structures were solved by
SHELXT and refined using either SHELXL (C2, C4, C6 - C33, and C35 - C66) or
Olex2.refine (C34) in Olex2.208,327–329 For C34, which was refined using Olex2.refine,
the metal ions underwent anharmonic refinement.

For all complexes, non-hydrogen atoms were refined anisotropically and hydrogen
atoms were calculated to their ideal positions unless stated otherwise and refined
by using a riding model with fixed isotropic Uiso values. Disordered lattice regions
(details of which can be found in the crystal descriptions) in the complexes C24, C29,
C39, C50 - C54, C56, C59 - C62, C64, and C66 were treated using the SQUEEZE pro-
tocol reported by Spek as implemented in Olex2.208,273 The SQUEEZE assignments
were based off of the reactants used in the complexation reactions. Details of dis-
ordered ligand and coordinate regions found in the complexes, C5, C28, C34, C39,
C40, C48, C60, C63, C64, and C66, can be found in the crystal descriptions and Table
F.1.
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Table F.1: Disordered regions found in the complexes C1 - C66

Complex Disordered
Region

Atoms/Molecule Treatment Occupancy

C5 Anion Bridges F– & Cl– Pos. Disord. 60 : 40
C24 Lattice Solvate 3 H2O SQUEEZE –
C28 Ligand bridge CH2 Pos. Disord. 65 : 35
C29 Lattice Solvate 3 H2O SQUEEZE –
C34 Coordinates Cl2 & Cl3 Pos. Disord. 50 : 50 & 65 : 35

C39
Ligand Bridges 2 CH2 Pos. Disord. 60 : 40 & 60 : 40
Lattice Solvate 1 MeOH & 1 H2O Pos. Disord. 60 : 40 & 50 : 50

C40
Lattice Anions 2 Cl Pos. Disord.

Coordinate Cl3 Pos. Disord. 50 : 50
C48 Ligand Bridge N1-O3-(CH2)3-O4 Pos. Disord. 50 : 50
C50 Lattice Solvate 2.5 H2O SQUEEZE –
C51 Lattice Solvate 1.5 H2O SQUEEZE –
C52 Lattice Solvate 2 H2O SQUEEZE –
C53 Lattice Solvate 1 MeOH & 1.5 H2O SQUEEZE –
C54 Lattice Solvate 5.5 H2O SQUEEZE –
C56 Lattice Solvate 1 MeOH SQUEEZE –
C59 Lattice Solvate 3 MeOH & 1 H2O SQUEEZE –

C60 Lattice Solvate
4 MeOH, 3 Et2O, &

SQUEEZE –
2 H2O

C61 Lattice Solvate 2 H2O SQUEEZE –
C62 Lattice Solvate 1 MeOH & 1 H2O SQUEEZE –
C63 Anion Bridges NO3

– & OH– Pos. Disord. 75 : 25

C64
Lattice Solvate

4 MeOH, 3 Et2O, &
SQUEEZE –

1 H2O
Coordinates 2 MeOH/H2O 50 : 50

C66
Lattice Solvate 2 Et2O & 1 H2O SQUEEZE –

Ligand tBu Rot. Disord. 60 : 40
Pos. Disord. = Positionally disordered
Rot. Disord. = Rotationally disordered
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F.1 Crystal Data and Structural Refinement Details

H2L2: C19H22N2O6 (M =374.38 g/mol): orthorhombic, space group Fdd2 (no. 43), a =
23.9841(8) Å, b = 32.4180(11) Å, c = 4.7242(2) Å, V = 3673.1(2) Å3, Z = 8, T = 215.0 K, µ(CuKa)
= 0.848 mm-1, Dcalc = 1.354 g/cm3, 7224 reflections measured (9.172° 2Q  136.38°), 1623
unique (Rint = 0.0743, Rsigma = 0.0499) which were used in all calculations. The final R1 was
0.0353 (I > 2s(I)) and wR2 was 0.0823 (all data). Largest diff. peak/hole 0.11/-0.14 e Å3

C1: C42H74Cl2N4Ni4O16 (M =1196.79 g/mol): monoclinic, space group P21/a (no. 14), a
= 10.1468(3) Å, b = 24.8080(6) Å, c = 10.9472(8) Å, b = 109.740(8)°, V = 2593.7(2) Å3, Z =
2, T = 100.00 K, µ(CuKa) = 3.154 mm-1, Dcalc = 1.532 g/cm3, 28437 reflections measured
(7.126° 2Q  136.498°), 4692 unique (Rint = 0.1022, Rsigma = 0.0825) which were used in all
calculations. The final R1 was 0.0605 (I > 2s(I)) and wR2 was 0.1956 (all data). Largest diff.
peak/hole 1.04/-1.17 e Å3

C2: C42H68Cl2N6Ni4O14 (M =1186.76 g/mol): triclinic, space group P1 (no. 2), a = 10.9450(11)
Å, b = 11.9399 Å, c = 12.3373 Å, a = 61.800(4)°, b = 77.050(7)°, g = 66.235(5)°, V = 1299.28(19)
Å3, Z = 1, T = 100.00 K, µ(CuKa) = 3.127 mm-1, Dcalc = 1.517 g/cm3, 25132 reflections mea-
sured (8.138° 2Q  136.474°), 4606 unique (Rint = 0.0602, Rsigma = 0.0427) which were used
in all calculations. The final R1 was 0.0524 (I > 2s(I)) and wR2 was 0.1552 (all data). Largest
diff. peak/hole 0.67/-0.86 e Å3

C3: C42H78Cl4N4Ni4O13 (M =1223.72 g/mol): monoclinic, space group P21/c (no. 14), a =
10.1613(11) Å, b = 20.497(2) Å, c = 25.796(3) Å, b = 91.181(6)°, V = 5371.6(11) Å3, Z = 4, T =
150.00 K, µ(CuKa) = 3.907 mm-1, Dcalc = 1.513 g/cm3, 42330 reflections measured (5.508°
2Q  136.506°), 9568 unique (Rint = 0.2390, Rsigma = 0.4551) which were used in all cal-
culations. The final R1 was 0.0936 (I > 2s(I)) and wR2 was 0.2510 (all data). Largest diff.
peak/hole 0.86/-0.96 e Å3

C4: C42H84F4N4Ni4O16 (M =1211.97 g/mol): triclinic, space group P1 (no. 2), a = 9.3027(5)
Å, b = 11.0469(6) Å, c = 14.7130(8) Å, a = 101.982(2)°, b = 103.544(2)°, g = 107.534(2)°, V =
1337.06(13) Å3, Z = 1, T = 100.00 K, µ(CuKa) = 2.275 mm-1, Dcalc = 1.505 g/cm3, 23448 re-
flections measured (8.8° 2Q  130.158°), 4525 unique (Rint = 0.0602, Rsigma = 0.0436) which
were used in all calculations. The final R1 was 0.0395 (I > 2s(I)) and wR2 was 0.1077 (all
data). Largest diff. peak/hole 0.57/-0.60 e Å3

C5: C42H78Cl2.8F1.2N4Ni4O13 (M =1203.98 g/mol): monoclinic, space group P21/c (no. 14),
a = 9.5697(8) Å, b = 21.0552(14) Å, c = 26.071(2) Å, b = 90.155(6)°, V = 5253.1(7) Å3, Z = 4, T =
100.00 K, µ(CuKa) = 3.471 mm-1, Dcalc = 1.522 g/cm3, 37702 reflections measured (9.06° 2Q
 130.178°), 8926 unique (Rint = 0.0727, Rsigma = 0.1558) which were used in all calculations.
The final R1 was 0.0581 (I > 2s(I)) and wR2 was 0.1904 (all data). Largest diff. peak/hole
1.02/-0.60 e Å3

C6: C19H20CoCuN4O12 (M =618.86 g/mol): monoclinic, space group P21/n (no. 14), a =
14.8377(6) Å, b = 8.3627(3) Å, c = 17.4640(7) Å, b = 90.642(2)°, V = 2166.85(15) Å3, Z = 4, T =
100.00 K, µ(CuKa) = 7.925 mm-1, Dcalc = 1.897 g/cm3, 12784 reflections measured (7.776°
2Q  133.18°), 3711 unique (Rint = 0.0424, Rsigma = 0.0424) which were used in all calcu-
lations. The final R1 was 0.0462 (I > 2s(I)) and wR2 was 0.1346 (all data). Largest diff.
peak/hole 0.88/-0.85 e Å3
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C7: C19H20Cu2N4O12 (M =623.47 g/mol): monoclinic, space group P21/n (no. 14), a =
14.9946(5) Å, b = 8.3429(3) Å, c = 17.5340(6) Å, b = 90.458(2)°, V = 2193.41(13) Å3, Z = 4, T =
100.00 K, µ(CuKa) = 3.100 mm-1, Dcalc = 1.888 g/cm3, 17617 reflections measured (7.728°
2Q  152.484°), 4421 unique (Rint = 0.0529, Rsigma = 0.0389) which were used in all cal-
culations. The final R1 was 0.0420 (I > 2s(I)) and wR2 was 0.1158 (all data). Largest diff.
peak/hole 0.67/-0.82 e Å3

C8: C19H20CuMnN4O12 (M =614.87 g/mol): monoclinic, space group P21/n (no. 14), a =
15.0392(6) Å, b = 8.3585(3) Å, c = 17.6313(7) Å, b = 91.462(2)°, V = 2215.62(15) Å3, Z = 4, T =
110.00 K, µ(CuKa) = 6.523 mm-1, Dcalc = 1.843 g/cm3, 15096 reflections measured (7.63° 2Q
 152.708°), 4475 unique (Rint = 0.0457, Rsigma = 0.0462) which were used in all calculations.
The final R1 was 0.0496 (I > 2s(I)) and wR2 was 0.1367 (all data). Largest diff. peak/hole
0.63/-0.69 e Å3

C9: C19H20CuN4O12Zn (M =625.30 g/mol): monoclinic, space group P21/n (no. 14), a =
14.9306(12) Å, b = 8.3978(7) Å, c = 17.6667(14) Å, b = 91.012(4)°, V = 2214.8(3) Å3, Z = 4, T =
100.00 K, µ(CuKa) = 3.219 mm-1, Dcalc = 1.875 g/cm3, 21642 reflections measured (7.686°
2Q  152.54°), 4516 unique (Rint = 0.0401, Rsigma = 0.0331) which were used in all calcu-
lations. The final R1 was 0.0565 (I > 2s(I)) and wR2 was 0.1379 (all data). Largest diff.
peak/hole 1.33/-1.03 e Å3

C10: C21H28CoMnN4O14 (M =674.34 g/mol): triclinic, space group P1 (no. 2), a = 9.9747(4)
Å, b = 10.5722(4) Å, c = 14.1876(5) Å, a = 107.842(2)°, b = 106.805(2)°, g = 99.500(2)°, V =
1309.49(9) Å3, Z = 2, T = 100.00 K, µ(CuKa) = 9.600 mm-1, Dcalc = 1.710 g/cm3, 15240 reflec-
tions measured (7.02° 2Q  140.122°), 4909 unique (Rint = 0.0462, Rsigma = 0.0460) which
were used in all calculations. The final R1 was 0.0428 (I > 2s(I)) and wR2 was 0.1372 (all
data). Largest diff. peak/hole 0.77/-0.57 e Å3

C11: C21H28Mn2N4O14 (M =670.35 g/mol): triclinic, space group P1 (no. 2), a = 10.0281(4)
Å, b = 10.5626(4) Å, c = 14.3023(5) Å, a = 107.230(2)°, b = 106.643(2)°, g = 99.870(2)°, V =
1330.88(9) Å3, Z = 2, T = 100.00 K, µ(CuKa) = 8.424 mm-1, Dcalc = 1.673 g/cm3, 23449 re-
flections measured (6.93° 2Q  136.49°), 4762 unique (Rint = 0.0441, Rsigma = 0.0372) which
were used in all calculations. The final R1 was 0.0377 (I > 2s(I)) and wR2 was 0.1078 (all
data). Largest diff. peak/hole 0.61/-0.48 e Å3

C12: C21H28MnN4NiO14 (M =674.12 g/mol): triclinic, space group P1 (no. 2), a = 9.9564(4)
Å, b = 10.5669(5) Å, c = 14.1649(9) Å, a = 108.098(3)°, b = 106.993(2)°, g = 99.274(2)°, V =
1301.62(12) Å3, Z = 2, T = 104.00 K, µ(CuKa) = 5.564 mm-1, Dcalc = 1.720 g/cm3, 12001 reflec-
tions measured (7.052° 2Q  136.438°), 4562 unique (Rint = 0.0510, Rsigma = 0.0603) which
were used in all calculations. The final R1 was 0.0600 (I > 2s(I)) and wR2 was 0.1663 (all
data). Largest diff. peak/hole 0.59/-0.66 e Å3

C13: C21H28MnN4O14Zn (M =680.78 g/mol): triclinic, space group P1 (no. 2), a = 9.9676(4)
Å, b = 10.5660(4) Å, c = 14.2952(5) Å, a = 107.671(2)°, b = 106.679(2)°, g = 99.696(2)°, V =
1319.19(9) Å3, Z = 2, T = 100.00 K, µ(CuKa) = 5.722 mm-1, Dcalc = 1.714 g/cm3, 15496 reflec-
tions measured (6.956° 2Q  130.148°), 4379 unique (Rint = 0.0542, Rsigma = 0.0557) which
were used in all calculations. The final R1 was 0.0611 (I > 2s(I)) and wR2 was 0.1769 (all
data). Largest diff. peak/hole 0.78/-0.98 e Å3

C14: C19H20CuDyN5O15 (M =784.438 g/mol): monoclinic, space group P21/n (no. 14), a =
9.0414(3) Å, b = 23.8466(7) Å, c = 11.8594(3) Å, b = 96.099(2)°, V = 2542.49(13) Å3, Z = 4, T =
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295.0 K, µ(CuKa) = 17.356 mm-1, Dcalc = 2.049 g/cm3, 22271 reflections measured (7.42° 2Q
 130.4°), 4198 unique (Rint = 0.0665, Rsigma = 0.0511) which were used in all calculations.
The final R1 was 0.0553 (I > 2s(I)) and wR2 was 0.1194 (all data). Largest diff. peak/hole
0.94/-1.25 e Å3

C15: C19H20CuErN5O15 (M =789.20 g/mol): monoclinic, space group P21/n (no. 14), a =
8.9640(4) Å, b = 23.5775(12) Å, c = 11.7460(6) Å, b = 96.561(2)°, V = 2466.2(2) Å3, Z = 4, T =
100.0 K, µ(CuKa) = 7.999 mm-1, Dcalc = 2.125 g/cm3, 18910 reflections measured (7.498° 2Q
 136.42°), 4384 unique (Rint = 0.0763, Rsigma = 0.0673) which were used in all calculations.
The final R1 was 0.0657 (I > 2s(I)) and wR2 was 0.1980 (all data). Largest diff. peak/hole
1.81/-1.19 e Å3

C16: C19H20CuHoN5O15 (M =786.87 g/mol): monoclinic, space group P21/n (no. 14), a =
8.9701(6) Å, b = 23.5381(15) Å, c = 11.7899(7) Å, b = 96.098(3)°, V = 2475.2(3) Å3, Z = 4, T =
100.0 K, µ(CuKa) = 7.646 mm-1, Dcalc = 2.112 g/cm3, 35632 reflections measured (7.512° 2Q
 136.462°), 4446 unique (Rint = 0.0469, Rsigma = 0.0294) which were used in all calculations.
The final R1 was 0.0352 (I > 2s(I)) and wR2 was 0.0886 (all data). Largest diff. peak/hole
0.99/-0.96 e Å3

C17: C19H20CuGdN5O15 (M =779.19 g/mol): triclinic, space group P1 (no. 2), a = 9.0517(3)
Å, b = 11.7793(4) Å, c = 12.6568(4) Å, a = 88.549(2)°, b = 80.923(2)°, g = 71.8140(10)°, V =
1265.63(7) Å3, Z = 2, T = 296.0 K, µ(CuKa) = 18.586 mm-1, Dcalc = 2.045 g/cm3, 18461 reflec-
tions measured (7.074° 2Q  136.484°), 4522 unique (Rint = 0.0574, Rsigma = 0.0468) which
were used in all calculations. The final R1 was 0.0396 (I > 2s(I)) and wR2 was 0.1123 (all
data). Largest diff. peak/hole 1.20/-0.74 e Å3

C18: C19H20CuEuN5O15 (M =773.90 g/mol): monoclinic, space group P21/n (no. 14), a =
8.9377(7) Å, b = 23.6278(19) Å, c = 11.8881(9) Å, b = 96.527(4)°, V = 2494.2(3) Å3, Z = 4, T =
100.0 K, µ(CuKa) = 19.664 mm-1, Dcalc = 2.061 g/cm3, 28921 reflections measured (7.482°
2Q  136.412°), 4436 unique (Rint = 0.0629, Rsigma = 0.0424) which were used in all cal-
culations. The final R1 was 0.0559 (I > 2s(I)) and wR2 was 0.1581 (all data). Largest diff.
peak/hole 2.28/-1.53 e Å3

C19: C19H20CuN5O15Tb (M =780.86 g/mol): monoclinic, space group P21/n (no. 14), a
= 8.9290(4) Å, b = 23.6257(10) Å, c = 11.8429(5) Å, b = 96.862(2)°, V = 2480.41(19) Å3, Z =
4, T = 100.0 K, µ(CuKa) = 15.694 mm-1, Dcalc = 2.091 g/cm3, 29940 reflections measured
(7.484° 2Q  133.14°), 4310 unique (Rint = 0.0694, Rsigma = 0.0423) which were used in all
calculations. The final R1 was 0.0477 (I > 2s(I)) and wR2 was 0.1337 (all data). Largest diff.
peak/hole 1.71/-1.15 e Å3

C20: C19H20CuN5O15Yb (M =794.98 g/mol): monoclinic, space group P21/n (no. 14), a =
9.0635(6) Å, b = 23.6137(16) Å, c = 11.6796(8) Å, b = 95.070(2)°, V = 2489.9(3) Å3, Z = 4, T =
100.0 K, µ(CuKa) = 8.613 mm-1, Dcalc = 2.121 g/cm3, 30734 reflections measured (7.488° 2Q
 144.238°), 4886 unique (Rint = 0.0433, Rsigma = 0.0246) which were used in all calculations.
The final R1 was 0.0421 (I > 2s(I)) and wR2 was 0.0912 (all data). Largest diff. peak/hole
0.92/-0.72 e Å3

C21: C19H20CuDyN5O15 (M =784.44 g/mol): triclinic, space group P1 (no. 2), a = 12.3544(7)
Å, b = 14.2720(8) Å, c = 16.5653(9) Å, a = 111.834(2)°, b = 103.258(2)°, g = 103.543(2)°, V =
2468.6(2) Å3, Z = 4, T = 173.0 K, µ(CuKa) = 17.875 mm-1, Dcalc = 2.111 g/cm3, 31688 reflec-
tions measured (6.138° 2Q  136.49°), 8747 unique (Rint = 0.0537, Rsigma = 0.0475) which
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were used in all calculations. The final R1 was 0.0441 (I > 2s(I)) and wR2 was 0.1231 (all
data). Largest diff. peak/hole 1.21/-1.24 e Å3

C22: C19H20CuEuN5O15 (M =773.90 g/mol): triclinic, space group P1 (no. 2), a = 12.3855(4)
Å, b = 14.2948(6) Å, c = 16.5637(6) Å, a = 111.366(2)°, b = 103.530(2)°, g = 103.892(2)°, V =
2477.91(16) Å3, Z = 4, T = 100.0 K, µ(CuKa) = 19.793 mm-1, Dcalc = 2.074 g/cm3, 25493 reflec-
tions measured (6.13° 2Q  133.188°), 8530 unique (Rint = 0.0487, Rsigma = 0.0541) which
were used in all calculations. The final R1 was 0.0410 (I > 2s(I)) and wR2 was 0.1099 (all
data). Largest diff. peak/hole 1.48/-1.39 e Å3

C23: C19H20CuGdN5O15 (M =779.19 g/mol): triclinic, space group P1 (no. 2), a = 12.3830(7)
Å, b = 14.2857(9) Å, c = 16.5511(10) Å, a = 111.603(3)°, b = 103.365(3)°, g = 103.867(3)°, V =
2471.9(3) Å3, Z = 4, T = 100.0 K, µ(CuKa) = 19.032 mm-1, Dcalc = 2.094 g/cm3, 49176 reflec-
tions measured (6.14° 2Q  136.49°), 8864 unique (Rint = 0.0549, Rsigma = 0.0429) which
were used in all calculations. The final R1 was 0.0372 (I > 2s(I)) and wR2 was 0.0919 (all
data). Largest diff. peak/hole 0.76/-0.79 e Å3

C24: C19H22CuLaN5O16 (M =778.86 g/mol): triclinic, space group P1 (no. 2), a = 11.5361(4)
Å, b = 11.6638(4) Å, c = 11.9374(4) Å, a = 72.284(2)°, b = 65.9240(10)°, g = 73.045(2)°, V =
1370.81(8) Å3, Z = 2, T = 100.0 K, µ(CuKa) = 13.601 mm-1, Dcalc = 1.887 g/cm3, 26106 reflec-
tions measured (8.11° 2Q  133.168°), 4767 unique (Rint = 0.0451, Rsigma = 0.0334) which
were used in all calculations. The final R1 was 0.0340 (I > 2s(I)) and wR2 was 0.0883 (all
data). Largest diff. peak/hole 0.85/-0.90 e Å3

C25: C28H33.5Cu2LaN10.5O18 (M =1071.14 g/mol): triclinic, space group P1 (no. 2), a =
13.6007(7) Å, b = 17.3919(8) Å, c = 18.4609(9) Å, a = 85.218(3)°, b = 89.461(3)°, g = 71.512(3)°,
V = 4126.3(4) Å3, Z = 4, T = 100.0 K, µ(CuKa) = 9.797 mm-1, Dcalc = 1.724 g/cm3, 67885
reflections measured (4.804° 2Q  136.484°), 14826 unique (Rint = 0.0598, Rsigma = 0.0554)
which were used in all calculations. The final R1 was 0.0788 (I > 2s(I)) and wR2 was 0.2491
(all data). Largest diff. peak/hole 4.78/-2.58 e Å3

C26: C38H40Cu2La2N10O30 (M =1521.70 g/mol): triclinic, space group P1 (no. 2), a = 9.4157(5)
Å, b = 11.9077(7) Å, c = 13.0665(7) Å, a = 97.549(2)°, b = 108.070(2)°, g = 111.523(2)°, V =
1244.85(12) Å3, Z = 1, T = 100.0 K, µ(CuKa) = 14.928 mm-1, Dcalc = 2.030 g/cm3, 20843 reflec-
tions measured (7.406° 2Q  136.488°), 4555 unique (Rint = 0.0408, Rsigma = 0.0301) which
were used in all calculations. The final R1 was 0.0239 (I > 2s(I)) and wR2 was 0.0618 (all
data). Largest diff. peak/hole 1.41/-1.23 e Å3

C27: C21H28CuLaN5O17 (M =824.93 g/mol): monoclinic, space group P21/c (no. 14), a =
8.5695(6) Å, b = 19.7972(13) Å, c = 17.0919(11) Å, b = 95.571(2)°, V = 2886.0(3) Å3, Z = 4, T =
100.00 K, µ(CuKa) = 12.988 mm-1, Dcalc = 1.899 g/cm3, 28564 reflections measured (6.85°
2Q  144.316°), 5618 unique (Rint = 0.0456, Rsigma = 0.0391) which were used in all cal-
culations. The final R1 was 0.0430 (I > 2s(I)) and wR2 was 0.1131 (all data). Largest diff.
peak/hole 1.39/-1.20 e Å3

C28: C21H28CeCuN5O17 (M =826.14 g/mol): monoclinic, space group P21/c (no. 14), a =
8.6189(2) Å, b = 19.8934(6) Å, c = 17.2010(5) Å, b = 96.2190(10)°, V = 2931.91(14) Å3, Z =
4, T = 296.0 K, µ(CuKa) = 13.521 mm-1, Dcalc = 1.872 g/cm3, 23708 reflections measured
(6.816° 2Q  136.492°), 5244 unique (Rint = 0.0550, Rsigma = 0.0488) which were used in all
calculations. The final R1 was 0.0433 (I > 2s(I)) and wR2 was 0.1229 (all data). Largest diff.
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peak/hole 1.60/-1.04 e Å3

C29: C19H22CeCuN5O16 (M =780.07 g/mol): triclinic, space group P1 (no. 2), a = 11.5151(4)
Å, b = 11.6384(4) Å, c = 11.9146(4) Å, a = 72.4950(10)°, b = 65.8790(10)°, g = 73.1910(10)°,
V = 1364.26(8) Å3, Z = 2, T = 100.0 K, µ(CuKa) = 14.458 mm-1, Dcalc = 1.899 g/cm3, 16311
reflections measured (8.114° 2Q  136.456°), 4860 unique (Rint = 0.0423, Rsigma = 0.0434)
which were used in all calculations. The final R1 was 0.0406 (I > 2s(I)) and wR2 was 0.1109
(all data). Largest diff. peak/hole 1.12/-2.17 e Å3

C30: C21H25CeCl3CuN5O16 (M =913.47 g/mol): triclinic, space group P1 (no. 2), a = 9.3678(4)
Å, b = 13.0900(6) Å, c = 13.6093(6) Å, a = 74.374(2)°, b = 76.523(2)°, g = 72.943(2)°, V =
1514.80(12) Å3, Z = 2, T = 100.0 K, µ(CuKa) = 15.517 mm-1, Dcalc = 2.003 g/cm3, 20873
reflections measured (6.84° 2Q  136.472°), 5366 unique (Rint = 0.0567, Rsigma = 0.0504)
which were used in all calculations. The final R1 was 0.0580 (I > 2s(I)) and wR2 was 0.1656
(all data). Largest diff. peak/hole 1.83/-1.63 e Å3

C31: C40H48Ce2Cu2N10O32 (M =1588.20 g/mol): triclinic, space group P1 (no. 2), a = 12.4827(9)
Å, b = 14.0842(10) Å, c = 17.3761(12) Å, a = 112.933(3)°, b = 100.117(3)°, g = 99.657(3)°, V =
2674.0(3) Å3, Z = 2, T = 100.0 K, µ(CuKa) = 14.766 mm-1, Dcalc = 1.973 g/cm3, 63258 reflec-
tions measured (5.728° 2Q  136.472°), 9579 unique (Rint = 0.0644, Rsigma = 0.0409) which
were used in all calculations. The final R1 was 0.0519 (I > 2s(I)) and wR2 was 0.1426 (all
data). Largest diff. peak/hole 1.29/-2.02 e Å3

C32: C22H29CeCuN5O16.5 (M =831.16 g/mol): monoclinic, space group C2/c (no. 15), a
= 33.4847(12) Å, b = 8.5734(3) Å, c = 20.9609(8) Å, b = 104.579(2)°, V = 5823.7(4) Å3, Z =
8, T = 100.0 K, µ(CuKa) = 13.606 mm-1, Dcalc = 1.896 g/cm3, 27228 reflections measured
(5.454° 2Q  136.488°), 5189 unique (Rint = 0.0538, Rsigma = 0.0416) which were used in all
calculations. The final R1 was 0.0428 (I > 2s(I)) and wR2 was 0.1236 (all data). Largest diff.
peak/hole 1.71/-1.25 e Å3

C33: C16.5H16CuEuN3O15.5 (M =719.82 g/mol): orthorhombic, space group P21212 (no. 18),
a = 15.0007(7) Å, b = 18.6190(8) Å, c = 9.4221(5) Å, V = 2631.6(2) Å3, Z = 4, T = 100.00 K,
µ(CuKa) = 18.574 mm-1, Dcalc = 1.817 g/cm3, 16161 reflections measured (7.568° 2Q 
130.13°), 4178 unique (Rint = 0.0675, Rsigma = 0.0702) which were used in all calculations. The
final R1 was 0.0673 (I > 2s(I)) and wR2 was 0.1851 (all data). Largest diff. peak/hole 1.75/-
0.70 e Å3

C34: C20H26Cl3CuDyN2O8 (M =754.82 g/mol): monoclinic, space group P21/c (no. 14), a
= 7.3868(6) Å, b = 25.4602(18) Å, c = 13.5479(10) Å, b = 95.937(4)°, V = 2534.3(3) Å3, Z =
4, T = 100.0 K, µ(CuKa) = 19.964 mm-1, Dcalc = 1.978 g/cm3, 32398 reflections measured
(6.944° 2Q  136.486°), 4576 unique (Rint = 0.0456, Rsigma = 0.0301) which were used in all
calculations. The final R1 was 0.0622 (I > 2s(I)) and wR2 was 0.1310 (all data). Largest diff.
peak/hole 0.96/-0.68 e Å3

C35: C20H26Cl3CuEuN2O8 (M =744.28 g/mol): triclinic, space group P1 (no. 2), a = 6.9990(3)
Å, b = 11.6434(6) Å, c = 15.8285(8) Å, a = 103.380(2)°, b = 90.110(2)°, g = 102.747(2)°, V =
1222.05(10) Å3, Z = 2, T = 104.0 K, µ(CuKa) = 22.713 mm-1, Dcalc = 2.023 g/cm3, 13862 reflec-
tions measured (5.748° 2Q  136.374°), 4331 unique (Rint = 0.0536, Rsigma = 0.0512) which
were used in all calculations. The final R1 was 0.0489 (I > 2s(I)) and wR2 was 0.1406 (all
data). Largest diff. peak/hole 1.37/-2.00 e Å3
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C36: C20H26Cl3CuN2O8Tb (M =751.24 g/mol): triclinic, space group P1 (no. 2), a = 7.0054(6)
Å, b = 11.6018(9) Å, c = 15.8063(12) Å, a = 103.424(3)°, b = 90.053(3)°, g = 102.897(3)°, V =
1216.15(17) Å3, Z = 2, T = 100.0 K, µ(CuKa) = 18.663 mm-1, Dcalc = 2.051 g/cm3, 10132 reflec-
tions measured (5.758° 2Q  130.158°), 4031 unique (Rint = 0.0409, Rsigma = 0.0542) which
were used in all calculations. The final R1 was 0.0440 (I > 2s(I)) and wR2 was 0.1318 (all
data). Largest diff. peak/hole 1.16/-1.00 e Å3

C37: C19H22Cl3CuErN2O7 (M =727.53 g/mol): triclinic, space group P1 (no. 2), a = 9.9238(4)
Å, b = 10.9889(4) Å, c = 11.7998(5) Å, a = 102.5220(10)°, b = 97.533(2)°, g = 107.4490(10)°,
V = 1171.50(8) Å3, Z = 2, T = 295.0 K, µ(CuKa) = 11.112 mm-1, Dcalc = 2.062 g/cm3, 25059
reflections measured (7.85° 2Q  136.472°), 4206 unique (Rint = 0.0483, Rsigma = 0.0293)
which were used in all calculations. The final R1 was 0.0236 (I > 2s(I)) and wR2 was 0.0634
(all data). Largest diff. peak/hole 0.83/-0.58 e Å3

C38: C19H22Cl3CuHoN2O7 (M =725.20 g/mol): triclinic, space group P1 (no. 2), a = 9.9181(8)
Å, b = 10.9845(9) Å, c = 11.7984(10) Å, a = 102.382(5)°, b = 97.565(5)°, g = 107.485(4)°, V =
1170.65(17) Å3, Z = 2, T = 293 K, µ(CuKa) = 10.778 mm-1, Dcalc = 2.057 g/cm3, 19614 reflec-
tions measured (7.848° 2Q  133.19°), 4054 unique (Rint = 0.0525, Rsigma = 0.0406) which
were used in all calculations. The final R1 was 0.0395 (I > 2s(I)) and wR2 was 0.0897 (all
data). Largest diff. peak/hole 1.13/-0.73 e Å3

C39: C39H60Cl8Cu3N4O21Tb2 (M =1712.97 g/mol): monoclinic, space group P21/c (no. 14),
a = 19.0380(7) Å, b = 11.3996(4) Å, c = 26.7968(9) Å, b = 94.644(2)°, V = 5796.5(4) Å3, Z =
4, T = 100.0 K, µ(CuKa) = 17.000 mm-1, Dcalc = 1.963 g/cm3, 57449 reflections measured
(4.656° 2Q  144.364°), 11298 unique (Rint = 0.0463, Rsigma = 0.0350) which were used in all
calculations. The final R1 was 0.0499 (I > 2s(I)) and wR2 was 0.1497 (all data). Largest diff.
peak/hole 1.81/-1.27 e Å3

C40: C38H44Ce2Cl8Cu2N4O14 (M =1471.69 g/mol): triclinic, space group P1 (no. 2), a =
9.7305(5) Å, b = 11.5538(5) Å, c = 13.2766(6) Å, a = 66.135(2)°, b = 69.054(2)°, g = 76.272(2)°,
V = 1267.27(11) Å3, Z = 1, T = 100.0 K, µ(CuKa) = 18.990 mm-1, Dcalc = 1.928 g/cm3, 22851
reflections measured (7.618° 2Q  136.462°), 4539 unique (Rint = 0.0778, Rsigma = 0.0486)
which were used in all calculations. The final R1 was 0.0572 (I > 2s(I)) and wR2 was 0.1781
(all data). Largest diff. peak/hole 2.05/-1.68 e Å3

C41: C42H46Co2Eu2N8O28 (M =1532.65 g/mol): monoclinic, space group P21/c (no. 14), a
= 11.4730(3) Å, b = 19.5247(6) Å, c = 12.0945(4) Å, b = 90.671(2)°, V = 2709.07(14) Å3, Z =
2, T = 120.0 K, µ(CuKa) = 21.890 mm-1, Dcalc = 1.879 g/cm3, 29624 reflections measured
(7.706° 2Q  136.464°), 4838 unique (Rint = 0.0616, Rsigma = 0.0442) which were used in all
calculations. The final R1 was 0.0437 (I > 2s(I)) and wR2 was 0.1202 (all data). Largest diff.
peak/hole 1.87/-1.37 e Å3

C42: C19H26Cl3CoErN2O9 (M =758.96 g/mol): triclinic, space group P1 (no. 2), a = 8.3659(6)
Å, b = 9.0279(7) Å, c = 17.3044(12) Å, a = 80.596(4)°, b = 84.361(4)°, g = 74.111(4)°, V =
1238.14(16) Å3, Z = 2, T = 100.0 K, µ(CuKa) = 14.801 mm-1, Dcalc = 2.036 g/cm3, 19366
reflections measured (5.184° 2Q  133.158°), 4330 unique (Rint = 0.1399, Rsigma = 0.0787)
which were used in all calculations. The final R1 was 0.0518 (I > 2s(I)) and wR2 was 0.1597
(all data). Largest diff. peak/hole 1.75/-3.05 e Å3

C43: C19H26Cl3CoEuN2O9 (M =743.66 g/mol): triclinic, space group P1 (no. 2), a = 8.4230(5)
Å, b = 9.0630(5) Å, c = 17.4354(11) Å, a = 80.808(4)°, b = 84.301(4)°, g = 73.779(3)°, V =
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1259.48(13) Å3, Z = 2, T = 100.0 K, µ(CuKa) = 26.190 mm-1, Dcalc = 1.961 g/cm3, 48497
reflections measured (5.142° 2Q  136.466°), 4521 unique (Rint = 0.1030, Rsigma = 0.0518)
which were used in all calculations. The final R1 was 0.0443 (I > 2s(I)) and wR2 was 0.1083
(all data). Largest diff. peak/hole 0.82/-0.99 e Å3

C44: C22H35Cl3CoDyN2O10.5 (M =823.30 g/mol): triclinic, space group P1 (no. 2), a =
10.4766(6) Å, b = 10.8314(6) Å, c = 14.1186(8) Å, a = 96.838(2)°, b = 109.945(2)°, g = 104.533(2)°,
V = 1420.49(14) Å3, Z = 2, T = 100.0 K, µ(CuKa) = 21.592 mm-1, Dcalc = 1.925 g/cm3, 13758
reflections measured (6.836° 2Q  136.492°), 4994 unique (Rint = 0.0972, Rsigma = 0.0771)
which were used in all calculations. The final R1 was 0.0536 (I > 2s(I)) and wR2 was 0.1505
(all data). Largest diff. peak/hole 2.10/-1.32 e Å3

C45: C22H34.5Cl3CoErN2O10.25 (M =823.55 g/mol): triclinic, space group P1 (no. 2), a =
10.4631(8) Å, b = 10.8332(9) Å, c = 14.0815(11) Å, a = 96.968(3)°, b = 109.923(3)°, g = 104.477(3)°,
V = 1415.1(2) Å3, Z = 2, T = 100.0 K, µ(CuKa) = 13.043 mm-1, Dcalc = 1.933 g/cm3, 16539 re-
flections measured (6.856° 2Q  136.486°), 5032 unique (Rint = 0.0416, Rsigma = 0.0417)
which were used in all calculations. The final R1 was 0.0311 (I > 2s(I)) and wR2 was 0.0833
(all data). Largest diff. peak/hole 1.08/-1.06 e Å3

C46: C21H30Cl3CoEuN2O9 (M =771.71 g/mol): triclinic, space group P1 (no. 2), a = 10.5086(7)
Å, b = 10.7045(7) Å, c = 14.0682(9) Å, a = 69.299(4)°, b = 68.539(4)°, g = 75.564(4)°, V =
1364.57(16) Å3, Z = 2, T = 100.0 K, µ(CuKa) = 24.199 mm-1, Dcalc = 1.878 g/cm3, 16355
reflections measured (7.056° 2Q  136.448°), 4848 unique (Rint = 0.0553, Rsigma = 0.0567)
which were used in all calculations. The final R1 was 0.0414 (I > 2s(I)) and wR2 was 0.0990
(all data). Largest diff. peak/hole 0.89/-0.87 e Å3

C47: C21H23DyN4O14Zn (M =783.30 g/mol): triclinic, space group P1 (no. 2), a = 9.5270(6) Å,
b = 10.3999(7) Å, c = 13.6149(9) Å, a = 89.667(3)°, b = 83.985(3)°, g = 82.676(3)°, V = 1330.55(15)
Å3, Z = 2, T = 298.0 K, µ(CuKa) = 16.661 mm-1, Dcalc = 1.955 g/cm3, 27969 reflections mea-
sured (6.528° 2Q  136.418°), 4783 unique (Rint = 0.0689, Rsigma = 0.0415) which were used
in all calculations. The final R1 was 0.0365 (I > 2s(I)) and wR2 was 0.0957 (all data). Largest
diff. peak/hole 1.03/-0.56 e Å3

C48: C25H33DyN4NiO16 (M =866.76 g/mol): monoclinic, space group P21/n (no. 14), a
= 10.3941(3) Å, b = 18.9712(6) Å, c = 15.7732(5) Å, b = 98.235(2)°, V = 3078.22(16) Å3, Z =
4, T = 108.0 K, µ(CuKa) = 14.331 mm-1, Dcalc = 1.870 g/cm3, 40186 reflections measured
(7.334° 2Q  136.482°), 5562 unique (Rint = 0.0438, Rsigma = 0.0280) which were used in all
calculations. The final R1 was 0.0325 (I > 2s(I)) and wR2 was 0.0879 (all data). Largest diff.
peak/hole 0.70/-0.88 e Å3

C49: C19H26Cl3EuN2NiO9 (M =743.44 g/mol): triclinic, space group P1 (no. 2), a = 8.4117(3)
Å, b = 9.0640(3) Å, c = 17.2233(7) Å, a = 80.951(2)°, b = 84.682(2)°, g = 73.933(2)°, V =
1244.50(8) Å3, Z = 2, T = 100.0 K, µ(CuKa) = 22.224 mm-1, Dcalc = 1.984 g/cm3, 20287 reflec-
tions measured (5.202° 2Q  136.46°), 4508 unique (Rint = 0.0573, Rsigma = 0.0435) which
were used in all calculations. The final R1 was 0.0395 (I > 2s(I)) and wR2 was 0.1046 (all
data). Largest diff. peak/hole 1.05/-1.64 e Å3

C50: C48H84N4Ni3O17 (M =1165.32 g/mol): monoclinic, space group P21/n (no. 14), a =
14.639(2) Å, b = 20.587(3) Å, c = 19.569(3) Å, b = 98.902(9)°, V = 5826.7(16) Å3, Z = 4, T =
100.00 K, µ(CuKa) = 1.683 mm-1, Dcalc = 1.328 g/cm3, 19211 reflections measured (7.47° 2Q
 130.168°), 9911 unique (Rint = 0.1141, Rsigma = 0.1127) which were used in all calculations.
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The final R1 was 0.0639 (I > 2s(I)) and wR2 was 0.1772 (all data). Largest diff. peak/hole
0.93/-0.74 e Å3

C51: C46H74N4Ni3O14 (M =1083.22 g/mol): monoclinic, space group C2/c (no. 15), a =
26.477(2) Å, b = 14.4568(13) Å, c = 14.9455(13) Å, b = 98.341(4)°, V = 5660.1(9) Å3, Z = 4, T =
100.00 K, µ(CuKa) = 1.655 mm-1, Dcalc = 1.271 g/cm3, 31233 reflections measured (6.748°
2Q  136.476°), 5117 unique (Rint = 0.0448, Rsigma = 0.0343) which were used in all cal-
culations. The final R1 was 0.0483 (I > 2s(I)) and wR2 was 0.1348 (all data). Largest diff.
peak/hole 0.82/-0.56 e Å3

C52: C43H55Cl5N4Ni4O16 (M =1296.00 g/mol): triclinic, space group P1 (no. 2), a = 10.0582(6)
Å, b = 12.4867(7) Å, c = 12.9245(9) Å, a = 73.396(3)°, b = 74.171(4)°, g = 83.227(4)°, V =
1495.16(17) Å3, Z = 1, T = 108.0 K, µ(CuKa) = 3.993 mm-1, Dcalc = 1.439 g/cm3, 12286 re-
flections measured (7.394° 2Q  130.152°), 4970 unique (Rint = 0.0446, Rsigma = 0.0597)
which were used in all calculations. The final R1 was 0.0746 (I > 2s(I)) and wR2 was 0.2433
(all data). Largest diff. peak/hole 1.84/-0.61 e Å3

C53: C69H106N6Ni7O33 (M =1958.56 g/mol): monoclinic, space group P21/n (no. 14), a =
14.5091(13) Å, b = 33.698(3) Å, c = 18.4930(17) Å, b = 109.471(5)°, V = 8524.6(13) Å3, Z =
4, T = 105.0 K, µ(CuKa) = 2.377 mm-1, Dcalc = 1.526 g/cm3, 106395 reflections measured
(5.244° 2Q  136.49°), 15458 unique (Rint = 0.0773, Rsigma = 0.0447) which were used in all
calculations. The final R1 was 0.0575 (I > 2s(I)) and wR2 was 0.1696 (all data). Largest diff.
peak/hole 0.85/-0.74 e Å3

C54: C38H40Co2N6O18Zn (M =1051.99 g/mol): monoclinic, space group P21/c (no. 14),
a = 10.7688(3) Å, b = 15.3150(4) Å, c = 28.4493(8) Å, b = 97.961(2)°, V = 4646.8(2) Å3, Z =
4, T = 100.00 K, µ(CuKa) = 6.804 mm-1, Dcalc = 1.504 g/cm3, 24968 reflections measured
(6.274° 2Q  136.486°), 8448 unique (Rint = 0.0574, Rsigma = 0.0611) which were used in all
calculations. The final R1 was 0.0456 (I > 2s(I)) and wR2 was 0.1216 (all data). Largest diff.
peak/hole 0.75/-0.74 e Å3

C55: C38H40N6Ni2O18Zn (M =1051.55 g/mol): triclinic, space group P1 (no. 2), a = 11.164(2)
Å, b = 12.333(3) Å, c = 18.067(4) Å, a = 70.438(7)°, b = 84.642(6)°, g = 64.728(6)°, V = 2116.1(8)
Å3, Z = 2, T = 100.00 K, µ(CuKa) = 2.435 mm-1, Dcalc = 1.650 g/cm3, 26644 reflections mea-
sured (8.39° 2Q  140.124°), 7856 unique (Rint = 0.0434, Rsigma = 0.0474) which were used
in all calculations. The final R1 was 0.0470 (I > 2s(I)) and wR2 was 0.1242 (all data). Largest
diff. peak/hole 0.64/-0.72 e Å3

C56: C21.6H22.6CuGdN3O14 (M =769.02 g/mol): monoclinic, space group P21/n (no. 14),
a = 14.0354(9) Å, b = 11.1833(7) Å, c = 18.0902(12) Å, b = 105.571(5)°, V = 2735.3(3) Å3, Z
= 4, T = 109.0 K, µ(CuKa) = 17.139 mm-1, Dcalc = 1.867 g/cm3, 34570 reflections measured
(7.118° 2Q  149.302°), 5586 unique (Rint = 0.1710, Rsigma = 0.1198) which were used in all
calculations. The final R1 was 0.0744 (I > 2s(I)) and wR2 was 0.2288 (all data). Largest diff.
peak/hole 1.77/-1.54 e Å3

C57: C20H24CuN3NaO10 (M =552.95 g/mol): triclinic, space group P1 (no. 2), a = 9.469(3) Å,
b = 10.439(3) Å, c = 12.426(4) Å, a = 109.06(2)°, b = 90.859(19)°, g = 98.755(17)°, V = 1144.7(7)
Å3, Z = 2, T = 100.0 K, µ(CuKa) = 2.094 mm-1, Dcalc = 1.604 g/cm3, 21567 reflections mea-
sured (7.544° 2Q  130.16°), 3866 unique (Rint = 0.0668, Rsigma = 0.0424) which were used
in all calculations. The final R1 was 0.0743 (I > 2s(I)) and wR2 was 0.2277 (all data). Largest
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diff. peak/hole 0.74/-1.26 e Å3

C58: C19H24CuN3NaO11 (M =556.94 g/mol): monoclinic, space group P21/c (no. 14), a
= 12.1619(14) Å, b = 12.1925(15) Å, c = 15.3667(18) Å, b = 96.744(4)°, V = 2262.9(5) Å3, Z
= 4, T = 100.0 K, µ(CuKa) = 2.156 mm-1, Dcalc = 1.635 g/cm3, 25619 reflections measured
(10.308° 2Q  144.972°), 4427 unique (Rint = 0.0582, Rsigma = 0.0420) which were used in all
calculations. The final R1 was 0.0479 (I > 2s(I)) and wR2 was 0.1367 (all data). Largest diff.
peak/hole 0.70/-0.84 e Å3

C59: C4H13Cu2Na0.5Ni1.33O10.5 (M =446.00 g/mol): trigonal, space group R3c (no. 167), a
= 23.9966(8) Å, c = 35.075(2) Å, V = 17491.5(15) Å3, Z = 36, T = 100.00 K, µ(CuKa) = 4.408
mm-1, Dcalc = 1.524 g/cm3, 54450 reflections measured (6.594° 2Q  136.93°), 3513 unique
(Rint = 0.0394, Rsigma = 0.0203) which were used in all calculations. The final R1 was 0.0865
(I > 2s(I)) and wR2 was 0.2322 (all data). Largest diff. peak/hole 3.65/-1.04 e Å3

C60: C121.8H144.6ClCu12Eu4N12O61 (M =4199.48 g/mol): monoclinic, space group C2/m (no.
12), a = 24.9451(9) Å, b = 22.8197(8) Å, c = 34.3447(12) Å, b = 102.844(2)°, V = 19061.2(12) Å3,
Z = 4, T = 100.0 K, µ(CuKa) = 11.409 mm-1, Dcalc = 1.463 g/cm3, 116972 reflections measured
(2.638° 2Q  136.492°), 17783 unique (Rint = 0.0704, Rsigma = 0.0417) which were used in all
calculations. The final R1 was 0.0732 (I > 2s(I)) and wR2 was 0.2238 (all data). Largest diff.
peak/hole 2.18/-1.17 e Å3

C61: C42H52N5NaNi3O22 (M =1178.00 g/mol): triclinic, space group P1 (no. 2), a = 11.4944(4)
Å, b = 12.9061(5) Å, c = 18.2728(7) Å, a = 85.403(2)°, b = 84.243(2)°, g = 72.434(2)°, V =
2567.74(17) Å3, Z = 2, T = 100.0 K, µ(CuKa) = 2.086 mm-1, Dcalc = 1.524 g/cm3, 65090 re-
flections measured (4.868° 2Q  136.456°), 9226 unique (Rint = 0.0630, Rsigma = 0.0399)
which were used in all calculations. The final R1 was 0.0499 (I > 2s(I)) and wR2 was 0.1481
(all data). Largest diff. peak/hole 0.92/-0.63 e Å3

C62: C43.5H53N4NaNi3O18 (M =1119.02 g/mol): triclinic, space group P1 (no. 2), a = 11.8848(18)
Å, b = 13.030(2) Å, c = 18.131(3) Å, a = 84.908(4)°, b = 75.691(4)°, g = 75.839(4)°, V = 2636.7(7)
Å3, Z = 2, T = 100.00 K, µ(CuKa) = 1.936 mm-1, Dcalc = 1.409 g/cm3, 37958 reflections mea-
sured (5.032° 2Q  136.476°), 9431 unique (Rint = 0.0410, Rsigma = 0.0430) which were used
in all calculations. The final R1 was 0.0630 (I > 2s(I)) and wR2 was 0.1864 (all data). Largest
diff. peak/hole 1.47/-0.54 e Å3

C63: C84H92.5N11.5Na4Ni6O43 (M =2395.41 g/mol): triclinic, space group P1 (no. 2), a =
9.8400(3) Å, b = 13.3906(4) Å, c = 19.5859(6) Å, a = 84.133(2)°, b = 81.302(2)°, g = 72.137(2)°,
V = 2423.77(13) Å3, Z = 1, T = 150.0 K, µ(CuKa) = 2.302 mm-1, Dcalc = 1.641 g/cm3, 32296
reflections measured (4.572° 2Q  136.488°), 8801 unique (Rint = 0.0610, Rsigma = 0.0595)
which were used in all calculations. The final R1 was 0.0622 (I > 2s(I)) and wR2 was 0.1784
(all data). Largest diff. peak/hole 0.88/-0.81 e Å3

C64: C85.8H107.4Cu8N15Na8O64 (M =3065.10 g/mol): triclinic, space group P1 (no. 2), a =
14.9441(6) Å, b = 17.1091(7) Å, c = 17.8360(8) Å, a = 106.898(3)°, b = 106.771(2)°, g = 99.380(2)°,
V = 4023.3(3) Å3, Z = 1, T = 100 K, µ(CuKa) = 2.056 mm-1, Dcalc = 1.265 g/cm3, 138537 reflec-
tions measured (5.54° 2Q  130.142°), 13677 unique (Rint = 0.1061, Rsigma = 0.0723) which
were used in all calculations. The final R1 was 0.0846 (I > 2s(I)) and wR2 was 0.2577 (all
data). Largest diff. peak/hole 1.61/-0.58 e Å3
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C65: C16H16N2NiO6 (M =391.02 g/mol): monoclinic, space group P21/n (no. 14), a =
8.3357(7) Å, b = 4.8455(4) Å, c = 18.6854(16) Å, b = 95.298(2)°, V = 751.49(11) Å3, Z = 2, T =
100.0 K, µ(CuKa) = 2.230 mm-1, Dcalc = 1.728 g/cm3, 8811 reflections measured (9.506° 2Q
 144.622°), 1471 unique (Rint = 0.0225, Rsigma = 0.0183) which were used in all calculations.
The final R1 was 0.0256 (I > 2s(I)) and wR2 was 0.0699 (all data). Largest diff. peak/hole
0.34/-0.29 e Å3

C66: C53H78MnN5O12 (M =1032.14 g/mol): monoclinic, space group P21/c (no. 14), a =
36.218(9) Å, b = 13.278(3) Å, c = 24.221(5) Å, b = 90.016(10)°, V = 11648(5) Å3, Z = 8, T =
100.00 K, µ(CuKa) = 2.330 mm-1, Dcalc = 1.177 g/cm3, 117288 reflections measured (2.44°
2Q  131.646°), 19832 unique (Rint = 0.0879, Rsigma = 0.0689) which were used in all cal-
culations. The final R1 was 0.0810 (I > 2s(I)) and wR2 was 0.2320 (all data). Largest diff.
peak/hole 0.84/-0.94 e Å3
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