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Abstract
ENDOR spectroscopy and DFT calculations were used for the first time to
thoroughly investigate the ligand hyperfine couplings for [Cu(acac)2] in frozen solution.
Anisotropic hyperfine couplings to the methine protons (HAi = 1.35, -1.62, -2.12 MHz;
aiso = -0.80 MHz) and smaller couplings to the fully averaged methyl group protons (HAi
= -0.65, 1.66, -0.90 MHz; aiso = 0.04 MHz) were identified by simulation of the angular
selective CW Q-band ENDOR spectra and confirmed by DFT. Variable temperature Xband Mims ENDOR revealed an additional set of hyperfine couplings which showed a
pronounced temperature dependency. These additional couplings were characterised by
H

Ai = 3.45, 2.90, 2.62 MHz, aiso = 2.99 MHz and assigned to a sub-set of methyl groups

undergoing hindered rotation in frozen solution. From DFT calculations the hindered
rotation is proposed to occur in 120° jumps via proton tunnelling.
Changes in the spin Hamiltonian parameters (g/CuA) of [Cu(acac)2] upon
addition of nitrogen bases evidenced the formation of adducts. Pyridine bases were
found to form square pyramidal, mono-axial adducts, labelled [Cu(acac)2(X)], even in a
large molar excess of base, whilst both mono-axial [Cu(acac)2Im] and bis-equatorial
[Cu(acac)2Im2] adducts were formed by imidazole coordination depending on the molar
equivalents of imidazole present in solution. Angular selective 1H ENDOR studies
confirmed that the acetylacetonato ligand protons were largely unaltered upon adduct
formation. The proton hyperfine tensors for the coordinated substrates were found to be
informative on the mode of coordination, confirming the axial coordination of the
pyridine bases. Furthermore, discrimination between endocyclic and exocyclic
coordination of the 2-aminomethylpyridine bases was achieved. A cis-mixed plane
geometry of the [Cu(acac)2Im2] adduct was observed in the 10K ENDOR spectrum and
supported by DFT calculations. This was in contrast to the bis-equatorial configuration
evident in the 140K EPR, implying a temperature dependant isomerisation.
Finally, a series of square planar Casiopeina copper complexes of general
formula [Cu(acac)(N-N)], consisting of an acetylacetonato ligand and a diimine ligand
(N-N) of varying size, were prepared and characterised by EPR and ENDOR
spectroscopy. Angular selective 1H ENDOR spectra revealed the magnitude of the
largest imine hyperfine component, observed at g, to be sensitive to size of the diimine
ligand. This is thought to be related to the extent of spin delocalisation in the diimine
ligand.
iii
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Chapter 1: EPR and ENDOR studies of biologically relevant Cu(II)
complexes.
1.1 Introduction
The interaction of metals with bio-ligands including proteins, nucleic acids and
their components forms a central topic in bioinorganic chemistry. These interactions are
interesting from a biological perspective since metal ions play an essential role in many
biological processes. Understanding these interactions is also important within the field
of inorganic medicine.
Due to their critical role in both normal biological function and disease
pathways, DNA and proteins form classic targets for medicinal compounds.1 Cisplatin
was the first DNA-targeted metal based anti-cancer agent to be discovered and was
found to exert its therapeutic action through inner-sphere coordination to DNA.2,3 Since
then there has been a drive to develop advanced metal based therapeutic agents with
improved pharmacological properties.4 In recent years there has been increasing interest
in the use of copper complexes in DNA-targeted medicine, primarily, due to the fact
that it is an endogenous metal which is assumed will reduce toxic side effects.1,5
Therefore the interaction of copper complexes with DNA and its components forms a
highly relevant field of study.
Electron Paramagnetic Resonance (EPR) and its related hyperfine techniques,
including Electron Nuclear Double Resonance (ENDOR), are extremely suitable
spectroscopic methods to investigate both the electronic and geometric structure of
copper complexes. Developing a greater appreciation of how the electronic and
structural properties of a transition metal complex governs the chemical nature of its
DNA adduct is fundamental in enabling progress in this field. Factors such as the site
and mode of coordination, the specificity of the interaction and the structural impact of
adduct formation are of particular interest. Answers to these questions may allow metal
complexes to be designed from first principles to display predictable and selective
binding, with far reaching effects in terms of drug design.
In this introduction, the composition and structure of DNA will be briefly
presented, highlighting the metal coordination sites present. Subsequently the role of
EPR and ENDOR in the characterisation of copper complexes and their adducts with
DNA, its components and model systems will then be discussed. Finally an overview of
this Thesis will be outlined.
1

1.2 Nucleic acid composition and structure
Nucleic acids including deoxyribonucleic acid (DNA) and ribonucleic acid
(RNA) are naturally occurring linear polynucleotides. Each monomeric nucleotide unit
consists of a cyclic sugar (β-D-2’-deoxyribose in DNA and β-D-ribose in RNA) which
is phosphorylated at the 5’ position and is attached to a heterocyclic base (purine or
pyrimidine) with a β-glycoside bond at the C1 position (Figure 1.1).6,7

Figure 1.1: Basic structure and components of nucleic acids.6

The double helical structure of DNA is composed of two antiparallel
complementary polynucleotides, held together by hydrogen bonds between specific
purine and pyrimidine bases, known as base pairs (Figure 1.2a,b).8 The phosphodiester
forms a negatively charged backbone whilst the nucleobases stack along the direction of
the helical axis, occupying the internal space of the coil.6 As a result of the double
helical nature of DNA it contains two asymmetric grooves, the larger being known as
the major groove whilst the smaller as the minor groove (Figure 1.2c).6

2

Figure 1.2: Watson-Crick base pairs found in DNA; a) Guanine (G) – Cytosine (C) and b)
Adenine (A) – Thymine (T).7 c) Helical structure of B-form DNA; ribbons trace the progression
of the backbone defined by the phosphorus atoms and the heavy black line represents the helical
axis, image reproduced from reference 9.

1.3 Metal complex-DNA interactions.
Metal complexes are composed of a metal centre and coordinated ligands and
both components can interact with the DNA scaffold.
1.3.1 Metal – DNA interactions
Metal interactions with DNA range from non-specific diffuse binding, where
cations accumulate around the DNA in a mobile layer, to direct coordination of metals
to ligating groups within the DNA helix.10-12 Both the sugar and phosphate moieties
have demonstrated direct metal binding.6,10 However, since these components are
common to all nucleotides, coordination to these groups is also classed as non-specific.
Specific binding to DNA is only exhibited when a metal coordinates preferentially to a
nucleobase.10 Targeted and predictable binding of metals to DNA is believed to be an
important characteristic of metal based therapeutic agents. For instance, the Pt(II) centre
of Cisplatin displays selective binding by forming inter-strand crosslinks between
guanine bases.13,14
Metals predominately bind to the heterocyclic ring nitrogens of the purine and
pyrimidine bases. At physiological pH, the preferred metal binding sites of the
nucleobases have been determined as N7 of guanine, N1 or N7 of adenine, N3 of
cytosine and O4 of thymine.15 However, the mode of coordination is largely governed
by the accessibility of the nucleobases at the edge of the helix and within the major and
minor grooves. These properties in turn are controlled by the helical properties of the
3

DNA, which itself is influenced by environmental conditions including humidity and
salt concentration.6 Binding motifs incorporating multiple components of the DNA are
also possible. For example, the metal may bind to a nucleobase and a phosphate group,
or two nucleobases, of the same or neighbouring nucleotides forming both inter- and
intra-strand crosslinks.15
1.3.2 Ligand-DNA interactions
In metal complexes, inter-ligand interactions can aid base specific binding.
Favourable interactions, such as hydrogen bonding, between ancillary ligands of a metal
complex with the exocyclic functional groups of the nucleobases, can act to stabilise
coordination of the metal centre. On the contrary, unfavourable sterics or non-bonding
repulsive interactions may serve to hinder coordination. This is exemplified in a study
by Sorrel et al.,16 in which stability constants for adducts formed between
Na[Co(acac)2(NO2)2] and the nucleosides were measured. The stability constants were
determined as 93 M-1 for adenosine and 1 M-1 for cytidine, whilst guanosine and
uridine adducts were not observed to form (i.e., 0 M-1), indicating stereospecific binding
of the complex to adenosine residues in DNA. This observation was rationalised by
favourable H-bonding interactions between the exocyclic NH2 group of adenosine and
the oxygen atoms forming the inner coordination sphere of the [Co(acac)2] moiety. In
the other nucleobases, unfavourable interactions led to lower stabilities, as summarised
in Figure 1.3. This study highlights the potential for interactions between metal
complexes and DNA to be tuned by incorporating ligands designed to target the
complex towards certain nucleobases.

Figure 1.3: The stability of the [Co(acac)2(NO2)(nucleoside)] adducts were found to be affected
by inter-ligand interactions. Favourable H-bonding interactions between exocyclic NH2 groups
on the nucleobases with the CoO4 chromophore are shown by green arrows. Unfavourable
interactions are shown by red arrows. Where X = Co(acac)2(NO2).16
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Metal complexes containing planar aromatic ligands can intercalate into
DNA.17,18 Intercalation was first defined by Lerman19 and involves the insertion of the
aromatic ligand between two adjacent base pairs perpendicular to the helical axis
(Figure 1.4). This mode of interaction does not necessarily include metal coordination
to the DNA as intercalation is dominated by π-π stacking interactions between the
aromatic ligand and the base pairs occupying the centre of the DNA helix. However, in
some cases intercalation of a metal complex can promote coordination of DNA to the
metal. Many factors influence this potential coordination including the structure of the
metal complex, the intercalation site and the intercalation depth.

Figure 1.4: a) The molecular structure of an intercalating Pt(II) complex [Pt(terpy)(HET)]+
(HET = 2-hydroxyethanethiolato-2,2’,2’’-terpyridine). The planar aromatic terpyridine (terpy)
ligand intercalates DNA. b) The crystal structure of [Pt(terpy)(HET)] + intercalated between
Guanine (G) - Cytosine (C) base pairs in a polynucleotide.17,20 Image reproduced from reference
17.

1.4 Structural analysis of metal interactions with nucleic acids
The nature of the interaction between a metal complex and DNA may govern the
overall therapeutic activity of a metal based drug. As highlighted in section 1.3, both the
metal centre and its ancillary ligands can contribute to this interaction. Thus, a complete
description of a metal complex – DNA interaction requires an electronic and structural
characterisation of i) the metal and its inner coordination sphere, ii) the conformation of
the coordinated ligands/ligating DNA moiety and iii) subtle outer-sphere, inter-ligand
interactions.
For paramagnetic metal complexes such as Cu(II), Electron Paramagnetic
Resonance (EPR) and Electron Nuclear Double Resonance (ENDOR) spectroscopy
provide a versatile and powerful method to study the electronic and geometric structure
of both the unbound metal complex and the DNA bound adducts. EPR provides details
on the metal centre and its inner coordination sphere, whilst ENDOR probes the ligand
environment and has provided insights into weak outer-sphere interactions between
ligands on a metal complex and bound substrate molecules, including steric interactions,
5

H-bonding and π-stacking.21-23 Thus, EPR and ENDOR combined represent an ideal
spectroscopic toolkit for studying the interaction of paramagnetic complexes with
nucleic acids. Indeed the EPR techniques offer distinct advantages over alternative
physical methods for structural characterisations. For instance, experimental methods
have been developed enabling ‘single crystal like’ data to be obtained from ENDOR
spectra recorded on frozen solutions.24,25 This method will be discussed in detail in
Chapter 2. Therefore in contrast to X-ray crystallography, EPR and ENDOR are not
limited to crystalline materials, which can be particularly advantageous when working
with large bio-macromolecules. Furthermore, experiments can be performed in fluid
solution, providing access to dynamic effects. Also, unlike crystallographic methods,
EPR techniques have facilitated the study of transient intermediate states, providing
insights into mechanistic pathways.26-28 EPR and ENDOR also offer advantages in
terms of both selectivity and sensitivity over the related technique of NMR.29
Despite the suitability of EPR and ENDOR spectroscopy, to date these
techniques have not been fully exploited to explore the interactions of metal complexes
with DNA. In the following section, some key studies will be reviewed in order to
highlight the strengths of these techniques within this field. This will include some
examples where EPR techniques have been used to elucidate metal ion and metal
complex interactions with nucleic acids, while some additional relevant examples will
be taken from the more developed field of metalloproteins.
1.4.1 The role of EPR
The theory of EPR will be discussed in detail in Chapter 2, but briefly the
spectra are defined by spin Hamiltonian parameters which can be extracted via
simulation. The anisotropic g-tensor and the metal hyperfine tensor (A) are obtained
from solid state measurements performed as frozen solutions, powders or single
crystals. The g and A parameters provide information regarding the electronic and
geometric structure of the paramagnetic metal and its inner coordination sphere,
including the identity of the metal, its oxidation state and the symmetry of its ligand
field.30
1.4.1.1 Frozen solution EPR
Using a library of small copper complexes of known structure and charge,
Peisach and Blumberg observed trends in the EPR spin Hamiltonian parameters that
were representative of the equatorial ligands forming the inner coordination sphere of
6

square planar Cu(II) complexes.31 Relationships between g|| and

Cu

A|| parameters for

different chromophores (i.e. CuO4, CuN4, CuO2N2 etc.) can be summarised into what
are now known as Peisach-Blumberg plots (Figure 1.5).

Figure 1.5: A Peisach-Blumberg plot compiled using a series of model copper complexes of
known structure and charge. Image reproduced from reference 31.

The trends established from Peisach-Blumberg plots have been successfully
extrapolated to more complex systems of chemical and biological interest. For example,
these trends have permitted the coordination environment of Cu(II) centres in
metalloproteins to be characterised.32,33 Chattopadhyay et al.,34 found the EPR spectrum
of the octarepeat domain of the prion protein (at pH 7.4) to be composed of three
overlapping copper signals (components 1, 2 and 3, Figure 1.6) indicating three modes
of Cu(II) coordination coexist in solution. Simulation enabled the g and

Cu

A values of

the copper centres to be determined. Subsequent comparison of the experimental g|| and
Cu

A|| parameters with those included in the Peisach-Blumberg plots enabled the

composition of the copper coordination spheres to be predicted as CuN3O, CuN2O2 and
CuN3O or CuN4.
Syme et al.,35 used the Peisach-Blumberg plots to identify how the coordinating
ligands of Cu(II) bound to an amyloid-β peptide changed as a function of pH. At pH 5
the spin Hamiltonian parameters were typical of CuN3O or CuO2N2, whilst at pH 10, a
CuN4 coordination sphere was evident.

7

Figure 1.6: Frozen solution X-band EPR spectra of the prion protein as a function of Cu(II)
concentration (represented in equivalents). Three distinct Cu(II) species contribute to the spectra
as highlighted in the low field parallel direction with a stick diagram. The corresponding
simulation parameters and coordination assignments are tabulated inset. Image reproduced from
reference 34.

The sensitivity of the g and A parameters to the electronic and structural
properties of the metal centre have also been used to evidence adduct formation of
paramagnetic metal ions to bio-ligands, including Cu(II) coordination to purine and
pyrimidine mononucleotides.36-43 Changes in the inner coordination sphere of the metal
result in shifts in g and A, thus substrate interactions are indicated by changes in the
profile of EPR spectra, as exemplified by Santangelo et al,.43 by comparing the free
copper salt (Cu(II)(OTf)2) with a Cu(II)-guanosine adduct (Cu(II)-5’-GMP) (Figure
1.7). In some favourable cases, the number of paramagnetic binding sites, and the
binding affinities have been measured by quantitative measurements.44-47
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Figure 1.7:Simulated X-band EPR spectra using the spin Hamiltonian parameters reported by
Santangelo et al.,43 for Cu(II)(OTf)2 and the Cu(II)-5’-GMP adduct in DMSO:H2O (1:1)
recorded at 130K.

Changes in the g and A parameters have also provided insights into
conformational changes in paramagnetic metal complexes upon adduct formation.
Iwasaki et al.,48 compared the spin Hamiltonian parameters of ternary Cu(II) complexes
of cationic Schiff bases and diimine ligands as free complexes and as DNA-bound
adducts and observed a decrease in g|| and an increase in CuA||. This is consistent with the
weakening of axial coordination and increasing planarity and thus suggested that the
free complex was square pyramidal (Figure 1.8A) whilst the DNA-bound adduct was
planar (Figure 1.8B) in agreement with intercalation of the diimine ligand.

Figure 1.8: The molecular structure of the ternary Cu(II) complexes of cationic Schiff bases and
diimine ligands A) as a free complex and B) as a DNA bound (intercalated) adduct. The
corresponding simulation parameters are tabulated. Image reproduced from reference 48.

1.4.1.2 Single crystal EPR using DNA fibres
In addition to the frozen solution studies discussed above, which yield powder
type EPR spectra arising from an ensemble of metal complexes frozen randomly in
space, single-crystal like spectra have been recorded using DNA fibres. The DNA
double helices are highly orientated in DNA fibres. Therefore, if a paramagnetic metal
complex binds to the DNA in a specific orientation, the EPR spectra will change as a
9

function of the angle (Φ) between the fibre axis (Zf) and the static applied magnetic
field (B) (Figure 1.9). If the complexes are orientated randomly on the DNA scaffold,
then the EPR spectra are independent of Φ.49 EPR measurements of the DNA-fibre are
recorded in a similar manner to a standard single crystal study in which the DNA fibre
is mounted within the resonator and the field is systematically rotated. This allows the
orientation of the principal axes of the metal g-tensor to be defined relative to the DNAfibre axis (Xf, Yf, Zf), providing insights into the orientation of the interaction between
the metal complex and the DNA helix.

Figure 1.9: Orientation of the magnetic field vector (B) with respect to the DNA fibre axes (Xf,
Yf, Zf) and the g-tensor axes (g||, g) of the paramagnetic metal centre. The angle between B and
Zf is defined by Φ. The angle between g|| and Zf is given by θ. Image reproduced from reference
50.

Chikira et al., have used DNA fibres to study the DNA binding motifs of
numerous paramagnetic complexes including Cu(II), Co(II) and Fe(III) complexes of
bleomycin,51-53 cationic salen-type Schiff-bases,48,54 water-soluble porphyrins,55 Cu(II)
complexes of amino acids mimicking metallopeptides,49,56-61 Cu(II) complexes of
phenanthroline and its derivatives62 and ternary copper complexes of phenanthroline
and amino acids50 to name a few. For complexes which displayed stereoselective
binding, both intercalation and groove binding have been established using this
technique.
For the [Cu(phen)(H2O)2]2+ complex,50 intercalation was characterised by a
strong angular dependence of the EPR spectral profile in which the intensity of the g||
signal was at a maximum at Φ = 0° and at a minimum at Φ = 90° (Figure 1.10a). This
indicated that the g|| axis of the [Cu(phen)(H2O)2]2+ complex aligned with the DNA fibre
axis (Zf), which is consistent with intercalation of a planar phenanthroline ligand
between the base pairs of the DNA helix (Figure 1.10b). Extended studies revealed that
substituents on the phenanthroline ring could serve to promote or hinder intercalation,
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with increased stereoselectivity observed for the 5,6-dimethyl derivative and decreased
stereoselectivity observed in the 2,9-dimethyl derivative.50 The size of the aromatic
amine was also shown to affect the number of orientated complexes, with larger planar
ligands increasing the degree of orientation.48

Figure 1.10: a) Room temperature EPR spectra of [Cu(phen)(H2O)2]2+ on B-DNA fibres as a
function of Φ. b) A schematic diagram showing the orientation of the [Cu(phen)(H2O)2]2+
complex relative to B-DNA fibre as determined by EPR (images reproduced from reference 50).
c) Molecular structure of [Cu(phen)(H2O)2]2+.

Metallopeptides of the general formula Cu(II)-Xaa-Gly-His (where Xaa is Gly,
L-Lys

or L-Arg) were found to show a strong Φ dependence on B-DNA.60 Simulation

confirmed the g|| component of the metal complex was tilted by approximately 50° from
the DNA fibre axis indicative of minor groove binding.60 Interestingly the Φ
dependence on A-DNA was found to be small, suggesting that the Cu(II)-Xaa-Gly-His
complexes bind randomly on A-DNA. This difference may originate from the inherent
differences in the groove dimensions and structure in the two forms of DNA.6
Comparison of results from studies of Cu(II)-Xaa-Gly-His with Cu(II)-Gly-His-Gly and
Cu(II)-Gly-His-Lys showed that the position of the histidine residue within the
metalloprotein may regulate the mode of interaction between the metal complex and
DNA. As discussed above, the Cu(II)-Xaa-Gly-His complexes were found to bind in the
minor groove of B-DNA,60 whilst Cu(II)-Gly-His-Gly and Cu(II)-Gly-His-Lys were
shown to intercalate into B-DNA.52 Chikira and co-workers also demonstrated that the
DNA binding locations and orientations of Cu(II) complexes of amino acids could be
altered by the chirality of the amino acids.59
11

In summary, work reported in the literature has demonstrated that EPR is a
powerful technique capable of defining the electronic and geometric structure of
paramagnetic centres. The extractable spin Hamiltonian parameters of g and A are
sensitive to the identity of the paramagnetic metal, its oxidation state and its inner
coordination sphere. EPR has been very successful in identifying different paramagnetic
metal binding sites in metal proteins. Established relationships between g and A have
enabled the symmetry of the ligand field to be defined, whilst trends established using
model complexes of known structure and charge have allowed the elemental
composition of the metal coordination sphere to be predicted. Changes in g and A have
been used to evidence adduct formation of paramagnetic metals with bio-ligands,
including nucleobases, and have also facilitated conformational changes of a metal
complex to be observed upon adduct formation. In orientated samples (DNA fibres),
definition of the orientation of the metal derived g-tensor frame relative to the DNA
fibre axes has allowed the stereospecificity of bound metal complexes to be studied.
Whilst EPR is incredibly sensitive to the paramagnetic metal centre and its inner
coordination sphere, it can only provide a limited amount of information on the ligand
environment of the metal. This is due to line broadening effects which prevent clear
resolution of ligand hyperfine interactions. It must therefore be noted that whilst the
composition of the inner coordination sphere can be predicted using established trends,
it is not determined by EPR alone. Indeed, overlapping regions in the Peisach-Blumberg
plots have led to some ambiguous assignments of structure.34,35,43 A definitive
assignment of the ligand environment of metal complexes, in terms of elemental
composition and structure, requires the direct measurement of the interactions from the
ligand nuclei and this can be achieved by hyperfine techniques, such as Electron
Nuclear Double Resonance (ENDOR).
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1.4.2 The role of ENDOR
ENDOR is a hyperfine technique used to resolve ligand super-hyperfine
interactions. Ligand super-hyperfine couplings arise from the interaction of the unpaired
electron (centred on the paramagnetic metal) with surrounding spin-active ligand nuclei.
Determination of the magnitude and angular dependence of the super-hyperfine
interaction provides details of the spatial arrangement of the spin-active ligand nuclei in
terms of distance and orientation. Furthermore, as ENDOR spectra are dependent on the
nuclear Larmor frequency (νn), the identity of the interacting nuclei can also be
revealed. In addition to three-dimensional structural information, the nuclear hyperfine
tensor includes important electronic information. Both isotropic and dipolar
contributions to the hyperfine couplings can be deduced, allowing the spin density
distribution of the metal complex to be mapped. This provides information on the nature
of the metal-ligand bonds.
The application of ENDOR spectroscopy to study metal-nucleic acid
interactions has been relatively limited compared to its extensive use to study
metalloproteins.26-28 De Rose and Santangelo have made significant contributions to the
field using ENDOR to investigate Mn(II)-RNA63,64 and Cu(II)-DNA43,65 interactions
respectively. Their work has demonstrated the strength of ENDOR to probe 1H, 14N and
31

P nuclei in close proximity to the metal centre; a few key examples will now be

discussed.
1.4.2.1 Identifying coordinating ligands.
De Rose et al.,63 investigated the coordination environment of the high affinity
Mn(II) site in hammerhead ribozyme using a combination of 1H and

31

P ENDOR. The

coordination sphere of the Mn(II) ion was found to be composed of a phosphodiester
ligand, four H2O ligands and the N7 of the guanine base (Figure 1.11a). Interpretation
of the spectra from the Mn(II)-ribozyme complex was significantly aided by
comparisons with simpler model complexes of known structure, including
[Mn(H2O)6]2+, and Mn(II)-mononucleotide complexes, Mn(II)-ATP and Mn(II)-GMP.
For example, direct coordination of the phosphodiester ligand was evident by

31

P

ENDOR and confirmed by comparison with Mn(II)-ATP (Figure 1.11b). Similarities
between the 1H coupling constants observed in the Mn(II)-ribozyme adduct and
[Mn(H2O)6]2+ confirmed H2O coordination (Figure 1.11c). Whilst N7 coordination of
the guanine base was established indirectly using 1H ENDOR (as opposed to using 14N
ENDOR), by comparison with the Mn(II)-GMP complex (Figure 1.11d).
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Figure 1.11: a) The Mn(II) binding site in hammerhead ribozyme as predicted by 1H and 31P
ENDOR.63 Comparisons between the Mn(II)-rybozyme adduct and model complexes b) MnATP c) [Mn(H2O)6]2+ and d) Mn-GMP using 31P ENDOR (b) and 1H ENDOR (c,d) enabled
assignment of the ligating nuclei. Images reproduced from reference 63.

The 1H ENDOR spectra of the Mn(II)-ribozyme following exchange into
deuterated buffer allowed non-exchangeable protons in close proximity to the Mn(II) to
be observed. Since the bound H2O molecules exchanged with D2O and became 1H
ENDOR silent, the 1H coupling observed under these conditions must have originated
from nucleobases or sugar units in close proximity to the Mn(II) ion. A HA coupling of
1.7 MHz was observed in both the Mn(II)-ribozyme adduct and the Mn(II)-GMP model
in deuterated buffer suggesting assignment to the C8-H proton of the coordinated
guanine base. This assignment was unambiguous upon selective deuteration of the C8H proton in the Mn-GMP model, which resulted in the disappearance of the 1.7 MHz
coupling (Figure 1.11d). Notably, extended studies of the Mn(II)-GMP model complex
provided direct evidence for guanine ligation via a ring nitrogen using
However, since the guanine base contains multiple ring nitrogens,

15

15

N ENDOR.64

N ENDOR alone

was insufficient to identify the mode of guanine coordination. N7 coordination of the

14

guanine base was confirmed indirectly using 2H ESEEM in conjunction with deuterium
labelling of the guanine base.
These studies serve to highlight that using a systematic approach, employing
model complexes (of known structure) and selective isotopic substitution, the structure
of previously unknown complexes can be elucidated using ENDOR spectroscopy. It is
also significant to note that the identity of coordinating ligands can be assigned directly
or indirectly by probing neighbouring spin active ligand nuclei, as exemplified by the
assignment of N7 coordination via 1H ENDOR and 2H ESEEM.63,64
1.4.2.2 Determining metal-ligand distances.
In addition to identifying the coordinating nuclei, ENDOR can be used to
determine the orientation and distance between the paramagnetic metal centre and
interacting spin active nuclei. This requires the measurement and subsequent simulation
of angular selective ENDOR spectra (which will be discussed in detail in Chapter 2).
The characterisation of the model Cu(II)-GMP complex performed by Santangelo et.
al,43 will be used to demonstrate this.
Firstly, the identity of the ligating nuclei were determined. 14N Davies ENDOR
(Figure 1.12a) confirmed the equatorial coordination of guanine through a ring nitrogen.
1

H HYSCORE of the selectively deuterated Cu(II)-H8-d5-5’-GMP derivative confirmed

N7 coordination, whilst 1H HYSCORE of Cu(II)-D8-d5-5’-GMP indicated inner-sphere
H2O coordination. Finally,

31

P ENDOR provided evidence of a Cu(II)–phosphate

interaction (Figure 1.12c).

Figure 1.12: a) 14N Davies ENDOR of Cu(II)-GMP. b) The structural model of Cu(II)-GMP as
determined by ENDOR and HYSCORE spectroscopy. Distances determined using the pointdipole approximation are shown.43,66 c) 31P Mims ENDOR of Cu(II)-GMP. Images reproduced
from references 66 and 67.
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Simulation of the spectra enabled the ligand hyperfine tensor and related Euler
angles to be defined. The hyperfine tensor can be reduced to isotropic (aiso) and dipolar
(Adip) components which provide details on the nature of the metal-ligand interaction. In
addition, the dipolar component can be used in the point-dipole approximation to
calculate metal-ligand distances. For instance, simulation of the

31

P ENDOR afforded

hyperfine values of PA = [-0.20 -0.20 0.45] MHz and Euler angles of [0 40 0]°. This
indicated an essentially purely dipolar coupling (aiso = 0.02 ≈ 0 MHz) between the
Cu(II) centre and the interacting 31P nucleus, with essentially no electron delocalisation
into the

31

P nucleus. The dipolar component (Adip) was determined to be 0.22 MHz

which equated to a Cu(II)-31P distance of 5.3Å. This long range interaction was found to
be consistent with a water mediated phosphate ligation observed previously by X-ray
crystallography.68 Information regarding the Cu(II)-H2O and Cu(II)-H8 distances were
extracted in an analogous manner from the corresponding 1H HYSCORE data and are
summarised in the structural model of Cu(II)-GMP given in Figure 1.12b.
1.4.3 The use of model complexes
The EPR and ENDOR studies discussed in sections 1.4.1 and 1.4.2 have
demonstrated how studies of model complexes have aided the interpretation of more
complicated systems (i.e., the application of the trends established in the Peisach
Blumberg plots and the use of metal–mononucleotide complexes in the elucidation of
metal-nucleic acid interactions). Indeed, investigations using model complexes allow
the maximum amount of information to be extracted from experimental spectra and can
also lead to experimental observations being rationalised. The study of model
complexes has also played a role in developing and showcasing the additional
information obtainable by new experimental methods.24,25 Furthermore, model
complexes have been used in the development and validation of computational methods
which are being used increasingly to aid interpretation of experimental observations.69,70
1.5 Aims of this work
As summarised above, a combination of EPR and ENDOR spectroscopy has
been used to unravel electronic and geometric structures of paramagnetic metal ion
binding sites in nucleic acids, and the study of model systems has significantly aided
interpretation. With growing interest in the development of novel, targeted, metal based
therapeutics, understanding the nature and significance of the interactions between
metal complexes (as opposed to metal ions) and nucleic acids is of great importance. As
16

an essential biological metal, Cu(II) complexes are generally deemed less toxic than the
Pt(II) based drugs in clinical use. The development of Cu(II) complexes with
therapeutic action is therefore highly desirable.1 Thus, the interaction of copper
complexes with DNA is very relevant. Since the interactions between metal complexes
and DNA are complicated, with multiple modes of interaction possible, and variations
in the metal complex likely to impact the nature of the interaction, it is important that
model systems are utilised to gain a full understanding.
The work presented within this Thesis will therefore use X- and Q-band EPR
and ENDOR spectroscopy to structurally analyse the adducts formed between a very
simple model copper complex, bis(acetylacetonato)-copper(II) ([Cu(acac)2]), and simple
nitrogen bases including pyridine and imidazole as basic building blocks of the
nucleobases of DNA. This preliminary investigation is intended to serve as the basis for
extended studies of more complicated, biologically relevant complexes.
To briefly outline the contents of this thesis, Chapter 2 covers the relevant
theoretical aspects of CW- EPR and ENDOR spectroscopy. Chapter 3 details the
experimental preparations and methods used within this work. Chapter 4 uses a
combination of EPR and ENDOR to fully characterise the ‘unbound’ [Cu(acac)2]
complex. The structure of the adducts formed between [Cu(acac)2] and pyridine and its
derivatives are subsequently discussed in Chapter 5. This particular investigation was
extended to study adduct formation between [Cu(acac)2] and imidazole in Chapter 6.
Finally in Chapter 7, the original study of the ‘unbound’ [Cu(acac)2] (Chapter 4) was
used in the interpretation of the EPR/ENDOR spectra recorded for a series of
‘Casiopeina-type’ copper complexes which include an acetylacetonato ligand.
Casiopeina complexes are DNA targeted copper complexes which have shown
antineoplastic properties, but as yet the mechanism of action is unknown. The
preliminary structural studies of the ‘unbound’ complexes by EPR and ENDOR will
serve as the basis for extended studies on their adducts with nitrogen bases and
ultimately DNA.
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Chapter 2: The theory of Electron Paramagnetic Resonance (EPR) and
Electron Nuclear Double Resonance (ENDOR) spectroscopy

2.1 Introduction
Electron Paramagnetic Resonance (EPR) spectroscopy is an unrivalled
technique facilitating the non-destructive and non-intrusive study of species containing
one or more unpaired electrons. Since its development in the mid 1940’s, using radar
MW technology, the field of EPR spectroscopy has expanded to include a multitude of
experiments, including multi-frequency measurements, hyperfine techniques (such as
ENDOR, ESEEM and HYSCORE) and pulsed methods. Combined, these EPR
experiments allow the electronic and geometric structure of paramagnetic systems to be
fully characterised. Detailed information on molecular and chemical dynamic processes,
on the timescale of the EPR experiment, including structural isomerisation and reaction
kinetics can also be accessed. A major benefit of EPR is that it is sensitive to the local
environment of an unpaired electron. Therefore, it permits structural studies on systems
which lack long range order or which are inherently difficult to crystallise including
macromolecules, proteins and polymers. The versatility of these paramagnetic
techniques is enhanced by the fact that the experiments can be conducted in any phase
(solid, liquid or gas). This, coupled with the existence of a large variety of paramagnetic
materials, including diamagnetic samples containing spin probes or spin labels, has led
to its successful application in a wide range of disciplines, including chemistry, biology,
medical science and physics. In the current chapter, a brief overview of CW-EPR and
CW-ENDOR theory will be given.
2.2 Theoretical background
The EPR experiment can be viewed as an extension of the Stern-Gerlach
experiment,1 which demonstrated for the first time that an electron possesses an intrinsic
angular momentum called spin (S). The magnitude of the spin angular momentum S is
given in Equation 2.1:
│S│= √𝑆(𝑆 + 1)ℏ

(2.1)

where S is the electron spin quantum number given in reduced Planck constant units; ħ
= (h/2π).
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The Heisenberg uncertainty principle dictates that the magnitude of the angular
momentum can only be accurately measured in a given direction; by convention this
direction is taken to be along the z axis (Equation 2.2):
𝑆𝑧 = 𝑀𝑆 ℏ

(2.2)

where SZ is the z component of the spin angular momentum and MS is the spin angular
momentum quantum number, which can take one of (2S + 1) possible values. For a
single unpaired electron, S = 1/2 therefore MS = ±1/2. Hence, SZ can assume one of two
values.
The spin angular momentum (S) carries an associated magnetic moment (S)
which is collinear and anti-parallel to the spin itself (Equation 2.3):
𝜇𝑠 = −𝑔𝜇𝐵 𝑺

(2.3)

The gB term, known as the gyromagnetic ratio, is the product of the spectroscopic
splitting factor (g), which for a free electron is equal to 2.0023, and the Bohr magneton
(B) which is equal to 9.274 x 10-24 J T-1 (B = eh/4πme). As a result of the Pauli
Exclusion Principle the net spin angular momentum and hence the magnetic moment of
a pair of electrons is zero. Therefore only unpaired electrons possess a magnetic dipole.
In the presence of an external magnetic field, the magnetic moment of an
unpaired electron can assume one of two possible orientations (parallel or antiparallel to
that of the external magnetic field) resulting in two energy states known as the electron
Zeeman energy levels (Equation 2.4):
1

𝐸 = 𝑀𝑆 𝑔𝜇𝐵 𝐵0 = ± 2 𝑔𝜇𝐵 𝐵0

(2.4)

The energy splitting between the two energy states is directly proportional to the
magnetic flux density (B0) (Equation 2.5):
Δ𝐸 = 𝑔𝜇𝐵 𝐵0 = ℎ𝜈

(2.5)

Promotion of electrons from the lower to upper energy level is achieved upon resonance
and forms the very basis of EPR spectroscopy (Figure 2.1).
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Figure 2.1: The electronic Zeeman splitting. The corresponding EPR absorption and first
derivative profiles are inset.

Within this Thesis, the majority of spectra have been recorded using continuous
wave (CW) EPR. When the resonance experiment is conducted in a continuous mode,
the sample is placed in a magnetic field and irradiated with monochromatic radiation as
the external magnetic field is swept. At magnetic field positions where the resonance
condition is fulfilled, transitions are induced from the lower to the upper energy levels,
via absorption of a photon. This gives rise to a signal in the EPR spectrum, which is
essentially a plot of microwave absorption (at a constant frequency) as a function of
applied magnetic field. By convention a CW EPR spectrum is recorded in the first
derivative mode. This is a consequence of the field modulation which is applied in order
to improve the signal to noise ratio. The first derivative spectrum emphasises rapidly
changing features in the absorption spectrum and therefore provides an enhanced
resolution compared to the absorption profile.
EPR spectrometers which operate at a variety of frequency bands are
commercially available and are summarised in Table 2.1. Whilst there are significant
benefits of recording spectra at both lower and higher frequencies, these are often
sample dependant. X-band is the most commonly used frequency as it offers the best
compromise in terms of resolution, intensity and ease of use. In some cases spectral
simulation is aided by conducting measurements at multiple frequencies (see Appendix
A.1 for further details).
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Table 2.1: Microwave frequency bands and magnetic fields for g = 2.2

Band Typical EPR Frequency / GHz Typical EPR Field B0 / mT
L
1.5
54
S
3.0
110
X
9.5
340
Q
36
1300
W
95
3400
2.2.1 g-factor: Origin and significance
The interaction of the spin angular momentum of an isolated unpaired electron
with an external magnetic field leads to the observation of a scalar isotropic g-factor
corresponding to the free-electron value ge (ge = 2.0023). In real systems, the unpaired
electron is sensitive to additional magnetic and electric fields present in its molecular
environment. These additional inner fields are transmitted to the unpaired electron
through spin-orbit coupling and cause the experimentally observed g-value to deviate
from the free-electron value.3
Spin-orbit coupling (λ) is the interaction between the spin angular momentum
(S) of an electron with its corresponding orbital angular momentum (L). Orbital angular
momentum has an associated magnetic moment (L) (Equation 2.6):
𝜇𝐿 = 𝜇𝐵 𝐿

(2.6)

This produces a local magnetic field (Blocal), which combined with the applied
magnetic field (B0) results in an effective magnetic field (Beff) which is exerted on the
electron spin (Equation 2.7):
𝐵0 + 𝐵𝑙𝑜𝑐𝑎𝑙 = 𝐵𝑒𝑓𝑓

(2.7)

Consequently, the Zeeman energy levels are perturbed and the resonance
condition is fulfilled with a g-value other than ge (i.e., the g-value is shifted; ∆g = g-ge).
The ground state orbital molecular moment of most molecules is usually
quenched, by chemical bonding in radicals and crystal field splitting in transition metal
ions. However, spin-orbit coupling admixes a small amount of orbital angular
momentum from an excited state with the ground state. The magnitude of the g-shift
(∆g) reflects the degree of admixing, which in turn depends on which orbital (p, d or f)
contributes to the spin ground state and the energy difference between the ground and
excited states, as summarised in Equation 2.8:4
𝑔𝑖𝑗 = 𝑔𝑒 𝛿𝑖𝑗 + 2𝜆 ∑𝑚≠0

〈𝑚𝑙𝑖 n〉〈𝑛𝑙𝑗 m〉
𝐸𝑛 −𝐸𝑚

(2.8)

where the indices ij refer to the molecular coordinate axes, λ is the spin-orbit coupling
constant, m denotes the filled and empty orbitals with energy Em. En is the energy of the
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singularly occupied molecular orbital (SOMO). The denominator (En – Em) is
equivalent to the crystal field splitting term (∆) in transition metal complexes5 and li is
the component of the orbital angular momentum operator.
The orbital angular momentum is larger for electrons associated with heavy
nuclei. Therefore the magnitude of ∆g is greater for transition metal ions than organic
free radicals. For d-block transition ions in which the d-shell is less than half full (i.e.,
d1 ions), the spin-orbit coupling parameter is positive (λ  0) and thus, the ∆g is negative
(g  ge).4 For ions in which the d-shell is greater than half full (i.e., d9 configurations
such as Cu(II)), the spin-orbit coupling parameter is negative (λ  0) and thus, the ∆g is
positive (g  ge).4 Therefore g-values contain information on the electronic state of the
paramagnet.
Due to its association with orbital motion, the spin-orbit interaction is
anisotropic in nature. As a consequence, the g-value is also anisotropic; its value
becomes dependant on the orientation of the paramagnet with respect the applied
magnetic field. The resonance condition given in Equation 2.5 is therefore altered to
incorporate this angular dependence as shown in Equation 2.9:
ℎ𝜈 = 𝜇𝐵 𝑔(𝜃, 𝜙)𝐵

(2.9)

where
1

𝑔(𝜃, 𝜙) = (𝑠𝑖𝑛2 𝜃𝑐𝑜𝑠 2 𝜙𝑔𝑥 2 + 𝑠𝑖𝑛2 𝜃𝑠𝑖𝑛2 𝜙𝑔𝑦 2 + 𝑐𝑜𝑠 2 𝜃𝑔𝑧 2 )2

(2.10)

The polar () and the azimuth () angle refer to the angle between the magnetic
field (B) and the gz axis, and the angle between gx and the projection of B in the xy
plane respectively (Figure 2.2):

Figure 2.2: The orientation of the magnetic field vector (B) with respect to the g-tensor
principal axes system (gx, gy, gz), defined by a polar () and azimuth () angles.5

The g-tensor is fully described by three principal g-values gx, gy and gz and it
provides valuable information about the local symmetry of the paramagnet. In transition
metal complexes, g reflects the symmetry of the ligand field. The relationships between
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the three principal components of g are characteristic of certain symmetries and give
rise to distinctive spectral profiles. The three most common forms of EPR symmetry are
classed as isotropic, axial and orthorhombic (rhombic) and will be discussed in more
detail in the following sections. Hypothetical spectral profiles corresponding to these
symmetries for an S = 1/2 spin system are given in Figure 2.3. In these examples the
characteristic spectral features are well resolved due to a large g anisotropy. In cases
where the g anisotropy is low, features may overlap and symmetry assignment can be
more difficult. Measurements at higher frequencies can improve the resolution of g and
aid interpretation (see Appendix, Figure A.1).

Figure 2.3: Simulated EPR spectral profiles for a) isotropic, b, c) axial and d) rhombic
symmetries. The positions used to measure the g-values are indicated in red.6 B increases from
left to right in all simulations.

2.2.1.1 Isotropic
All three principal g-values in an isotropic system are equivalent (gx = gy = gz).
Consequently, the g-factor is orientation independent and the resultant spectrum
consists of a single symmetric resonance centred on giso (Figure 2.3a). In the solid state,
isotropic spectra are solely observed in systems of pure cubic symmetry, which include
metal ions in octahedral (Oh) and tetrahedral (Td) environments. Isotropic spectra are
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more frequently observed in fluid solution, where rapid molecular tumbling allow solid
state anisotropies to average to zero (Equation 2.11):
𝑔𝑖𝑠𝑜 =

𝑔𝑥 +𝑔𝑦 +𝑔𝑧
3

(2.11)

2.2.1.2 Axial
Axial systems contain one unique axis defined by gz, and two equivalent axes
denoted gx and gy (gx = gy ≠ gz). These are typically characterised by two g-values; g||
corresponding to gz and g corresponding to both gx and gy (Figures 2.3b and 2.3c).
Since the g-values are not equivalent, the resonant field values (Bres) are dependent on
the relative orientation of the paramagnet (specifically its g-axes) with respect to the
external field (Equation 2.9). In the case of axial symmetry, due to the equivalence of gx
and gy, this angular dependency can be defined simply by the polar angle θ (Figure 2.2).
The variation of Bres can therefore be plotted as a function of θ in a graph referred to as
a ‘roadmap’. An example roadmap or angular dependency plot is given for an axial (S =
1/2, g|| > g) spin system (Figure 2.4). Figure 2.4a shows the EPR absorption profile
obtained when the z-axis of the g-tensor (gz) is orientated parallel to the magnetic field
vector (B) (i.e., θ = 0°); a single resonance centred on g|| is produced. Figure 2.4b shows
the EPR absorption profile obtained when the x-axis of the g-tensor (gx) is orientated
parallel to the magnetic field vector (B) (i.e., gz is perpendicular to the magnetic field
vector, θ = 90°); a single resonance centred on g is produced. Since gx = gy, an identical
spectrum is obtained when gy is parallel to the magnetic field vector (B) as shown in
Figure 2.4c. A powder EPR spectrum (obtained when measuring a polycrystalline
material, such as a frozen solution) is the superimposition of individual resonances from
randomly orientated molecules, which adopt all possible orientations with respect to the
field. Therefore all values of θ contribute to the powder EPR absorption profile shown
in Figure 2.4d. The distribution of orientations follows a statistical pattern where the
absorption intensity (proportional to the number of contributing orientations) is a
minimum at θ = 0° (g║) and maximum at θ = 90° (g). The higher intensity of the g
feature originates from the equivalence of gx and gy. In the corresponding first
derivative spectrum (Figure 2.4e) only the principal turning points g|| and g are
observed as peaks.
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Figure 2.4: The angular dependency profile or ‘roadmap’ of an axial spin system (S = 1/2, gx =
gy = 1.9, gz = 2.05 g|| > g). The EPR absorption profiles of single crystal like orientations where
a) gz is parallel with B (θ = 0°), b) gx is parallel with B (θ = 90°) and c) gy is parallel with B (θ =
90°). The absorption profile of a powder spectrum containing randomly orientated paramagnets
is given in d) while the first derivative powder spectrum is given in e). The orientation of the
magnetic field vector (B) with respect to the g-tensor axes at magnetic field positions of i) 331
mT, ii) 343 mT and iii) 357 mT, are also shown.

It is significant to note that whilst the powder spectra given in Figure 2.4d and
2.4e arise from the summation of randomly orientated molecules, at fixed magnetic field
positions only molecules of certain orientations contribute to the spectrum. For example
at 331 mT (position i), only paramagnets with the gz axis parallel to B contribute to the
spectrum (i.e., θ = 0°). At 343 mT (position ii), only paramagnets with the gz axis tilted
45° away from B (i.e., θ = 45°) contribute to the spectrum and at 357 mT (position iii),
only paramagnets with the gz axis perpendicular to B (θ = 90°) contribute to the
spectrum. This allows ‘single crystal-like’ ENDOR measurements to be conducted on
frozen solutions, and will be discussed in more detail in Section 2.4.
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2.2.1.3 Rhombic
Rhombic systems are described by three unique g-values (gx ≠ gy ≠ gz). Typically these
g-values are denoted as g1, g2 and g3 (Figure 2.3d) as assignment of gx, gy and gz require
single crystal measurements. The orientation of rhombic paramagnets with respect to
the external magnetic field is defined by both the polar (θ) and azimuth (ϕ) angle as
described in Figure 2.2.
2.2.2 Nuclear hyperfine interaction.
If EPR simply probed the Zeeman energy splitting, arising from the interaction
of an unpaired electron with an applied magnetic field, isotropic spectra would consist
of an uninformative singlet. However, interactions between the electron spins and spinactive nuclei (I > 0) present in a sample cause additional splittings and perturbations to
the energy levels, giving rise to more complex and informative spectra.
Nuclei containing uneven numbers of protons and neutrons possess an intrinsic
angular momentum or nuclear spin characterised by the quantum number I (Equation
2.12):
│I│= √𝐼(𝐼 + 1)ℏ

(2.12)

Akin to the electron angular momentum, the magnitude of the nuclear angular
momentum (I) is quantised along the z direction (Equation 2.13):
𝐼𝑧 = 𝑀𝐼 ℏ

(2.13)

Unlike an electron, the value of MI can assume values other than ±1/2,
depending on the nucleus involved (e.g. I =1/2: 1H, 13C, 15N, and 31P; I = 1: 2H and 14N;
I = 7/2: 59Co and 51V; I = 5/2: 55Mn and I = 3/2: 63Cu and 65Cu).
Spin-active nuclei possess a magnetic moment (I) associated with the nuclear
angular momentum (I) (Equation 2.14):
𝜇𝐼 = 𝑔𝑁 𝜇𝑁 𝐼

(2.14)

where gN is the nuclear g-factor, N is the nuclear magneton which is nucleus specific
(N = eh/4πmN) and I the nuclear spin quantum number.
The nuclear magnetic moment interacts with the external magnetic field giving
rise to the nuclear Zeeman splitting. Since the magnitude of the nuclear Zeeman
interaction is smaller than the electron Zeeman interaction, the nuclear Zeeman
interaction causes both the electron Zeeman energy levels to split into 2nI + 1 energy
levels, where n is the number of equivalent nuclei. In addition, the nuclear magnetic
moment interacts with the electron magnetic moment, giving rise to the hyperfine
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interaction which causes a perturbation to the nuclear Zeeman energy levels. This is
illustrated in Figure 2.5 for an S = 1/2, I = 1/2 spin system.

Figure 2.5: a) An energy level diagram for a two spin system (S = 1/2, I = 1/2) in a strong
applied magnetic field. The contributions of the electron Zeeman, nuclear Zeeman and
hyperfine interaction are highlighted. The allowed EPR transitions (∆EA and ∆EB) which obey
the EPR selection rules (∆MS = ±1, ∆MI = ±0) are shown in green. b) The corresponding
isotropic EPR spectrum in which two signals are centred upon giso and separated by aiso is inset.

The total energy of any spin system, expressed in terms of MS and MI, is given
by Equation 2.15. It includes three terms which account for the electron Zeeman,
nuclear Zeeman and hyperfine interactions:
𝐸(𝑀𝑆 𝑀𝐼 ) = 𝑔𝜇𝐵 𝐵0 𝑀𝑆 − 𝑔𝑁 𝜇𝑁 𝐵0 𝑀𝐼 + ℎ𝑎𝑀𝑆 𝑀𝐼

(2.15)

where a is the isotropic hyperfine term (also denoted aiso).
If we consider the simplest two spin system (S = 1/2, I = 1/2), four possible
values of the total spin energy can be calculated. These are represented in Figure 2.5a as
energy levels E1-E4 (Equations 2.16-2.19):
1

1

1

1

1

1

𝐸1 = 2 𝑔𝜇𝐵 𝐵0 + 2 𝑔𝑁 𝜇𝑁 𝐵0 − 4 ℎ𝑎

(2.16)

𝐸2 = 2 𝑔𝜇𝐵 𝐵0 − 2 𝑔𝑁 𝜇𝑁 𝐵0 + 4 ℎ𝑎
1

1

1

1

1

1

(2.17)

𝐸3 = − 2 𝑔𝜇𝐵 𝐵0 + 2 𝑔𝑁 𝜇𝑁 𝐵0 + 4 ℎ𝑎

(2.18)

𝐸4 = − 2 𝑔𝜇𝐵 𝐵0 − 2 𝑔𝑁 𝜇𝑁 𝐵0 − 4 ℎ𝑎

(2.19)

In accordance with the EPR selection rules (∆MS = ±1, ∆MI = 0) there are two
allowed transitions. These transitions are highlighted in green in Figure 2.5a (Equation
2.20):
1

1

Δ𝐸𝐴 = 𝐸1 − 𝐸3 = 𝑔𝜇𝐵 𝐵0 − 2 ℎ𝑎 and Δ𝐸𝐵 = 𝐸2 − 𝐸4 = 𝑔𝜇𝐵 𝐵0 + 2 ℎ𝑎

(2.20)
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The two allowed transitions give rise to two resonances in the EPR spectrum,
which at constant applied microwave frequency occur at the magnetic field values
defined by Equation 2.21:
ℎ𝜈

ℎ𝑎

ℎ𝜈

𝑎

ℎ𝜈

ℎ𝑎

ℎ𝜈

𝑎

𝐵1 = 𝑔𝜇 − 2𝑔𝜇 = 𝑔𝜇 − 2 and 𝐵2 = 𝑔𝜇 + 2𝑔𝜇 = 𝑔𝜇 + 2
𝐵

𝐵

𝐵

𝐵

𝐵

𝐵

(2.21)

Thus, the isotropic EPR signals are centred on giso and separated by aiso as
shown in Figure 2.5b. In summary, the hyperfine interaction causes each of the
principal g-tensor components of the EPR spectrum to split into 2nI+1 lines, which are
separated by the corresponding coupling constant. In the isotropic spin system (S = 1/2,
I = 1/2) described above, giso is split into two lines (derived from 2nI+1 where I = 1/2)
which are separated by aiso.
In a second example, the isotropic spin system (S = 1/2, I = 3/2) typical of Cu(II)
complexes is considered. The energy level diagram and corresponding isotropic EPR
spectrum is given in Figure 2.6. In this case, giso is split into four lines (derived from
2nI+1 where I = 3/2) which are separated by aiso.

Figure 2.6: An energy level diagram for a two spin system (S = 1/2, I = 3/2) in a strong applied
magnetic field. The contributions of the electron Zeeman, nuclear Zeeman and hyperfine
interaction are highlighted. The allowed EPR transitions which obey the EPR selection rules
(∆MS = ±1, ∆MI = ±0) are shown in green. b) The corresponding isotropic EPR spectrum in
which four signals are centred upon giso and separated by aiso is inset.
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The situation becomes more complex when the g-tensor is anisotropic. An EPR
spectrum of an S = 1/2 spin system in axial symmetry is characterised by principal g
values of g|| and g (Figure 2.3b, 2.4 and 2.7a). The inclusion of a spin active copper
nucleus, such that the total spin system is S = 1/2, I = 3/2 causes g|| to split into four
lines separated by A|| and g is spilt into four lines separated by A (Figure 2.7b).

Figure 2.7: EPR spectra for a) an S = 1/2 and b) S =1/2, I = 3/2 spin systems in axial symmetry.
The copper hyperfine splitting pattern is highlighted with a stick diagram.

In addition to the hyperfine pattern described above, super-hyperfine patterns
can be observed as additional splittings which are superimposed on the metal hyperfine
features. The super-hyperfine pattern originates from the interaction of the unpaired
electron with spin-active ligand nuclei (see Appendix A.2 for more details).
2.2.2.1 Origin of the nuclear hyperfine interaction
There are two contributions to the hyperfine interaction classified as an isotropic
‘Fermi-contact’ interaction (aiso) and an anisotropic dipolar interaction (Adip).5
The Fermi-contact interaction (Equation 2.22) is proportional to the spin density
at the nucleus (Ψ(0)2). As p, d and f orbitals have nodes at the nucleus, aiso is a
measure of s-orbital character of the SOMO. The magnitude of the Fermi-contact
interaction is orientation independent, reflecting the isotropic symmetry of the s-orbital.
8𝜋

𝑎𝑖𝑠𝑜 = ( 3 ) 𝑔𝜇𝐵 𝑔𝑁 𝜇𝑁 |𝛹(0)|2

(2.22)

Spin polarisation mechanisms allow unpaired electrons residing in p, d or f
orbitals to polarise the electrons in core shell s-orbitals.7 The spin polarisation
mechanism is often viewed as a manifestation of Hund’s rule of maximum multiplicity,
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and effectively transfers spin density from the SOMO to the nucleus via the s-orbital.
Consequently the Fermi-contact interaction can include contributions from p, d and f
electrons, despite their orbital nodes.
The anisotropic component to the hyperfine coupling (A) is a dipolar interaction
between the magnetic moments of the electron and the nucleus. The energy of this
interaction is dependent on both the relative orientation of the interacting spins and the
distance (r) between them as shown in Equation 2.23.
𝜇

𝑆∙𝐼

𝐸𝑑𝑖𝑝 = (4𝜋0 ) 𝑔𝜇𝐵 𝑔𝜇𝑁 [ 𝑟3 −

3(𝑆∙𝑟)(𝐼∙𝑟)
𝑟5

]

(2.23)

where r is the vector connecting the electron and nuclear spin (within a coordinate
frame), 0 is the permeability of a vacuum and all other symbols assume their normal
meaning.
Equation 2.23 represents a simplified situation in which the magnetic moments
of the electron and nucleus are treated as point dipoles. Since the electron is not
localised in space, Edip must be averaged over the electron distribution.8 The equation is
further simplified by neglecting g-anisotropies and spin-orbit coupling contributions,
but provides a good approximation if the aforementioned effects are small.
Rapid molecular tumbling in fluid solution (on a timescale smaller than the EPR
experiment of ~10-9 s) averages the dipolar contribution of the hyperfine coupling to
zero. Hence, only the isotropic hyperfine contribution can be extracted from solution
phase EPR spectra (see Appendix A.3 for more details). In the solid state, the
experimentally observed hyperfine coupling results from the combination of both
isotropic (aiso) and anisotropic (A) hyperfine interactions. The overall interaction is
therefore orientation dependant and is consequently expressed as a tensor [A1 A2 A3]
.The

relationships given in Equations 2.24 and 2.25 allow the separate contributions to

the hyperfine tensor to be calculated from principal spectral parameters. These
equations are only valid for axial spin systems where A1 = A2 = A and A3 = A||. Equation
2.25 is only truly valid for dipolar tensors of general form; [-X -X 2X].
𝑎𝑖𝑠𝑜 =

𝐴1 +𝐴2 +𝐴3
3

𝐴𝑑𝑖𝑝 = 𝐴∥ − 𝑎𝑖𝑠𝑜

(2.24)
(2.25)

2.2.2.2 Point symmetry
The overall spectral profile of an EPR spectrum is determined primarily by both
the g and A tensors. The orientation relationship between the g and A principal axes
defines the class of point symmetries to which a paramagnet belongs (Table 2.2). In
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isotropic, axial and rhombic cases, the g and A principal axes are coincident. In systems
of lower symmetry the g and A principal axes are not fully coincident.
In spectral simulations the orientation relationship of the g and A principal axes
are usually defined by the Euler angles (α, β, γ). The g tensor axes are taken as the
reference frame and the Euler angles describe the transformation of the A tensor axes
into the reference frame.2
Table 2.2: Classification of EPR symmetry elements2,6

EPR symmetry

Molecular point Relationship between g and A Polar angle
symmetry
tensors
ranges

Isotropic

Oh, Td, O, Th, T

gx = gy = gz
Ax = Ay = Az
Coincident tensor axes

 = 0°
 = 0°

Axial

D4h, C4v, D4, D2d
D6h, C6v, D6, D3h
D3d, C3v, D3

gx = gy ≠ gz
Ax = Ay ≠ Az
Coincident tensor axes

 = 0°-90°
 = 0°

Rhombic

D2h, C2v, D2

gx ≠ gy ≠ gz
Ax ≠ Ay ≠ Az
Coincident tensor axes

 = 0°-90°
 = 0°-90°

Monoclinic

C2h, Cs, C2

gx ≠ gy ≠ gz
Ax ≠ Ay ≠ Az
One axis of g and A coincident

 = 0°-90°
 = 0°-180°

Triclinic

C1, Ci

gx ≠ gy ≠ gz
Ax ≠ Ay ≠ Az
Non-coincident tensor axes

 = 0°-180°
 = 0°-180°

2.3 CW- Electron Nuclear Double Resonance (ENDOR) Spectroscopy
2.3.1 Theoretical background
ENDOR is a double resonance technique, in which the NMR resonances are
detected indirectly via an intensity change to a simultaneously irradiated EPR signal.
Unlike EPR, an ENDOR measurement is conducted in a static applied magnetic field.
Firstly the EPR transition is saturated by applying relatively high-power microwaves at
low temperatures (≤ 10 K). The low temperature of the sample reduces the rate of the
electron spin-lattice relaxation pathway, making it unable to compete with the strong
microwave absorption. This results in an equal population of the electronic spin levels
preventing a net absorption of microwave power; hence no EPR signal is detected. Next
a radio-frequency (RF) is applied to the sample inducing NMR transitions which
subsequently cause desaturation of the EPR signal. At these frequencies, there is a net
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absorption of the microwave radiation and EPR signals are detected. The ENDOR
spectrum is therefore a plot of the change in the EPR absorption intensity as a function
of radiofrequency. This mode of detection offers an intensity enhancement over
conventional NMR due to a quantum transformation.9
The simplest spin system which can be used to demonstrate the ENDOR effect
is an unpaired electron spin (S = 1/2) interacting with a single spin active nucleus of I =
1/2. The energy level diagram consists of four energy levels (E1-E4) and has previously
been described (Figure 2.5). To aid discussion the hyperfine section of the energy level
diagram is reproduced in Figure 2.8a. The EPR selection rules (∆MS = ±1 and ∆MI = 0),
allow two EPR transitions (labelled ∆EA and ∆EB) which are highlighted in green in
Figure 2.8a and defined earlier in Equation 2.20. Similarly the NMR selection rules
(∆MS = 0 and ∆MI = ±1), allow two NMR transitions (labelled ∆EC and ∆ED), shown in
red in Figure 2.8a and defined below by Equation 2.26.
1

1

Δ𝐸𝐶 = 𝐸3 − 𝐸4 = 𝑔𝑁 𝜇𝑁 𝐵0 + 2 ℎ𝑎 and Δ𝐸𝐷 = 𝐸1 − 𝐸2 = 𝑔𝑁 𝜇𝑁 𝐵0 − 2 ℎ𝑎

(2.26)

Figure 2.8: a) The hyperfine interaction region of the energy level diagram for an S = 1/2, I =
1/2 spin system in an applied magnetic field (given previously in Figure 2.5). The allowed EPR
transitions (∆MS = ±1, ∆MI = 0) are given in green. The allowed NMR transitions (∆MS = 0, ∆MI
= ±1) are given in red. The corresponding isotropic ENDOR spectra are given for systems
where b) νn  aiso/2 and c) (νn  aiso/2).
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In the presence of a saturating microwave field, induced NMR transitions (∆EC
and ∆ED) cause the EPR transitions (∆EA and ∆EB) to desaturate and hence two ENDOR
signals are recorded at RF fields corresponding to the NMR transitions (Figures 2.8b
and 2.8c).
In the case illustrated in Figure 2.8b where νn  aiso/2, the ENDOR signals are
centred on νn and separated by the isotropic hyperfine coupling constant (a) (Equation
2.27). This situation is typical of nuclei such as protons.10
𝑎

𝜈𝑁𝑀𝑅 = |𝜈𝑛 ± 2|

(2.27)

In situations where νn  a/2 the energy level diagram is altered such that the
resultant ENDOR signals are centred on a/2 and separated by 2νn (Figure 2.8c). This
occurs for nuclei such as

14

N, 13C and 2H.10 In the situation where νn ≈ a/2, only one

ENDOR signal is recorded. This is referred to as the cancellation condition. 10 In both
the weak and strong coupling regimes, both the hyperfine coupling constant (a) and the
nuclear Larmor frequency (νn) can be extracted directly from the ENDOR spectrum.
Since the nuclear Larmor frequency is nucleus specific, its determination allows the
observed hyperfine coupling to be assigned to a specific nucleus. This level of
information is not accessible via EPR alone and is a major advantage of the ENDOR
technique. In multi-nuclear systems, the presence of different nuclei can result in
complicated spectra consisting of overlapping signals. Interpretation of such
complicated ENDOR spectra can be aided by conducting ENDOR measurements at
multiple frequencies, due to the field dependant nature of νn.
2.3.2 Spin populations
The ENDOR effect which permits the NMR transitions to be observed indirectly
via the changes in intensity of a simultaneously irradiated EPR transition is governed by
the population differences of the energy levels of a spin system. Figures 2.9 I-IV
illustrate the population differences of the energy levels for an S = 1/2, I = 1/2 system
during the course of an ENDOR experiment.
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Figure 2.9: Schematic illustration of the population differences in the energy levels of a two
spin system (S = 1/2, I = 1/2) (Levels E1-E4 were shown previously in Figures 2.5 and 2.8).
Figure (I) illustrates a standard EPR experiment in which low power incident microwaves are
used. Figures (II)-(IV) describe the population changes during an ENDOR experiment in which
the EPR transition is first saturated (II) and then subsequently desaturated by application of a
RF field corresponding to the NMR transitions ∆EC (III) and ∆ED (IV). Image reproduced from
reference 11.

At thermal equilibrium, the population difference between the electronic spin
levels (E4, E2 and E3, E1) is described by the Maxwell-Boltzmann law. The energy
difference between the nuclear spin levels (E1, E2 and E3, E4) is of the order of
gNNB0/kT, which is approximately 10-3 of the population difference between the
electronic levels (at ambient temperature and B0 = 300 mT) and therefore is neglected in
the first order approximation. δ is defined as gBB0/kT and is represented pictorially by
two balls. 1+ indicates a population excess in the lower energy levels (E3 and E4),
whilst 1-δ symbolises a slight depletion in the upper energy levels (E1 and E2) (Figure
2.9.I) If the EPR transition (∆EB) is induced with sufficiently low microwave power (as
illustrated with a narrow arrow) then the spin-lattice relaxation rate (T1e) dominates,
causing the ‘hot spins’ to return from E2 to E4 and the population of the energy states is
maintained at thermal equilibrium (Figure 2.9.I). The use of a high incident microwave
power (illustrated with a thick arrow) leads to saturation of the EPR signals; energy
levels E2 and E4 become equally populated because the rate of spin-lattice relaxation
can no longer compete with the rate of absorption (Figure 2.9.II). This prevents any net
absorption of microwave power and thus no EPR signal is detected. Application of a
resonant RF field corresponding to the NMR transition ∆ED desaturates the EPR
transition restoring the population difference between the electron spin levels E2 and E4
via induced absorption (Figure 2.9.III). The resultant increase in intensity of the EPR
transition produces a resonance within the ENDOR spectrum at a frequency
corresponding to ∆ED. Similarly, a second resonance appears in the ENDOR spectrum
at the frequency ∆EC when the corresponding radiofrequency is applied. The
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desaturation of the EPR signal in this case occurs via induced emission as shown in
Figure 2.9.IV.
Whilst the above description provides a useful overview, it is in fact an
oversimplified representation of the ENDOR experiment as it only accounts for the
spin-lattice relaxation mechanism, neglecting other relaxation effects. Saturation of the
NMR transitions (∆EC and ∆ED) prevents the mechanism described above from
functioning, leading the EPR transition to re-saturate and the EPR signal to disappear.
This results in a transient ENDOR response. In order to observe a continuous ENDOR
response, relaxation pathways which operate in parallel to the spin-lattice relaxation
must be available. One such relaxation pathway is described in the steady state ENDOR
effect.
2.3.3 The steady state ENDOR effect
The different electron and nuclear spin relaxation processes for an S = 1/2, I =
1/2 spin system are summarised in Figure 2.10. The solid arrows represent radiation
induced transitions, whilst the dashed arrows represent radiationless electron spin-lattice
(We), nuclear spin lattice (Wn) and cross relaxation processes (Wx1 and Wx2) involving
simultaneous change in both the nuclear and electron spin state.11

Figure 2.10: Energy level diagram for a two spin system (S = 1/2, I = 1/2) in an applied
magnetic field. The allowed EPR and NMR transitions are shown in solid green and red arrows
respectively. Radiationless relaxation pathways are shown with dashed lines. Electron spinlattice (We) and nuclear spin lattice (Wn) pathways are given in green and red respectively.
Cross relaxation processes (WX1 and WX2) involving simultaneous change in both the nuclear
and electron spin state are given in blue. Image reproduced from reference 11.

During the ENDOR experiment a saturating MW field is applied such that
population levels of E1 and E3 equalise, preventing the detection of an EPR signal. The
most direct relaxation pathway that operates between these two energy levels is the
electron spin-lattice relaxation (We1). However, in the presence of a saturating MW
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field the rate of We1 cannot compete with the rate of absorption and thus the ∆EA
transition remains saturated.
An alternative relaxation pathway is known as the bypass-route and involves a
nuclear spin relaxation from E1 to E2, followed by an electron spin relaxation from E2 to
E4 and completed with a nuclear spin relaxation from E4 to E3. Cross relaxation
pathways (WX1 and WX2) offer other bypass-routes which alter the population states of
E1 and E2. However, cross relaxation rates are not deemed important in CW-ENDOR
and are therefore neglected within this discussion.9,11
In a standard EPR experiment (using low power incident microwaves), the
bypass relaxation pathway is ineffective due to the nuclear relaxation rates W n1 and Wn2
being much slower than We1. This causes spins to accumulate in levels E1 and E2. The
efficiency of this route is improved upon application of a saturating RF field
corresponding to the ∆ED transition, which ‘pumps’ spins from E1 to E2, effectively
short circuiting Wn1. Under the experimental conditions of an ENDOR experiment, in
which the EPR and a NMR transitions are saturated, the bypass relaxation pathway
provides a relaxation mechanism that results in the EPR transition (∆EA) desaturating.
Desaturation of the EPR transition results in an increase in the EPR signal intensity
which constitutes an ENDOR response. This mechanism is known as the steady state
ENDOR effect and facilitates CW-ENDOR.
An optimum ENDOR response is obtained when We and Wn are comparable in
magnitude as this prevents a relaxation ‘bottleneck’ from occurring along the bypass
route. Experimentally, the optimum ratio of We/Wn = 1 is obtained by adjusting the
temperature and viscosity of the solvent under study (see Appendix A.4 for details).
2.4 Orientation selective ENDOR
The ENDOR theory discussed in section 2.3 is relevant to isotropic systems or
measurements conducted in the liquid phase, where rapid molecular motion averages
out the angular dependencies of g and A. In the solid state the molecules are
immobilised and therefore the anisotropies of the spin Hamiltonian are resolved in the
EPR spectrum.
ENDOR measurements of single orientations of a paramagnet (relative to the
applied magnetic field, B) can be directly achieved using single crystals which can be
aligned in the cavity using a goniometer. However, crystalline materials cannot always
be obtained, as is often the case when working with macromolecular biological samples.
Such samples are therefore studied as doped powders or frozen solutions. The
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molecules in a frozen solution or powder sample adopt a statistical distribution of all
possible orientations; therefore the resulting EPR spectrum is the summation of
randomly orientated molecules. However, at fixed field positions, only molecules of
certain orientations contribute to the spectrum, as described in detail for an axial spin
system (S = 1/2) in section 2.2.1.2. This allows angular dependence studies to be
conducted by ENDOR spectroscopy, whereby ENDOR spectra are recorded at a series
of magnetic field positions, corresponding to different orientations of the paramagnet
with respect to the magnetic field (B). The measurement and analysis (via simulation)
of the angular dependence of the hyperfine tensor allows the identity and position of
spin-active ligand nuclei to be determined with respect to the g-axes. These studies
allow ‘single crystal-like’ data to be obtained from polycrystalline samples. This
concept was first developed by Rist and Hyde12 and later further developed by
Hoffman13,14 and Kreilick.15,16
In order to demonstrate the methodology of orientation selective ENDOR a
series of representative examples will be given in the following sections. The simplest
spin system involves the interaction of an unpaired electron (S = 1/2) with a single
ligand proton (ILigand = 1/2) in axial symmetry (assuming IMetal = 0 for the paramagnetic
metal). The EPR spectrum and corresponding roadmap for this S = ½ and IMetal = 0 spin
system is given in Figure 2.11. The absence of a metal hyperfine interaction means that
only a single MI transition contributes to the spectrum. Hence, at any given field
position only one orientation of the paramagnet contributes to the EPR spectrum. In the
first derivative spectrum, only the principal turning points g|| and g produce spectral
features (Figure 2.11.I). In this example the g|| feature occurs at 261 mT which
corresponds to θB = 0°. The corresponding unit sphere in Figure 2.11.II illustrates that at
this magnetic field position only paramagnets orientated such that the g|| (gz) axis is
parallel to magnetic field vector (B) contribute to the spectrum. The g feature occurs at
339 mT and corresponds to θB = 90°. In this case, the unit sphere (Figure 2.11.II)
indicates that only paramagnets orientated such that the g|| (gz) axis is perpendicular to
magnetic field vector (B) (i.e., g (gx, gy) is parallel to B) contribute to the spectrum.
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Figure 2.11: I) The angular distribution in the EPR spectrum (known as a roadmap) for an axial
spin system (S = 1/2) in the absence of a metal hyperfine interaction (IMetal = 0) (gx = gy = 2, gz =
2.6). The turning points of the spectrum, g|| and g, are highlighted. II) The orientation selection
achieved at field positions corresponding to g|| and g are illustrated using unit spheres.

The ENDOR spectra are subsequently recorded at various field positions
between g|| and g (from 260 mT to 340 mT). The resulting spectra for two limiting
cases of the 1H tensor; coincident g / HA and non-coincident g / HA are discussed below.
2.4.1 Coincidence of g and A
In the case where the axial hyperfine tensor of the proton (HA) is coincident with
the g-tensor (H = 0°) (Figure 2.12.I), the orientation of the hyperfine tensor selected at
a particular magnetic field is equivalent to the selected orientation of the g-tensor at the
same field setting. Two alternative proton coupling tensors have been simulated; the
first contains only positive components (HA1 = HA2 = HA = 5 MHz, HA3 = HA|| = 10
MHz) (Figure 2.12.II). The second tensor is purely dipolar in nature, containing both
positive and negative components (HA1 = HA2 = HA = -5 MHz, HA3 = HA|| = 10 MHz,
H

A1 + HA2 + HA3 = 0) (Figure 2.12.III). In both cases the largest component of the tensor

(HA|| = 10 MHz) is observed at B = 0° and the smallest component (HA = 5 MHz) is
observed at B = 90°. At all other field positions, contributions from all principal
components of the proton tensor are observed. In the case of the positive tensor this
results in the largest coupling (HA|| = 10 MHz), observed at B = 0° to gradually
converge to the smallest coupling HA = 5 MHz at B = 90°, as highlighted with a black
trend line (Figure 2.12.II). Due to the opposite signs of HA|| and HA in the dipolar
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tensor, hyperfine couplings of values smaller thanHA(< 5 MHz) are observed at
intermediate field values. This is highlighted in Figure 2.12.III by the crossover of the
pink trend line.

Figure 2.12: Magnetic field orientation (B) dependence of the 1H ENDOR spectrum,
simulated for an axially symmetric (S = 1/2, ILigand = 1/2, IMetal = 0) spin system. I) The
principal hyperfine matrix of the proton is coincident with the g matrix (H = 0°). The
angular dependency of the ENDOR spectra for II) a positive hyperfine tensor (HA1 = HA2
= HA = 5 MHz, HA3 = HA|| = 10 MHz) is plotted and the profile is highlighted with a
black trend line. III) A dipolar hyperfine tensor (HA1 = HA2 = HA = -5 MHz, HA3 = HA|| =
10 MHz) is plotted and the profile is highlighted with a pink trend line.
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2.4.2 90° non-coincidence of g and A
The complexity of the ENDOR spectra is increased when the proton hyperfine
tensor (HA) is non-coincident with g-tensor. A 90° angle of non-coincidence between g
and HA is the simplest case of non-coincidence. In this situation, the g and HA axes are
aligned, but the g and HA components are orientated at right angles to each other (Figure
2.13.I). The angular dependency of the 1H ENDOR spectra has been simulated for both
a positive proton hyperfine tensor (HA1 = HA2 = HA = 5 MHz, HA3 = HA|| = 10 MHz)
(Figure 2.13.II) and a dipolar proton hyperfine tensor (HA1 = HA2 = HA = -5 MHz, HA3 =
H

A|| = 10 MHz, HA1 + HA2 + HA3 = 0) (Figure 2.13.III). In both cases, at 261 mT (θB = 0°)

a single proton coupling is observed in the ENDOR spectrum. This coupling has a
magnitude of 5 MHz and corresponds to HA, since at θB = 0° only HA is aligned with
g|| (Figure 2.13.I). At θB = 90° (339 mT) two proton couplings are observed for both the
positive (Figure 2.13.II) and dipolar (Figure 2.13.III) proton hyperfine tensors. In both
cases the magnitude of these couplings are 5 MHz and 10 MHz and correspond to HA
and HA|| respectively. In other words, at θB = 90° both HA and HA|| are aligned with g
(Figure 2.13.I). At intermediate field positions the observed couplings arise from a
contribution of all HA components. Since the HA components are aligned with both g||
and g (Figure 2.13.I), a proton coupling of 5 MHz is observed at all field
positions/values of θB in both Figure 2.13.II and 2.13.III. In the case of the positive
proton hyperfine tensor (Figure 2.13.II), in addition to the 5 MHz coupling, the 10 MHz
coupling observed at θB = 90° converges to the 5 MHz coupling observed at θB = 0°.
The analogous convergence in the case of the dipolar proton hyperfine tensor involves
proton couplings smaller than HA. Hence the trend line shown in Figure 2.13.III
crosses at θB = 40°.
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.
Figure 2.13: Magnetic field orientation (B) dependence of the 1H ENDOR spectrum, simulated
for an axially symmetric (S = 1/2, ILigand = 1/2, IMetal = 0). I) The parallel component of the
hyperfine matrix of the proton lies in the perpendicular plane of the g matrix (H = 90°). The
angular dependency of the ENDOR spectra for II) a positive hyperfine tensor (HA1 = HA2 = HA =
5 MHz, HA3 = HA|| = 10 MHz) is plotted and the profile is highlighted with a black trend line. III)
A dipolar hyperfine tensor (HA1 = HA2 = HA = -5 MHz, HA3 = HA|| = 10 MHz) is plotted and the
profile is highlighted with a pink trend line.
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2.4.3 50° non-coincidence of g and A
The complexity of the system is further increased, when the proton hyperfine
tensor (HA) is completely non-coincident with the electronic g-tensor, as is commonly
observed in real paramagnetic systems. For example, if H = 50°, then neither the principal
axes nor the principal components of g and HA align (Figure 2.14.I). To illustrate this, the

angular dependency of the 1H ENDOR spectra have been simulated, for a positive
proton hyperfine tensor (HA1 = HA2 = HA = 5 MHz, HA3 = HA|| = 10 MHz) and a dipolar
proton hyperfine tensor (HA1 = HA2 = HA = -5 MHz, HA3 = HA|| = 10 MHz, HA1 + HA2 +
A3 = 0) in Figures 2.14.II and 2.14.III respectively for H = 50°. Unlike the previous

H

examples, couplings corresponding to

H

A|| or

H

A

are no longer observed at the

principal g turning points of g|| (θB = 0°) or g (θB = 90°). In both cases, the 10 MHz
coupling corresponding to A|| is only observed when B = H = 50°. This is the only
angle at which A|| is aligned with the magnetic field (B). At all other angles of B, A||
only partially contributes to the spectrum. Therefore in axial g-systems, identification of
the largest coupling and the corresponding value of B provide two principle values
which define the spin system. The A coupling of 5 MHz is observed at angles between
B = 40° to 90° (40°= 90°-H).
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Figure 2.14: Magnetic field orientation (B) dependence of the 1H ENDOR spectrum, simulated
for an axially symmetric (S = 1/2, ILigand = 1/2, IMetal = 0). I) The angle of non-coincidence
between the g and HA axes is 50°. II) The angular dependency of the ENDOR spectra for a
positive hyperfine tensor (HA1 = HA2 = HA = 5 MHz, HA3 = HA|| = 10 MHz). III) The angular
dependency of the ENDOR spectra for a dipolar hyperfine tensor ( HA1 = HA2 = HA = -5 MHz,
H
A3 = HA|| = 10 MHz). Couplings corresponding to HA|| and HA are highlighted.

2.4.4 Analysis of orientation selective ENDOR when IMetal > 0
The hypothetical spin systems considered above were simplified due to the
absence of a metal hyperfine interaction. Hence, only one MI transition was included in
the roadmap (Figure 2.11.I) and thus at any given magnetic field only one molecular
orientation contributed to the EPR or ENDOR spectrum. However, in paramagnetic
metal complexes a metal hyperfine interaction may be dominant (when IMetal > 0). In
this case, contributions from multiple MI transitions occur in the overall EPR spectrum.
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This is illustrated using the simplest case of an S = 1/2 IMetal = 1/2 spin system in Figure
2.15.I, where two MI transitions, namely MI = +1/2 and MI = -1/2, are included in the
roadmap (highlighted in blue and red respectively). It can be clearly seen that single
orientations are now only selected at magnetic field positions between a and b (250 272 mT) and between c and d (336 - 343 mT). At all other field positions (between b
and c, 272 - 336 mT) both MI transitions contribute to the spectrum and hence two
orientations are simultaneously observed. For instance, at the field position labelled b
(272 mT), the subset of molecules with an angle of non-coincidence of B = 37° on the
MI = +1/2 transition are observed, in addition to those of B = 0° on the MI = -1/2
transition. Similarly at the magnetic field position labelled c (336 mT), a subset of
molecules with an angle of non-coincidence of B = 90° on the MI = +1/2 transition are
observed, in addition to those of B = 73° on the MI = -1/2 transition. Significantly the
single crystal-like spectra corresponding to B = 0° is observed on the MI = +1/2
transition whilst B = 90° is observed on the MI=-1/2. The selection of single
orientations at field positions a and d and mixed orientations at c and d are highlighted
in corresponding unit spheres in Figure 2.15.II.

Figure 2.15: I) The roadmap of an axial spin system including a metal hyperfine term (S = 1/2,
IMetal = 1/2) (g|| = 2.6, g = 2, A|| = 800 MHz and A = 200 MHz). The contribution of two MI
transitions, namely MI = +1/2 and MI = -1/2 are shown in blue and red respectively. The key
turning points of each MI transition are indicated (a-d). II) Unit spheres show that single
transitions are excited at field positions a and d, whereas two orientations are simultaneously
excited at field positions b and c.
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The significance of the contribution from two MI transitions on the ENDOR
profile can be seen in Figure 2.16.II for an interacting proton with a positive tensor (HA1
= HA2 = HA = 5 MHz, HA3 = HA|| = 10 MHz) that is coincident with the electronic gtensor (Figure 2.16.I). The ENDOR signals in blue arise from the MI = +1/2 transition
(and are therefore comparable to the black trend line given in Figure 2.12.II) whilst the
ENDOR signals given in red arise from the MI = -1/2 transition. As explained above,
single orientations are selected at magnetic fields denoted a (θB = 0°, MI = +1/2) and d
(θB = 90°, MI = -1/2), hence, at these field positions only one ENDOR coupling is
observed. The magnitude of the coupling recorded at 250 mT (a) corresponds to A|| (10
MHz), whilst the coupling recorded at 343 mT (d) corresponds to A (5 MHz). At
intermediate field positions (b-c, 270 - 336 mT) both MI transitions contribute to the
spectrum. Since the orientation of the two MI transitions differ for a set magnetic field,
two couplings are resolved in the ENDOR spectrum. For instance, at 270 mT (b), one
coupling is 10 MHz and corresponds to A|| (θB = 0°) on the MI = -1/2 transition, whilst
the second coupling is 8.4 MHz and arises from θB = 37° on the MI = +1/2 transition.

Figure 2.16: Magnetic field orientation (B) dependence of the 1H ENDOR spectrum, simulated
for an axially symmetric (S = 1/2, IMetal = 1/2 ILigand = 1/2) spin system. The proton has a positive
hyperfine tensor (HA1 = HA2 = HA = 5 MHz, HA3 = HA|| = 10 MHz) and the principal hyperfine
matrix of the proton is coincident with the g matrix (H = 0°). ENDOR signals arising from the
MI = +1/2 transition are given in blue, whilst ENDOR signals arising from the MI = -1/2
transition are given in red.
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The systems studied within this Thesis are Cu(II) transition metal complexes.
The unpaired electron is therefore centred on the copper nucleus with a nuclear spin of
IMetal = 3/2. Consequently, four MI transitions contribute to the EPR spectrum as shown
in the roadmap for an axial S = 1/2, IMetal = 3/2 spin system (Figure 2.17.I). Whilst
single orientations can still be selected by setting the magnetic field to positions a and h
respectively, at intermediate fields (b-g, 250 - 341 mT) contributions from between two
and four orientations are selected. Hence the complexity of the ENDOR spectra is
significantly increased!

Figure 2.17: I) The roadmap of an axial spin system (S = 1/2, IMetal = 3/2) characteristic of a
Cu(II) spectrum ) (g|| = 2.6, g = 2, A|| = 800 MHz and A = 200 MHz). The contribution of four
MI transitions, namely MI = +3/2, +1/2, -1/2 and -3/2 are shown in blue, red, green and purple
respectively. Key turning points of the MI transitions are indicated (a-h). II) Unit spheres show
that single transitions are excited at field positions a and h. At intermediate field positions (b-g)
multiple orientations are simultaneously selected.

In order to highlight just how complex the ENDOR spectra can become, Figure
2.18.II contains the simulated angular dependence of a 1H ENDOR spectrum for the
interaction of the axial copper system described in Figure 2.17 with a ligand proton
(ILigand = 1/2). The hyperfine tensor of the proton is rhombic in nature (HA1 = -3 MHz,
H

A2 = -8 MHz and HA3 = 15 MHz) and non-coincident with the electronic g-tensor

(Figure 2.18.I, H = 50°). The complexity of the spectrum arises from the involvement
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of multiple MI transitions, the low symmetry of the system (i.e., a rhombic hyperfine
tensor) and the non-coincidence of the principal hyperfine (HA) and g-tensor coordinate
axes. This level of complexity is typical of the spectra studied within this work. Unlike
the hypothetical cases described earlier, the principal values of the hyperfine tensor
cannot be directly extracted from the experimental spectra. Simulation of the ENDOR
spectra is therefore essential in order to determine the proton hyperfine tensor [A1 A2 A3]
and the euler angles (α, β and γ) which define the transformation of the hyperfine tensor
into the g-tensor coordinate frame.2 A valid simulation requires one set of parameters
(A1, A2, A3 and α, β and γ) to provide a satisfactory fit to the experimental ENDOR
spectra recorded at all field positions. Together these parameters define the position of
the proton with respect to the unpaired electron, providing valuable structural
information.

Figure 2.18: Magnetic field orientation (B) dependence of the 1H ENDOR spectrum, simulated
for an axially symmetric S = 1/2, IMetal = 3/2 ILigand = 1/2 spin system. The proton hyperfine
tensor is rhombic (HA1 = -3 MHz, HA2 = -8 MHz and HA3 = 15 MHz) and offset by 50° relative to
the g-matrix (H = 50°).
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2.4.5 Angular Anomalies
A further complication which has not been considered in the hypothetical cases
above is the occurrence of angular anomalies, which cause additional peaks to occur in
the EPR spectrum. These features do not correspond to resonances from principal
directions, instead, they arise from intermediate angles, lying between the principal
axes. Off-axis extrema are usually found in systems with relatively small g and large A
anisotropy and are commonly observed in Cu(II) complexes. Whilst the presence of
additional spectral features may be clearly evident in an EPR spectrum, the assignment
of the extra absorptions to off axis extrema can only be determined via simulation.
Significantly, off axis extrema can impact upon the orientation selectivity of the
ENDOR technique (see Appendix A.5 for more details).
2.5 Spectral simulation.
The above theory has demonstrated the wealth of information accessible through
EPR and ENDOR measurements. The complexity of the experimental spectra, means
that the accurate determination of spin Hamiltonian parameters relies on computational
simulation. There are numerous simulation programmes available, Sim3217 and the
EasySpin toolbox18 in Matlab have been used within this Thesis.
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Chapter 3: Experimental
3.1 Introduction
This chapter will provide an overview of the experimental procedures used
within this Thesis. Details regarding the source and purification of the reagents,
synthetic methods and characterisation techniques are given. The instrumental setup of
the EPR and ENDOR spectrometers is outlined and the sample preparation and
measurement details are summarised.
3.2 Materials
3.2.1 Reagents
All reagents were obtained from Sigma Aldrich UK or Fisher Scientific UK at
the highest purity level commercially available and generally used as received. The
pyridine and methylpyridine bases are known to be hygroscopic and therefore these
were dried before use; 2-amino-4-methylpyridine and 2-amino-6-methylpyridine were
dried over calcium hydride, whilst the other bases were dried over 4 Å molecular
sieves.1 Chloroform was dried over calcium hydride1 and toluene was purified using an
MBraun SPS-800 solvent purification system. Ultrapure water was obtained using a
Millipore milli Qplus 185 unit. Deuterated solvents were obtained from Goss Scientific
in sealed ampoules and used as received.
3.3 Synthetic procedures
3.3.1 Deuteration of 2-amino-methylpyridines2-4

2-Amino-methylpyridine (1.00 g, 9.25 mmol) was dissolved in D2O (20 mL),
heated under reflux for 2 hrs and subsequently dried under reduced pressure. This was
repeated 3 times to increase the level of deuteration. The crude product was then
dissolved in CHCl3 and dried over anhydrous K2CO3 for 18 hrs. The solvent was
removed under reduced pressure prior to use.
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2-Amino-6-methylpyridine-d2

1

H NMR (400 MHz, CDCl3) δ 7.31 (t, J = 7.7 Hz, 1H, CH), 6.50 (d, J = 7.3 Hz, 1H,

CH), 6.30 (d, J = 8.1 Hz, 1H, CH), 4.37 (s, 1H, NDH), 2.37 (s, 3H, CH3).
Approximately 50% deuterated.
2-Amino-4-methylpyridine-d2

1

H NMR (400 MHz, CDCl3) δ 7.93 (d, J = 5.2 Hz, 1H, CH), 6.49 (d, J = 5.2 Hz, 1H,

CH), 6.33 (s, 1H, CH), 4.30 (s, 1H, NDH), 2.23 (s, 3H, CH3). Approximately 50%
deuterated.
3.3.2 Preparation of 1,10-phenanthroline-5,6-dione5

A mixture of concentrated H2SO4 (50 mL) and HNO3 (50 mL, 70%) was cooled
to 0-5 °C in a round bottom flask equipped with a condenser. A ground mixture of solid
1,10-phenanthroline (5.00 g, 27.8 mmol) and KBr (5.00 g, 42.00 mmol) was added in
four parts. The mixture was allowed to warm to ambient temperature and then heated
under reflux for 4 hrs. The solution was allowed to cool to ambient temperature and was
then poured over ice (125 g). A slurry of NaOH (60 g, 1.5 mol) in H2O (100 mL) was
slowly added to the ice mixture, until pH 4-5 was attained. A yellow precipitate formed.
The solid was recovered by vacuum filtration and was then dissolved in CHCl3 (200
mL). The organic layer was washed with brine (100 mL) and dried over MgSO4. The
solvent was removed under reduced pressure and the residue was recrystallised from hot
EtOH to yield 1,10-phenanthroline-5,6-dione as a bright yellow solid (1.06 g, 18%).
1

H NMR (400 MHz, CDCl3) δ 9.13 (dd, J = 4.7, 1.8 Hz, 2H, CH), 8.52 (dd, J = 7.9, 1.8

Hz, 2H, CH), 7.60 (dd, J = 7.9, 4.7 Hz, 2H, CH); 13C NMR (101 MHz, CDCl3) δ 178.8,
156.6, 153.0, 137.5, 128.2, 125.8; υmax (ATR)/cm–1 3061 (w), 2978 (w, br), 1684 (s);
MP 253–255 °C; m/z (EI): Calculated 210.19 for C12H6N2O2: Found 210.04.
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3.3.3 Preparation of alkyl-3,4-diaminobenzoates6

3,4-Diaminobenzoic acid (0.50 g, 3.3 mmol) was suspended in boiling ROH (30
mL), to which 0.5 mL of concentrated H2SO4 was added dropwise. The mixture was
heated under reflux for 4 hrs. The solvent was removed under reduced pressure. The
crude product was dissolved in H2O (30 mL) and the pH was adjusted to 10 by the
addition of NaOH solution (1 M). The product was then extracted into CHCl3 (4 x 20
mL) and washed with H2O (3 x 20 mL) and brine (3 x 20 mL). The organics were dried
over anhydrous Na2SO4 and the solvent was removed under reduced pressure to give the
alkyl-3,4-diaminobenzoate.
Ethyl 3,4-diaminobenzoate

Pale brown solid (0.52 g, 87%). 1H NMR (250 MHz, CDCl3) δ 7.48 (dd, J = 8.1, 1.9 Hz,
1H, CH), 7.42 (d, J = 1.9 Hz, 1H, CH), 6.68 (d, J = 8.1 Hz, 1H, CH), 4.31 (q, J = 7.1
Hz, 2H, CH2), 3.58 (s, 4H, NH2), 1.36 (t, J = 7.1 Hz, 3H, CH3); 13C NMR (101 MHz,
CDCl3) δ 167.0, 140.4, 133.2, 123.3, 121.5, 118.4, 115.0, 60.5, 14.5; υmax (ATR)/cm–1
3439 (w, br), 3389 (m), 3325 (m), 3176 (m, br), 2980 (m), 2929 (w, br), 2904 (w), 1684
(s); MP 102–104 °C; m/z (EI): Calculated 180.09 for C9H12N2O2: Found 180.09.
Butyl 3,4-diaminobenzoate

Rusty brown solid (0.55 g, 80%) . 1H NMR (400 MHz, CDCl3) δ 7.46 (dd, J = 8.1, 1.7
Hz, 1H, CH), 7.40 (d, J = 1.7 Hz, 1H, CH), 6.66 (d, J = 8.1 Hz, 1H, CH), 4.25 (t, J = 6.6
Hz, 2H, CH2), 3.54 (s, 4H, NH2), 1.76 – 1.66 (m, 2H, CH2), 1.45 (dq, J = 14.6, 7.4 Hz,
2H, CH2), 0.96 (t, J = 7.4 Hz, 3H, CH3); 13C NMR (101 MHz, CDCl3) δ 167.1, 140.4,
56

133.2, 123.3, 121.6, 118.4, 115.0, 64.4, 31.0, 19.4, 13.9; υmax (ATR)/cm–1 3325 (m, br),
3185 (m, br), 2958 (m), 2873 (m), 1682 (s); MP 67–68 °C; m/z (EI): Calculated 208.26
for C11H16N2O2: Found 208.12.
3.3.4 Preparation of dipyridophenazines

1,10-Phenanthroline-5,6-dione was dissolved in EtOH and brought to reflux.
The solution was removed from the heat and 1,2-diaminobenzene was added. The
reaction mixture was heated under reflux for a further 10 mins.
Dipyrido[3,2-a:2',3'-c]phenazine (dppz) 7

Prepared according to the preparation of dipyridophenazines (detailed in section
3.3.4) using 1,10-phenanthroline (600 mg, 2.85 mmol) and 1,2-diaminobenzene (465
mg, 4.30 mmol, 1.5 eq) in EtOH (25 mL). The crude product was obtained on cooling
as orange/brown needles. Recrystallisation from aqueous EtOH gave beige needles (400
mg, 50%). 1H NMR (400 MHz, MeOD + 2% TFA) δ 9.28 (dd, J = 8.1, 1.7 Hz, 2H,
CH), 9.00 (dd, J = 4.4, 1.6 Hz, 2H, CH), 8.17 – 8.05 (m, 2H, CH), 7.92 – 7.82 (m, 2H,
CH), 7.71 (dd, J = 8.1, 4.5 Hz, 2H, CH); 13C NMR (101 MHz, MeOD + 2% TFA) δ
150.0, 143.8, 142.1, 140.1, 139.1, 133.5, 130.6, 130.3, 127.9; MP 225–228 °C; m/z
(EI): Calculated 282.30 for C18H10N4: Found 282.09.

57

Dipyrido[3,2-a:2',3'-c]phenazine-11-carboxylic acid (dppzCOOH)8

Prepared according to the preparation of dipyridophenazines (detailed in section
3.3.4) using 1,10-phenanthroline (400 mg, 1.90 mmol) and 3,4-diaminobenzoic acid
(289 mg, 1.90 mmol) in EtOH (20 mL). The product was recovered after hot filtration
of the reaction mixture. The product was washed with cold EtOH (5 mL) and diethyl
ether (5 mL) and then dried under reduced pressure to give a cream solid (608 mg,
98%). 1H NMR (400 MHz, CDCl3) δ 10.21 – 10.06 (m, 2H, CH), 9.37 – 9.26 (m, 3H,
CH), 8.75 – 8.55 (m, 2H, CH), 8.41 – 8.26 (m, 2H, CH); 13C NMR (101 MHz, CDCl3)
δ 170.8, 148.4, 147.8, 144.7, 141.7, 139.9, 139.6, 139.4, 139.4, 139.1, 139.1, 133.6,
131.4, 131.1, 130.1, 129.2, 129.1, 127.0, 127.0; υmax (ATR)/cm–1 1712 (s); MP >250 °C;
m/z (ES): Calculated 326.08 for C19H10N4O2: Found 327.10 (M+H+).
Ethyl dipyrido[3,2-a:2',3'-c]phenazine-11-carboxylate (dppzCOOEt)6

Prepared according to the preparation of dipyridophenazines (detailed in section
3.3.4) using 1,10-phenanthroline (115 mg, 0.55 mmol) in boiling EtOH (5 mL) and a
solution of ethyl-3,4-diaminobenzoate (108 mg, 0.60 mmol) in warm EtOH (10 mL).
The product was recovered after hot filtration of the reaction mixture. The product was
washed with cold EtOH (2 mL) and diethyl ether (2 mL) and then dried under reduced
pressure to give a cream solid (170 mg, 87%).1H NMR (400 MHz, CDCl3) δ 9.66 (d, J
= 8.0 Hz, 2H, CH), 9.31 (s, 2H, CH), 9.08 (d, J = 1.5 Hz, 1H, CH), 8.51 (dd, J = 8.9, 1.9
Hz, 1H, CH), 8.40 (d, J = 8.8 Hz, 1H, CH), 7.83 (s, 2H, CH), 4.54 (q, J = 7.1 Hz, 2H,
CH2), 1.52 (t, J = 7.1 Hz, 3H, CH3); 13C NMR (101 MHz, CDCl3) δ 165.8, 153.2, 153.0,
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144.1, 143.4, 142.5, 142.0, 141.6, 137.4, 134.1, 133.9, 132.3, 132.2, 130.0, 129.8,
127.3, 127.3, 124.4, 124.4, 61.9, 14.5; υmax (ATR)/cm–1 3018 (w), 2973 (w), 2939 (w),
2875 (w), 1711 (s); MP 259–260 °C; m/z (EI): Calculated 354.11 for C21H14N4O2:
Found 354.12.
Butyl dipyrido[3,2-a:2',3'-c]phenazine-11-carboxylate (dppzCOOBu)

This

novel

ligand

was

prepared

according

to

the

preparation

of

dipyridophenazines (detailed in section 3.6.4) using 1,10-phenanthroline (115 mg, 0.55
mmol) in boiling EtOH (5 mL) and a solution of butyl-3,4-diaminobenzoate (125 mg,
0.60 mmol) in warm EtOH (10 mL). The BuOH was removed azeotropically with H2O1
under reduced pressure to give the product as a rusty-brown solid (179 mg, 85%). The
crude product was used without further purification. 1H NMR (400 MHz, CDCl3) δ 9.34
(d, J = 7.9 Hz, 2H, CH), 9.17 (t, J = 4.0 Hz, 2H, CH), 8.83 (s, 1H, CH), 8.36 (dd, J =
8.8, 1.5 Hz, 1H, CH), 8.16 (d, J = 8.8 Hz, 1H, CH), 7.66 (dt, J = 8.0, 4.0 Hz, 2H, CH),
4.46 (t, J = 6.6 Hz, 2H, CH2), 1.92 – 1.79 (m, 2H, CH2), 1.57 (dq, J = 14.6, 7.3 Hz, 2H,
CH2), 1.05 (t, J = 7.4 Hz, 3H, CH3); 13C NMR (101 MHz, CDCl3) δ 165.8, 153.0, 152.8,
148.5, 148.3, 143.8, 142.1, 141.6, 141.3, 133.9, 133.7, 132.1, 132.1, 129.8, 129.7,
127.0, 127.0, 124.2, 124.2, 65.8, 30.9, 19.4, 13.9; υmax (ATR)/cm–1 2958 (m), 2933 (m),
2873 (m), 1716 (s); MP 185–186 °C; m/z (ES): Calculated 382.14 for C23H18N4O2:
Found 383.15 (M+H+).
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3.3.5 Preparation of [Cu(acac)(NN)]NO3 9,10

Cu(NO3)2.3H2O (242 mg, 1 mmol) was dissolved in EtOH (25 mL).
Acetylacetone (103 µL, 1 mmol) was added. Solid diimine (1 mmol) was added. The
pH of the reaction solution was adjusted to pH 6 using an aqueous solution of NaOH
(10 M). A light blue precipitate formed upon stirring the reaction mixture for 30 mins at
ambient temperature, this was removed under gravity. The filtrate was left to evaporate
slowly in air (72 hrs) to yield the product as needle-like crystals.
[Cu(acac)(bipy)]NO3
Prepared according to the preparation of [Cu(acac)(NN)]NO3 (detailed in section
3.3.5) using 2,2’-bipyridyl (bipy) (156 mg, 1 mmol). The product was isolated as teal
needles (300 mg, 79 %). υmax (ATR)/cm–1 3315 (w, br), 3080 (w), 3059 (w), 1576 (m),
1523 (s), 1449 (m), 1383 (s), 1309 (s), 1277 (s), 1177 (m), 1107 (m), 1033 (m), 1020
(m), 929 (s), 829 (s), 781 (s), 731 (s); m/z (ES): Calculated 318.04 for CuC15H15N2O2:
Found 318.03 UV-vis λmax(EtOH)/nm 605.
[Cu(acac)(phen)]NO3
Prepared according to the preparation of [Cu(acac)(NN)]NO3 (detailed in section
3.3.5) using 1,10-phenanthroline (phen) (180 mg, 1 mmol). The product was isolated as
teal needles (315 mg, 78 %). υmax (ATR)/cm–1 3406 (w, br), 3083 (w), 3068 (w), 1576
(m), 1520 (s), 1429 (m), 1315 (s), 1279 (m), 1255 (w), 1224 (m), 1151 (w), 1109 (m),
1022 (m), 932 (m), 875 (m), 852 (s), 721 (s); m/z (ES): Calculated 342.04 for
CuC17H15N2O2: Found 342.03 UV-vis λmax(EtOH)/nm 617.
3.6.6 Preparation of [Cu(acac)(NN)]CF3SO3 9,10
Cu(CF3SO3)2 (362 mg, 1 mmol) was dissolved in EtOH (10 mL). Acetylacetone
(103 µL, 1 mmol) was added. Solid diimine (1 mmol) was added. An aqueous solution
of NaOH (6 M, 200 µL) was added dropwise. The reaction mixture was left to stir at
ambient temperature for 30 mins. Slow evaporation in air (72 hrs) yielded the product as
plate-like crystals.
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[Cu(acac)(bipy)]CF3SO3
Prepared according to the preparation of [Cu(acac)(NN)]CF3SO3 (detailed in
section 3.6.6) using 2,2’-bipyridyl (bipy) (156 mg, 1 mmol). The product was isolated
as teal plates (403 mg, 86 %). υmax (ATR)/cm–1 3115 (w), 3086 (w), 1588 (s), 1521 (s),
1445 (m), 1392 (m), 1321 (w), 1285 (s), 1240 (s), 1222 (s), 1173 (m), 1149 (s), 1109
(m), 1020 (s), 936 (m), 774 (s), 734 (s); m/z (ES): Calculated 318.04 for CuC26H21N4O4:
Found 317.99 UV-vis λmax(EtOH)/nm 605.
[Cu(acac)(phen)]CF3SO3
Prepared according to the preparation of [Cu(acac)(NN)]CF3SO3 (detailed in
section 3.6.6) using 1,10-phenanthroline (phen) (180 mg, 1 mmol). The product was
isolated as teal plates (426 mg, 87 %). υmax (ATR)/cm–1 3086 (w), 3062 (w), 1571 (m),
1517 (s), 1431 (m), 1374 (m), 1278 (s), 1242 (s), 1224 (s), 1178 (s), 1143 (m), 1027 (s),
936 (m), 849 (s), 809 (m), 722 (s); m/z (ES): Calculated 342.04 for CuC26H21N4O4:
Found 342.00 UV-vis λmax(EtOH)/nm 614.
3.3.7 Preparation of [Cu(acac)(N’N’)]X (where X = is NO3 or CF3SO3)11

Diimine (N’N’) (0.1 mmol) was dissolved in a solution of MeOH (2 mL) and
DMF (2 mL) to give a yellow solution. Acetylacetone (10 µL, 97µmol) was added. An
aqueous solution (8 mL) of KOtBu (11 mg, 0.1 mmol) was added dropwise and the
reaction mixture was stirred for 30 mins at ambient temperature. An aqueous solution (1
mL) of Cu(II)X2 (0.1 mmol) was then added dropwise and left to stir at ambient
temperature for 6 hrs. On leaving the reaction open to air (72 hrs), a dark green solid
formed which was collected under vacuum and washed with cold diethyl ether.
[Cu(acac)(dppz)]NO3
Prepared according to the preparation of [Cu(acac)(N’N’)]X (detailed in section
3.3.7) using dipyrido[3,2-a:2',3'-c]phenazine (dppz) (28 mg, 0.1 mmol) and Cu(NO3)2.3H2O

(24 mg, 0.1 mmol). The product was recovered as a dark green solid (28 mg,

57%) υmax (ATR)/cm–1 3073 (w, br), 3015 (w, br), 1589 (m), 1527 (m), 1496 (m), 1385
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(m), 1357 (m), 1313 (s), 1276 (m), 1231 (m), 1135 (m), 1075 (m), 1018 (m), 941 (w),
836 (s), 764 (s), 735 (s); UV-vis λmax(DMF)/nm 657
[Cu(acac)(dppzCOOBu)]CF3SO3
This novel complex was prepared according to the preparation of
[Cu(acac)(N’N’)]X (detailed in section 3.3.7) using butyl dipyrido[3,2-a:2',3'c]phenazine-11-carboxylate (dppzCOOBu) (38 mg, 0.1 mmol) and Cu(CF3SO3)2 (36
mg, 0.1 mmol). The product was recovered as a dark green solid (31 mg, 46%) υmax
(ATR)/cm–1 3416 (w, br), 2957 (w), 2923 (w), 1718 (s), 1586 (s), 1516 (s), 1381 (s),
1280 (m), 1253 (s), 1223 (m), 1152 (s), 1095 (m), 1028 (m), 830 (m), 762 (m), 732 (s);
UV-vis λmax(DMF)/nm 615
3.3.8 Preparation of [Cu(acac)(dppzCOOEt)]X (where X is NO3 or CF3SO3).

The novel [Cu(acac)(dppzCOOEt)]X complex was prepared by dissolving ethyl
dipyrido[3,2-a:2',3'-c]phenazine-11-carboxylate (dppzCOOEt) (89 mg, 0.25 mmol) in
CHCl3 (10 mL). Acetylacetone (26 µL, 0.25 mmol) was then added. Solid NaHCO3 (23
mg, 0.27mmol) was subsequently added and the reaction mixture was stirred at ambient
temperature for 30 mins. A solution of Cu(II)X2 (0.25 mmol) in DMF (0.5 mL) was
then added dropwise. The reaction mixture was left to stir at ambient temperature for a
further 2 hrs before being left open to air to allow slow evaporation (72 hrs). The dark
green product was collected under vacuum and washed with diethyl ether.
[Cu(acac)(dppzCOOEt)]NO3
Prepared according to the preparation of [Cu(acac)(dppzCOOEt)]X (detailed in
section 3.6.8) using Cu(NO3)2.3H2O (60 mg, 0.25 mmol). The product was recovered as
a dark green solid (120 mg, 83%) υmax (ATR)/cm–1 3090 (w, br), 2922 (m), 2853 (m),
1714 (s), 1575 (s), 1521 (s), 1496 (m), 1376 (s), 1314 (s), 1274 (s), 1262 (s), 1206 (m),
1136 (m), 1100 (m), 1072 (m), 1040 (m), 1022 (m), 930 (m), 912 (m), 859 (m), 824 (s),
760 (s), 729 (s); UV-vis λmax(DMSO)/nm 618.
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[Cu(acac)(dppzCOOEt)]CF3SO3
Prepared according to the preparation of [Cu(acac)(dppzCOOEt)]X (detailed in
section 3.6.8) using Cu(CF3SO3)2 (90 mg, 0.25 mmol). The product was recovered as a
dark green solid (152 mg, 91%) υmax (ATR)/cm–1 3392 (w, br), 3095 (w, br), 2927 (w,
br), 1713 (m), 1653 (m), 1574 (m), 1514 (m), 1416 (m), 1376 (m), 1317 (m), 1247 (s),
1223 (m), 1206 (m), 1152 (s), 1094 (m), 1074 (m), 1030 (s), 861 (m), 828 (m), 767 (m),
733 (s7.1; m/z (ES): Calculated 516.09 for CuC26H21N4O4: Found 516.11 UV-vis
λmax(EtOH)/nm 611.
3.4 General Characterisation
1

H and

13

C NMR spectra were recorded at 298 K on a Bruker Advance AMX

400 or Bruker-ACS 60 spectrometer. Chemical shift values (ppm) are given relative to
the residual solvent peak.12 Infra-red spectra were obtained using a Shimadzu IR
Affinity-1 equipped with an ATR accessory. ESI-MS were conducted on a Waters LCT
Premier XE instrument. Electronic spectra were recorded on a Perkin Elmer Lambda
900 UV/Vis/NIR spectrometer. pH measurements were made using a Jenway 3010 pH
meter.
3.5 EPR Characterisation
3.5.1 Instrumentation
CW X-band EPR spectra were recorded on a Bruker EMX spectrometer
equipped with a high sensitivity cavity (ER 4119HS), operating at 100 kHz field
modulation and a typical microwave power of 10 mW.
CW Q-band EPR/ENDOR spectra were recorded at 10 K on a Bruker ESP 300E
series spectrometer equipped with an ESP360 DICE ENDOR unit, operating at 12.5
kHz field modulation in a Q-band ENDOR cavity (Bruker ER 5106 QT-E). The
ENDOR spectra were obtained using 8 dB RF power from an ENI A-300 RF amplifier,
with 50 or 200 kHz RF modulation depth and 1 mW microwave power.
Pulsed X-band ENDOR experiments were performed on a Bruker E580 Elexsys
spectrometer (operating at 9.76 GHz) equipped with a liquid-helium cryostat from
Oxford Inc. All experiments were recorded with a repetition rate of 0.5 kHz. The
magnetic field was measured with a Bruker ER035M NMR Gaussmeter.
Mims ENDOR experiments were carried out using the following pulse
sequence: /2 –  – /2 – T – /2 –  – echo. The experiments were performed with mw
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pulse lengths of t/2 = 16 ns and an inter-pulse time  of 104 ns. An RF  pulse of
variable frequency and a length of 25 µs was applied during time T.
Davies-ENDOR experiments were carried out using the following pulse
sequence: π – T - π/2 – τ – π – τ - echo. The experiments were done with mw pulse
lengths of tπ = 256 ns, tπ/2 = 128 ns, and an inter-pulse time τ of 960 ns. An rf π pulse of
variable frequency and a length of 23 μs was applied during time T of 25 μs.
3.5.2 Sample Preparation
Samples suitable for EPR analysis are required to be magnetically dilute, such
that each paramagnet behaves independently (see Appendix B.1 for further details and
illustration). Magnetically concentrated samples facilitate magnetic exchange between
paramagnetic centres, which can cause significant line broadening resulting in a loss in
resolution and ultimately structural information (see Appendix, Figure B.1a). In order to
optimise the spectral resolution samples are diluted (on a molecular level) either in a
solvent system (see Appendix, Figure B.1b) or co-crystallised with an isomorphous
diamagnetic host (see Appendix, Figure B.2).
The choice of solvent system is largely dictated by the solubility of the system
under study. However, other considerations, such as the potential for non-innocent
interactions with the paramagnets and dielectric loss are important (see Appendix B.2
for details). The formation of a glass upon freezing is fundamental for structural studies.
A glass needs to be a completely random ensemble of paramagnets. Typically this is
best achieved by flash freezing a mixed solvent system in the absence of a magnetic
field. Examples of suitable solvent systems can be found in the literature13 but are often
reached through a process of trial and error. The quality of a glass can be tested by
repeating a measurement after rotation of the sample in the cavity, any change in the
spectrum indicates the presence of ‘orientated’ regions.14
A range of solvent systems were used within this thesis including; CHCl3:Tol
(2:3), CHCl3:Tol (1:1), CHCl3:DMF (1:1), H2O:DMSO (1:1) and EtOH:DMF (1:1).
Samples were prepared at a Cu(II) concentration of ca. 0.02 M for X-band
measurements. The Cu(II) concentration was increased to ca. 0.03 M for Q-band
measurements to compensate for the reduction of sample volume inherent with higher
field measurements.
Moisture sensitive samples were manipulated using standard Schlenk techniques
under an argon atmosphere. Anhydrous solid samples were weighed out and handled
under a nitrogen atmosphere in a MBraun UNILAB glove box with less than 0.1ppm
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H2O and O2. EPR tubes containing moisture sensitive samples were sealed with a rubber
septum or wax.
3.5.3 Experimental methods
3.5.3.1 Variable Ratio studies
Speciation studies of adducts formed between [Cu(acac)2] and nitrogen bases
(N-base) at various [Cu(acac)2]:[N-base] molar ratios were monitored by X-band EPR
(140 K) (N-base = pyridine, methylpyridines and diazines in Chapter 5 and imidazole in
Chapter 6). A series of samples were prepared at a fixed [Cu(acac)2] concentration of
0.02 M, whilst the molar equivalence of the N-base base was systematically varied from
0-50 molar equivalents. The composition of the solvent system was kept constant within
a series of measurements to ensure the quality of the frozen solution (glass) was
unchanged. Samples were flash-frozen at 140 K in the absence of an external magnetic
field prior to measurement.
3.5.3.2 Quantitative measurements
Quantitative measurements were conducted using a series of samples prepared to
a set Cu(II) concentration. A constant sample volume of 100 µL was placed in the same
EPR tube for each series of measurements. This allowed the sample volume to assume
an identical position in the cavity, keeping the filling factor (η) and Q factor consistent
(see Appendix B.3 for details). The spectra were recorded at a constant temperature
(140 K or 298 K) by accumulating 10 scans at fixed field modulation amplitude (Bmod)
and microwave power (P).
3.5.3.3 Variable temperature (VT) studies
Variable temperature (VT) studies (300-140 K) were conducted in 20 K
increments. Progressive cooling of the cavity, as opposed to gradual heating of the
cavity, combined with a flow of N2 gas through the resonator, helped to limit
condensation in the cavity from obscuring results (see Appendix B.3). Samples were
left at each operating temperature for 10 mins in order to reach thermal equilibrium,
before beginning the acquisition of the spectrum.
3.5.4 Spectral simulation
EPR simulations were performed using EPRsim3215 and the EasySpin toolbox16
in MATLAB 7.10. ENDOR spectra were simulated using EasySpin.
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3.6 DFT Calculations
The DFT computational calculations presented in this Thesis were kindly
conducted by Dr. Jamie Platts, Cardiff University.
3.6.1 Geometry optimisation
Geometry optimisations were conducted on Turbomole 5.10,17 in the absence of
any constraints, employing the BP86 functional18 with def2-TZVP basis set.19
3.6.2 Calculation of energy and spin Hamiltonian parameters
Gas phase DFT calculations of energy and spin Hamiltonian parameters were
performed using the ORCA software package developed by Neese.20-23 A hybrid
functional, PBEO24, was employed. The ‘Core prop’ (CP) basis set25, known to provide
accurate hyperfine couplings for transition metal compounds, was used for the copper
ion whilst Barone’s EPRII26 basis set, suitable for light atoms, was applied to the ligand
atoms (C, O, N, H). The unrestricted Kohn Sham (UKS) method was used to account
for an appropriate level of spin polarisation. Additional options; TightSCF and Grid5
were used in order to increase the convergence tolerances and integration
accuracies.27,28
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Chapter 4: An ENDOR and DFT analysis of hindered methyl group
rotations in frozen solutions of bis(acetylacetonato)-copper(II).

4.1 Introduction
The bis(acetylacetonato)-copper(II) complex, [Cu(acac)2], is one of the most
extensively studied d-transition metal compounds by Electron Paramagnetic Resonance
(EPR) spectroscopy (Scheme 4.1).1-14 This can largely be attributed to its relative
simplicity, ease of preparation and favourable stability constant, which collectively
facilitate the investigation of this complex in single crystal,1-4 frozen solution

5-12

and

powder (doped Cu/Pd solid solution)13 forms. The simple square planar arrangement of
[Cu(acac)2] with four oxygen donors forming the inner coordination sphere, has led to
its inclusion in the Peisach and Blumberg plots, correlating trends in g and CuA with the
coordination environment for Cu(II) systems (see Chapter 1, section 1.4.1).15 The
successful extrapolation of the trends established using small inorganic complexes to
more complex, biologically relevant systems, including metalloproteins and
metalloenzymes, has also resulted in [Cu(acac)2] being widely regarded as a standard
model complex for such studies. As a result, the complex has been characterised in
detail by continuous wave (CW) EPR, so that both the local geometry and electronic
structure of the paramagnetic Cu(II) centre are well defined. Furthermore, it often serves
as a standard model system to assess the accuracy and validity of estimating the spin
Hamiltonian parameters in combined experimental16 and computational17-22 methods,
ensuring interest in this simple complex continues.

Scheme 4.1: Structure and coordinate axes for [Cu(acac)2]
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In addition to CW EPR, advanced hyperfine techniques, including ENDOR,
ESEEM and HYSCORE, can also be used to probe the remote ligand nuclei in
transition metal complexes, and therefore provide even greater detail on the local
geometric and electronic structure compared to EPR alone (see Chapter 2, section 2.3
for ENDOR theory).23,24 Structural elucidation of the ligand environment beyond the
inner-coordination sphere is of significant importance when considering structurefunction relationships of metal complexes.25,26 With magnetic resonance studies being
used increasingly to probe the role of paramagnetic metal ions and complexes within
intricate biological systems,23,25,27-31 a full appreciation of the level of information
provided by these advanced techniques is required. In the same way that the full
characterisation of [Cu(acac)2] on an EPR level has enabled it to serve as a model
complex, thereby aiding the interpretation of EPR spectra of more complex systems, a
complete ENDOR study of [Cu(acac)2] would highlight the additional information that
can be extracted from the advanced hyperfine techniques.
Whilst EPR studies of [Cu(acac)2] are extremely numerous, there are
surprisingly few detailed ENDOR investigations of this complex.2,3,32,33 Analysis of the
hyperfine tensors of the ligand protons can be found in a comparative single crystal and
powder/frozen solution study by Baker et al.,3 and in an earlier frozen solution
investigation by Kirste et al.32 A doped [Cu/Pd(acac)2] powder was also used by
Henderson et al., in their seminal angular selective ENDOR study.33 In these papers,
intense features observed in the CW ENDOR spectra were attributed to the methine and
methyl group protons (the latter were assumed to be rapidly rotating in frozen solution
on the EPR timescale). Two pairs of intense lines were thus observed in the ENDOR
spectrum at the unique single crystal-type field position when the applied magnetic field
was aligned parallel to the molecular z axis (i.e., when the ENDOR spectrum was
recorded at the field position, corresponding to the mI = +3/2 (||) line) (see theory of
orientation selection in section 2.4). Closer analysis of these reported frozen solution
ENDOR spectra of Kirste et al.,32 and Baker et al.,3 reveals an additional, less intense
pair of lines in the spectral wings. The splitting of these additional lines was
surprisingly larger than the methine proton and the fully averaged methyl groups, and
these less intense lines were not observed in the single crystal or doped [Cu/Pd(acac)2]
powder samples.3,32,33 Whilst Baker et al.,3 made no comment on the origin of these
lines, Kirste et al.,32 suggested that they may likely stem from a temperature dependence
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of the methyl group rotation.32 However, no further analysis was done,32 and to date, no
other investigations have considered the origin of these additional lines in any detail.
In this Chapter, a detailed CW EPR and CW/pulsed ENDOR characterisation of
[Cu(acac)2] in frozen solution will be presented. Using complementary DFT
calculations, the anisotropic hyperfine couplings to the ligand protons will be examined,
and used to explore in detail the influence of both freely and hindered rotating methyl
groups on the resulting frozen solution ENDOR spectrum. Since [Cu(acac)2] is widely
used as a model complex in paramagnetic resonance studies, it is important that all
aspects of the ENDOR spectra of this system, including additional unexplained features
that arise from the solvent environment, are fully understood.
4.2 Experimental
A detailed experimental section was presented previously in Chapter 3.
Therefore only a brief summary of the key experimental points, relevant to this chapter,
are given here.
4.2.1 Materials
[Cu(acac)2] was purchased from Sigma Aldrich and used without further
purification. Reagent grade (amylene stabilised) CHCl3, was purchased from Fisher
Scientific and dried over calcium hydride (note that ethanol stabilised solvents should be
avoided to ensure the solvent remains completely non-coordinating).7 Toluene was
purified using a MBraun SPS-800 solvent purification system by being passed through a
column of activated alumina. CDCl3 and Toluene-d8 were obtained from Goss
Scientific, while D2O was sourced from Fluorochem. All deuterated solvents were used
as received from sealed glass ampoules.
4.2.2 Sample Preparation
A 0.03 M solution of [Cu(acac)2] was prepared by dissolving the complex in
CHCl3:Tol (1:1). This solvent system was chosen to facilitate a higher Cu(II)
concentration for ENDOR measurements. Approximately 200 L of this solution was
added to the X-band EPR tube and frozen at 140 K for EPR measurements. Differences
in the EPR spectra (vide infra) can be detected when the [Cu(acac)2] sample is dissolved
in rigorously anhydrous (‘dry’) solvents, compared to normal ‘bench-top’ solvents. For
this reason all ‘dry’ samples were prepared using standard Schlenk techniques whereas
for comparative purposes ‘wet’ samples were prepared by exposing this [Cu(acac)2]
solution to a saturated water vapour pressure overnight. The EPR spectra obtained in
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these two extreme cases (using ‘dry’ and ‘wet’ solvents) were then compared to the
spectra obtained using standard bench-top solvents.
4.3 Results and discussion
4.3.1 CW EPR
The X-band CW EPR spectrum for [Cu(acac)2] dissolved in dry, noncoordinating solvents6,7,34,35 is shown in Figure 4.1a. Experiments showed that a solvent
system based on CHCl3:Tol (1:1) gave well resolved EPR spectra at low temperatures
(140 K). This [Cu(acac)2] solution was prepared under rigorously anhydrous conditions,
using dried and purified solvents (hereafter referred to as the ‘dry’ sample). The
resulting spectrum displays approximately axial g and

Cu

A symmetry with a large

hyperfine splitting observed in the parallel direction, entirely consistent with a dxy
ground state.36,37 Even at this frequency, all four copper hyperfine lines can be clearly
observed in the parallel direction, and an additional splitting resulting from the lower
abundant 65Cu isotope (31%) is also observed on the low field mI = +3/2 transition.

Figure 4.1: X-band CW EPR spectra (140 K) of [Cu(acac)2] dissolved in CHCl3:Tol (1:1) under
a) strict anhydrous conditions, b) under ‘wet’ conditions and c) ‘mixed’ conditions (using
‘bench-top’ solvents). Experimental spectra are shown in the solid black trace, simulated spectra
are shown by dotted lines. An expanded view of the low field parallel regions are also given.

71

The ‘dry’ sample was subsequently exposed to a saturated water vapour
environment overnight, to explore the influence of H2O, which may weakly interact
with the [Cu(acac)2] complex, on the EPR spectrum. The resulting spectrum is shown in
Figure 4.1b. Simulation reveals noticeable differences in the g3 and CuA3 parameters, as
compared to Figure 4.1a (see Table 4.1); these differences are consistent with weak H2O
solvation of the [Cu(acac)2] complex.38 In theory, H2O can coordinate directly to the
copper centre through the vacant axial positions. This form of coordination is typical of
a donor atom with a Lewis acid and has been widely observed in the literature.10,36,39-41
Alternatively the H2O may simply solvate the complex and form intermolecular Hbonds with the oxygen atoms of the acetylacetonato ligand, there is evidence of CHCl3
solvating the acetylacetonato ligand in this manner.34 As both forms of interaction will
cause alterations in the electronic spin distribution in the [Cu(acac)2] complex, both are
expected to affect the EPR spectra. It is therefore difficult to conclude which mode of
interaction is occurring in solution. Larger perturbations in the parallel region of the
spectrum (g3 and

Cu

A3) are consistent with axial coordination of a substrate. The

relatively small shifts between the ‘dry’ and ‘wet’ spectra indicate that the H2O is
weakly bound. This weak interaction is supported by the corresponding UV-vis spectra
which shows no difference between ‘dry’ and ‘wet’ samples (see Appendix, Figure
C.1).
It should be noted that an appreciable variation in the reported g and
5-12

for frozen [Cu(acac)2] solutions is often found in the literature.

Cu

A values

A selection of these

parameters, demonstrating the range of reported values, is listed in Table 4.1. In many
cases, no precautions were taken to use innocently stabilised (i.e. non-coordinating)
solvents6,7 or to ensure strict anhydrous conditions were used for sample preparation. As
the above EPR results demonstrate (Figure 4.1), this can lead to anomalous spin
Hamiltonian parameters. To further illustrate this, the frozen solution EPR spectrum of
[Cu(acac)2] prepared using ‘bench-top’ solvents, which are inherently ‘wet’, is shown in
Figure 4.1c; a mixed EPR spectrum is produced, bearing overlapping features from the
‘dry’ (Figure 4.1a) and ‘wet’ (Figure 4.1b) [Cu(acac)2] spectra. Such differences can be
easily missed in experimental studies, and therefore care must be taken when preparing
the [Cu(acac)2] solutions for EPR analysis.
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Table 4.1: Principal g and CuA spin Hamiltonian parameters for [Cu(acac)2].
d

Solvent

g1
g2
Single Crystals

g3

A1

A2

A3

Ref

2.053

2.053

2.266

57.0

57.0

479.7

1

2.050

2.052

2.259

72

79

570.0

2

2.050

2.056

2.264

47.3

76.0

596.4

3

2.075

2.075

2.254

-

-

-

4

c

T.W

Frozen Solutions
d,e

2.053a

2.058a

2.272a

b

d,e

2.048a

2.052a

2.252a

81.0

58.5

572.1

T.W

d

CHCl3:Tol

2.052

2.057

2.251

80.9

58.5

579.8

5

d

CHCl3:Tol

2.043

2.043

2.273

68.1

68.1

545.0

6

d

CHCl3:Tol

2.033

2.033

2.249

90.2

90.2

581.0

7

d

CHCl3:Tol

2.036

2.036

2.264

86.9

86.9

436.2

8

Toluene

2.050

2.052

2.253

74.9

51.0

557.6

9

CHCl3

2.0429

2.042

2.285

85.1

85.1

523.7

10

CHCl3

2.0452

2.045

2.285

84.5

84.5

524.6

11

CHCl3

2.051

2.051

2.287

-

-

-

12

2.261

74.9

72.0

563.6

13

CHCl3:Tol (wet)
CHCl3:Tol (dry)

64.1

b

64.1

545.1

Cu/Pd Solid Solution
2.048

2.052

A given in MHz; a±0.003, b±4, c±4 MHz. dCHCl3:Tol (2:3), eCHCl3:Tol (1:1) solvent ratio.
T.W. = This work.
Cu

The angular dependency profile of the ‘dry’ sample recorded at X-band
frequency is shown in Figure 4.2a. Two turning points at off-axis orientations, referred
to as “overshoot” features, are visible on the mI = -3/2 transition at 332 mT and the mI =
-1/2 transition at 327 mT; both are labelled with an asterisk. These features arise due to
the relatively small g and large

Cu

A anisotropy, and can lead to ambiguities in the

interpretation of X-band spectra (see section 2.4.5 for brief theoretical treatment).5,42,43
The corresponding Q-band CW EPR spectrum is shown in Figure 4.2b. The small
degree of rhombic distortion in both g and

Cu

A was confirmed at this higher frequency,

although resolution of the individual hyperfine splitting patterns in the parallel direction
for the two

63,65

Cu isotopes is lost due to the greater influence of g and

Cu

A strain.44,45
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The accompanying angular dependency profile is also given, which clearly
demonstrates the increased angular selection and absence of overshoot features at higher
microwave frequencies. The pulsed X-band and CW Q-band ENDOR spectra (vide
infra) were subsequently recorded using the ‘dry’ [Cu(acac)2] solution, thereby ensuring
no traces of weakly bound water can indirectly contribute to artefacts in the ENDOR
analysis.

Figure 4.2: CW EPR frozen solution spectra of [Cu(acac)2] dissolved in dried/purified
CHCl3:Tol (1:1), recorded at a) X-band and b) Q-band frequencies. The corresponding
simulations are given by dashed lines. The corresponding angular dependency profiles of the
copper hyperfine are also shown. Overshoot features at X-band are labelled (*).

4.3.2 CW and Pulsed (Mims) 1H ENDOR
The variable temperature X-band Mims ENDOR spectra of [Cu(acac)2] are
shown in Figure 4.3. The spectra were recorded at the field positions corresponding to g
= g|| and g = g. The g|| position (283 mT) leads to a ‘single-crystal’ like spectrum, as
only one hyperfine transition (mI = +3/2) is selected (Figure 4.3a-d). Hence, each unique
ligand nucleus environment is expected to produce a pair of ENDOR lines at this field
position, centred on the 1H nuclear Larmor frequency. Accordingly two intense
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resonances are observed with hyperfine couplings of 0.85 and 2.0 MHz; for clarity these
are labelled with the stick diagram in Figure 4.3a. Analogous couplings have been
previously reported in single crystal, powder and frozen solution [Cu(acac)2] studies
and have been assigned to the fully averaged methyl protons and the methine protons,
respectively (Table 4.2).

Figure 4.3: X-band Mims 1H ENDOR spectra of [Cu(acac)2] dissolved in dry CHCl3:Tol (1:1),
recorded at the field positions corresponding to g = g|| (a-d) and g = g (e-h). The spectra were
recorded at a,e) 10 K b,f) 15 K c,g) 20K and d,h) 25 K. Peaks labelled * arise from the
temperature dependent methyl groups undergoing hindered rotation.

However, an additional pair of less intense lines is also observed (at the g = g||
position) possessing a larger hyperfine coupling of 2.6 MHz (see Figure 4.3a-d, peaks
labelled *). The intensity of these particular lines decrease as the temperature increases
(from 10 K to 25 K). By comparison, the intensities of the peaks with couplings of 0.85
and 2.0 MHz are temperature independent (Figure 4.3a-d). These results agree with the
earlier experimental observations of Kirste and Van Willigen.32 Although these authors
provided no definitive explanation to account for this extra pair of lines, it was
suggested that they must stem from a temperature dependence of the methyl group
rotation.32 Extra peaks possessing a large hyperfine coupling of 5.09 MHz were also
observed in the ENDOR spectra of single crystal and doped [Cu/Pd(acac)2] powders;
however in those cases, the extra peaks arise from intermolecular couplings with
neighbouring complexes in the stacked crystals (see Appendix Figure C.2). In contrast,
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the temperature dependent 2.6 MHz coupling observed in Figure 4.3 is only observed
under dilute frozen solution conditions and so does not arise from intermolecular ligand
interactions. Further evidence to discount stacking was provided by the absence of a
half-field transition which would have been characteristic of magnetic coupling between
copper centres.46,47
The ENDOR spectra recorded at the perpendicular field position (g = g, 344
mT) are also shown in Figure 4.3e-h. At this field position, a two-dimensional ENDOR
pattern is recorded; i.e., two couplings arise from each set of equivalent nuclei. Four
dominant pairs of lines are readily observed at 0.49, 0.69, 1.29 and 1.56 MHz in the 10
K ENDOR spectrum (Figure 4.3e). As these couplings are all temperature independent
(Figure 4.3f-h), they can be assigned to the remaining hyperfine components of the
methine and averaged methyl group protons. Additional peaks with weak intensities are
also identified around 3.3 MHz, which show the same temperature dependence as the
2.6 MHz coupling previously observed in Figure 4.3a-d.
Q-band CW ENDOR spectra were also recorded for the [Cu(acac)2] frozen
solution (Figure 4.4). Owing to the improved resolution in g anisotropy at the higher
frequency, a better resolved angular selective ENDOR study can be performed,
facilitating the extraction of the hyperfine tensors (HAi) for all ligand protons by
simulation. The corresponding ENDOR simulations for the methine and fully rotating
methyl groups are shown in Figure 4.4 and the hyperfine parameters used in the
simulations are listed in Table 4.2. The largest contribution to the methine coupling was
observed along the g = g|| direction, since according to the single crystal study,3 the form
of this tensor is unusual and the principal direction of this methine proton is almost
coincident with the copper g tensor.3 The experimentally derived hyperfine (HAi)
parameters are very similar to those reported previously for [Cu(acac)2] (Table 4.2) and
agree well with the theoretical (DFT) calculations described below.

76

Table 4.2: 1H principal hyperfine values for [Cu(acac)2] dissolved in CHCl3:Tol (1:1). For
comparison the ENDOR data for the doped single crystals are also listed.
a



A1(x)
1.977

a

A2(y)
0.647

a

A3(z)
-2.624

a

-1.56

1.23

-2.17

-0.83

1.35

-1.62

-2.12

-0.80

1.05

-1.75

-2.36

-1.02

H

Hmethyl

3.45

2.90

2.62

2.99

0°

1.06

T.W.

R

Hmethyl

-0.65

1.66

-0.90

0.04

0°

-0.94

T.W.

-0.79

-0.68

-0.49

-0.19

Proton
Hmethine

aiso
0.12

b

Adip

Ref
3
32

0°

-1.32

TW
DFT

DFT

A given in MHz a±0.1 MHz. RHmethyl = averaged rotating methyl group; HHmethyl = rotationally
hindered methyl group; T.W. = this work. The signs of the hyperfine couplings were determined
by DFT and were used in the experimental simulations. bThe angle of non-coincidence between
the g and A tensors defined in Euler angles. For an axial system, α and γ can be treated as ≈ 0°,
hence only β is given in the Table.

In their single crystal ENDOR study, Baker and Raynor3 observed highly
resolved hyperfine couplings from the methine protons and from each of the three
individual protons in the methyl groups, suggesting that the methyl groups are not
rotating. In the single crystal state, rotation is prevented by interactions with
neighbouring molecules in the crystal. However, in both frozen solution and solid
solutions, these interaction forces are greatly reduced. In the latter case, distortions and
dislocations in the solid solution are sufficient to partially reduce these interactions.
Although Baker and Raynor also reported the ENDOR spectra for a frozen solution, the
complete hyperfine tensors were not given (as some components of the hyperfine tensor
could not be resolved in the perpendicular field region).3
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Figure 4.4: CW Q-band 1H ENDOR spectra (10 K; 75 kHz RF modulation) of [Cu(acac)2]
dissolved in dry CDCl3:Tol-d8 (1:1), recorded at the field positions: a) 1186 b) 1182 c) 1169 d)
1154 e) 1129 f) 1099 g) 1082 h) 1063 and i) 1047 mT. Solid line = experimental, dashed line =
simulation. Peaks labelled * arise from the largest couplings of the temperature dependent
methyl groups undergoing hindered rotation, whereas the peaks labelled  arise from smaller
couplings associated with these methyl groups.
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However, the X- and Q-band ENDOR spectra contain the additional temperature
dependent peaks, with large hyperfine couplings (labelled * in Figure 4.4). These
couplings are more easily seen in the Q-band spectra recorded with a higher
radiofrequency modulation (Figure 4.5). Analysis of these peaks by simulation enabled
the hyperfine coupling to be extracted (Table 4.2). These experimental hyperfine
couplings, for the methine proton and both the rotationally averaged and hindered
methyl groups, are now compared to the couplings derived by DFT.

Figure 4.5: Angular selective Q-band 1H ENDOR spectra (10 K; 250 kHz RF modulation
amplitude) of [Cu(acac)2] dissolved in dry CDCl3:Tol-d8 (1:1), at field positions: a) 1191 b)
1186 c) 1182 d) 1177 e) 1169 f) 1161 g) 1154 h) 1139 i) 1129 j) 1114 k) 1099 l) 1072 and m)
1047 mT. The peaks arising from the hindered rotational methyl groups (labelled *) are more
clearly visible at this increased RF modulation.
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4.3.3 DFT Calculations
A number of papers have described the use of density functional theory (DFT) to
calculate the spin Hamiltonian parameters of simple Cu(II) model complexes, including
[Cu(acac)2], in which good agreement between the theoretical and experimental g and
Cu

A tensors have been reported.18,19,21,22,48,49 Surprisingly, detailed calculations of the

ligand hyperfine tensors have not been reported for [Cu(acac)2]. Following geometry
optimisation of [Cu(acac)2], the 1H hyperfine tensors were determined using the ORCA
program,50 and the results for the methine and methyl protons are listed in Table 4.2.

Figure 4.6: Dependence of the isotropic hyperfine coupling (aiso) on the angle of rotation of
each individual methyl group proton as calculated by DFT. (●=H8; ■=H9; ▲=H10; =average of
H8-10).

For the methine protons, a slightly larger aiso value was predicted by DFT (-1.02
MHz) compared to the experimental value (-0.80 MHz), but otherwise the agreement is
satisfactory. As expected, this coupling is not affected by rotation of –CH3 groups. By
comparison, the hyperfine tensor for each individual methyl proton (labelled H8, H9, H10
in Scheme 4.1) must be calculated as a function of the methyl group rotation angle with
respect to the CuO4 plane. This was performed in 15 increments from 0 to 120. The
full set of hyperfine values, including appropriate atomic coordinates for all angles, is
given in the Appendix (Tables C.1-C.3). The averaged hyperfine value for all three
protons in the methyl group, averaged over all angles, was calculated in order to
estimate the expected isotropic hyperfine coupling assuming a freely rotating methyl
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group. These averaged DFT values are in excellent agreement with the experimental
values extracted by simulation of the ENDOR spectra (Table 4.2).
According to DFT, a strong angular dependency between the hyperfine
couplings and the angle of methyl group rotation exists, with pronounced changes to
both anisotropic (HAi) and isotropic (aiso) couplings depending on the angle of rotation
(see Appendix, Table C.1). This explains why three individual sets of hyperfine
couplings are observed in the single crystal ENDOR spectra of [Cu(acac)2].3 This
angular dependency can be more easily illustrated by examining the variations in
calculated aiso (rather than Adip) as a function of the methyl group rotation angle (Figure
4.6). For example, for a specific angle of ca. 60, the aiso value is largest for H10 (+2.28
MHz) and smallest for the two remaining protons, H9 and H8 (-1.22 and -1.42 MHz)
(Figure 4.6). As the methyl group is rotated through 360, a large positive aiso will
always exist for one proton, whilst the other two protons will simultaneously possess
small negative aiso values at this particular angle (Figure 4.6), with the exception of the
angle 0, 120 and 240 where the couplings are similar. Despite this pronounced
angular dependency for each individual proton, an averaged aiso value of ca. -0.25 MHz
is always observed (essentially independent of angle) when the methyl groups undergo
free rotation. However, the anisotropic dipolar couplings (Adip) will similarly be affected
by variation in methyl group rotation angle. As a result, if the rotations of these methyl
groups are hindered on the EPR timescale, a more complex anisotropic hyperfine
pattern will arise in the frozen solution ENDOR spectra. This scenario is in fact
responsible for the temperature dependent peaks visible in the ENDOR spectra (vide
infra).
4.3.4 Analysis of the dipolar couplings
The magnitude of the anisotropic (dipolar) hyperfine coupling is expected to be
highly dependent on the orientation of the methyl group with respect to the Cu(II)
orbitals hosting the unpaired electron as the Cu···H8 distance depends on the orientation
of the methyl group. To calculate this dependency, the geometry optimized [Cu(acac)2]
structure was used, with specific reference to a single methyl group proton (labelled
H8). The position of this proton was varied by rotating the methyl group around an axis
defined by the two carbon atoms C5 and C7 (Scheme 4.1). The distance (r) between the
copper atom and H8 was then calculated as a function of the clockwise rotation angle, as
was the angle between the z-axis (perpendicular to the molecular plane) and the Cu···H8
axis (). Plots of the Cu···H8 distance (r/Å) and the angle between the z-axis and the
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Cu···H8 axis (/°) are shown in Figure 4.7. It can be seen that the distance is a minimum
(4.4 Å) for a rotation angle of 115°, corresponding to an angle () of 90° (Figure 4.7a),
while the distance is maximum (5.0 Å) when the rotation angle is 300 (Figure 4.7b).

Figure 4.7: a) Orientation of closest approach between H8 and the Cu centre, b) orientation of
furthest distance between H8 and the Cu centre, and c) dependence of the Cu···H8 distance (r)
and the angle between the z-axis and Cu···H8 axis () on the methyl rotation angle.

With the knowledge of the distance r and the angle , the theoretical anisotropic
contribution to the hyperfine coupling can be easily calculated using equation 4.1 (see
Chapter 2, section 2.2.2.1 for further details).51
𝜇

0
𝐴𝑑𝑖𝑝 = 𝐴⊥ (𝑟, 𝜉) = (4𝜋ℎ
)

𝑔𝜇𝐵 𝑔𝑁 𝜇𝑁
𝑟3

(3𝑐𝑜𝑠 2 𝜉 − 1)

(4.1)

Equation 4.1 is used to calculate Adip when the angle  is employed (where  = ξ),24,51
i.e., for an axial system, B represents the angle between the applied field (B) and the gz
direction. It is important to note that for transition metal complexes, where appreciable
electron spin delocalisation occurs onto the ligand nuclei, this equation is only
approximate, whereas the DFT calculations do include this spin delocalisation in
determining the spin Hamiltonian parameters. Nevertheless this equation is instructive
in the current case, simply to examine and illustrate the effects of the rotation angle ,
on the anisotropic HAi values. Since the  angles lie in the range 100 to 80 (Figure
4.7c), this would equate to a B angle of ca. 90, which corresponds to the A
component of the anisotropic hyperfine tensor. The resulting plot of A as a function of
the methyl group rotation (A(r, )) is thus given in Figure 4.8.
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Figure 4.8: Dependence of the dipolar hyperfine contribution (A) to the Cu···H8 coupling on
the methyl rotation angle.

A pronounced angular dependency of A as a function of methyl group rotation
is clearly observed. Because the angles ξ are all close to 90° (i.e., the methyl protons
never extend too far above or below the molecular xy plane), the A contribution is
always negative, with a maximum value of |A| corresponding to the closest approach of
the copper and hydrogen atoms; i.e., a methyl rotation angle of 115° (Figure 4.7a).
Although the maximum A value for H8 occurs at a different rotation angle (115°)
compared to its maximum aiso value (180°; Figure 4.6), this difference simply reflects
the different mechanisms contributing to the hyperfine interaction for A (‘throughspace’ interaction) compared to aiso (‘through-bond’ interaction). The angular difference
between the positions of maxima observed for A and aiso ensures that the two
contributions combine so that a large ‘overall’ hyperfine coupling will always be
experimentally observed for a methyl group undergoing hindered rotation on the EPR
timescale, as indeed observed in Figures 4.3, 4.4 and 4.5.
4.3.5 Hindered methyl group rotation
The temperature dependent ENDOR peaks arising from hindered methyl group
rotations are labelled * in Figure 4.3. Only the two largest components of the hyperfine
tensor for this group are easily observed in the Q-band ENDOR spectra (A1 = 2.6 MHz
and A3 = 3.3 MHz; Figure 4.4); the third smaller component is unresolved. According
to DFT, the largest anisotropic hyperfine coupling is calculated to be +1.24, +1.76,
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+3.84 MHz with aiso = 2.28 MHz for a specific set of coordinates (see Appendix, Table
C.1). These theoretical values, specifically the A1 and A2 components, do not give a
satisfactory fit to the overall profile of the experimental ENDOR spectra. However,
based on the above analysis of A and aiso, with maximum couplings of -1.06 and 2.28
MHz respectively, an estimated range of values for the third experimentally unresolved
A2 component was obtained and tested by simulation. The resulting simulation of the
angular selective temperature dependent ENDOR peaks and corresponding couplings
are given in Figure 4.4 and Table 4.2 respectively.
The ENDOR data therefore reveals that in frozen solution, a hindered rotation of
the methyl groups occurs, producing a highly anisotropic hyperfine pattern (Table 4.2).
For most of the methyl groups, an average of all possible orientations is detected as
these groups undergo rapid rotation on the EPR timescale. On the other hand, the
hindered rotation of a smaller sub-set of methyl groups must occur in 120 ‘jumps’,
such that the largest hyperfine couplings from one proton in the methyl group is always
observed in the ENDOR spectra. At this specific rotation angle, the hyperfine couplings
from the two remaining protons in the methyl group are also visible in the ENDOR
spectra, but they produce smaller hyperfine parameters and therefore are poorly
resolved, due to overlapping features from the methine and fully averaged methyl
couplings. Some of these smaller hyperfine couplings from the hindered methyl groups
are in fact visible in the spectra (as highlighted in Figure 4.4).
The rotation of methyl groups in organic radicals, and in some cases complex
molecular structures, as studied by EPR, has been well documented.52-62 At very low
temperatures, rotation occurs via quantum tunnelling and for low barrier systems second
order shifts are often detected in the ENDOR spectra. Both slow and fast mechanisms of
tunnelling can operate. At higher temperatures, a transition occurs from the quantum to
the classical motional regimes. Owing to the broadened line widths of the powder
ENDOR spectra recorded for [Cu(acac)2], and the limiting range of measurement
temperatures that can be achieved (due to the fast relaxation characteristics of the
copper ion), line shape analysis of the ENDOR spectra was not performed. However,
according to the DFT calculations, the barrier to methyl group rotation was found to be
ca. 5 kJmol-1 (Figure 4.9).
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Figure 4.9: Relative DFT energies as a function of dihedral angle, defined as H-C-C-O, for the
rotation of the methyl group.

This suggests that a tunnelling process must be responsible for the rotation at the
low temperatures adopted in the ENDOR measurements (10-25 K), and it is possible
that a slow tunnelling mechanism is responsible for the hindered rotations, as opposed
to a fast mechanism for the fully averaged methyl groups. The question remains why a
fraction of the methyl groups experience hindered rotation (producing an anisotropic
hyperfine pattern) whilst the majority undergo free rotation (producing an almost
isotropic, averaged hyperfine pattern of small magnitude) in frozen solution. One
explanation is based on the solvent. It is known for example that weak outer-sphere
solvent interactions can occur in metal complexes bearing the acetylacetonato ligand.
Polar solvents, such as CHCl3, can form weak H-bonds with the oxygen atoms of the
acetylacetonato ligand.34,35,63 This slight ordering of solvent within the outer-sphere may
be just sufficient to prevent the free rotation of methyl groups in close proximity. Owing
to the poor solubility of [Cu(acac)2] in non-polar solvents, it was not possible to test this
by measuring the ENDOR spectra of the complex in a non-coordinating solvent.
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4.4 Conclusion
[Cu(acac)2] is often used as a simple model complex in EPR studies. As a result
it has attracted wide-spread interest over the years, and therefore numerous papers have
been published on this system. EPR and ENDOR studies of this complex as a single
crystal, solid powder or frozen solution have all been investigated. A range of g and CuA
values have been reported for the frozen solution case. The current results reveal how
traces of water in the solvent can alter the spin Hamiltonian parameters. Therefore care
must be taken to ensure rigorously anhydrous conditions are used throughout the sample
preparation stages. Furthermore, weak hyperfine couplings to the ligand protons are
revealed in the ENDOR spectra. These spectra are dominated by the anisotropic
hyperfine couplings to the methine protons and the almost isotropic couplings to the
methyl protons undergoing rapid rotation on the EPR timescale. All of the anisotropic
couplings from the methyl protons are thus averaged under these conditions. A smaller
sub-set of methyl groups experiences a temperature dependent hindered rotation; these
protons are responsible for the largest couplings identified in the ENDOR spectra.
Although these couplings have been reported in the past, they have never been fully
analysed. At a specific methyl group rotational angle, the orientation of a single methyl
group proton is sufficient to produce a large Adip and aiso coupling (even larger than the
coupling to the methine proton). By undergoing 120 jumps, this coupling from the
hindered methyl group remains visible in the ENDOR spectra. The cause of the
hindered rotation is not known, but likely arises from weak outer-sphere interactions
between the complex and the polar solvent molecules. Care must therefore be exercised
in ENDOR studies employing [Cu(acac)2] since the environment can affect the
dynamics of methyl group rotation, which in turn may produce additional and perhaps
unexpected hyperfine couplings in the experimental spectra.
Knowing the detailed peculiarities and features of the ENDOR spectra for the
copper complex in frozen solution, the next stage of the investigation was to examine in
detail the perturbations to these ligand derived hyperfine interactions in the presence of
a coordinated substrate, as well as examining the nature (and hyperfine interactions) of
the substrate itself in the bound adduct. The results of this subsequent stage in the
investigation are therefore presented in the next Chapter.
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Chapter 5: Structure determination of bound nitrogen-based adducts
with bis (acetylacetonato)-copper (II); an ENDOR and DFT study.
5.1 Introduction
Neutral Cu(II) β-diketone complexes are good Lewis acids and can therefore
coordinate with a diverse range of donor molecules to form mono- and bis-adducts.1
Numerous physical techniques including UV-vis,2-5 IR4-6 and calorimetry7,8 have been
used to thoroughly investigate adduct formation of Cu(II) β-diketone chelates with
nitrogen bases. Variations in the stability constants and thermodynamic properties of the
adducts are known to be principally influenced by electronic substitution effects on the
chelate ligand and changes in donor strength and steric effects on the substrates.
Equilibrium constants have also been found to be effected by the solvent which has
been linked to the solvation energy of the base.
Since adduct formation results in changes to the electronic and magnetic
properties of the metal centre,9 EPR spectroscopy has been used to monitor changes in
the hyperfine anisotropy as a function of the donor substrate.10-16 For example Adato
and Eliezer demonstrated that the spin Hamiltonian parameters for [Cu(acac)2] changed
depending on the basicity of the substrate.17 Whilst EPR spectroscopy can yield
important information on changes to the electronic properties of the Cu(II) ion upon
adduct formation, very little information can be extracted on the coordination
environment surrounding the metal centre.18 In recent years, computational methods
have been used to gain theoretical insights into substrate binding. Using DFT
methodologies developed by Neese,19-23 De Almeida et al.24-26 were able to predict the
structure of the adduct formed between [Cu(acac)2] and pyridine by comparing
experimental results with calculated spin Hamiltonian parameters for a series of
geometry optimised [Cu(acac)2(pyridine)] and [Cu(acac)2(pyridine)2] adducts.
Advanced EPR techniques such as ENDOR, ESEEM and HYSCORE provide
experimental methods that probe both the electronic structure of the Cu(II) centre and
the configuration of the surrounding ligand, substrate and solvent derived nuclei with
non-zero spins.27 These hyperfine techniques are therefore very powerful in the
evaluation of electronic and structural changes of the copper centre resulting from
substrate binding. This is potentially important in structural biology since Cu(II)
coordination is prevalent in biological systems, where the metal centre can interact with
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various endogenous bio-ligands, including nitrogen bases such as histidine residues
present in proteins28 and purine and pyrimidine bases of nucleic acids.29 Studies using
advanced EPR techniques have played a significant role in unravelling structurefunction relationships of copper proteins and enzymes.30-36 The successful interpretation
of spectra obtained from complex, biologically relevant samples has invariably relied on
the extrapolation of trends established using model complexes. For example, Goldfarb
et al.,28 demonstrated how W-band ENDOR can be used to determine the structure of
Cu(II)-histidine complexes in frozen solution, revealing the exact binding mode of the
histidine molecule through analysis of the

1,2

H and 14N ENDOR data. The coordination

properties of square planar Cu(II) complexes with various bases including pyridine, was
also investigated by Scholl and Hüttermann37 using EPR and ENDOR spectroscopy.
The relevancy of these studies using simple model Cu(II) complexes was discussed
within the context of binding in the Type-2 copper protein superoxide dismutase
(SOD).37
Surprisingly few hyperfine techniques have been used to probe the structure of
adducts forming between [Cu(acac)2] and nitrogen bases even though the
[VO(acac)2(pyridine)] adducts have been studied in detail by ENDOR.38 In one of the
few ENDOR studies, Kirste and van Willigen39 discussed the ENDOR spectra of
[Cu(acac)2] adducts with pyridine and methanol in frozen solution. However, their study
focussed primarily on the changes to the ligand based -CH3 and -CH protons upon
adduct formation, rather than describing the nature of the hyperfine tensor for the
coordinated substrate. An excellent angular selective ESEEM study was also reported
by Cornelius et al.,40 for a structurally related copper(II) benzoylacetonate complex
bearing an axially coordinated pyridine molecule as a model system of a Cu(II) protein
or enzyme bearing an axially bound nitrogen substrate. In that case, the

14

N hyperfine

and quadrupole data from the coordinated donor molecule were examined in detail,
however no information on the 1H couplings from the coordinated pyridine was given.
Despite the large number of EPR studies related to nitrogen based adducts with
[Cu(acac)2],10-15,17 surprisingly no detailed ENDOR study has been reported to date on
the nature of the 1H hyperfine tensors for these coordinated bases. To address this, a
combined DFT and angular selective 1H ENDOR investigation of [Cu(acac)2] (1) with a
systematic series of simple pyridine (2) derivatives, including the methylpyridines
(3,4,5), amino-methylpyridines (6,7) and the diazines (8,9,10) was therefore conducted
(see Scheme 5.1).
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Scheme 5.1: Structure of bis(acetylacetonato)-copper(II), [Cu(acac)2] (1), and the nitrogen
heterocycles studied in this work, including pyridine (2), 2-methylpyridine (3), 3methylpyridine (4), 4-methylpyridine (5), 2-amino-4-methylpyridine (6), 2-amino-6methylpyridine (7), pyridazine (8), pyrimidine (9) and pyrazine (10).

These substrates were chosen in light of the knowledge that the binding
coefficient in these weakly coordinated adducts is affected by variations in substrate
basicity and steric effects. Any changes to the coordination environment around the
Cu(II) centre, including changes to the conformational mode of the bound substrate,
should be manifested through changes in the 1H hyperfine couplings of the nitrogen
bases and therefore visible by 1H ENDOR. Therefore, the aim of the work presented in
this chapter was to examine whether the systematic changes in the nitrogen bases (2-7)
would lead to any changes in binding mode to [Cu(acac)2] in frozen solution, detectable
in the powder 1H ENDOR spectra.
The pyridine derivatives studied within this Chapter can be considered as basic
models for more complex nitrogen heterocycles of relevance to Cu(II) coordination
chemistry in biology. Therefore this work is intended to evaluate the strength of 1H
ENDOR in elucidating the structure and nature of axial interactions between nitrogen
bases and Cu(II) centres in biology. Due to the weak hyperfine interaction of axially
bound nitrogen bases to Cu(II), this information is typically not obtainable by

14

N

ENDOR, so it is significant to consider what level of information can be extracted via
1

H ENDOR. Despite the weak forces involved, these axial interactions may be

significant in structure-function relationships of copper proteins and copper enzymes. In
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addition, axial interactions may also play a role in stabilising adducts formed between
copper based therapeutics and DNA, and therefore govern the specificity of the
metallodrug.
5.2 Experimental
A detailed experimental section was presented previously in Chapter 3.
Therefore only a brief summary of the key experimental points, relevant to this chapter,
are given here.
5.2.1 Materials
[Cu(acac)2] (1) and the heterocyclic amine bases (Scheme 5.1, substrates 2 - 10)
were purchased from Sigma Aldrich. The amines were dried over either CaH2 or
molecular sieves (4 Å) before use. Reagent grade (amylene stabilised) CHCl3, was
purchased from Fisher Scientific and dried over CaH2. Toluene was purified using a
MBraun SPS-800 solvent purification system by being passed through a column of
activated

alumina.

The

deuterated

2-amino-methylpyridines

(2-amino-6-

methylpyridine-d2 and 2-amino-4-methylpyridine-d2) were prepared according to the
method described in section 3.3.1. All deuterated solvents were obtained from Goss
Scientific and used as received from sealed ampules.
5.2.2 Sample Preparation
Variable molar ratio studies were undertaken for each amine and monitored by
CW X-band EPR. [Cu(acac)2] solutions (0.02 M) were prepared in CHCl3:Tol (1:1)
containing varying molar equivalents of amine (0.25, 0.5, 0.75, 1, 2, 5, 10, 30 and 50
equivalents). 200 µL of the sample was placed into the X-band tube and flash-frozen to
140 K for EPR measurement. Q-band EPR and ENDOR studies were conducted using
0.03 M solutions of [Cu(acac)2] in CDCl3:Tol-d8 (1:1) containing 50 molar equivalents
of base, to ensure complete adduct formation.
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5.3 Results and Discussion
5.3.1 CW EPR
The frozen solution X-band continuous-wave (CW) EPR spectrum of
[Cu(acac)2] dissolved in a CHCl3:Tol (1:1) solution is shown in Figure 5.1a. The sample
was prepared using anhydrous solvents, to eliminate any traces of water which may
coordinate to the complex and consequently affect the spin Hamiltonian parameters of
this ‘unbound’ [Cu(acac)2] sample.41 The EPR spectrum of [Cu(acac)2] was discussed in
detail in Chapter 4. In brief, the spectrum is characterised by approximately axial g and
Cu

A symmetry with a large hyperfine splitting observed in the parallel direction, entirely

consistent with a dxy ground state.24,42 The spectrum shown in Figure 5.1a is sufficiently
well resolved, so that the contributions from the two 63,65Cu isotopes can clearly be seen
in the low field mI = +3/2 transition. Increasing concentrations of pyridine (2) were then
added to the solution, and the resulting EPR spectra are shown in Figures 5.1b-g. The
[Cu(acac)2] concentration was kept constant at 0.02 M throughout these experiments. At
a [Cu(acac)2]:pyridine ratio of 1:0.5, a mixed EPR spectrum is obtained, containing
contributions from both the uncoordinated [Cu(acac)2] complex and a second species
which can be readily assigned to the [Cu(acac)2(2)] adduct (Figure 5.1b). As the
pyridine concentration increases further, the uncoordinated [Cu(acac)2] signal
progressively decreases in intensity until only the [Cu(acac)2(2)] signal remains at a 1:1
ratio (Figure 5.1d). No further changes are observed in the EPR spectra for higher
pyridine concentrations, up to 1:50 (Figures 5.1e-f).
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Figure 5.1: CW X-band EPR spectra (140 K) of [Cu(acac)2] (0.02 M) dissolved in CHCl3:Tol
(1:1), after addition of increasing molar equivalents of pyridine (2). The [Cu(acac)2]:pyridine
ratios were, a) 1:0, b) 1:0.5, c) 1:0.75, d) 1:1, e) 1:2, f) 1:10 and g) 1:50.

A similar trend in the EPR spectra of [Cu(acac)2] was observed upon addition of
the other nitrogen heterocycles, as the signal from the uncoordinated complex is
progressively replaced by the signals corresponding to the coordinated adducts
[Cu(acac)2(X)], where X = 2-10 (Scheme 5.1). However, the concentration of nitrogen
base required to generate an EPR spectrum bearing only a single species (i.e., the monoadduct, [Cu(acac)2(X)]), is dependent on the nature of the heterocycle used (2-10). For
example, the EPR spectra of [Cu(acac)2] containing increasing concentrations of 2amino-6-methylpyridine (7) are shown in Figure 5.2. For clarity of presentation, the
uncoordinated [Cu(acac)2] spectrum is again shown in Figure 5.2a. In this experiment,
mixed EPR spectra are observed bearing overlapping features from both ‘unbound’
[Cu(acac)2] and the [Cu(acac)2(2-amino-6-methylpyridine)] ([Cu(acac)2(7)]) adduct, for
ratios ranging from 1:0.5 up to 1:30 (Figures 5.2b-g). An EPR spectrum containing
features from the [Cu(acac)2(7)] adduct alone was only obtained at the highest ratio
investigated here (i.e., 1:50) (Figure 5.2h). In comparison to the pyridine case discussed
above (Figure 5.1), coordination of the 2-amino-6-methylpyridine (7) is clearly less
favourable, requiring higher substrate concentrations in order to shift the binding
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equilibrium from uncoordinated [Cu(acac)2] + (7) towards the bound adduct
[Cu(acac)2(7)].

Figure 5.2: CW X-band EPR spectra (140 K) of [Cu(acac)2] (0.02 M) dissolved in CHCl3:Tol
(1:1), after addition of increasing molar equivalents of 2-amino-6-methylpyridine (7). The
[Cu(acac)2]:2-amino-6-methylpyridine ratios were, a) 1:0, b) 1:0.5, c) 1:1, d) 1:2, e) 1:5, f) 1:10,
g) 1:30 and h) 1:50.

Regardless of the exact ratio of substrate required to form a [Cu(acac)2(X)]
adduct, a clean EPR spectrum of the mono-adduct was always observed using an excess
of base (i.e., a Cu(II):N-base ratio of 1 : 50). The resulting CW X-band EPR spectra for
all of the [Cu(acac)2(X)] adducts at this high molar ratio are shown in Figure 5.3. The
corresponding CW Q-band EPR spectra (excluding the diazine bases (8-10)) were also
recorded (Figure 5.4). Close inspection of Figure 5.3 reveals some systematic trends in
the variation of the spectra depending on the substrate used. To analyse these trends in
more detail, the EPR spectra were simulated to determine the spin Hamiltonian
parameters. Satisfactory simulations were achieved at both operating frequencies
(Figures 5.3 and 5.4) and the resulting g and

Cu

A values for all adducts are listed in

Table 5.1.
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Figure 5.3: CW X-band EPR spectra (140 K) of a) the ‘unbound’ [Cu(acac)2] (0.02 M)
dissolved in CHCl3:Tol (1:1) and subsequently with a 1:50 molar ratio of b) pyridine (2), c) 2methylpyridine (3), d) 3-methylpyridine (4), e) 4-methylpyridine (5), f) 2-amino-4methylpyridine (6), g) 2-amino-6-methylpyridine (7), h) pyrazine (8), i) pyridazine (9) and j)
pyrimidine (10). The corresponding simulations are shown with dashed lines.
Table 5.1: Spin Hamiltonian parameters for [Cu(acac)2] (1) in the absence and presence of the
coordinated substrates 2-10.
a

g1

a

g2

a

g3

∆g3

b

A1

b

A2

c

A3

∆A3

pKa

Ref
41

[Cu(acac)2]

2.048

2.052

2.252

-

81

58

572

-

+2

2.057

2.060

2.294

0.042

10

40

498

-74

5.22d

T.W.

+3

2.057

2.060

2.294

0.042

10

40

498

-74

5.96d

T.W.

+4

2.058

2.060

2.295

0.043

10

40

492

-80

5.63d

T.W.

+5

2.056

2.060

2.295

0.043

10

40

492

-80

5.98d

T.W.

+6

2.060

2.059

2.298

0.046

35

25

492

-80

7.48e

T.W.

+7

2.053

2.063

2.289

0.037

10

23

514

-58

7.41e

T.W.

+8

2.050

2.062

2.286

0.034

37

35

510

-62

2.33f

T.W.

f

+9

2.052

2.064

2.289

0.037

40

35

503

-69

1.30

T.W.

+ 10

2.050

2.062

2.286

0.034

37

35

512

-60

0.60f

T.W.

All A values are given in MHz. a 0.003, b 5, c 3 pKa values extracted from the literature
(d,43 e 44 and f.45 ) were measured in H2O.
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Figure 5.4: CW Q-band EPR spectra (140 K) of a) the non-coordinated [Cu(acac)2] ( (0.02 M)
dissolved in CDCl3:Tol-d8 (1:1) and subsequently with a 1:50 molar ratio of b) pyridine (2), c)
2-methylpyridine (3), d) 3-methylpyridine (4), e) 4-methylpyridine (5), f) 2-amino-4methylpyridine (6), g) 2-amino-6-methylpyridine (7). The corresponding simulations are shown
with dashed lines.

The increase in g and decrease in CuA values of the bound adducts relative to the
‘unbound’ [Cu(acac)2] complex is entirely consistent with the coordination of the
nitrogen bases to [Cu(acac)2] as the spin density in the copper SOMO (dxy) is reduced.
The largest change in both g and CuA is observed in the z component. This is indicative
of axial coordination of the nitrogen base, with the ligand approaching along the z-axis.
The absence of nitrogen super-hyperfine structure in the adduct spectra further supports
axial coordination. This phenomenon is well documented and widely rationalised as
resulting from the approach of the ligand (along the z-axis) which causes the spin
density from the ligand nitrogen to enter the node of the copper SOMO (dxy).46 This
limits the interaction between the unpaired electron and the spin active nitrogen nucleus,
and thus the nitrogen super-hyperfine couplings are weak and unresolved.
The spin Hamiltonian parameters of the adducts listed in Table 5.1 can be
clearly split into two groups based on the form and magnitude of the g and CuA tensors.
The first group (hereafter referred to as group I) contains pyridine (2), the
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methylpyridines (i.e., 2-methylpyridine (3), 3-methylpyridine (4), 4-methylpyridine (5))
and the 2-amino-4-methylpyridine substrate (6) and is characterised by mean shifts in
the g3 and A3 parameters (relative to the unbound [Cu(acac)2]) of ∆g3 = 0.043 and ∆A3 =
-77.6 MHz. By comparison, the second group (hereafter referred to as group II)
containing 2-methyl-6-aminopyridine (7) and the diazines (pyridazine (8), pyrimidine
(9), pyrazine (10)) is characterised by smaller shifts in the g3 and A3 parameters (∆g3 =
0.036 and ∆A3 = -62.3 MHz). Differences between the parameters of the two groups
reflect variation in the bonding strength of the heterocyclic bases. The larger shifts in A3
observed in group I are indicative of stronger interactions between the copper centre and
the heterocyclic base, with shorter Cu-N bond lengths expected. The tabulated pKa
values of the substrates (Table 5.1), which measures the basicity of the endocyclic
pyridine nitrogen, correlate well with the proposed groupings, supporting the hypothesis
that the spin Hamiltonian parameters reflect the strength of the interaction between the
substrate and [Cu(acac)2]. Substrates 2-5 are characterised by pKa values between 5.225.98. In contrast substrates 8-10 are less basic with significantly lower pKa values of
0.60-2.33. An exception to the trend is found in the 2-aminomethylpyridines; (6) and
(7), which are characterised by much higher pKa values (7.48 and 7.41 respectively).
These large pKa values are expected to give rise to ∆A3values greater than 80 MHz.
However, the spin Hamiltonian parameters of the [Cu(acac)2(6)] and [Cu(acac)2(7)]
adducts are characteristic of group I (∆g3 = 0.046, ∆A3 = -80 MHz) and group II (∆g3 =
0.037, ∆A3 = -58 MHz) respectively. This finding could indicate a different mode of
coordination in the 2-aminomethylpyridines, where both coordination through the
endocyclic pyridine nitrogen and exocyclic amine nitrogen are possible. Alternatively, it
may suggest that additional factors influence the strength of the interaction between the
base and the copper centre. Whilst pKa is a good indicator of base strength, its value
only accounts for the sigma donor ability of the base and therefore only provides an
oversimplified bonding model in which any π-acceptor character of the ligand is
ignored, and steric factors are overlooked. Steric factors may have a marked impact on
the bonding mode and strength, particularly for adduct formation with the 2aminomethylpyridines (6 and 7), where the amine (-NH2) functional group at the 2position of the pyridine ring sterically hinders approach to the endocyclic pyridine
nitrogen.
Whilst the spin Hamiltonian parameters extracted from the CW EPR spectra
provide evidence of adduct formation, and suggest this occurs via an axial interaction of
the nitrogen base, no further information can be extracted from the EPR spectra on the
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structure of the adducts themselves and how the substrates actually bind to the Cu(II)
centre. Since the super-hyperfine coupling arising from axially coordinated nitrogen
donors is very small and unresolved in the EPR spectrum, even the discrimination of
which nitrogen is responsible for coordination (i.e., coordination via the endocyclic
pyridine nitrogen versus the exocyclic amine nitrogen) in (6) and (7) can be extremely
difficult. This structural information can be obtained using advanced hyperfine
techniques including ESEEM, HYSCORE and ENDOR spectroscopy. Measuring the
nitrogen super-hyperfine structure offers the most direct probe for detecting and
confirming the mode of coordination in the 2-aminomethylpyridines. However,

14

N

ENDOR is non-detectable for axially coordinated nitrogen bases. In contrast, ESEEM
and HYSCORE have been successfully used to detect nitrogen spectra for axially bound
nitrogen ligands in the literature.40 However, the difference between an exocyclic amino
bound and an endocyclic pyridine bound 2-aminomethylpyridine was expected to be so
small that resolution of this by HYSCORE or ESEEM was unlikely and therefore not
attempted within this work. Instead, the mode of coordination was studied indirectly
using the information gained via 1H ENDOR spectroscopy, and will be discussed in
detail in the following sections.
5.3.2 CW 1H ENDOR
Angular selective 1H ENDOR studies were recorded for the [Cu(acac)2(X)]
adducts (X=2-7) at a 1:50 molar ratio of [Cu(acac)2]:X to ensure complete adduct
formation. The ENDOR measurements were performed at Q-band frequencies since the
improved angular resolution in g gives better quality ENDOR data for simulation. Akin
to the trends observed in the g and

Cu

A values determined by CW X-band EPR (Table

1

5.1), the angular selective H ENDOR profiles for the [Cu(acac)2(X)] (X=2-6) adducts
(group I) were found to be very similar, whilst the angular selective 1H ENDOR profile
for the [Cu(acac)2(7)] adduct was found to be very different. For clarity of discussion,
the pyridine adduct [Cu(acac)2(2)] will be exemplified and compared in detail to
unbound [Cu(acac)2] and the [Cu(acac)2(7)] adduct, whilst the remaining 1H ENDOR
spectra of the [Cu(acac)2(X)] adducts (X=3-6) are given in the appendix (see Figures
D.1-D.4). Figure 5.5 highlights the key differences observed between [Cu(acac)2]
(Figure 5.5a), [Cu(acac)2(2)] (Figure 5.5b) and [Cu(acac)2(7)] (Figure 5.5c) spectra
recorded at the field positions corresponding to g  g (Figure 5.5A, g = 2.06), at a
‘mixed’ field position where g< g < g|| (Figure 5.5B, g = 2.20) and at a field position
corresponding to g  g|| (Figure 5.5C, g = 2.30). At the g  g field position (Figure
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5.5A); a ‘single-crystal’ type ENDOR spectrum is obtained. Three distinctive sets of
proton couplings were previously identified in the frozen solution spectra of unbound
[Cu(acac)2] (see Chapter 4) originating from i) the methine proton, ii) the rotationally
averaged methyl protons, and iii) the protons from a sub-set of methyl groups
undergoing hindered rotation in frozen solution.41 These three ligand derived proton
couplings are highlighted in Figure 5.5Aa, and were also evident in the adduct spectra
(Figures 5.5Ab and c) although slight perturbations, fully consistent with substrate
interactions, were noted and confirmed via simulation (Table 5.2). The corresponding
spectra of [Cu(acac)2(2)] (Figure 5.5Ab) and [Cu(acac)2(7)] (Figure 5.5Ac) also display
additional 1H couplings (labelled # and * respectively) which must originate from the
coordinated substrates (pyridine (2) or 2-amino-6-methylpyridine (7)), since they are
absent in the unbound [Cu(acac)2]. The largest component of the pyridine derived
hyperfine coupling (4.8 MHz) appears at the mixed field position (Figure 5.5Bb, g =
2.20). Whilst a large 1H coupling (5.9 MHz) is also observed for the 2-amino-6methylpyridine substrate at this field position (Figure 5.5Bc), it does not correspond to
the largest component of the hyperfine tensor. In the case of the [Cu(acac)2(7)] adduct,
the largest hyperfine coupling (6.5 MHz) is observed at the field position close to g  g||
(Figure 5.5Cc).
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Figure 5.5: CW Q-band 1H ENDOR spectra (10 K) of a) [Cu(acac)2], b) [Cu(acac)2(2)] and c)
[Cu(acac)2(7)] in CDCl3:Tol-d8 (1:1). The ENDOR spectra were measured at the field positions
corresponding to A) g = 2.06, B) g = 2.20 and C) g = 2.30. Proton couplings arising from the
parent acetylacetonato ligands, are labelled i – iii (see text). Proton couplings arising from the
bound substrates are labelled # (for 2) and * (for 7).
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In summary, clear differences in both the profile of the angular selective 1H
ENDOR spectra (manifested in the position of the largest 1H coupling) and the
magnitude of the largest hyperfine component between [Cu(acac)2(2)] and
[Cu(acac)2(7)] suggest that the mode of coordination and indeed strength of the
interaction between the substrate and the [Cu(acac)2] moiety are notably different in the
two adducts. In order to access the significance and structural implications of these
findings the principal components of the hyperfine tensor were determined via
simulation.
The complete angular selective 1H ENDOR spectra of [Cu(acac)2(2)] and the
associated simulations are given in Figure 5.6. The resulting principal hyperfine values
are listed in Table 5.2. Simulations of the experimental data at multiple field positions
was essential47,48 since, as can be seen from Figure 5.5, the largest component of the
hyperfine tensor did not occur at the turning points in the EPR spectrum (i.e., at the
‘single crystal’ like positions; g  g|| and g  g). Consequently ENDOR measurements
at only these two fields (g  g|| and g  g) would be insufficient to obtain the full
hyperfine tensor. The proton coupling observed in the [Cu(acac)2(2)] adduct arises from
the nearest ortho-1H from the Cu(II) centre, at positions 2- and 6- on the pyridine ring
(Scheme 5.1). It is therefore not surprising that the angular selective 1H ENDOR spectra
for the [Cu(acac)2(X)] (X=3-6) adducts were all very similar to those observed for
[Cu(acac)2(2)], since all endocyclic pyridine bound substrates (3-6) contain an ortho-1H
at the 2,6 positions of the ring (Scheme 5.1). No additional 1H couplings were resolved
for the methyl substituted pyridines (3-5). In these cases, the –CH3 couplings would be
expected to be very small and therefore superimposed upon the inner acetylacetonato
peaks. It is significant to note, that even methyl substitution at the 2 position of the
pyridine ring (3) is not resolved in the 1H ENDOR despite providing the closest
approach of the methyl protons to the copper centre. Similarly the amine protons –NH2
of the 2-amino-4-methylpyridine adduct ([Cu(acac)2(6)) are not resolved either. In the
absence of any strongly coupled

14

N signals in the ENDOR spectra, the assignment of

1

the observed H couplings in the [Cu(acac)2(X)] (X=2-6) adducts to the ortho-1H at the
2,6 positions of the pyridine ring confirms the earlier EPR data that these substrates
coordinate axially to [Cu(acac)2], in agreement with other reports.24,39
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Figure 5.6: CW Q-band 1H ENDOR spectra (10 K; 75 kHz RF modulation) of the
[Cu(acac)2(pyridine)] adduct dissolved in dry CDCl3:Tol-d8 (1:1), recorded at different field
positions; a) 1183, b) 1175, c) 1158, d) 1128, e) 1188, f) 1088, g) 1072, h) 1057 and i) 1049
mT. The corresponding simulations are shown with dashed lines.

104

Table 5.2: 1H principal hyperfine values for acetylacetonato derived and substrate derived
protons of [Cu(acac)2(2)] and [Cu(acac)2(7)] adducts dissolved in CDCl3:Tol-d8 (1:1). The
corresponding spin Hamiltonian parameters calculated by DFT are also included.

Label
[Cu(acac)2]
Methine
R
Methyl
H
Methyl
+(2)
Expt
33H
+(7)
Expt
44H
44H

A1

A2

A3





γ

aiso

Ref

1.35
-0.65
3.45

-1.54
1.66
2.90

-2.05
-0.85
2.62

0
0
0

0
0
0

0
0
0

-0.75
0.05
2.99

T.W.
T.W.
T.W.

-2.6
-2.08

-2.04
-1.93

4.70
3.92

0
0.3

36.0
36.8

0
90.5

0.02
-0.03

T.W.
DFT

-4.52
-2.61
-2.72

-3.35
-3.43
-2.66

6.47
6.18
5.29

-16.0
-19.2
-7.2

14.0
53.7
27.8

-19.0
72.6
-46.8

-0.47
0.05
-0.03

T.W.
DFT
c
DFT

b

Methyl = rotationally averaged –CH3 protons; HMethyl = -CH3 groups undergoing hindered
rotation; aAll A values given in MHz, with an error of 0.1 MHz; b optimised geometry for
coordination of (7) via the pyridine nitrogen; c optimised geometry for coordination of (7) via
the exocyclic amine nitrogen. For proton numbering refer to Figures 5.9 and 5.10. T.W. = This
work.
R

For comparison, the complete angular selective 1H ENDOR spectra, and
associated simulation, for [Cu(acac)2(2-amino-6-methylpyridine)] are shown in Figure
5.7. In this case, the form and magnitude of the 1H tensor (Table 5.2) is very different
compared to the tensor for the ortho-1H proton of the coordinated pyridine substrate.
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Figure 5.7: CW Q-band 1H ENDOR spectra (10 K; 75 kHz RF modulation) of the [Cu(acac)2(2amino-6-methylpyridine)] adduct dissolved in dry CDCl3:Tol-d8 (1:1), recorded at different field
positions; a) 1182, b) 1178, c) 1141, d) 1121, e) 1088, f) 1072, g) 1067, h) 1058 and i) 1045
mT. The corresponding simulations are shown with dashed lines.
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Assuming 2-amino-6-methylpyridine coordinates via the endocyclic pyridine
nitrogen, the substrate derived 1H coupling observed for the [Cu(acac)2(7)] adduct must
then arise from either the methyl (-CH3) or the amine protons (-NH2) (Scheme 5.1).
Unlike the other substrates (3-6), 2-amino-6-methylpyridine (7) contains no ortho-1H
protons at the 2,6 positions of the pyridine ring. Since no analogous hyperfine tensor, of
comparable form or magnitude, was observed for the 2-methylpyridine (3) substrate
(see Appendix, Figure D.1) then this clearly implies that the -CH3 protons can be
discounted. Equally the absence of an analogous hyperfine tensor in the CW ENDOR of
the 2-amino-4-methylpyridine adduct (see Appendix, Figure D.4) suggests that the
observed 1H couplings are not associated with the amine protons (-NH2). However, the
ambidentate nature of 2-amino-methylpyridines (i.e., both 2-amino-4-methylpyridine
and 2-amino-6-methylpyridine) means that these substrates can bind to [Cu(acac)2] via
the endocyclic pyridine nitrogen or via the exocyclic amino nitrogen.49 It is therefore
possible that the observed differences in the 1H ENDOR spectra of 2-amino-4methylpyridine (Figure D.4) and 2-amino-6-methylpyridine (Figure 5.7) originate from
alternative modes of coordination (Scheme 5.2).

Scheme 5.2: a) Endocyclic pyridine bound [Cu(acac)2(6)] and b) exocyclic amine bound
[Cu(acac)2(7)].

The similarity of the g and

H

A tensors between [Cu(acac)2(pyridine)] and

[Cu(acac)2(2-amino-4-methylpyridine)] suggests that these two substrates bind to
[Cu(acac)2] in a similar manner: i.e. via the endocyclic pyridine nitrogen. Indeed this
mode of coordination has been observed in the literature for 2-amino-4-methylpyridine
in similar systems.6,49 The location of the electron donating methyl group in the para
position increases the basicity of the ring nitrogen50 and therefore endocyclic
coordination is favoured. Intra-ligand hydrogen bonding between the exocyclic amino (NH2) group and the oxygen atoms of the acetylacetonato ligands may also play a role in
stabilising this structure.49 Similar stabilising interactions are described between
adenosine and acetylacetonato ligands in the [Co(acac)2(NO2)(adenosine)] complex.51
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The increased steric hindrance around the pyridine nitrogen in the 2-amino-6methylpyridine substrate (7), due to substitution at both the 2- and 6- positions,
increases the likelihood of binding through the exocyclic amino nitrogen. This mode of
coordination has been observed by Kwiatkowski in the coordination of 2-amino-6methylpyridine to [VO(acac)2]6 and a Ni(II) complex.52 In the later study, no adduct
formation was observed for the 2,6-dimethylpyridine, for which no alternative binding
group was available and coordination through the endocyclic pyridine nitrogen was
prevented by steric hindrance.52 Examples of exocyclic nitrogen coordination for 2amino-6-methylpyridine also exist in the Cambridge crystallography database (CCDC);
in particular when the metal centre is sterically encompassed by other ligands.49,53 These
examples indicate that the exocyclic coordination mode is less sterically demanding
compared to the endocyclic alternative. Interestingly, on studying the exo/endocyclic
equilibrium of a series of 2-aminopyridine ligands Marzilli et al., observed that the
equilibrium shifted towards the exocyclic isomer in the presence of excess base.49 This
was justified as resulting from the formation of intermolecular hydrogen-bonds between
the solvent 2-amino-6-methylpyridine and the acetylacetonato ligands of the cobalt
complex. This prevented the aforementioned stabilising intramolecular hydrogen
bonding present in endocyclic isomers and thus an excess of base favoured exocyclic
coordination. It is therefore significant that the experimental samples within this work
were prepared in a 50-fold molar excess of base.
Whilst both the CW EPR and CW ENDOR spectra of [Cu(acac)2(2-amino-4methylpyridine)] (6) and [Cu(acac)2(2-amino-6-methylpyridine)] (7) display distinct
differences, and previous observations documented in the literature suggest alternative
modes of coordination in the two substrates (Scheme 5.2), the experimentally observed
coordination mode cannot be defined by CW EPR and 1H ENDOR of the protic
samples. In order to confirm the mode of coordination, the 1H ENDOR spectra of
[Cu(acac)2(2-amino-6-methylpyridine-d2)] containing deuterated –NH2 groups was
recorded (see Appendix, Figure D.5). A direct comparison between the protic
[Cu(acac)2(7)] and deuterated [Cu(acac)2(7-d2)] spectra, recorded at g = 2.30,
corresponding to the field with the largest coupling component, are given in Figures
5.8c and 5.8d respectively. The substrate derived proton couplings (labelled with an
asterisk in Figure 5.8c) disappeared upon deuteration, confirming their assignment to
the –NH2 protons. For completion, an analogous deuteration study was performed for
the [Cu(acac)2(2-amino-4-methylpyridine)] adduct (see Appendix, Figure D.6). Again, a
direct comparison between the protic [Cu(acac)2(6)] and deuterated [Cu(acac)2(6-d2)]
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spectra, recorded at g = 2.20, corresponding to the field with the largest coupling
component, are given in Figures 5.8a and 5.8b respectively. In this case, the substrate
derived 1H couplings (labelled with an asterisk) remained visible in the deuterated
sample. Combined these observations strengthen the hypothesis of endocyclic
coordination through the pyridine nitrogen in 2-amino-4-methylpyridine and exocyclic
coordination through the amino nitrogen in the 2-amino-6-methylpyridine (Scheme 5.2).

Figure 5.8: CW Q-band 1H ENDOR spectra (10 K; 250 kHz RF modulation) of a) [Cu(acac)2(2amino-4-methylpyridine)] and b) [Cu(acac)2(2-amino-4-methylpyridine-d2)] in CDCl3:Tol-d8
(1:1) recorded at field positions corresponding to g = 2.20. c) [Cu(acac)2(2-amino-6-methylpyridine)] and d) [Cu(acac)2(2-amino-6-methyl-pyridine-d2)] recorded at field positions
corresponding to g = 2.30. Substrate derived 1H couplings are labelled with an asterisk (*).

5.3.3 DFT and modelling the adduct structures based on ENDOR
In order to better understand the nature of the substrate interactions with the
[Cu(acac)2] complex, geometry optimised structures of the [Cu(acac)2(pyridine)]
(Figure 5.9) and [Cu(acac)2(2-amino-6-methylpyridine)] adducts (Figure 5.10) were
used in order to determine the theoretical 1H principal hyperfine values (given in Table
5.2). As mentioned in the Introduction, a number of thorough DFT studies have already
reported the g and

Cu

A spin Hamiltonian parameters for [Cu(acac)2] and

[Cu(acac)2(pyridine)].

19-26,54

However, our interest was focussed on the hyperfine
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parameters for the coordinated substrates rather than examining changes to the Cu(II)
spin Hamiltonian parameters.
The agreement between the experimental and theoretical hyperfine values for the
optimised [Cu(acac)2(pyridine)] adduct is reasonably good (Table 5.2), particularly with
respect to the Euler angle . Owing to the quasi axial nature of the g tensor, the ENDOR
data does not provide any information on the relative orientation of the 1H within the xy
plane (i.e., assuming free rotation about the Cu…Npyridine axis) as there is no angular
selection in this coordinate. For this reason, the angles  and  are not defined
experimentally in Table 5.2. However, the angle that the electron-proton vector makes
with the gz axis is reflected by , and this can be determined via simulation of the
ENDOR spectra. In this case, a satisfactory agreement between experiment and theory
for  was obtained, indicating that the structure of the [Cu(acac)2(pyridine)] adduct
determined by DFT correlates with the experimental ENDOR data.

Figure 5.9: Geometry optimised structure of [Cu(acac)2(pyridine)], ortho-protons are labelled.

In

the

case

of

the

[Cu(acac)2(2-amino-6-methylpyridine)]

adduct

([Cu(acac)2(7)]), the hyperfine values were calculated for the two plausible binding
modes (Table 5.2); i.e., coordination to Cu(II) via the endocyclic pyridine nitrogen, and
coordination via the exocyclic amine nitrogen (Figures 5.10a and 5.10b respectively).
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Figure 5.10: Geometry optimised structures of [Cu(acac)2(2-amino-6-methylpyridine)]
coordinating through a) the endocyclic pyridine nitrogen, b) the exocyclic amine nitrogen.

Contrary to the experimental observations, the calculated formation energy
suggested coordination occurs via the pyridine nitrogen and is more stable by 17.9 kJ
mol-1. Reasonably large proton couplings were predicted for [Cu(acac)2(7)] in both
binding modes (Table 5.2). The largest coupling predicted for the pyridine bound
adduct, originating from the -NH2 proton of closest approach, (44H, 6.18 MHz)
correlated better with the experimentally observed maximal coupling of 6.47 MHz
compared to the exocyclic amine bound adduct (5.29 MHz). However, the form of the
1

H tensor in the pyridine bound adduct generated a poor fit to the experimental data. For

example, the largest proton coupling predicted by DFT for [Cu(acac)2(7)] coordinated
via the pyridine nitrogen (Figure 5.10a), occurs at a ‘mixed’ field position (i.e., close to
g = 2.20, corresponding to an angle of   36°), whereas experimentally the largest
coupling was observed close to g  g|| with an  angle of 14° (Figure 5.7, Table 5.2).
Whilst the magnitude of the proton couplings predicted for the NH2 bound isomer were
underestimated, the form of the proton tensor, gave an improved agreement between
theory and experiment. Taking into consideration the well-known tendency for DFT
calculations to over/under estimate ligand hyperfine couplings, the improved agreement
between the angular selective profile resulting from exocyclic amine coordination,
confirmed this mode of coordination to be experimentally observed.
The DFT calculated value of β for the geometry optimised [Cu(acac)2(7)] adduct
coordinated via the exocyclic amine nitrogen, gave a poor fit to the experimental data.
The impact of the approach trajectory of the ligand upon the ENDOR profile and the
value of β was therefore explored. This was achieved computationally by processing a
series of –NH2 bound 2-amino-6-methylpyridine adducts, in which the angle of
approach (θ) (Figure 5.11) was altered by ±10° and ±20° relative to the geometry
optimised structure.
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Figure 5.11: Definition of approach trajectory (θ) of the –NH2 bound 2-amino-6methylpyridine.

In the geometry optimised structure θ = 108.9°. Four alternative values of θ were
considered (θ = 88.9°, 98.9°, 118.9° and 128.9, corresponding to -20°, -10°,+10° and
+20° rotations respectively) in which the 2-amino-6-methylpyridine ring was tilted
towards the acetylacetonato ligands. The resultant spin Hamiltonian parameters are
given in Table 5.3. The DFT output for the adduct which underwent a -20° rotation,
gave the best agreement in β. Suggesting that experimentally, the structure of the amine
(–NH2) bound [Cu(acac)2(7)] adduct deviates slightly from the geometry optimised
structure. In fact adopting a true axial coordination geometry where θ ≈ 90°. Due to the
complex nature of frozen solutions, calculations were performed in the gas phase. It was
thought that this could be responsible for the discrepancy between DFT and experiment.
Table 5.3:1H principle hyperfine values for [Cu(acac)2(7)] derived from experiment and DFT
calculations.

Label
θ
Expt
44H
44H 108.9
44H
88.9
44H
98.9
44H 118.9
44H 128.9

a

A1
-4.52
-2.61
-2.72
-2.51
-2.51
-2.72
-2.89

a

A2
-3.35
-3.43
-2.66
-2.45
-2.49
-2.47
-2.42

a

A3
6.47
6.18
5.29
4.83
4.89
5.13
5.31

α
-16
-19.2
-7.2
-16.4
42.2
44.4
37.9

β
14
53.7
27.8
13.9
19.6
35.4
44.2

γ
-19
72.6
-46.8
-19.0
40.6
60.1
66.2

aiso
-0.47
0.05
-0.03
-0.04
-0.04
-0.02
0

Ref
T.W.
b
DFT
c
DFT
d
DFT
e
DFT
f
DFT
g
DFT

All A values given in MHz, with an error of 0.1 MHz. For proton labels refer to Figure 5.10.
Optimised geometry for coordination of (7) via the pyridine nitrogen; coptimised geometry for
coordination of (7) via the exocyclic amine nitrogen. d-20°, e-10°, f+10°, g+20° rotation of the
optimised geometry for coordination of (7) via the exocyclic amine nitrogen. T.W. = This work.
a
b
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5.4 Conclusions
The study of adduct formation between simple Cu(II) -diketones complexes
and nitrogen-bases has long attracted interest as these adducts are potential prototypes
for Cu(II) based proteins and enzymes. Among the many spectroscopic techniques used
to investigate such interactions, the advanced EPR techniques including angular
selective ENDOR, have contributed significantly to the field. For axially bound
nitrogen-substrates, the

14

N hyperfine and quadrupole couplings are so small, they can

only be resolved by the hyperfine techniques such as ESEEM.40 However, the proton
hyperfine tensor of the substrates, can be readily extracted by 1H ENDOR and can be
very diagnostic and informative on the mode of substrate binding. For the
[Cu(acac)2(pyridine)] adduct, the form and magnitude of the 1H hyperfine tensor is
entirely consistent with the expected axial coordination of pyridine. The orientation of
the Cu--1H vector relative to gz (defined by β) as determined by ENDOR, is in good
agreement with the structural model predicted by DFT. For more complex nitrogensubstrates, such as 2-amino-6-methylpyridine (7), the structure of the resulting adduct is
less straightforward to determine both experimentally and theoretically. The
complementary approach offered by ENDOR and DFT, has revealed that 2-amino-6methylpyridine coordinates to Cu(II) via the amino (-NH2) nitrogen, with the 2-amino6-methylpyridine substrate tilted away from the [Cu(acac)2] plane by approximately 20°
from the geometry optimised structure. As a result the –NH2 protons are rotated more
into the xy plane, possibly interacting with the ligand oxygen atoms, and this accounts
for the unusual form of the hyperfine tensor in this case. This study reveals how careful
analysis of the 1H ENDOR data offers an insightful view on the structure of nitrogenbased adducts with Cu(II) complexes in frozen solution.
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Chapter

6:

Structural

transformations

of

the

[Cu(II)(acac)2(Imidazole)n=1,2] complex as studied by EPR, ENDOR,
and DFT.
6.1 Introduction
In Chapter 5, a combination of EPR/ENDOR spectroscopy and DFT calculations
were used to structurally characterise the adducts formed between [Cu(acac)2] and
derivatives of pyridine bases. The study was used to model Cu(II) coordination to
heterocycles, which is relevant to biochemistry. As an extension of this work, the
geometric and electronic structure of adducts formed between [Cu(acac)2] and
imidazole are presented in this chapter.
Imidazole hereafter labelled simply Im is common to both proteins and nucleic
acids, as it is present in histidine residues and purine bases respectively (Figure 6.1),
which renders it biologically relevant. Furthermore, imidazole coordination to Cu(II)
ions is prevalent in biological systems. Coordination of histidine through the N3 of the
imidazole ring is common to all copper proteins, whilst direct coordination of Cu(II)
ions to DNA has been established to occur predominantly via the N7 atom of guanine.
Consequently, the interactions between Cu(II) and imidazole are important and fully
defining the nature of the coordination mode will lead to further understanding of
copper proteins, and advances in DNA-targeted copper based therapeutic agents.
Therefore in this chapter, EPR, ENDOR and DFT calculations will be used to study
Cu(II) – imidazole interactions present in the [Cu(acac)2]-imidazole adducts.

Figure 6.1: Imidazole (1), Histidine (2) Guanine (3) and Adenine (4) numbered nitrogen atoms
represent the coordinating nitrogen in the imidazole ring.
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6.2 Experimental
A detailed experimental section was presented previously in Chapter 3.
Therefore only a brief summary of the key experimental points, relevant to this chapter,
are given here.
6.2.1 Materials
[Cu(acac)2], imidazole and imidazole-d4 were purchased from Sigma Aldrich
and used without further purification. Reagent grade (amylene stabilised) CHCl3 was
purchased from Fisher Scientific and dried over calcium hydride. Reagent grade DMF
was sourced from Sigma Aldrich and used as received. Deuterated solvents CDCl3 and
DMF-d7 were obtained from Goss Scientific in sealed ampules and used without further
purification.
6.2.2 Sample Preparation
A series of [Cu(acac)2]:imidazole solutions were prepared in which the ratio of
the imidazole was systematically varied (0.5, 1, 2, 5, 10, 30, 40 and 50 equivalents)
whilst the concentration of [Cu(acac)2] (0.02 M) and the composition of the glass,
CHCl3:DMF (1:1), were kept constant. The variable ratio study was monitored by CW
X-band EPR in both frozen solution (140 K) and fluid solution (298 K). Q-band EPR
and ENDOR studies were conducted on samples containing [Cu(acac)2]:imidazole
molar ratios of 1:0 and 1:50 at 10 K using 0.03 M solutions prepared in CDCl3:DMF-d7
(1:1).
6.2.3 Spectroscopic Measurements
Quantitative measurements were recorded on samples prepared to the same
copper concentration (0.02 M). The same EPR tube, sample volume (100 µL) and
sample position within the cavity were used to ensure the filling factor remained
constant. All instrumental parameters were also kept constant. The microwave power
used (10.17 mW) was predetermined, by a saturation study, to be sufficiently low to
avoid saturation effects. Saturation studies were conducted at 140 K akin to quantitative
measurements described above, however, for each sample a series of spectra were
accumulated, in which the microwave power was systematically varied from 0.1-100
mW.
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6.3 Results and Discussion
6.3.1 CW EPR
A variable molar ratio study, in which the stoichiometric ratio of [Cu(acac)2] to
imidazole was systematically increased from 1:0 to 1:50, was monitored by X-band CW
EPR (140 K) (Figure 6.2). This series of samples were prepared in a CHCl 3:DMF (1:1)
solvent system as precipitation was observed to occur using the CHCl3:Tol (1:1) system
used previously in Chapter 4 and 5.

Figure 6.2: CW X-band EPR (140 K) of [Cu(acac)2] in the presence of increasing molar ratios
of imidazole; a) 1:0, b) 1:1, c) 1:2, d) 1:5, e) 1:10, f) 1:20, g) 1:30, h) 1:40 and i) 1:50

The spectrum of [Cu(acac)2] recorded in the absence of imidazole
([Cu(acac)2]:imidazole, 1:0), hereafter referred to as the unbound complex (Figure
6.2a), is characterised by an axial g and CuA symmetry (Table 6.1). The largest hyperfine
coupling is observed in the parallel direction and the

63,65

Cu isotope splitting observed

only on the low field MI = 3/2 transition.
Upon addition of one molar equivalent of imidazole ([Cu(acac)2]:imidazole 1:1),
a mixed EPR spectrum was immediately observed, containing two copper species. By
comparison with Figure 6.2a, one species is readily assigned to unbound [Cu(acac)2].
119

The second species evidences imidazole coordination to [Cu(acac)2] (Figure 6.2b).
Increasing the molar equivalence of imidazole led to a marked decrease in intensity for
the signals arising from unbound [Cu(acac)2], whilst the signals arising from the second
species grew in intensity (Figure 6.2c). The EPR spectrum of the bound adduct only
(i.e., in the absence of unbound [Cu(acac)2]) was observed at a molar equivalence of 1:5
(Figure 6.2d). The pronounced change in the parallel features of the spectrum
characterised by an increase in gz (∆gz = 0.022) and a concomitant decrease in Az (∆Az =
-100 MHz) relative to unbound [Cu(acac)2] in CHCl3:DMF (1:1), is indicative of axial
coordination of imidazole (Table 6.1). The absence of any resolved nitrogen superhyperfine pattern strengthens the assignment to axial coordination of the imidazole.
Axial coordination of the imidazole ligand (along the z axis) will cause the
electron density of coordinating nitrogen atom to enter the node of the copper SOMO
(dxy). This is known to result in very weak hyperfine interactions, hence, the hyperfine
splittings are typically very small and never resolved by EPR spectroscopy.1 Despite the
second species forming in an excess of imidazole ([Cu(acac)2]:imidazole 1:5), it has
been assigned as a 5-coordinate, square pyramidal, mono-axial adduct; [Cu(acac)2Im].
The formation of a bis-axial adduct was excluded based on previous experimental
results which showed evidence of only mono-axial adducts of [Cu(acac)2] with pyridine
and methylpyridine bases even with up to 50 molar equivalents of base being present in
solution (Chapter 5).
A factor which may have influenced the formation equilibrium of [Cu(acac)2Im]
is the DMF component of the solvent system. The larger values of g and smaller values
of CuA, particularly in the z components, of [Cu(acac)2] in the CHCl3:DMF (1:1) solvent
system (gx = 2.060, gy = 2.060, gz = 2.285; Ax = 35, Ay = 35, Az = 520 MHz) relative to
those in the CHCl3:Tol (1:1) (gx = 2.048 gy = 2.052 gz = 2.252, Ax = 81, Ay = 58, Az =
572 MHz) is consistent with weak axial coordination of DMF solvent molecules.
Therefore, coordination of imidazole requires the initial displacement of coordinated
DMF molecules, creating an energy barrier to adduct formation. It is this barrier which
is thought to have resulted in the ‘clean’ [Cu(acac)2Im] adduct only forming at a
[Cu(acac)2]:imidazole molar equivalence of 1:5, despite theoretically only requiring a
1:1 molar ratio. Indeed, a five coordinate, mono-axial adduct was observed to form
between [Cu(acac)2] and pyridine bases at a 1:1 (Cu:base) molar ratio in the ‘noncoordinating’ CHCl3:Tol (1:1) solvent system (Chapter 5).
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Upon addition of further molar equivalents of imidazole, (1:10 – 1:40, Figures
6.2e – 6.2h), the signal from the [Cu(acac)2Im] adduct decreased in intensity and a third
copper signal grew in intensity, indicating the formation of another adduct between
[Cu(acac)2] and imidazole. At 50 molar equivalents of imidazole, a spectrum arising
purely from this additional adduct was recorded (Figure 6.2i).
The spectrum was determined to be of axial symmetry (Table 6.1). Significantly,
well resolved nitrogen super-hyperfine patterns are superimposed on both the MI = 3/2
parallel transition and in the perpendicular direction of the spectrum. As discussed
above, nitrogen super-hyperfine structure is not expected to be resolved for axially
bound imidazole ligands. In contrast, equatorial coordination of nitrogen donors
facilitates a greater interaction between the spin density on the nitrogen and copper
because the ligand approaches an orbital lobe of the copper SOMO. Thus, well resolved
nitrogen super-hyperfine couplings are expected for equatorially bound nitrogen bases,
as well documented in the literature.2,3 The multiplicity of the nitrogen super-hyperfine
pattern is governed by the 2nI+1 rule which dictates that the coordination of two
magnetically equivalent (n = 2)

14

N atoms (I = 1) should give rise to a 5 line pattern

with the relative intensity of 1:2:3:2:1 (see Appendix, section A.2).4 The experimental
observation of 7 lines on the MI = 3/2 transition simply reflects the presence of both
copper isotopes (65,63Cu). A satisfactory simulation was indeed obtained by including
two magnetically equivalent

14

N nuclei (see Table 6.1), thereby suggesting the

formation of a 6-coordinate, bis-equatorial adduct [Cu(acac)2Im2]. This is consistent
with the assignment of Siddiqui et al.,5 who observed a similar EPR spectrum for
[Cu(acac)2] in an excess of imidazole.
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The frozen solution EPR spectra and associated simulations of the three distinct
Cu(II) species identified in the [Cu(acac)2]:imidazole molar ratio study ([Cu(acac)2],
[Cu(acac)2Im] and [Cu(acac)2Im2]) are given in Figure 6.3. The corresponding
simulation parameters are listed in Table 6.1.

Figure 6.3: CW X-band EPR (140 K) of a) ‘un-bound’ [Cu(acac)2] b) ‘mono-axial’
[Cu(acac)2Im] and c) bis-equatorial [Cu(acac)2Im2]. The experimental spectra are given by solid
lines and their corresponding simulations are shown by dotted lines. The parallel hyperfine lines
have been expanded for clarity.
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2.118
2.145

2.083
2.137
2.138

2

5

4

8

10

2.135 T.W.

2.144 T.W.
5
2.127

2.135 T.W.
9
2.117

A3 giso

N

A given in MHz a ± 0.003, b ± 5 MHz, c ± 4 MHz d ± 3MHz e CHCl3:DMF (1:1), f CHCl3:Tol (1:1)
DMSO:H2O (90:10), h single crystal, i doped solid; [Zn(hfacac)2bipy]:[Cu(hfacac)2bipy] (50:1) and
CHCl3:CH2Cl2 (1:1). Ligand abbreviations: hfacac; hexafluoroacetylacetonate and nap; 2-nitroacetophenone.

Cu/N

Unbound
e
[Cu(acac)2]
f
[Cu(acac)2]
Mono adduct
e
[Cu(acac)2Im]
g
[Cu(acac)2Im]
Bis adduct
e
[Cu(acac)2Im2]
Cis-equatorial
h
[Cu(acac)2en]
i
[Cu(hfacac)2bipy]
j
[Cu(nap)2bipy]
Trans-equatorial
g
[Cu(acac)2Im2]
j
[Cu(nap)2(4-picoline)2]

g1

j

g

Table 6.1: Spin Hamiltonian parameters of ‘unbound’ [Cu(acac)2], mono-axial [Cu(acac)2Im] and bis
[Cu(acac)2Im2] imidazole adducts in CHCl3:DMF (1:1). Some literature values of related CuO4N2 systems are
also listed for comparison.

The structural nature of the bis-equatorial adduct is unclear from the X-band
EPR analysis of the frozen solution alone. 6-coordinate Cu(II) (d9) species typically
adopt a distorted octahedral geometry, which is either elongated or compressed along
the z-axis, in order to remove orbital degeneracy present in an octahedral d9
configuration, as described by the Jahn Teller theorem.6-8 The g values determined via
simulation (g = 2.059 and g‖ = 2.288) are consistent with an axially elongated
‘tetragonal’ ligand field (g‖ > g).2,4 The observed nitrogen super-hyperfine pattern
establishes that both nitrogen bound imidazole atoms coordinate in the equatorial (xy)
plane, which limits the plausible coordination geometries to trans-equatorial or cisequatorial as illustrated in Figure 6.4c and 6.4d respectively.

Figure 6.4: Schematic illustration of a) ‘unbound’ [Cu(acac)2)] b) ‘mono-axial’ [Cu(acac)2Im)]
and the structural isomers of [Cu(acac)2Im2]; c) trans-equatorial, d) cis-equatorial, e) trans-axial
and f) cis-mixed plane.

Examples of g and

Cu

A parameters from the literature corresponding to cis-

equatorial and trans-equatorial coordination geometries (with respect to the position of
the

nitrogen

ligands)

of

various

copper

complexes

possessing

CuO4N2

chromophores2,4,5,8-10 are listed in Table 6.1. The g and CuA tensors are of a similar form
and magnitude for both ligand arrangements illustrating that the isomeric conformations
of [Cu(acac)2Im2] (cis-equatorial and trans-equatorial) cannot be differentiated by EPR
alone.
The point symmetry classification of octahedral complexes with the general
form MA4B2, are D4h for the trans-isomer and C2v for the cis-isomer. Consequently,
these are expected to give rise to axial and rhombic EPR spectra respectively (see
Chapter 2, Table 2.2), and should therefore be distinguishable by EPR. However, the
Jahn Teller distortion present in the [Cu(acac)2Im2] adduct results in a reduction of
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symmetry. The axial elongation in this case, makes it reasonable to consider the point
symmetry of cis- and trans- square planar CuO2N2 complexes as a symmetry limit. The
point group of the trans- square planar CuO2N2 complex is D2h, whilst the cis- isomer is
C2v. Therefore rhombic EPR spectra are predicted for both geometric isomers.
Consequently, cis- and trans- isomers of square planar complexes will remain
indistinguishable by EPR.11 The discrepancy between the experimentally observed axial
symmetry of the [Cu(acac)2Im2] adduct and the theoretical prediction of rhombic
symmetry, as supported by DFT calculations (See Appendix, Table E.1), suggests that
the rhombic distortion is small, such that it is not resolved at X- or Q-band frequencies
and is consequently approximated to axial symmetry (see Appendix, section A.1)
6.3.2 14N ENDOR
The nitrogen super-hyperfine pattern observed in the CW X-band EPR is a rich
source of structural information. However, line broadening effects lead to poor
resolution and prevent the accurate determination of the nitrogen hyperfine tensor from
the EPR spectra alone.

14

N ENDOR, pioneered by Leniart and Hyde,12 offers better

resolution of the nitrogen super-hyperfine couplings allowing both the nitrogen
hyperfine (NA) and quadrupole (NQ) tensors to be determined via simulation. Angular
selective 14N ENDOR therefore offers a direct probe for the orientation and distance of
the bound nitrogen atom with respect to the copper centre, thus, providing the most
direct method for determining the experimentally observed isomeric form of the
[Cu(acac)2Im2] adduct in frozen solution. Indeed, Iwaizumi et al.,11 demonstrated that
cis- and trans- square planar CuO2N2 complexes could be differentiated by 14N ENDOR
spectroscopy. The magnitude of NA|| was established to be larger for cis-CuN2O2 than
trans-CuN2O2, with reported values between 36-39 MHz and 29-37 MHz respectively
(see Appendix, Table E.2).
Unfortunately, attempts to measure the CW Q-band

14

N ENDOR spectra of the

[Cu(acac)2Im2] adduct were unsuccessful, due in part to unfavourable relaxation
properties of the sample, which led to low signal intensity that could not be sufficiently
improved even with long accumulation times. In contrast to CW ENDOR, the signal
intensity of pulsed ENDOR is not critically dependant on the electron and nuclear
relaxation rates.13 Unwanted relaxation effects are eliminated using short pulse
sequences.13 An angular selective X-band Davies ENDOR study was therefore
performed (Figure 6.5). The spectra contain both 1H signals centred on νn = 14.9 MHz
and

14

N signals between 15 – 25 MHz, as highlighted. Unfortunately, the broad line
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width of the 14N signals prevented the accurate determination of NA and NQ. Hyperfine
selective Davies ENDOR, using a hard (short) pulse sequence (tπ = 96 ns, tπ/2 = 48 ns)
in order to supress the 1H signals without reducing or distorting the
therefore performed
successful, the

14

14,15

14

N signals, was

(see Appendix, Figure E.1). Whilst proton suppression was

N signal remained broad, hence only approximate values of NA could

be determined from the spectra. It should be noted that similar broad

14

N line shapes

have been observed for strongly coupled nitrogens in several copper proteins.16,17 At the
field position corresponding to g (Fig 6.5a), the

14

N signal was centred on ~18 MHz

(NA/2) indicating NA(g) ≈ 36 MHz, and at the field position corresponding to g|| (Fig
6.5i) the

14

N signal was centred on ~19 MHz (NA/2) indicating NA(g||) ≈ 38 MHz. The

magnitude of these hyperfine components are typical of strongly coupled 14N nuclei and
consistent with those determined via simulation of the X-band EPR which are also in
line with DFT values predicted for equatorially bound imidazole ligands (see Appendix,
Table E.3). The low anisotropy in the hyperfine coupling (A(g)/A(g||) = 38/36 = 1.05) is
characteristic of imidazole coordination18,19 and is typical of  dominant bonding as
expected for Cu(II) – imidazole coordination.20 Combined, these observations are
consistent with equatorial coordination of imidazole to [Cu(acac)2]. However the
approximate value of

N

A|| prevents clear assignment of the geometric form of the

[Cu(acac)2Im2] adduct.
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Figure 6.5: X-band Davies ENDOR of the [Cu(acac)2Im2] adduct dissolved in CDCl3:DMF-d7
(1:1) recorded at the field positions of a) 340, b) 332, c) 328, d) 321, e) 316, f) 312, g) 300, h)
294 and i) 284 mT. The pulse sequence π-T-π/2-τ-π-τ-echo using mw pulse lengths of tπ = 256
ns, tπ/2 = 128 ns, and an interpulse time τ of 960 ns was used. An rf π pulse of variable
frequency and a length of 23 μs was applied during time T of 25 μs.

6.3.3 1H ENDOR
In the absence of conclusive

14

N ENDOR data on the geometric form of the

1

[Cu(acac)2Im2] adduct, H ENDOR data was collected. Whilst the proton data does not
offer a direct probe of the orientation and position of the bound nitrogen atoms from the
imidazole rings, it can provide information on the position of the substrate ligand
protons, as demonstrated in Chapter 5, thereby providing an indirect means of
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calculating the position of the bound nitrogen atoms, and ultimately determination of
the [Cu(acac)2Im2] geometry.
Hence, a full angular selective 1H ENDOR study was performed on both the
protic [Cu(acac)2Im2] complex

(Figure 6.7) and the selectively deuterated

[Cu(acac)2(Im-d4)2] complex. A satisfactory simulation of the [Cu(acac)2(Im-d4)2] 1H
ENDOR data set was achieved using the 1H hyperfine tensors characteristic of unbound
[Cu(acac)2] as determined in Chapter 4 (See Appendix, Figure E.2). This observation
establishes that neither the solvent system (CHCl3:Tol (1:1) in Chapter 4 vs
CHCl3:DMF (1:1) in Chapter 5) nor adduct formation significantly impact upon the
spectral profile of the acetylacetonato ligand protons.
Direct comparison between the protic [Cu(acac)2Im2] and deuterated
[Cu(acac)2(Im-d4)2] 1H ENDOR spectra, recorded at field positions corresponding to
analogous g-values, enabled imidazole derived proton signals to be readily identified
(Figure 6.6). Two new 1H resonances were clearly resolved in the perpendicular region
(Figure 6.6a, g = 2.06) with a large coupling of ~6 MHz (*) and a smaller coupling of
~2.7 MHz (#); the latter is observed as a shoulder on the ‘hindered’ methyl resonance
from the acetylacetonato ligand. At a mixed field position (Figure 6.6c, g< g = 2.10 <
g||) the spectrum is more complex. The large coupling of ~6 MHz remains observable,
as does the smaller coupling of ~2 MHz in magnitude. In addition, there is a broad, low
intensity feature evident with an intermediate coupling constant of ~4 MHz. At g = 2.3
(Figure 6.6e), only two imidazole derived 1H couplings are clearly evident; one of
magnitude ~3.8 MHz and one of ~2.3 MHz, as highlighted.
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Figure 6.6: CW Q-band 1H ENDOR spectra (10 K) of protic [Cu(acac)2Im2] (black) and
deuterated [Cu(acac)2(Im-d4)2] (red) in CDCl3:DMF-d7 (1:1) recorded at field positions
corresponding to a,b) g = 2.06, c, d) g = 2.10 and e, f) g = 2.30. Imidazole derived 1H ENDOR
resonances accounted for by tensor (I: see Table 6.2) are highlighted with an asterisk (#), whilst
those accounted for by tensor (II: see Table 6.2) are marked with a hash (*).

The complete angular selective 1H ENDOR spectra of [Cu(acac)2Im2] and the
associated simulations are given in Figure 6.7. The resulting principal hyperfine values
are listed in Table 6.2. A simulation of the imidazole protons was only achieved by the
incorporation of two separate proton hyperfine tensors. The first tensor (tensor I) is
dipolar in nature (A = [-2.7 -2.3 4.06] MHz, β = 36°) and accounts for the coupling of
2.7 MHz observed at g (g = 2.06), which reaches a maximal coupling of ~4 MHz at g =
2.10 and reduces to 2.3 MHz at g = 2.30. The second tensor (tensor II) accounts for the
large coupling of ~6 MHz observed at g. As the largest observed coupling, 6.10 MHz
can be confidently assigned as a principal component of the hyperfine tensor. However,
defining the remaining hyperfine components proved difficult since they were not
clearly resolved within the spectra, possibly hidden under more intense peaks in the
central region. Therefore DFT calculations were performed in order to aid the
simulation process and rationalise the simulation parameters.
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Figure 6.7: CW Q-band 1H ENDOR spectra (10 K) of the [Cu(acac)2Im2] adduct dissolved in
dry CDCl3:DMF-d7 (1:1), recorded at the field positions; a) 1181, b) 1177, c) 1170, d) 1136, e)
1110, f) 1089, g) 1073 and h) 1049 mT. The corresponding simulations are shown with dashed
lines.

Geometry optimised structures of mono-[Cu(acac)2Im] and cis- and trans[Cu(acac)2Im2] adducts were calculated. The geometry optimised structure of the monoadduct was square pyramidal, with an axially coordinated imidazole ligand (Figure 6.4b
and 6.8a). The lowest energy conformation of the trans-[Cu(acac)2Im2] was established
to be trans-equatorial, a Jahn Teller distorted octahedral complex with both imidazole
ligands occupying equatorial positions (Figure 6.4c and 6.8b). In contrast, the geometry
optimised cis-[Cu(acac)2Im2] adduct was found to be cis-mixed plane, with one axial
and one equatorial imidazole ligand (Figure 6.4f and 6.8c) (See Appendix, Table E.4 for
more details). The spin Hamiltonian parameters were calculated based on the geometry
optimised structures using the ORCA program; the results are listed in Table 6.2.
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Figure 6.8: Geometry optimised structures of a) mono-axial [Cu(acac)2Im] and the b) trans- and
c) cis- isomers of the bis [Cu(acac)2Im2] adduct. Ortho protons of the coordinating imidazole are
labelled.
Table 6.2: 1H principal hyperfine values for [Cu(acac)2Im2] dissolved in CDCl3:DMF-d7 (1:1).
For comparison the DFT calculated 1H hyperfine tensors for the geometry optimised mono[Cu(acac)2Im] and bis adducts [Cu(acac)2Im2] are also listed.

Label
Ax
Experiment
Tensor I

a

Tensor II

b

-2.7

0.10

Ay
a
b

Az

α

β

γ

aiso

Ref

-2.3

a

4.06

0

33

0

-0.31 T.W.

-0.14

a

6.10

0

45

0

2.02

T.W.

‘Mono-axial’ [Cu(acac)2Im]
33H

-1.46

-1.54

2.96

-0.1 58.3

58.9

-0.04 DFT

34H

-1.71

-1.59

3.35

-0.8 36.8

58.7

0.02

DFT

‘Cis-mixed plane’ [Cu(acac)2Im2]
5H

-1.47

-1.63

3.07

38.5 33.4 -19.4 -0.01 DFT

6H

-1.06

-1.04

2.12

-9.1 25.7

15.7

0.01

DFT

12H

-0.63

6.08

0.15

-7.8 82.0

42.3

1.87

DFT

13H

-1.23

-0.52

5.81

2.9

52.1

1.35

DFT

75.5

‘Trans-equatorial’ [Cu(acac)2Im2]
33H

0.09

-0.14

6.55

24.3 44.6 -11.2

2.16

DFT

34H

6.52

-0.44

-0.31 31.3 55.3 -41.2

1.92

DFT

42H

0.10

-0.14

6.55

29.1 45.2 -13.2

2.17

DFT

43H

6.50

-0.44

-0.31 33.6 57.0 -43.0

1.92

DFT

A given in MHz a ± 0.3 MHz b ± 2 MHz. The angle of non-coincidence between the applied field
B and the g-tensor were defined in Euler angles. For an axial system, α and γ can be treated as ≈
0°, β ± 10°. T.W. = This work.

The experimental dipolar tensor (tensor I) A = [-2.7 -2.3 4.06] MHz, β = 33° is
similar in form to that predicted for ortho protons of axially coordinated imidazole
ligands in both the mono-axial (33H and 34H) and the cis-mixed plane adducts (5H and
6H). In addition, its form and magnitude is very similar to the experimental and DFT
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calculated values of the ortho protons in axially bound pyridine, as determined in
Chapter 5 (see Table 5.2). This provides evidence of at least one axially bound
imidazole ligand in the experimentally observed bis-[Cu(acac)2Im2] adduct.
The experimentally observed coupling of 6.10 MHz, known to be a principal
component of the second hyperfine tensor, correlates well with the largest component of
the hyperfine tensors predicted for equatorially bound imidazole ligands in both the cismixed plane (12H and 13H) and trans- equatorial (33H, 34H, 42H and 43H) adducts. A
coupling of this magnitude is not predicted for axially bound imidazole. This correlation
alone suggests that at least one imidazole coordinates equatorially in the [Cu(acac)2Im2]
adduct.
In summary, the requirement of two proton hyperfine tensors (tensor I and
tensor II) to account for the imidazole derived 1H ENDOR features indicates two
different proton environments within [Cu(acac)2Im2]. The correlation of tensor I to axial
coordination and tensor II to equatorial coordination indicates that the cis-mixed plane
conformation of [Cu(acac)2Im2] is experimentally observed (Figure 6.4f). Indeed, the
cis-mixed plane conformation was calculated to be 14.5 kJmol-1 more stable than the
alternative trans-equatorial geometry (see Appendix, Table E.5). The thermodynamic
trans-influence21 is an electronic factor which is likely to have significant influence in
this result. The trans-influence refers to the impact of a ligand on the length of the bond
trans to it in the ground state of the complex. Imidazole is a stronger field ligand than
the acetylacetonato ligand, thus the electronic trans-influence directs the imidazole
ligands into cis positions to avoid unfavourable weakening of Cu-N bonds that would
occur if imidazole adopted the trans position. The observed cis-mixed-plane geometry
is less common (in the solid state) than the cis-equatorial arrangement in octahedral
CuO4N2 complexes.22 This results from nitrogen donors preferring equatorial binding
sites and suggests the cis-mixed-plane geometry of [Cu(acac)2Im2] is sterically driven.
Whilst the experimental observations from the Q-band 1H ENDOR data are
consistent with a cis- mixed plane geometry of [Cu(acac)2Im2], it is inconsistent with
the

14

N super-hyperfine structure observed in the frozen solution X-band EPR, which

indicated two equivalent nitrogen ligands in the equatorial plane, consistent only with
cis- or trans- equatorial isomers. Significantly the 1H ENDOR spectra were recorded at
10 K whilst the EPR spectra were recorded at 140 K. It has therefore been speculated
that there is a temperature dependant interconversion between cis-mixed plane (Figure
6.4f) observed at 10 K and cis-equatorial [Cu(acac)2Im2] (Figure 6.4d) adducts at 140 K.
132

Taking the trans-influence into consideration, it has been postulated that conserving the
cis- geometry is favourable (i.e., cis-mixed plane (10K) converts to cis-equatorial at
(140 K) rather than trans-equatorial). A similar temperature dependant isomerisation
has been reported for the related [Cu(hfacac)2(quinazoline)]n complex by Yasui et al.23
X-ray crystallography studies showed a cis-mixed plane arrangement at 120 K, whilst a
trans-axial configuration was found at 298 K.
Probing this potential interconversion further experimentally could be
challenging. Unfortunately, the

14

N ENDOR spectra of the [Cu(acac)2Im2] adduct,

recorded at 10 K (Figure 6.5), does not add any clarity as the spectra could be consistent
with either one or two equivalent equatorially bound imidazole molecules. Recording an
EPR spectrum of the [Cu(acac)2Im2] sample at 10 K could prove insightful. Observation
of a three line (1:1:1) 14N super-hyperfine pattern would indicate one equatorially bound
imidazole ligand in the [Cu(acac)2Im2] adduct, consistent only with the cis-mixed plane
geometry. This would strengthen the 1H ENDOR (10 K) assignment. To date, a 10 K
EPR measurement has only been recorded at Q-band; at this frequency g-strain effects
prevented the resolution of the nitrogen super-hyperfine structure. Measurement of the
10 K EPR at X-band is therefore required. An alternative experimental method would
be to run the 1H ENDOR of the [Cu(acac)2Im2] sample at 140 K, for direct comparison
with that recorded at 10 K. However at 140 K, rapid electron spin-lattice relaxation
prevents saturation of the EPR transition and therefore ENDOR spectra cannot be
recorded (see Chapter 2, section 2.3.1).
Further DFT calculations are necessary in order to establish the energy of the
cis-equatorial [Cu(acac)2Im2] adduct. Comparison of the calculated energies for the cisequatorial [Cu(acac)2Im2] adduct with the trans-equatorial and cis-mixed plane isomers
may offer support for the postulated conversion of cis-mixed plane at 10 K, to cisequatorial at 140 K. Since the cis-equatorial geometry is not the lowest energy
conformation of the cis- isomers this information cannot be obtained through a simple
geometry optimisation but instead will require a series of energy restricted calculations.
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6.3.4 Integration studies
Unfavourable relaxation rates of the [Cu(acac)2Im2] sample were partly
responsible for the inability to accumulate CW

14

N ENDOR and the low quality 1H

ENDOR data. A second contributing factor was the marked decrease in the signal
intensity of [Cu(acac)2Im2] relative to unbound [Cu(acac)2], even for samples
containing equivalent copper concentration. Therefore, in order to determine the origin
of this decrease in signal intensity in the presence of imidazole, a quantitative variable
molar ratio study was performed in frozen solution.
Quantitative measurements were performed on samples with a copper
concentration of 0.02 M. The volume of the sample (100 L), the EPR tube and the
position of the tube within the cavity were all kept constant throughout the
measurements to ensure the filling factor remained unchanged (see Appendix, section
B.3). Spectra were recorded at a microwave power of 10.17 mW, predetermined to
avoid saturation (see Appendix, Figure E.3). Subsequent integration over the full
spectral width (225-375 mT) allowed the signal intensity to be plotted as a function of
added molar equivalents of imidazole (Figure 6.9).

Figure 6.9: Integrated signal intensities of the CW X-band EPR (140 K) spectra for
[Cu(acac)2]:imidazole in the ratios 1:0, 1:1, 1:2, 1:5, 1:10, 1:20, 1:30, 1:40 and 1:50. Data points
corresponding to unbound [Cu(acac)2] (A), mono-axial [Cu(acac)2Im] (B) and bis-equatorial
[Cu(acac)2Im2] (C) are highlighted in red. Error bars (±5%) determined by experiment are also
shown.

A gradual but significant decrease in signal intensity as a function of imidazole
content was evident, at all [Cu(acac)2]:imidazole molar ratios. The lowest signal
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intensity was observed for the bis-[Cu(acac)2Im2], but the mono-axial [Cu(acac)2Im]
adduct also showed a considerable decrease in signal intensity relative to the unbound
[Cu(acac)2]. The experiment was reproducible. The profile of the EPR spectra,
particularly changes in the 14N super-hyperfine, can affect the integrations. Equally any
angular anomalies (or overshoots) must be taken into consideration (Figure 6.10).

Figure 6.10: Experimental X-band EPR (140 K) of a) unbound [Cu(acac)2] b) mono-axial
[Cu(acac)2Im] and c) bis-equatorial [Cu(acac)2Im2] recorded in a CHCl3:DMF (1:1) glass are
shown in black. The corresponding angular dependency profiles, derived via simulation, are
given in red with prominent overshoot features highlighted with an asterisk (*).

Angular anomalies cause additional peaks to occur in an EPR spectrum (see
Appendix, section A.5) and therefore their presence can affect the spectral integral.
Thus, the observed decrease in signal intensity (Figure 6.9) should be treated with
caution.
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Attempts to exclude the angular anomalies included restricting the integration
range to the parallel direction of the spectrum (see Appendix, Figure E.4 and Table E.6
for simulated example). However, firstly, overlap between the parallel and
perpendicular directions of the spectrum, made confident assignment of the integration
limits difficult. Secondly, the weighting of the parallel direction was found to be
affected by the presence or absence of nitrogen super-hyperfine structure, making
comparison between [Cu(acac)2Im2] and [Cu(acac)2] or [Cu(acac)2Im] unrepresentative.
A quantitative study at Q-band was also attempted. The increased g-resolution at Qband removes the overshoot features evident at X-band (see Appendix, section A.5).
However issues of reproducibility, arising primarily from working with small sample
volumes (15 L), prevented any meaningful data from being obtained.
An alternative method to remove any ambiguities caused by angular anomalies
in the frozen solution X-band EPR, is to record the isotropic EPR spectra in fluid
solution. The variable molar ratio study of [Cu(acac)2]:Imidazole (1:0-1:50) in
CHCl3:DMF (1:1) recorded at 298 K is therefore given in Figure 6.11.

Figure 6.11: CW X-band EPR (298 K) of [Cu(acac)2] in the presence of increasing molar ratios
of imidazole a) 1:0 b) 1:1 c) 1:2 d) 1:5 e) 1:10 f) 1:20 g) 1:30 h) 1:40 and i) 1:50.

Again, a clear correlation between the signal intensity and the ratio of added
imidazole was observed. The full spectral integrations (280-350 mT) showed an almost
identical trend to that observed for the frozen solution samples in Figure 6.9 (see
Appendix, Figure E.5); although the absolute magnitude of changes in signal intensities
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for the 298 K spectra were different compared to the 140 K spectra. It can be concluded
that the signal decrease in this series of [Cu(acac)2]:imidazole samples is a real
phenomenon, not simply an artefact of spectral features (i.e., angular anomalies).
In the absence of saturation effects there are three key factors which could
account for, or contribute to, the observed loss in Cu(II) signal; i) loss of [Cu(II)], ii)
magnetic coupling (resulting in S = 0) and iii) dielectric properties of the solvent.
i) Loss of [Cu(II)] could result simply from reduction of Cu(II) to Cu(I).
Therefore if a proportion of the Cu(II) spin packet is reduced to Cu(I) upon addition of
imidazole, a decrease in signal intensity is clearly expected. However, imidazole is not
anticipated to act as a reductant and therefore this does not account for the observed
correlation between imidazole concentration and signal loss (Figure 6.9).
ii) Spin coupling between unpaired d9 electrons on neighbouring Cu(II) centres
can result in a net S = 0 EPR silent state. Therefore any degree of magnetic coupling
would result in a decrease in signal intensity. Under basic conditions, deprotonation at
the N1 atom of the imidazole gives an imidazolate anion (Im-) which is well
documented to bridge transition metal ions, through coordination at both the N1 and N3
positions.20,24-28 In fact imidazolate bridges are evident in some multi-metal enzymes
including SOD,29 and can mediate magnetic coupling between the metal centres.30-32
Furthermore, complexation of bidentate ligands (L) with the related [Cu(hfacac)2]
complex is well reported to form polymeric structures of general form [Cu(hfacac)2(L)]n. Attempts were made to perturb the formation of any possible bridged species.
Firstly studies exploring the addition of acid were conducted, as protonation of the
imidazolate bridge, under acidic conditions has been shown to cause disruption of the
polymer into its monomeric units.33 In addition an analogous quantitative molar ratio
study was attempted with 1-methylimidazole. In this case, the methyl functionality at
N1 was anticipated to prevent bridging. However, neither study was conclusive.
iii) The final explanation, relates to dielectric properties of the sample, rather
than a reduction in Cu(II) concentration. Imidazole is a highly polar compound with a
calculated dipole of 3.61 D. Therefore the lossy nature of the sample will be increased
with increasing molar equivalents of imidazole. This could account for the observed
loss in intensity, originating from non-resonant absorption of microwaves (see
Appendix, section B.2).
Clearly, more work is required to resolve this issue associated with the
appreciable loss in Cu(II) signal intensity at higher imidazole ratios.
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6.3.5 Room temperature EPR
The distribution of the different copper species observed in the molar ratio study
performed at 298 K (Figure 6.11) appeared to differ to that recorded in frozen solution
(140 K) (Figure 6.2). The frozen solution molar ratio study was characterised by three
identifiable copper species; namely unbound [Cu(acac)2] (at [Cu(acac)2]:imidazole 1:0
molar ratio), mono-axial [Cu(acac)2Im] (at a 1:5 molar ratio) and a bis-[Cu(acac)2Im2]
adduct (at a 1:50 molar ratio). In contrast, only two distinct copper species were clearly
resolved in the fluid solution spectra. Unbound [Cu(acac)2] was observed at
[Cu(acac)2]:imidazole 1:0 (Figure 6.11a and 6.12a) and a second copper species was
observed at a [Cu(acac)2]:imidazole ratio of 1:50 (Figure 6.11i and 6.12b). At
intermediate molar ratios (1:5 to 1:40), the room temperature spectra were ‘mixed’,
arising from a distribution of these two copper species.
A possible explanation for this observation may originate from a temperature
dependency of the binding (i.e., the mono-axial adduct forms in a 1:5 molar ratio
solution at 140 K, but requires a 50 molar excess to form at 298 K). Temperature
dependent binding was observed in the formation of the [Cu(acac)2(pyridine)] adduct;
the adduct readily formed at 1:1 molar equivalents at 140 K (Figure 5.1), but required
higher ratios when the temperature was increased (see Appendix, Figure E.6). At
elevated temperatures (i.e., 298 K) the disorder of a system is increased. Thus the
entropy factor (T∆S) of the Gibbs free energy (Equation 6.1) will dominate, whereas at
low temperature (i.e., 140 K, frozen solution) the enthalpy term (∆H) may dominate.
∆𝐺 = ∆𝐻 − 𝑇∆𝑆

(6.1)

It is therefore conceivable that at higher temperatures, [Cu(acac)2] and the
imidazole substrate remain disassociated, whilst at low temperatures a bound state may
be more favourable. It can therefore be speculated that the observed species in the room
temperature [Cu(acac)2]:imidazole molar ratio study were unbound [Cu(acac)2] and
mono-axial [Cu(acac)2Im]. Simulations were required in order to confirm this
hypothesis.
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Figure 6.12: CW X-band EPR (298 K) of samples containing [Cu(acac)2]:Imidazole ratios of a)
1:0, ‘unbound’ b) 1:50. The experimental spectra are given by solid lines and their
corresponding simulations are shown by dotted lines. Simulation parameters are given in Table
6.3.

Simulations of the room temperature (298 K) spectra were defined by three parameters;
giso, aiso, and the rotational correlation time (τR). τR is defined by the Debye Einstein
equation (Equation 6.2):
𝜏𝑅 = 𝑉𝑒𝑓𝑓 𝑘

𝜂

(6.2)

𝐵𝑇

where  is the viscosity of the solvent and Veff is the effective volume of the tumbling
molecule which includes the solvation shell.
Table 6.3: Isotropic Spin Hamiltonian parameters determined from simulation of the 298 K
spectra of solutions containing [Cu(acac)2]:Imidazole in molar ratios of 1:0 and 1:50.

Cu(acac)2:Imidazole

giso

Cu

τR / s

aiso

1:0

a

2.131

b

197

c

5 x 10-11

1:50

a

2.147

b

151

c

5 x 10-11

Cu

aiso given in MHz. a ± 0.003 b ± 4 MHz c ± 4.5 x 10-11s.

A simulation of the isotropic spectra of the [Cu(acac)2]:imidazole 1:0 was
readily obtained using the averaged anisotropic [Cu(acac)2] parameters (giso =
(g1+g2+g3)/3; aiso = (A1+A2+A3)/3), with a rotational correlation time of 5 x 10-11 s. In
contrast, neither the isotropic values calculated for the mono-axial [Cu(acac)2Im] adduct
or

the

bis-[Cu(acac)2Im2]

adduct

gave

a

satisfactory

simulation

of

the
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[Cu(acac)2]:imidazole 1:50 room temperature spectrum, preventing the clear assignment
of this second species. Through a process of trial and error, a satisfactory fit was
obtained (Figure 6.12b). The resultant spectral parameters are summarised in Table 6.3.
It was noted that giso correlated best with a mono-axial adduct, whilst the overall
spectral profile was best fitted by inclusion of the nitrogen super-hyperfine parameters
of the bis-[Cu(acac)2Im2] adduct.
In summary, at room temperature, it is plausible that a distribution of species
exists in solution (i.e., both mono-axial and bis- adducts coexist in a molar excess of
imidazole). Therefore attempts to simulate the [Cu(acac)2]:imidazole 1:50 room
temperature spectrum by including contributions from both the mono and bis adduct at
different ratios were made. However, since giso of the 1:50 sample at 298 K is larger
than that calculated for either [Cu(acac)2Im] or [Cu(acac)2Im2] it is not plausible to
achieve a simulation containing contributions from just these two species. Similarly, aiso
of the 1:50 sample at 298 K is significantly smaller than that calculated from the
anisotropic spectra of either the [Cu(acac)2Im] or [Cu(acac)2Im2] adducts. It is possible
that a distribution of all isomeric forms of the [Cu(acac)2Im2] adduct (Figure 6.4c-f)
coexist at 298 K and therefore contribute to the room temperature spectrum. Hence their
inclusion may be required in order to achieve a satisfactory simulation.
6.4 Conclusion
A variable ratio study of [Cu(acac)2]:imidazole was studied by X-band EPR in
frozen solution (140 K). Three distinct copper species, characterised by well-defined
spin

Hamiltonian

parameters

were

identified;

unbound

[Cu(acac)2]

(at

[Cu(acac)2]:imidazole 1:0 molar ratio), a square pyramidal, mono-axial adduct
[Cu(acac)2Im] (at [Cu(acac)2]:imidazole 1:5 molar ratio) and a Jahn teller distorted bis
adduct [Cu(acac)2Im2] (at [Cu(acac)2]:imidazole 1:50 molar ratio).
Extended EPR and ENDOR studies on the [Cu(acac)2Im2] adduct suggest a
temperature dependant isomerisation. The 1H ENDOR data accumulated at 10 K was
characterised by two substrate derived proton tensors. Tensor I was dipolar in nature (A
= [-2.7 -2.3 4.06] MHz) and typical of axially bound imidazole, whilst the largest
hyperfine component of tensor II (6.10 MHz) correlated with DFT predictions and
existing literature values for equatorially bound imidazole. These experimental
observations were consistent with a cis mixed-plane geometry, in agreement with DFT
calculations which predicted the cis mixed-plane geometry to be the energetically
favourable conformation. In contrast the frozen solution X-band EPR spectra recorded
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at 140 K was consistent with either the cis-equatorial or trans-equatorial isomers. Well
defined nitrogen super-hyperfine structure evidenced equatorial coordination of two
equivalent imidazole ligands. In addition, the room temperature X-band EPR spectra of
[Cu(acac)2Im2] were simulated using giso and

Cu

aiso values which significantly differed

from those calculated from the anisotropic values determined at 140 K, suggesting a
further alteration in the isomeric form of the [Cu(acac)2Im2] at 298 K, a distribution of
isomeric forms cannot be discounted.34
Whilst the data presented is consistent with a temperature dependant
isomerisation of a [Cu(acac)2Im2] adduct as described, further investigations are
required to add clarity to the experimental observations.
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Chapter 7: An EPR and ENDOR characterisation of ‘Casiopeina’ type
coordination complexes; [Cu(O-O)(N-N)]+.
7.1 Introduction
Casiopeinas form a class of mixed chelate, cationic copper complexes which
have shown antineoplastic properties. They have the general formula of [Cu(O-N)(NN)]+ or [Cu(O-O)(N-N)]+ where O-O represents an

acetylacetonate (acac) or

salicylaldehydate (sal) chelate ligand, N-O denotes an aminoacidate or peptide, and N-N
indicates an aromatic diimine such as 1,10-phenanthroline (phen) or 2,2’-bipyridine
(bipy).1 The most commonly studied derivatives are Cas II-gly ([Cu(4,7-dimethyl-1,10phenanthroline)(glycinato)]NO3)2-5

and

Cas

III-ia

([Cu(4,4’dimethyl-2,2’-

bipyridine)(acetylacetonato)]NO3)2,3,6,7 (Figure 7.1). These and numerous analogues8-14
have been evaluated both in vitro and in vivo, and have demonstrated antineoplastic,15
cytotoxic,16 genotoxic2 and antiviral activities. Notably, some Casiopeinas have been
found to be active on Cisplatin-resistant cell lines,4,17 whilst others have displayed
improved anti-cancer activity compared to Cisplatin.18 These results suggest that the
copper based Casiopeina complexes offer a promising alternative to the platinum based
drugs currently in clinical use. Their potential to combat a broader spectrum of disease
with fewer toxic side effects has stimulated extensive studies on this class of complex.

Figure 7.1: Structures of Cas II-gly ([Cu(4,7-dimethyl-1,10-phenanthroline)(glycinato)]NO3)
and Cas IIIia ([Cu(4,4’dimethyl-2,2’-bipyridine)(acetylacetonato)]NO3).

The mode of action of Casiopeinas is poorly understood. DNA has been
established as its primary cellular target and the planar aromatic diimine ligand is
known to bind DNA by intercalative19-21 and non-intercalative interactions.22 Once
bound, the redox properties of the copper centre are capable of generating reactive
oxygen species (ROS) which can cause oxidative damage to the DNA that is postulated
to ultimately result in cell death.23-26 Adduct formation between the copper complex and
DNA may induce conformational change within a strand of DNA and cause
denaturation. This too could contribute to the therapeutic mechanism of Casiopeinas. It
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has been demonstrated that Cisplatin acts by forming inter-strand crosslinks between
guanine bases causing the DNA to kink, preventing replication processes.27-29
Quantitative structure-activity relationship (QSAR) studies indicate that the
biological activities of Casiopeina type anticancer agents are affected by substitution
effects on the ligands.2 Physicochemical properties of the complex which may be
influenced by ligand substitutions include the affinity towards DNA, the specificity of
the DNA interaction and the redox potential of the copper centre. For instance, electron
donating ligands on the diimine ligand were found to increase anti-tumour activity by
modulating the redox chemistry of the copper centre.2 In contrast, electron withdrawing
groups present on the diimine ligand increased the stability of intercalative π-π
interactions between the diimine and nucleobases of the DNA scaffold.20 In addition,
phen derivatives have been found to be more active than their bipy counterparts,
suggesting that the size of the aromatic ring system of the diimine ligand influences the
DNA affinity for the copper complex. Clearly, there is a delicate balance to achieve in
order to optimise the performance of these compounds.
A complete description of the electronic and geometric structure of the
Casiopeina type complexes in both the ‘unbound’ state (free of DNA) and in the bound
DNA adduct, may offer interesting insights into the therapeutic action of this class of
compounds and ultimately contribute to the design of novel Casiopeina inspired drugs
with improved therapeutic activity. EPR and its related hyperfine techniques offer a
direct measure of this electronic and geometric information and have proved powerful
in the elucidation of structure-function relationships in copper proteins30-32 and thus
have the potential to also be very powerful in the field of copper based therapeutics.
There are numerous EPR studies of Casiopeina complexes in the literature.7,11,33
Spin Hamiltonian parameters of g and

Cu

A have been used to characterise the copper

centre and have evidenced intercalative binding to DNA fibres.19 In contrast, no
ENDOR studies of these complexes have been reported. Unlike EPR, ENDOR is able to
probe the configuration of surrounding spin-active ligand nuclei, providing more
detailed information on the overall structure of the complex. This level of detail may be
necessary in order to resolve subtle structural differences which may have significant
consequences in terms of activity.
Within this chapter a series of Casiopeina complexes with the general formula
[Cu(acac)(N-N)]+ are prepared and characterised by EPR and ENDOR spectroscopy.
The focus of this investigation was to fully characterise the ‘unbound’ complexes (in the
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absence of DNA) as a foundation prior to studying the Casiopeina-DNA adducts.
Within the series of complexes studied, the diimine ligand (N-N) was systematically
varied in size using 2,2’-bipyridine (bipy), 1,10-phenanthroline (phen) and
dipyridophenazine (dppz) (Figure 7.2). These diimine ligands were selected in light of
the fact that the size of the aromatic diimine ligand may influence the therapeutic
activity.

Figure 7.2: Schematic diagram of Casiopeina type complexes with the general formula
[Cu(acac)(N-N)]+, where N-N represents 2,2’-bipyridine (bipy), 1,10-phenanthroline (phen) or
dipyridophenazine (dppz).

7.2 Experimental
A detailed experimental section was presented previously in Chapter 3.
Therefore only a brief summary of the key experimental points, relevant to this chapter,
are given here.
7.2.1 Materials
The copper salts; Cu(NO3)2.3H2O, Cu(CF3SO3)2 and CuCl2 were sourced from
Sigma Aldrich. Acetylacetone and the diimine ligands (2,2’-bipyridyl (bipy) and 1,10phenanthroline (phen)) were also bought from Sigma Aldrich and used as received. The
dipyridophenazine ligands were prepared and purified according to the procedures given
in section 3.3.4. Reagent grade EtOH, MeOH and DMF were purchased from Sigma
Aldrich and used without further purification. Deuterated solvents; EtOD-d6 and DMFd7 were sourced from Goss Scientific in sealed ampules and used as received.
7.2.2 Sample preparation
Complexes with the general formula of [Cu(acac)(NN)]+ were prepared using
methods described in the literature, further details of which can be found in Chapter 3.
Once isolated and purified, 0.04 M solutions of the [Cu(acac)(NN)]+ complexes were
prepared in an EtOH:DMF (1:1) solvent system and flash frozen to 140 K for X-band
EPR analysis. Q-band EPR and 1H/14N ENDOR studies were performed using 0.06 M
solutions prepared in EtOD-d6:DMF-d7 (1:1) at 10 K.
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7.3 Results and discussion
The initial aim of this work was to conduct EPR and ENDOR studies of the
‘unbound’ [Cu(acac)(N-N)]NO3 complexes in an aqueous solvent system that would be
ultimately required by DNA binding studies. However, whilst the [Cu(acac)(bipy)]NO3
and [Cu(acac)(phen)]NO3 derivatives were readily H2O soluble, the resultant EPR
spectra recorded in either a H2O:glycerol (1:1) or H2O:DMSO (1:1) glass contained
multiple Cu(II) species, as evident by the complicated hyperfine pattern observed in the
EPR spectra (Figure 7.3a and Figure 7.3b respectively). In both cases an identical
spectrum was obtained upon rotation of the sample tube in the cavity confirming that
the ‘mixed’ spectra arose from the coexistence of multiple Cu(II) species in solution and
not as a result of poor glass formation34 (Figure 7.3a’ and 7.3b’).

Figure 7.3: X-band CW EPR spectra (140 K) of [Cu(acac)(phen)]NO3 dissolved in a)
H2O:glycerol (1:1) b) H2O:DMSO (1:1) the corresponding spectra following a rotation in the
cavity are labelled a’ and b’ respectively.

The ‘mixed’ Cu(II) species may arise from a range of solvation spheres
surrounding the Cu(II) ions in solution. It is known that Casiopeina type complexes are
Lewis acids and readily interact with solvent molecules via the vacant axial
coordination site. Such interactions affect the spin Hamiltonian parameters as
demonstrated by the axial coordination of H2O and pyridine bases to [Cu(acac)2] in
Chapters 4 and 5 respectively. In the case of the frozen H2O:DMSO solution it is
plausible that both H2O and DMSO solvated complexes coexist in solution. In addition,
EtOH solvated complexes may also be present as a result of the preparative conditions
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(from ethanoic solution). Indeed, addition of EtOH to the ‘mixed’ spectrum shown in
Figure 7.4a (i.e., [Cu(acac)(phen)]NO3 dissolved in H2O:DMSO (1:1)) caused the most
prominent signals of the ‘mixed’ spectrum to grow in intensity, whilst the others
reduced in intensity. Ultimately, in a large molar excess of EtOH, a spectrum consisting
of only one single Cu(II) species was observed (Figure 7.4e). This observation is
consistent with the suggestion that solvation effects are responsible for the mixed
spectrum in the H2O:DMSO (1:1) glass. In the presence of a large excess of EtOH, all
of the complexes in solution would likely be solvated by EtOH and, hence, a single
species will be observed.

Figure 7.4: X-band CW EPR spectra (140 K) of a) [Cu(acac)(phen)]NO3 dissolved in
H2O:DMSO (1:1) b to e) following increasing additions of EtOH.
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In the case of the [Cu(acac)(dppz)]NO3 complex, poor solubility in aqueous
solvent systems prevented the preparation of samples suitable for EPR or ENDOR
analysis. In order to increase the hydrophilicity of the ligand, a derivative was prepared
incorporating a carboxylic acid at the C11 position (dppzCOOH, Figure 7.5). Whilst
preparation of dppzCOOH was successful (see Chapter 3, section 3.3.4 for preparation
and characterisation details) it was found to be highly water-insoluble, even under basic
conditions.

Figure 7.5: Structure of dppzCOOH, the carboxylic acid derivatised dppz ligand.

It was predicted, based on the observations of [Cu(acac)(bipy)]NO3 and
[Cu(acac)(phen)]NO3, that even if [Cu(acac)(dppz)]NO3 was sufficiently water-soluble
to enable EPR analysis, it too would display multiple Cu(II) signals. Hence, an EtOH
rich organic solvent system was used. Whilst organic solvents clearly do not represent
the aqueous conditions necessary for DNA binding studies, it enabled significantly
simplified EPR spectra to be obtained.
However, similarly to aqueous solutions, [Cu(acac)(dppz)]NO3 was found to
have limited solubility in organic solvents. A solubility enhancement was achieved by
preparing the analogous triflate salt, [Cu(acac)(dppz)]CF3SO3, but this too had limited
solubility in suitable organic solvent systems. In an attempt to further enhance the
organic solubility of the complex, ester derivatives of the dppz ligands were
investigated. Both the ethyl ester (dppzCOOEt) and butyl ester (dppzCOOBu)
derivatives (Figure 7.6) were therefore prepared (see Chapter 3, section 3.3.4).
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Figure 7.6: Structures of ester derivatised dppz ligands, dppzCOOEt and dppzCOOBu.

The ethyl ester formed a novel complex which gave sufficient solubility for EPR
and ENDOR measurements in the EtOH:DMF (1:1) solvent system. Due to its easier
preparation, compared to the butyl ester [Cu(acac)(dppzCOOEt)]CF3SO3, it was used in
all further analysis. It was noted that the counter-ion had no impact on the spin
Hamiltonian parameters of the [Cu(acac)(N-N)]X complexes observed by frozen
solution EPR, in agreement with Chikira et. al.,19 (see Appendix, Figure F.1). However
the analogous [Cu(acac)(bipy)]CF3SO3 and [Cu(acac)(phen)]CF3SO3 complexes were
prepared, to enable direct comparison between the complexes (Figure 7.7).

Figure 7.7: Structures of the Casiopeina type complexes studied within this chapter by EPR and
ENDOR spectroscopy. The nitrogen and proton atoms of the diimine ligand that will be probed
by 14N and 1H ENDOR respectively are highlighted.
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7.3.1 CW EPR
The frozen solution X-band CW EPR spectra of the [Cu(acac)(N-N)]CF3SO3
complexes dissolved in EtOH:DMF (1:1) are shown in Figure 7.8. All three spectra are
characterised by axial g and

Cu

A parameters and display well resolved

14

N super-

hyperfine coupling on the low field Cu MI = 3/2 parallel transition and also in the
perpendicular direction of the spectrum. The corresponding parameters extracted by
simulation are listed in Table 7.1 and were comparable to literature values.7,11,33
Simulation confirmed a small g-anisotropy, responsible for the overlap of the parallel
and perpendicular features, which prevents clear resolution of the parallel M I = -3/2
transition. In addition the pronounced feature at ~333 mT was confirmed as an
overshoot (see Appendix, Figure F.2). The nitrogen super-hyperfine structure was
successfully simulated by incorporating two equivalent

14

N nuclei, consistent with

equatorial coordination of a C2 symmetric bidentate diimine ligand.

Figure 7.8: CW X-band EPR spectra (140 K) of a) [Cu(acac)(bipy)]CF3SO3, b)
[Cu(acac)(phen)]CF3SO3 and c) [Cu(acac)(dppzCOOEt)]CF3SO3 dissolved in EtOH:DMF
(1:1).
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All three EPR spectra were found to be very similar, reflecting the analogous
inner coordination spheres within this series of complexes. [Cu(acac)(phen)]CF3SO3
and [Cu(acac)(dppzCOOEt)]CF3SO3 derivatives were in fact indistinguishable by EPR
alone. The [Cu(acac)(bipy)]CF3SO3 complex displayed a small variation, evident in the
parallel direction, as characterised by a smaller gz (∆gz = -0.008) and larger
=

10

MHz)

value

relative

to

Cu

Az (∆CuAz

[Cu(acac)(phen)]CF3SO3

and

[Cu(acac)(dppzCOOEt)]CF3SO3. This suggests a small degree of tetrahedral distortion
in the basal CuO2N2 plane in the phen and dppzCOOEt derivatives.
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7.3.2 CW ENDOR
Although little difference was observed between the three [Cu(acac)(NN)]CF3SO3 complexes by EPR, it was anticipated that differences in both the geometric
and electronic properties of the complexes may be resolved by ENDOR. Both the
coordinating nitrogen atoms and the neighbouring imine protons are sensitive to the
electronic characteristics of the diimine ligands. Hence, differences in the electronic
properties of the diimine ligands were expected to be resolved in the ENDOR spectra
via changes in the 1H and 14N hyperfine tensors respectively.
Intense CW Q-band

14

N ENDOR spectra were recorded for all complexes.

However, at the time of acquisition, significant electrical interference from the DICE
ENDOR unit, (predominantly between ~7-15 MHz), prevented interpretable data from
being recorded as exemplified with [Cu(acac)(phen)]CF3SO3 in Figure 7.9 (also see
Appendix, Figures F.4-F.5). Only the high frequency component of the

14

N hyperfine

and quadrupole pattern are clearly visible in Figure 7.9.

Figure 7.9: Q-band CW 14N ENDOR spectra (10 K) of [Cu(acac)(phen)]CF3SO3 dissolved in
EtOD-d6:DMF-d7 (1:1), recorded at the field positions of a) 1185 b) 1182 c) 1179 d) 1172 e)
1169 f) 1148 g) 1109 and h) 1056 mT.

Since 1H resonances are centred about νH ≈ 50 MHz at Q-band frequency, this
interference did not affect the quality of the 1H ENDOR spectra and complete angular
selective studies were performed on each [Cu(acac)(N-N)]CF3SO3 complex. The 1H
ENDOR profiles were found to be very similar for each complex (see Appendix,
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Figures F.6-F.7). Therefore, for clarity, only the spectra of the [Cu(acac)(phen)]CF3SO3
complex will be described in detail, allowing comparisons to be drawn with the
[Cu(acac)(bipy)]CF3SO3 and [Cu(acac)(dppzCOOEt)]CF3SO3 complexes discussed
later.
Figure 7.10 shows the comparable spectra of [Cu(acac)2] (detailed in Chapter 4)
and [Cu(acac)(phen)]CF3SO3 recorded at field positions corresponding to analogous gvalues; g (Figure 7.10I) and g|| (Figure 7.10II).

Figure 7.10: CW Q-band 1H ENDOR spectra (10 K) of a) [Cu(acac)2] dissolved in CDCl3:Told8 (1:1) and b, c) [Cu(acac)(phen)]CF3SO3 dissolved in EtOD-d6:DMF-d7 (1:1). The ENDOR
spectra were measured at the field positions corresponding to I) g = 2.06 and II) g = 2.30.
Spectrum Ib) is measured at a low receiver gain (1.25x104) whilst spectrum 1c) is measured at
high receiver gain (3.2 x104). Imine derived resonances are labelled with an asterisk (*), solvent
matrix peaks are highlighted with a hash (#).

The correlation between the

1

H ENDOR resonances of [Cu(acac)2] and

[Cu(acac)(phen)]CF3SO3 at both g and g|| enabled the methine, rotating methyl and
hindered methyl resonances arising from the acetylacetonato ligand of the
[Cu(acac)(phen)]CF3SO3 complex to be readily identified. These couplings were largely
unaltered from those observed in the [Cu(acac)2] complex.
Additional resonances in the spectra are highlighted in Figure 7.10. The single
resonance observed at the free proton frequency, in the very centre of the spectra (i.e.,
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labelled #) can be attributed to solvent matrix peaks35 arising from the presence of trace
volumes of protic solvents in the ENDOR sample. The protic solvents present in the
sample likely originate from the preparation of the [Cu(acac)(phen)]CF3SO3 crystals.
Repeat measurements on a rigorously dried sample exhibited no central resonance
supporting this assignment (see Appendix, Figure F.8). Furthermore no analogous
resonances

were

observed

in

the

[Cu(acac)(bipy)]CF3SO3

or

[Cu(acac)(dppzCOOEt)]CF3SO3 spectra (see Appendix, Figures F.6-F.7).
The remaining additional resonances labelled * were attributed to the imine
protons of the 1,10-phenanthroline ligand (Figure 7.7). In the perpendicular region
(Figure 7.10I, g = 2.06), two imine derived resonances were clearly evident; at 2.4
MHz (Figure 7.10Ib) and at 10 MHz (Figure 7.10Ic). At intermediate g-values these
resonances were found to converge until one imine coupling with a magnitude of ~2.2
MHz (Figure 7.10IIb) was resolved in the parallel region (g|| = 2.3). Due to overlap of
the methine and imine resonances at g||, assignment of the third imine hyperfine tensor
component as 2.2 MHz is subject to a large error margin, and would benefit from a
selectively deuterated study of [Cu(acac-d7)(phen)]CF3SO3.
Nevertheless examination of the spectra in Figure 7.10, provided good estimates
for the magnitude of the imine tensor and significantly aided the simulation procedure.
Large couplings for imine protons have been reported elsewhere in the literature and
have been attributed to the conjugation of the imine proton with the coordinating
nitrogen atom, resulting in significant unpaired spin density delocalising over the
proton. The fact that the maximum coupling value was observed at a field position
corresponding to g indicates that there is a 90° angle of non-coincidence between the
A-frame and g-frame for the imine proton (i.e., β = 90° for this axial system). The two
remaining hyperfine components were postulated to be ~2.4 MHz and ~2.2 MHz to
account for the other imine resonances resolved in the perpendicular and parallel spectra
respectively. In the absence of imine derived resonances smaller than 2.2 MHz, the
components of the imine hyperfine tensor were expected to all have the same sign (i.e.,
all positive, or all negative). It was noted that a similar overall angular selective 1H
ENDOR profile was observed and discussed for a hypothetical axial system possessing
a positive hyperfine tensor HA = [5 5 10] MHz and β = 90° in Chapter 2, section 2.4.2.
In line with the above discussion, a preliminary simulation of the imine
resonances of [Cu(acac)(phen)]CF3SO3 complex was achieved with a single proton
tensor; HA = [2.2 10.05 2.1] MHz and with β = 90°. This was also in reasonable
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agreement with the DFT calculated hyperfine tensors for the imine protons based on an
existing crystal structure of [Cu(acac)(phen)]Cl (Table 7.2). Similar tensors were also
predicted for the imine protons of [Cu(acac)(bipy)]Cl and [Cu(acac)(dppz)]Cl (Table
7.2).
Table 7.2: 1H principal hyperfine values for [Cu(acac)(phen)]CF3SO3 dissolved in EtODd6:DMF-d7 (1:1). The DFT calculated imine 1H hyperfine tensors for the related
[Cu(acac)(bipy)]Cl [Cu(acac)(phen)]Cl [Cu(acac)(dppz)]Cl processed from existing crystal
structures are included for comparison.

Atom
Ax
Ay
Az
No.
Experimental [Cu(acac)(phen)]CF3SO3
a
a
b
HImine
2.20
10.05
2.10
H methyl
d
d
d
H
3.45
2.90
2.62
R methyl
a
d
d
H
-0.90
1.66
-1.00
d
d
Hmethine d1.35
-1.60
-2.12
e
[Cu(acac)(bipy)]Cl
HImine(1)
9.66
2.33
1.54
HImine(2)
9.95
2.54
1.61
f
[Cu(acac)(phen)]Cl
HImine(1)
1.42
9.08
2.18
Imine(2)
H
1.80
9.69
2.57
g
[Cu(acac)(dppz)]Cl
HImine(1)
1.61
9.39
2.38
HImine(2)
1.61
9.65
2.54

α

β

γ

aiso

Ref

90
0
0
0

0
0
0
0

4.78
2.99
-0.08
-0.79

T.W
T.W
T.W
T.W

-24.4
3.8

4.8
3.4

-84.7
87.1

4.51
4.70

DFT
DFT

-6.7
-0.7

76.2
78.7

-26.7
-47.9

4.23
4.69

DFT
DFT

4.2
-2.6

78.4
73.1

-9.9
11.0

4.46
4.60

DFT
DFT

0
0
0
0

c

A given in MHz. a ±0.2 b ± 0.5 c ±15° d ±0.1 RHmethyl = averaged rotating methyl group; HHmethyl
= rotationally hindered methyl group XRD References; e36 (CCDC reference: EBEDOG) f37
(CCDC reference: FOWJEH) and g38. T.W. = This work.

The simulated and DFT obtained hyperfine tensors are in reasonably good
agreement. Both suggest fully positive tensors, both contain one large and two small
components and both have an angle β close to 90°. Whilst the two imine protons were
observed to be indistinguishable experimentally DFT calculations suggested the two
imine protons should be distinct, with two slightly different proton tensors predicted
(Table 7.2). However, the differences are very small and would not be resolved by
ENDOR. This difference may originate from different characteristics of the
[Cu(acac)(phen)]CF3SO3 complex in the solid state (used for the DFT calculations)
compared to the frozen solution ENDOR measurements. A slight asymmetry in the
imine protons is resolved in the [Cu(acac)(phen)]Cl crystal structure, exemplified by
uneven Cu-imineH bond lengths of 3.160 Å and 3.148 Å. In solution only an average of
these two imine protons will be observed. It is also noted that although the DFT
calculations were performed on an isolated [Cu(acac)(phen)]Cl complex, the structure
was extracted from a crystal lattice, thus the structure of the complex may be impacted
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by crystal packing effects such as stacking. The 1H ENDOR spectra were recorded
under magnetically dilute conditions, in a frozen solution where no crystal packing or
stacking interactions are expected.
Simulation of the complete angular selective

1

H ENDOR spectra of

[Cu(acac)(phen)]CF3SO3 is given in Figure 7.11. The imine derived resonances were
accounted for using the proton tensor described above, whilst the acetylacetonato ligand
derived resonances were accounted for by a combination of the methine, rotating methyl
and hindered methyl tensors determined in Chapter 4 for [Cu(acac)2] as listed in Table
7.2. It is noted that the Ax component of the rotating methyl tensor in
[Cu(acac)(phen)]CF3SO3 is altered by +0.25 MHz relative to [Cu(acac)2]. This may
result from the fact that the [Cu(acac)2] parameters were determined in CDCl3:Tol-d8
(1:1) whereas the [Cu(acac)(phen)]CF3SO3 1H ENDOR was recorded in EtOD-d6:DMFd7 (1:1). Low solubility of [Cu(acac)2] in the EtOD-d6:DMF-d7 (1:1) solvent system,
prevented direct comparison. This issue may be overcome by preparing the selectively
deuterated [Cu(acac)(phen-d2)]CF3SO3 complex.

Figure 7.11: CW Q-band 1H ENDOR spectra (10 K) of the [Cu(acac)(phen)]CF3SO3 adduct
dissolved in EtOD-d6:DMF-d7 (1:1) recorded at the field positions of a) 1182 b) 1170 c) 1160 d)
1150 e) 1129 f) 1123 g) 1109 h) 1088 i) 1075 j) 1068 and k) 1052 mT. The corresponding
simulations are shown with dashed lines.

158

As stated previously, the profile of the imine resonances was similar for each
[Cu(acac)(N-N)]CF3SO3 complex (see Appendix Figures F.6-F.7). However, it was
noted that the magnitude of the largest hyperfine component, observed in the
perpendicular spectrum, was different for each complex (Figure 7.12). The largest
hyperfine components of [Cu(acac)(bipy)]CF3SO3, [Cu(acac)(phen)]CF3SO3 and
[Cu(acac)(dppzCOOEt)] CF3SO3 were found to be 10.2, 10.0 and 9.8 MHz respectively.
The decrease in the magnitude of the coupling correlates with the increasing size of the
diimine ligands and suggests that the imine protons are sensitive to delocalisation of
spin density over the aromatic ring system. For example, the coupling magnitude is
greatest for 2,2’-bipyridine, where the spin density is delocalised over two sixmembered rings whilst it is smallest for the dppz ligand, where the spin density is
delocalised over a more extended aromatic ring system. It is noted that whilst this trend
is observed experimentally it was not predicted by DFT calculations. The magnitudes of
ligand hyperfine couplings predicted by DFT for metal complexes can be over or under
estimated. This represents a limitation of the current DFT methodology and possibly
explains why the subtle differences in magnitude observed experimentally are not
predicted by DFT calculations.

Figure 7.12: CW Q-band 1H ENDOR spectra (10 K) of a) [Cu(acac)(bipy)]CF3SO3, b)
[Cu(acac)(phen)]CF3SO3 and c) [Cu(acac)(dppzCOOEt)]CF3SO3 dissolved in EtOD-d6:DMFd7 (1:1), recorded at the field positions corresponding to g.

159

7.4 Conclusion
Casiopeinas have shown promise as copper based therapeutic agents. Since they
are copper complexes, and copper is a bio-essential metal, they tend to have fewer toxic
side effects than existing platinum based drugs. Whilst many spectroscopic techniques
have been used to shed light on the therapeutic mechanism of Casiopeina complexes, no
ENDOR spectroscopic studies currently exist in the literature. The power of ENDOR
spectroscopy in unravelling structure-function relationships has been showcased in
copper protein chemistry. Hence, it was considered that ENDOR spectroscopy could
have equal impact in the field of copper based therapeutics. Therefore within this
chapter a series of Casiopeina type complexes of general formula [Cu(acac)(N-N)]+
(namely; [Cu(acac)(bipy)]+, [Cu(acac)(phen)]+ and [Cu(acac)(dppzCOOEt)]+) were
prepared and characterised by EPR and ENDOR spectroscopy. This study was designed
to thoroughly analyse the electronic and geometric structure of the ‘unbound’
complexes (in the absence of DNA) and was intended to serve as a basis for extended
studies on the DNA-adducts at a later date.
The frozen aqueous solution EPR spectra of the [Cu(acac)(N-N)]+ complexes
contained a mixture of Cu(II) species in solution, thought to arise from the coexistence
of multiple solvation spheres. In order to simplify the analysis and interpretation of the
EPR and ENDOR spectra, measurements were performed in an EtOH:DMF (1:1) glass,
which was observed to give a single Cu(II) species. Whilst it was appreciated that an
organic solvent system does not mimic the aqueous conditions necessary for future
DNA binding studies, a thorough characterisation of the complexes was considered to
be more important at this stage and indeed fundamental to understanding the
complexities of the aqueous solution.
The EPR spectra (recorded in EtOH:DMF (1:1)) were characterised by axial
spin Hamiltonian parameters, with well-defined nitrogen super-hyperfine couplings
confirming the equatorial coordination of a C2 symmetric diimine ligand. The
[Cu(acac)(phen)]CF3SO3 and [Cu(acac)(dppzCOOEt)]CF3SO3 complexes were found to
be indistinguishable and the [Cu(acac)(bipy)]CF3SO3 complex was also very similar;
indicating that the complexes had similar structures in the inner-coordination sphere,
both in terms of composition and geometry.
Differences between the three complexes were resolved by 1H ENDOR. The
magnitude of the largest imine hyperfine component, observed at g, was found to be
sensitive to the size of the diimine ligand. Larger couplings were observed for smaller
160

aromatic ring systems (i.e., bipy), due to restricted spin delocalisation. Whereas smaller
couplings were observed for larger aromatic rings (i.e., dppzCOOEt), where spin
delocalisation is more diffuse. The imine protons flank the coordination site of the
diimine ligands and in addition, are conjugated to the coordinating nitrogen atoms and
the aromatic diimine ligand. This conjugation rationalises the large magnitude of the
imine coupling (~10 MHz) and also justifies its sensitivity to the extent of spin
delocalisation into the aromatic ring. The sensitivity of the imine hyperfine tensor to the
spin distribution in the diimine ligand could prove informative upon DNA intercalation.
The π-π interactions involved in intercalation may influence the spin density distribution
in the diimine ligand and manifest as changes in magnitude of the largest imine
hyperfine component in the 1H ENDOR spectra.
It is appreciated that this body of work is at a preliminary stage. The quality of
the 1H ENDOR spectra, could be improved by optimising both the concentration of the
ENDOR sample and the modulation depth of the ENDOR measurement. Further 1H
ENDOR studies of selectively deuterated [(Cu(acac-d7)(N-N)]+ and [Cu(acac)(N-Nd2)]+ samples are required in order to accurately identify and subsequently simulate the
imine and acetylacetonato protons respectively. Ideally, full angular selective

14

N

ENDOR studies should also be performed for each [Cu(acac)(N-N)]+ complex. Since
this study of the [Cu(acac)(N-N)]+ complexes in EtOH:DMF (1:1) will serve to aid
interpretation of the ‘unbound’ and DNA-bound adducts under aqueous conditions, it is
of fundamental importance that the EPR and ENDOR spectra are fully understood.

161

7.5 References

1.

C. Santini, M. Pellei, V. Gandin, M. Porchia, F. Tisato and C. Marzano, Chem
Rev, 2013, 114, 815-862.

2.

M. E. Bravo-Gómez, J. C. García-Ramos, I. Gracia-Mora and L. Ruiz-Azuara, J.
Inorg. Biochem., 2009, 103, 299-309.

3.

L. Becco, A. Rodríguez, M. E. Bravo, M. J. Prieto, L. Ruiz-Azuara, B. Garat, V.
Moreno and D. Gambino, J. Inorg. Biochem., 2012, 109, 49-56.

4.

A. De Vizcaya-Ruiz, A. Rivero-Muller, L. Ruiz-Ramirez, G. E. N. Kass, L. R.
Kelland, R. M. Orr and M. Dobrota, Toxicol. in Vitro, 2000, 14, 1-5.

5.

C. Trejo-Solís, G. Palencia, S. Zúñiga, A. Rodríguez-Ropon, L. Osorio-Rico, S.
T. Luvia, I. Gracia-Mora, L. Marquez-Rosado, A. Sánchez, M. E. MorenoGarcía, A. Cruz, M. E. Bravo-Gómez, L. Ruiz-Ramírez, S. Rodríguez-Enriquez
and J. Sotelo, Neoplasia, 2005, 7, 563-574.

6.

F. Carvallo-Chaigneau, C. Trejo-Solís, C. Gómez-Ruiz, E. Rodríguez-Aguilera,
L. Macías-Rosales, E. Cortés-Barberena, C. Cedillo-Peláez, I. Gracia-Mora, L.
Ruiz-Azuara, V. Madrid-Marina and F. Constantino-Casas, Biometals, 2008, 21,
17-28.

7.
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Chapter 8: Conclusion
Copper is an essential metal for normal biological function, existing in either the
Cu(I) or Cu(II) oxidation state. Cu(II) centres for example form the active site in many
copper proteins and copper enzymes and are thus involved in a diverse range of
biological processes. Due to the central role of Cu(II) ions in biochemistry, there has
been increasing interest in the development of DNA targeted Cu(II) anticancer agents.
The coordination environment of the Cu(II) ions, particularly in these cytotoxic
compounds, plays a pivotal role in controlling the function of the metal itself, as it
modulates both the electronic and steric properties. Understanding these structurefunction relationships is therefore fundamental in order to advance our knowledge of
copper systems in biology and enabling this chemistry to be applied in novel ways.
Since Cu(II) complexes are paramagnetic, due to their 3d9 electronic configuration, EPR
spectroscopy and its related hyperfine techniques are suitable methods to characterise
the electronic and geometric structure of these complexes. In particular, EPR provides
information on the localised Cu(II) centre, including its inner coordination sphere,
whilst ENDOR provides more ‘long-range’ information on the spin active ligand nuclei
surrounding the metal; therefore when combined, they offer a particularly powerful
means of characterising paramagnetic coordination compounds.
In this Thesis, a combination of EPR and 1H ENDOR spectroscopy were used to
thoroughly examine the electronic and structural properties of [Cu(acac)2] in frozen
solution (Chapter 4), with complementary DFT calculations. The simple [Cu(acac)2]
complex was chosen as a model of a Cu(II) Lewis acid containing only hydrogen bond
acceptor sites within its inner coordination sphere (i.e., a CuO4 coordination
environment). Continuous wave (CW) X-band EPR revealed approximately axial spin
Hamiltonian parameters (g/CuA) typical of a square planar geometry (of D4h point group
symmetry) and characteristic of a dxy ground state. A small degree of rhombic distortion
was confirmed at Q-band frequency, indicating minor tetrahedral distortion in the inner
coordination sphere of the [Cu(acac)2] complex. The g and CuA values were found to be
affected by traces of contaminant water present in the solvent; therefore, the subsequent
investigations by CW and pulsed 1H ENDOR spectroscopy on the ligand HAi hyperfine
couplings were performed under rigorously anhydrous conditions. The observation of
three couplings (0.85, 2.0 and 2.6 MHz) in the parallel 1H ENDOR spectrum (i.e.,
recorded at g||) indicated that the acetylacetonato ligand must contain three distinct
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proton environments (from an ENDOR perspective). Variable temperature X-band
Mims ENDOR revealed the largest coupling to have a pronounced temperature
dependency, whilst the other two were temperature independent. This temperature
dependency indicated the occurrence of a dynamic phenomenon and led to the
suggestion that the methyl groups responsible for this coupling must undergo rapid
rotation or hindered rotation in the frozen solution on the EPR timescale. This was
probed further using DFT calculations. Hyperfine tensors for each individual methyl
group proton were calculated as a function of the methyl group rotation with respect to
the CuO4 plane. This revealed a pronounced angular dependency of both the anisotropic
(Adip) and isotropic (aiso) components. Correlation between the simulated hyperfine
parameters, determined from the angular selective 1H ENDOR study, with the averaged
hyperfine values of all three methyl protons as calculated by DFT, confirmed that the
fully averaged methyl group which undergoes rapid rotation in frozen solution, was
defined by a small isotropic coupling (HAi = -0.65, 1.66, -0.90 MHz; aiso = 0.04 MHz).
Further analysis revealed that at a specific methyl group rotation angle, the orientation
of a single methyl group proton is sufficient to produce a large Adip and aiso coupling,
and this accounted for the simulated parameters of the temperature dependent hyperfine
coupling (HAi = 3.45, 2.90, 2.62 MHz, aiso = 2.99 MHz). The DFT calculations
illustrated that for this large coupling to remain visible in the ENDOR spectra, a sub-set
of methyl groups must undergo hindered rotation in 120° jumps. The energy barrier to
methyl group rotation was estimated to be ca. 5 kJ mol-1, thus it is postulated that the
methyl rotation occurs via proton tunnelling. In the case of the rapid rotation, a fast
tunnelling mechanism is envisaged, whilst the hindered rotation is thought to occur via
a slow tunnelling mechanism. The cause of the hindered rotation is unconfirmed, but is
likely to arise from weak outer-sphere (H-bonding) interactions between the metal
complex and polar solvent molecules.
Once the EPR and ENDOR spectra of the [Cu(acac)2] complex in frozen
solution were fully characterized, the next stage of the investigation was to examine the
structure of the adducts formed between [Cu(acac)2] and various nitrogen bases, in an
attempt to model the biochemically relevant Cu(II) coordination to heterocycles. In
Chapter 5, variable molar ratio studies of [Cu(acac)2]:X (where X = a range of pyridine
and methylpyridine bases) were monitored by frozen solution EPR (140 K). Adduct
formation was evidenced by an increase in gz and a concomitant decrease in

Cu

Az,

consistent with a reduction of spin density in the copper SOMO due to axial substrate
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coordination. All pyridine bases were observed to form 5-coordinate (mono-axial)
square pyramidal adducts with [Cu(acac)2], even in a large excess of base (50 molar
equivalents). The magnitude of the shift in

Cu

Az (∆CuAz) relative to the ‘unbound’

[Cu(acac)2] complex was found to correlate with the pKa of the coordinating pyridine
ring nitrogen, with larger perturbations observed for the stronger bases. Due to the axial
coordination of the nitrogen bases, the 14N hyperfine and quadrupole couplings were too
small to be resolved in the EPR or ENDOR spectra of the [Cu(acac)2(X)] adducts. The
structures of the [Cu(acac)2(X)] adducts were therefore examined by 1H ENDOR
spectroscopy. The acetylacetonato ligand protons arising from the [Cu(acac)2] complex
itself, were largely unaltered upon adduct formation, whilst the 1H hyperfine tensors
originating from the pyridine bases were found to be informative on the mode of
coordination. The Euler angle β, which defines the Cu-H orientation relative to the gtensor frame for axial systems, was found to be particularly diagnostic. The correlation
between the experimentally determined values of β with those calculated via DFT
confirmed the axial coordination of substrates (2-7) in the [Cu(acac)2(X)] adducts.
Furthermore, in the case of the ambidentate 2-aminomethylpyridine bases (namely 2amino-4-methylpyridine and 2-amino-6-methylpyridine), the form and magnitude of the
1

H tensor allowed for the discrimination between endocyclic pyridine coordination (HAi

= -2.60, -2.04, 4.70 MHz, β = 36°) and exocyclic amine (NH2) coordination (HAi = 4.52, -3.35, 6.47 MHz, β = 14°) respectively. These alternative modes of coordination
were confirmed by selective deuteration experiments.
As an extension to the work presented in Chapter 5, Chapter 6 examined the
structure of the adducts formed between [Cu(acac)2] and imidazole in an attempt to
model the key nitrogen donors present in the nucleobases of DNA. In contrast to the
pyridine bases, imidazole was found to bind differently and form two unique adducts
depending on the molar ratio of [Cu(acac)2]:imidazole used. In a 1:5 molar solution, a
square pyramidal mono-axial adduct [Cu(acac)2Im] formed which was characterised by
shifts in gz and Az (akin to that observed for [Cu(acac)2(X)] adducts). However, using a
1:50 molar ratio, the nitrogen super-hyperfine structure indicated the presence of two
equatorially bound, equivalent imidazole ligands. This led to the assignment of a 6coordinate, Jahn Teller distorted, axially elongated (g|| > g) bis-adduct, labelled
[Cu(acac)2Im2]. The geometric form of the [Cu(acac)2Im2] adduct remained elusive
from the EPR data alone, therefore

14

N and 1H ENDOR studies were conducted.

Unfavourable sample properties meant that the

14

N ENDOR was uninformative on the
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geometric isomer present in solution. Once again 1H ENDOR was successful in
providing insightful structural information on the nature of the adduct. The 1H ENDOR
data accumulated at 10 K was characterised by two substrate derived proton tensors,
indicating two different proton environments. The dipolar nature of the first tensor was
typical of axial coordination whilst the second tensor correlated with the DFT
predictions and literature values for equatorially bound imidazole. These experimental
observations were consistent with a cis-mixed plane geometry, which according to the
DFT calculations was found to be the energetically favourable conformation. However,
it was noted that this finding was inconsistent with the observation of the well-defined
nitrogen super-hyperfine structure characteristic of two equatorially bound nitrogen
atoms in the corresponding EPR recorded at 140 K. This suggested a temperature
dependant isomerisation, which was further supported by the observation that the
isotropic EPR spectra of [Cu(acac)2Im2] recorded at 298 K was simulated using giso and
Cu

aiso values which significantly differed from those calculated from the anisotropic

values determined at 140 K.
Finally, Chapter 7 described the EPR and 1H ENDOR spectra of a ‘Casiopeinatype’ complexes with the general formula [Cu(acac)(N-N)]CF3SO3. This class of
complex is known to act as a DNA targeted anti-cancer agent. The inclusion of the
acetylacetonato ligand (acac) in the complex simplified the analysis, due to the
aforementioned ENDOR investigation of [Cu(acac)2] in Chapter 4, enabling the
hyperfine interactions of the diimine ligands (N-N) to be studied more succinctly. The
diimine ligand is thought to play a critical role in the therapeutic action of ‘Casiopeina’
complexes, and its intercalation into DNA is likely to form the basis of the dominant
associative mechanism. An existing observation in the literature linked the size of the
diimine ligand with the therapeutic activity of the corresponding complex. Therefore
[Cu(acac)(N-N)]CF3SO3 complexes in which the size of the diimine ligand was
systematically varied (for example using the ligands bipy, phen and dppz) were
prepared and characterised. Angular selective 1H ENDOR spectra revealed that the
magnitude of the largest imine hyperfine component, observed at g, was sensitive to
size of the diimine ligand. The imine proton is conjugated to the coordinated nitrogen
and the aromatic ring system and thus the correlation between the magnitude of the
hyperfine coupling and the size of the diimine ligand has been linked to the extent of the
unpaired spin delocalised in the diimine ligand. It has been suggested that this
sensitivity could be informative for DNA intercalation studies.
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The work presented in this thesis therefore demonstrates the enormous utility of
EPR and ENDOR spectroscopy in the characterisation of Cu(II) complexes in frozen
solution. In particular, the combination of 1H ENDOR data along with DFT calculations
enables detailed insights on structural and electronic properties of these complexes to be
made. Furthermore, the information that can be obtained via EPR and ENDOR
techniques goes beyond a static rigid view of the structure. The ability to perform
variable temperature ENDOR measurements enables one to access dynamic effects, as
nicely illustrated via the observation of a hindered methyl rotation in [Cu(acac)2]
(Chapter 4).
In summary the results detailed within this thesis support the hypothesis that
EPR and ENDOR spectroscopy, in combination with DFT calculations, could prove
incredibly powerful for studying the interactions of copper therapeutic agents with
DNA. Although the initial objectives of this investigation were to probe these relevant
Cu-DNA interactions by ENDOR, the spectroscopy of even the simple ‘model’
compounds themselves in solution proved far more complex and time consuming than
originally envisaged. Certainly the development of copper based, DNA-targeted
therapeutic agents is an ongoing and very active field of research since metal based
therapeutic agents with improved activities and lower toxicities are sought after. As a
result, EPR and ENDOR techniques which have to date been underused within this
field, will offer tremendous potential to gain great insights into the geometric and
electronic structure of both the ‘unbound’ and ‘DNA-bound’ complexes, possibly
offering new insights into the therapeutic mechanism which is currently uncertain.
Furthermore, the selectivity of the EPR techniques for paramagnetic centres combined
with the ability to perform the measurements in frozen solution (potentially under
physiological conditions) makes EPR superior to other techniques such as XRD and
NMR within this field.
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Appendix
A: Appendix to Chapter 2.
A.1 High frequency EPR

Figure A.1: Spectral simulations of a rhombic S = 1/2 spin system (g1 = 2.05, g2 = 2.00, g3 =
1.99) at a,b) X-band (9.5 GHz) c,d) Q-band (34 GHz) and e.f) W-band (95 GHz).

EPR spectrometers can operate at a variety of frequency bands. Higher
frequencies tend to offer a better resolution of g-values for systems with low g
anisotropy. This is demonstrated with a series of simulated EPR spectra for an S = 1/2
spin system characterised by the g values; g1 = 2.05, g2 = 2.00, g3 = 1.99 (Figure A.1).
This spin system is truly rhombic in nature since g1 ≠ g2 ≠ g3. However, since g2 = 2.00
and g3 = 1.99, g2 ≈ g3 and the system can be approximated as axial (g1 ≠ g2 = g3). The
simulated spectra at X- and Q-band are unable to resolve this low anisotropy in g and
the spectral profiles are characteristic of axial systems. The rhombic nature of the spin
system is only resolved at W-band in this case (Figure A.1e and f).
EPR spectra can be plotted as a function of magnetic field (a,c and d) or as a
function of g (b, e and f). Comparison of the two simply shows that whilst the resonance
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condition (Δ𝐸 = 𝑔𝜇𝐵 𝐵0 = ℎ𝜈) is altered by the operating frequency (), the value of g
is frequency independent.
A.2 The super-hyperfine interaction
In paramagnetic metal complexes, the unpaired electron is centred on the metal
ion and interacts with both the nuclear spin of the metal centre (IMetal) and the
surrounding spin active ligand nuclei (ILigand), giving rise to metal hyperfine (MetalA) and
ligand super-hyperfine (LigandA) patterns respectively. The metal hyperfine interaction is
a dominant feature which can sometimes be extracted directly from solid-state EPR
measurements. Due to the increased distance between the unpaired electron and the spin
active ligand nuclei, ligand super-hyperfine couplings are much smaller in magnitude.
As a result the ligand super-hyperfine couplings are superimposed on the metal
hyperfine couplings.
For n equivalent ligand nuclei, the multiplicity of the super-hyperfine pattern is
determined by 2nI+1. The relative intensities of the super-hyperfine pattern correspond
to the coefficients of a binominal expansion often recalled by Pascal’s Triangle.1 For
example, the EPR spectrum of an axial, square planar,

63

Cu complex which includes

14

one bound N nucleus (i.e., S = 1/2, IMetal = 3/2 and ILigand = 1) is shown in Figure A.2a.
Each copper hyperfine signal is split into a triplet pattern with relative intensities of
1:1:1. This is clearly resolved in the parallel region of the spectrum and is highlighted
with a stick diagram. Analogous splitting occurs in the perpendicular region of the
spectrum but is poorly resolved due to the broader line widths. For an axial, square
planar

63

Cu complex which includes two equivalent bound

14

N nuclei, each copper

hyperfine signals are split into five lines with relative intensities of 1:2:3:2:1 (Figure
A.2b).
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Figure A.2: Simulated X-band EPR of a square planar 63Cu(II) complex interacting with a) one
equivalent 14N nucleus and b) two equivalent 14N nuclei. Copper hyperfine and Nitrogen superhyperfine splittings are shown using stick diagrams in the parallel region of the spectrum.

Whilst super-hyperfine patterns can be observed in EPR spectra they are not
always resolved due to line broadening effects. Hyperfine techniques such as ENDOR
are capable of resolving the small ligand super-hyperfine interactions and therefore
provide valuable insights into the structure of metal complexes beyond the first
coordination sphere. This is significant when studying structure-function relationships
where subtle conformational changes in the ligand environment can have a significant
impact upon the function of a complex.
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A.3 Averaging of solid state anisotropy.

Figure A.3: X-band EPR spectrum of an axial Cu(II) (S = 1/2, IMetal = 3/2 ) species. a) Recorded
in a frozen solution whereby the anisotropic spectrum is observed. b) Recorded in fluid solution
whereby the isotropic spectrum is observed.

The averaging of the anisotropic spectrum to an isotropic spectrum is
demonstrated in Figure A.3. The anisotropic spectrum (Figure A.3a) is typical of an
axial Cu(II) complex in frozen solution, whilst the isotropic spectrum (Figure A.3b) is
observed in fluid solution, where rapid molecular tumbling (on a timescale smaller than
the EPR experiment) allow the solid state anisotropies to average to zero (Equation A.1
and A.2).
𝑔𝑖𝑠𝑜 =
𝑎𝑖𝑠𝑜 =

𝑔𝑥 +𝑔𝑦 +𝑔𝑧
3
𝐴𝑥 +𝐴𝑦 +𝐴𝑧
3

(A.1)
(A.2)

It can be seen that the g|| and g resolved in the solid state anisotropic (axial)
spectrum average to give giso (g|| + g + g/3 =giso) in the fluid solution isotropic
spectrum. Similarly the parallel and perpendicular components of the hyperfine tensor
average to give aiso (A|| + A + A/3 =aiso). This results in an isotropic spectrum
containing four signals, centred on giso, separated by aiso. The signal widths and
intensities of a truly isotropic spectrum are uniform. In this case the signal widths and
intensities are not uniform this can be explained by incomplete averaging of the
hyperfine components.
173

A.4 Optimisation of the ENDOR response
An optimum ENDOR response is obtained when the electron spin-lattice (We)
and nuclear spin lattice (Wn) relaxation rates are comparable in magnitude (We/Wn=1).
The electron spin-lattice (We) and nuclear spin lattice (Wn) relaxation rates depend
differently on the rotational correlation time for Brownian diffusion (τR) (Equations A.3
and A.4)
We  1/ τR

(A.3)

W n  τR

(A.4)

The Debye-Einstein equation (Equation A.5) relates the rotational correlation
time (τR) to the effective molecular volume, Veff, (where Veff = 4/3(πr3)), and r is the
average radius of the molecule (assumed to be spherical), the viscosity of the solvent
() and the temperature (T).
𝜏𝑅 = 𝑉𝑒𝑓𝑓 𝑘 𝜂𝑇

(A.5)

𝐵

Demonstrating that experimentally the optimum ratio of We/Wn=1 can be obtained by
adjusting the temperature and viscosity of the solvent under study.
A.5 Angular Anomalies
An X-band EPR spectrum and corresponding roadmap of a Cu(II) spin system
(S = 1/2, IMetal = 3/2) characterised by axial g and
2.2,

Cu

Ax =

Cu

Cu

A parameters (gx = gy = 2.00, gz =

Cu

Ay = 80, Az = 550 MHz) is given in Figure A.4.I. Four parallel and four

perpendicular hyperfine lines are expected. However in this case additional features are
evident in the perpendicular region. The occurrence of a negative gradient in the
roadmap, which is most prominent on the MI = -3/2 transition (as highlighted with an
asterisk), but also visible on MI = -1/2, confirm the additional features as off-axis
extrema. Since these features occur at the high field limit of the MI transitions they are
referred to as overshoots.2 Extra absorptions can also occur at the low field limit of the
MI transition, these are termed undershoots.3 It is significant to note that the field limits
of the MI transitions may occur in the central region of the spectrum and therefore
overshoots/undershoots features are not limited to the spectral wings. The presence of
off axis extrema impact upon the orientation selectivity of the ENDOR technique. In the
examples covered in section 2.4, single crystal like data was always obtainable by
setting the magnetic field to  = 0° on the highest MI transition and  = 90° on the
lowest MI transition. Overshoot features cause two orientations of the same M I
transition to be resonant at the magnetic field position corresponding to  = 90°, as
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illustrated by position b in Figure A.4.I, where both B = 90° and B = 45° are resonant
at 343 mT. The corresponding orientation sphere given in Figure A.4.II highlights this
with two red regions; the line at the equator corresponds to the selection of B = 90°
whilst the higher ring corresponds to B = 45°. The unit sphere simulated for the
overshoot (Figure A.4.IIc) clearly shows no intensity from either B = 0° or B = 90°
with blue regions dominating both the top and equator of the sphere.

Figure A.4: I) The X-band roadmap of an axial spin system (S = 1/2, IMetal = 3/2) characteristic
of a Cu(II) spectrum (g|| = 2.2, g = 2, A|| = 500 MHz and A = 80 MHz). A prominent overshoot
feature is observed on the MI = -3/2 transition and is marked with an asterisk. II) The
corresponding unit spheres highlight the selected orientations at field positions a, b and c.

The issues of angular anomalies can generally be overcome by conducting
measurements at higher fields; as demonstrated in the simulated Q-band EPR spectrum
and roadmap in Figure A.5. The increased angular resolution in g achieved at Q-band as
compared to X-band (Figure A.4) prevents the occurrence of off-axis extrema in this
case.
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Figure A.5: I) The Q-band roadmap of the axial Cu(II) spin system given in Figure A.4. The
increased resolution in g prevents an overshoot occurring; field positions a and b correspond to
single orientations. II) The increased orientation selectivity is shown in the corresponding unit
spheres.
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B: Appendix to Chapter 3
B.1 Magnetically dilute samples

Figure B.1: X-band CW EPR spectra (140 K) of [Cu(Im)4Cl]Cl measured as a) a solid crystal
(magnetically concentrated) and b) a frozen solution of the crystal dissolved into a CHCl 3:DMF
(1:1) solvent system (magnetically dilute).

The crystal packing in the solid sample of [Cu(Im)4Cl]Cl is such that the copper
centres are close enough to magnetically exchange. This results in significant
broadening of the signal preventing the determination of structural parameters via
simulation (Figure B.1a). Dilution of the copper complex into a diamagnetic solvent
system increases the Cu-Cu distance so that the magnetic centres do not interact. This
leads to a marked resolution enhancement, facilitating a more complete characterisation.
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Figure B.2: X-band CW EPR spectra (140 K) of solid solutions of a) [Pd(acac)2]:[Cu(acac)2]
(99:1 (wt%)) and b) [Ni(acac)2]:[Cu(acac)2] (99:1 (wt%)).

Magnetic dilution can also be achieved in the solid state (single crystal or
powder samples) by co-crystallising the paramagnetic sample with an isomorphous
diamagnetic host. It is essential that the diamagnetic host is isomorphous with the
paramagnetic species. The use of non-isomorphous dopants prevents complete
dispersion of the paramagnetic species within the diamagnetic host, due to preferential
interactions between like molecules. This results in concentrated regions of the
paramagnets within the solid, facilitating magnetic exchange, which in turn causes
broadening of the spectrum and loss of resolution.
Both spectra in Figure B.2 were recorded as solid solutions of [Cu(acac)2]. A
drastic change in resolution is observed between the two diamagnetic hosts used,
relating directly to their structure. [Pd(acac)2] is isomorphous with [Cu(acac)2] (Table
B.1) and therefore the EPR spectrum of the solid solution is well resolved (Figure B.2a).
Whilst there are crystal structures of [Ni(acac)2] which are isomorphous with
[Cu(acac)2] (Table B.1), there are also examples of [Ni(acac)2] trimers,4,5 which have a
completely different structure to monomeric [Cu(acac)2]. The severe broadening in the
solid solution of [Cu(acac)2]:[Ni(acac)2] (Figure B.2b) can be rationalised by the
presence of non-isomorphous trimers in the solid. This example highlights the care that
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must be taken in selecting a suitable diamagnetic host in the preparation of solid
solutions.
Table B.1: Crystal structure parameters of [Cu(acac)2], [Pd(acac)2] and [Ni(acac)2] recorded at
100 K.

Crystal cell parameters
Crystal

Temp

Space

/K

group

a

B

c

α

β

γ

Ref

[Cu(acac)2] 100

P21/n

10.262 4.625

11.282 90.00

92.35

90.00

6

[Pd(acac)2]

100

P21/n

9.912

5.223

10.388 90.00

95.81

90.00

7

[Ni(acac)2]

100

P21/n

10.265 4.630

11.283 90.00

92.43

90.00

8

Cambridge Crystallography database (CCDC) references: ACACCU03,6 ACACPD017 and
DURHEE8

B.2 Choice of solvent system
The physical properties of solvents need to be considered when optimising a solvent
system. Some key considerations are listed below.
1) The solvent system must dissolve the paramagnetic species of interest at a high
enough concentration to give acceptable signal to noise ratios in the spectrum.
2) For structural characterisation, a glass must form upon freezing the sample. A
glass needs to be a completely random ensemble of paramagnets (without
orientated regions). Typically this is best achieved by flash freezing a mixed
solvent system.
3) Dynamic properties, such as tumbling, are affected by solvent viscosity.
4) Solvents with high dielectric constants absorb microwaves, and consequently are
referred to as ‘lossy’. Lossy samples are inherently difficult to tune and should
be avoided if possible. If lossy solvents are unavoidable, (i.e., when mimicking
physiological conditions), measuring the sample in capillary tubes or flat cells
limits non-resonant microwave absorption by reducing sample volume and
optimising the sample position within the cavity (see section B.3 for more
details).
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Table B.2: Physical properties of some solvents commonly used in EPR glasses.1

Solvent

M.pt / °K

Acetone
Carbon tetrachloride
Chloroform
Dichloromethane
Dimethylformamide
Dimethylsulphoxide
Glycerol
Tetrahydrofuran
Toluene
Water

178.3
250.0
209.5
177.9
212.6
291.5
291-293
165.0
178.1
273.0

B.pt /
°K
329.3
349.7
334.1
312.8
426.0
462.0
563
338.4
383.6
373.0

Dielectric
constant
20.5
2.23
4.70
8.9
36.7
48.9
42.5
7.39
2.4
78.5

Viscosity / 10-3 Ns cm-2
(293 K)
0.324
0.972
0.569
0.44
1490
0.585
1.002

B.3 Signal intensity
The derivative peak-to-peak signal amplitude (∆Spp) in an EPR spectrum is
linearly dependant on the accumulation time (or number of scans) t, the field
modulation amplitude Bmod, the microwave power P, the filling factor η, and the Q
factor of the resonator (Equation.B.1):
∆𝑆𝑝𝑝 ∝ 𝑡 × 𝐵𝑚𝑜𝑑 × √𝑃 × 𝜂 × 𝑄

(B.1)

It is therefore essential that the above variables remain constant in a quantitative
study. In this Thesis, typically 10 scans were accumulated in each measurement. On
occasions where more scans are required, the intensity was normalised to 10 scans. The
field modulation amplitude (Bmod) was optimised to be much smaller than the peak-topeak line width (∆Bpp) and the microwave power (P) was set low enough to avoid
saturation. The filling factor (η) defines the fraction of microwave energy stored in the
resonator in interaction with the sample (Equation.B.2):
𝜂=

∫ 𝑠𝑎𝑚𝑝𝑙𝑒𝐵12 𝑑𝑉
∫ 𝑟𝑒𝑠𝑜𝑛𝑎𝑡𝑜𝑟 𝐵12 𝑑𝑉

(B.2)

Larger sample volumes give rise to higher filling factors and consequently result
in more intense signals. It is therefore also imperative that sample volumes remain
constant in quantitative studies. The Q factor is a property of the resonator, which
indicates how efficiently the cavity stores microwave energy (Equation.B.3):
𝑄=

𝜈𝑟𝑒𝑠
Δ𝜈

(B.3)

The value of Q can be altered by sample properties including sample volume,
position and dielectric constant. This stems from the spatial distribution of the magnetic
field (B1) and the electric field (E1) components of the microwave radiation within the
cavity. Resonators are designed to maximise B1, whilst simultaneously minimising E1,
at the sample position (see Figure B.3). This design is advantageous because only B1
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drives the EPR transitions, whereas E1 leads to non-resonant microwave absorption via
the electron dipole moments of the sample. Non-resonant absorption of microwaves
results in a reduction in Q, ultimately reducing the signal intensity within a spectrum.
The size and position of the EPR tube in the cavity and the sample volume held within it
determine the degree to which the sample interacts with the E1 field and consequently
the value of Q. Samples with high dielectric constants more readily absorb microwaves
via E1 and are thus referred to as ‘lossy’ samples. The dielectric properties of samples
are also temperature dependant. Optimising and maintaining a consistent value of Q is
essential when conducting quantitative studies and therefore the aforementioned
variables; tube size, sample volume, sample position, dielectric properties (i.e., solvent
system) and temperature must remain unchanged.
In relation to dielectric loss, the high dielectric constant of water (78.5) means
that Q is hugely compromised if the cavity becomes ‘wet’. Condensation within the
cavity can be an issue when operating at low temperatures. This can lead to
unaccounted loss in signal intensity. The cavity must therefore remain dry throughout
the quantitative measurements, which can be achieved by continuously purging the
system with dry N2 gas.

Figure B.3: The B1 and E1 distribution in an ER 4102ST rectangular resonator. The Y axis is
the sample axis whilst the Z axis corresponds to the static magnetic field direction (B 0). Image
reproduced from reference 2.
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C: Appendix to Chapter 4.

Figure C.1: UV-vis spectra of [Cu(acac)2] dissolved in ‘dry’ (red) and ‘wet’ (blue) CHCl3:Tol
(1:1). The spectra were recorded at 298 K.

Figure C.2: The crystallographic unit cell of [Cu(acac)2] with the intermolecular Cu- -Hmethine
interactions highlighted. Image reproduced from reference 9.
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C.3 DFT Calculations
Table C.1: DFT calculated hyperfine couplings and Euler angles for the methyl group protons
in [Cu(acac)2], as a function of rotation angle. See page 81 for a definition of the rotation angle
.
Rotation
Atom
Ax
Ay
Az
aiso



Angle
0
8H
-17.7 69.8 -30.2 -1.02 -1.49
1.32
-0.40
0
9H
1.8
87.4
30.5
-2.11
1.89
-1.29 -0.50
0
10H
20.3
61.3
53
-0.38
1.88
-0.85
0.22
15
8H
12.9
22.3 -47.1
0.9
-1.99 -1.54 -0.88
15
9H
-35.2
9.1
66.5
-1.36
1.8
-2.16 -0.57
15
10H
-42
74.9 -23.6
0.26
-0.22
2.45
0.83
30
8H
-41.4 31.1
3
0.5
-2.61 -2.15 -1.42
30
9H
-30.5
24
61.3
-1.68
1.37
-2.37 -0.89
30
10H
24.1
82.6 -21.4
0.79
1.29
3.4
1.83
45
8H
36
39.2
13.5
-2.71
0.54
-2.21 -1.46
45
9H
-29.4 31.6
59.9
-1.88
1.12
-2.51 -1.09
45
10H
14.1
85.7 -21.2
1.13
1.64
3.73
2.17
60
8H
-28.7 37.9
60.2
-2
0.94
-2.59 -1.22
60
9H
29.5
45.1
19.4
-2.7
0.64
-2.19 -1.42
60
10H
7.1
87.7 -20.2
1.24
1.76
3.84
2.28
75
8H
-30.5 32.3
62.2
-1.85
1.14
-2.48 -1.06
75
9H
36.3
37.3
14.4
-2.7
0.5
-2.23 -1.48
75
10H
13.9
84.7 -19.8
1.1
1.61
3.7
2.14
90
8H
8.6
77
26.9
-2.23
1.63
-1.48 -0.69
90
9H
5.4
67.6 -40.1 -1.89 -2.33
0.63
-1.20
90
10H
19.4
39.1
49.3
0.7
2.86
0.22
1.26
105
8H
-34
9.1
60.3
-1.36
1.77
-2.16 -0.58
105
9H
15.6
22.5 -54.7
0.9
-1.97 -1.52 -0.86
105
10H
-22.1 43.8
77.6
-0.32
2.34
0.15
0.72
120
8H
-33.1
2.6
58.2
-1.3
1.85
-2.11 -0.52
120
9H
-29.3 72.1 -32.6 -0.48 -0.95
1.77
0.11
120
10H
21.1
72
48
-1
1.32
-1.45 -0.38
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Table C.2: DFT calculated hyperfine couplings and Euler angles for the methine protons in
[Cu(acac)2], as a function of rotation angle. See page 81 for a definition of the rotation angle .
Rotation Atom
Ax
Ay
Az
aiso



Angle
0
0
15
15
30
30
45
45
60
60
75
75
90
90
105
105
120
120

16H
20H
16H
20H
16H
20H
16H
20H
16H
20H
16H
20H
16H
20H
16H
20H
16H
20H

-4.7
0
0.2
31.3
44.8
0.2
0.2
-7.6
0.1
0.4
0
0
-43.8
0.1
0.1
0.2
0.1
0

0.1
89.9
89.5
0.2
0.4
90
90
0.4
90
90
89.5
89.8
0.3
89.9
89.8
90
90
90

4.7
0.1
0.7
-30.6
-45.6
-0.8
-1.5
6.1
-0.8
-0.8
-0.2
-0.2
40.8
-2.9
-4.3
-4.2
-5.4
-5.2

1.06
-2.35
-2.34
1.05
1.05
-2.36
-2.36
1.05
-2.36
-2.36
-2.36
-2.36
1.05
-2.35
-2.35
-2.36
-2.35
-2.35

-1.75
-1.75
-1.75
-1.75
-1.75
-1.75
-1.75
-1.75
-1.75
-1.75
-1.75
-1.75
-1.75
-1.75
-1.75
-1.75
-1.75
-1.75

2.34
1.06
1.05
-2.35
-2.35
1.05
1.05
-2.36
1.05
1.05
1.05
1.05
-2.35
1.05
1.05
1.05
1.05
1.05

0.55
-1.01
-1.01
-1.02
-1.02
-1.02
-1.02
-1.02
-1.02
-1.02
-1.02
-1.02
-1.02
-1.02
-1.02
-1.02
-1.02
-1.02

Table C.3: Atomic coordinates for [Cu(acac)2] as a function of the methyl group rotation.

Dihedral Angle = 0°
Cu
O
O
O
O
C
C
C
H
H
H
C
H
H
H
C
H
C
C
C
H
C
H
H
H
C
H

-0.002923
1.336337
1.336443
-1.344168
-1.344256
2.605140
2.605213
3.437986
4.087166
2.780525
4.090909
3.438240
2.781093
4.098094
4.080549
3.261872
4.352818
-2.613301
-2.613223
-3.272566
-4.361777
-3.426669
-3.167239
-3.159610
-4.506369
-3.426517
-3.160012

0.000075
-1.416569
1.416668
1.414147
-1.413923
-1.243354
1.243314
-2.511993
-2.544299
-3.388980
-2.544457
2.511804
3.388947
2.537780
2.550462
-0.000046
-0.000080
-1.243073
1.243375
0.000172
0.000207
-2.520260
-3.115730
-3.122944
-2.326219
2.520613
3.121902

Dihedral = 15°
-0.002826
-0.002412
0.003209
-0.001109
-0.003172
0.001048
0.004046
0.003202
0.891579
0.001340
-0.882117
0.005860
0.018022
0.886345
-0.887166
0.003591
0.006208
-0.004030
-0.002464
-0.003742
-0.004285
-0.005532
-0.893831
0.875512
-0.000445
-0.002476
0.879696

Cu
O
O
O
O
C
C
C
H
H
H
C
H
H
H
C
H
C
C
C
H
C
H
H
H
C
H

-0.001929
1.337444
1.336914
-1.343348
-1.342655
2.606272
2.605444
3.437284
3.849556
2.805010
4.281138
3.438474
2.781601
4.089189
4.090081
3.262437
4.352953
-2.611753
-2.612380
-3.271340
-4.360727
-3.424652
-3.170162
-3.152114
-4.504379
-3.425975
-3.155702

0.000430
-1.415357
1.418011
1.413931
-1.413969
-1.241795
1.245005
-2.510873
-2.670141
-3.370397
-2.445029
2.513305
3.390713
2.547023
2.543796
0.001501
0.002325
-1.243594
1.242904
-0.000503
-0.000774
-2.521069
-3.113634
-3.126461
-2.327574
2.519929
3.125723

0.006133
-0.005246
0.005621
0.006176
0.006470
-0.013267
-0.009014
0.001831
1.010897
-0.249925
-0.698447
-0.011627
-0.012930
0.875455
-0.898028
-0.022463
-0.035889
0.005448
0.004369
0.005074
0.004516
0.005027
-0.886712
0.882475
0.016740
0.001802
0.879685
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H
H

-3.166441
-4.506228

3.117464 -0.889658
2.326625 0.001603

Dihedral = 30°
Cu
O
O
O
O
C
C
C
H
H
H
C
H
H
H
C
H
C
C
C
H
C
H
H
H
C
H
H
H

0.005168
1.344180
1.347101
-1.335033
-1.336085
2.612559
2.616234
3.433283
3.604073
2.876727
4.411891
3.430855
3.152593
3.184828
4.510124
3.272966
4.362243
-2.605027
-2.603998
-3.263758
-4.352949
-3.418517
-3.161426
-3.149213
-4.498135
-3.416761
-3.140131
-3.166303
-4.496401
0.007740
1.347782
1.348695
-1.333216
-1.333060
2.616774
2.617487
3.429141
3.157899
3.172780
4.508618
3.431236
3.157976
3.179057
4.510985
3.276384
4.365478
-2.601922
-2.602123
-3.261292
-4.350348
-3.414642
-3.158788
-3.143384
-4.494352
-3.415204
-3.128405
-3.175694
-4.494515

-3.169978
-4.505615

3.112394 -0.889564
2.325806 0.011387

Dihedral = 45°
0.000410
-1.416833
1.411871
1.414952
-1.412711
-1.247224
1.238994
-2.520956
-2.834118
-3.324460
-2.381053
2.515477
3.124220
3.105422
2.320050
-0.003937
-0.006237
-1.241771
1.244464
0.001463
0.001716
-2.518846
-3.110479
-3.125351
-2.324784
2.521778
3.111025
3.130493
2.328054

-0.001610
-0.040895
-0.005798
0.035211
0.002822
-0.058943
-0.034173
-0.052694
0.990338
-0.551655
-0.530203
-0.035479
-0.908838
0.860142
-0.057341
-0.064155
-0.088895
0.019528
0.049076
0.042102
0.055072
0.014175
-0.877230
0.891952
0.023579
0.075220
0.962387
-0.806579
0.088881

0.000710
-1.413432
1.414407
1.414191
-1.413255
-1.243256
1.243097
-2.520864
-3.138602
-3.100188
-2.327309
2.519993
3.117408
3.120507
2.325784
-0.000310
0.000126
-1.242866
1.243443
0.000240
0.000157
-2.520300
-3.126478
-3.112053
-2.326710
2.520759
3.127187
3.112282
2.326960

-0.002008
-0.031293
-0.024366
0.021759
0.026607
-0.048654
-0.042193
-0.069069
0.800017
-0.968934
-0.058482
-0.053014
-0.935825
0.833679
-0.066196
-0.053298
-0.068803
0.048567
0.043853
0.057748
0.077716
0.066089
-0.815763
0.953401
0.074595
0.056078
0.928207
-0.840399
0.085975

Dihedral = 60°
Cu
O
O
O
O
C
C
C
H
H
H
C
H
H
H
C
H
C
C
C
H
C
H
H
H
C
H
H
H

H
H
Cu
O
O
O
O
C
C
C
H
H
H
C
H
H
H
C
H
C
C
C
H
C
H
H
H
C
H
H
H

0.006843
1.347157
1.347875
-1.333737
-1.333739
2.615898
2.616611
3.431325
3.362920
3.003169
4.488293
3.431175
3.154524
3.183943
4.510845
3.275268
4.364144
-2.602593
-2.602517
-3.261776
-4.350910
-3.415909
-3.157340
-3.147826
-4.495573
-3.415984
-3.132698
-3.172946
-4.495355

0.000462
-1.415193
1.413015
1.415278
-1.413271
-1.244151
1.241997
-2.520211
-2.986933
-3.232778
-2.339198
2.518829
3.120400
3.114469
2.323740
-0.001060
-0.001172
-1.242414
1.244031
0.000672
0.000380
-2.519697
-3.115382
-3.122001
-2.325817
2.520956
3.118608
3.121370
2.326696

0.000306
-0.036009
-0.019500
0.038355
0.011121
-0.054558
-0.044667
-0.051215
0.944582
-0.770008
-0.285292
-0.052902
-0.931696
0.838248
-0.071761
-0.064625
-0.091587
0.030879
0.054410
0.050516
0.063782
0.029227
-0.858936
0.910368
0.036638
0.076572
0.955933
-0.812901
0.100714

-0.001608
-1.415953
1.411259
1.413626
-1.414052
-1.246912
1.239790
-2.523425
-3.231487
-2.991265
-2.327033
2.516815
3.121352
3.112651
2.321679
-0.003546
-0.004987
-1.242073
1.244448
0.002008
0.003601
-2.518473
-3.125914
-3.109597
-2.323568
2.522413
3.131203
3.111436
2.329237

-0.003644
-0.025501
-0.037264
0.019399
0.032374
-0.058941
-0.056720
-0.060098
0.678176
-1.056666
0.150099
-0.063997
-0.940703
0.827128
-0.077520
-0.066750
-0.079622
0.057324
0.048593
0.067469
0.087343
0.080543
-0.802465
0.966356
0.095463
0.053268
0.923516
-0.844932
0.083770

Dihedral = 75°
Cu
O
O
O
O
C
C
C
H
H
H
C
H
H
H
C
H
C
C
C
H
C
H
H
H
C
H
H
H

0.005373
1.345481
1.346545
-1.333567
-1.336008
2.614822
2.615251
3.428154
3.028409
3.373433
4.488080
3.428870
3.152709
3.178156
4.507638
3.273882
4.363199
-2.604528
-2.602670
-3.262573
-4.351603
-3.418855
-3.169495
-3.142589
-4.498249
-3.414214
-3.126572
-3.174537
-4.493454
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Dihedral = 90°
Cu
O
O
O
O
C
C
C
H
H
H
C
H
H
H
C
H
C
C
C
H
C
H
H
H
C
H
H
H

0.004789
0.343999
1.346157
1.335337
1.336516
2.612086
2.615478
3.432850
2.885024
3.602256
4.414945
3.429886
3.150682
3.184258
4.509189
3.272440
4.361921
-2.605401
-2.604130
-3.263914
-4.352978
-3.418661
-3.166858
-3.143975
-4.498263
-3.416621
-3.133717
-3.172376
-4.496129

Dihedral = 105°
-0.000165
-1.418078
1.410933
1.415017
-1.412532
-1.248819
1.237362
-2.522110
-3.334238
-2.814303
-2.385585
2.513615
3.102333
3.123657
2.318146
-0.005588
-0.008287
-1.241062
1.245246
0.002416
0.003050
-2.517911
-3.129664
-3.104324
-2.323797
2.522985
3.130555
3.113070
2.329704

0.006261
0.000324
-0.037376
0.018517
0.045971
-0.030509
-0.057876
-0.066957
0.426999
-1.116193
0.405111
-0.088275
-0.974980
0.793930
-0.106391
-0.051737
-0.068877
0.069059
0.046126
0.070572
0.092374
0.097870
-0.781367
0.987583
0.109560
0.051089
0.923793
-0.845012
0.076409

0.000279
-1.423039
1.408321
1.416179
-1.410473
-1.254650
1.231631
-2.522509
-3.400441
-2.568813
-2.535932
2.506977
3.097237
3.116039
2.310450
-0.011184
-0.017172
-1.238768
1.247210
0.004731
0.005754
-2.515448
-3.123469
-3.105852
-2.320905
2.525214
3.136246
3.111702
2.332312

-0.003081
-0.021040
-0.053564
0.014780
0.047384
-0.054964
-0.082470
-0.061756
-0.024482
-0.971331
0.798784
-0.116549
-1.000669
0.768100
-0.141077
-0.084886
-0.112019
0.084231
0.051804
0.087371
0.118709
0.124987
-0.762186
1.006004
0.159804
0.055794
0.924702
-0.843791
0.087406

Cu
O
O
O
O
C
C
C
H
H
H
C
H
H
H
C
H
C
C
C
H
C
H
H
H
C
H
H
H

0.002676
1.340930
1.344659
-1.336614
-1.338755
2.608577
2.614216
3.436152
2.811118
3.838851
4.292150
3.429242
3.146039
3.188431
4.508323
3.269622
4.359303
-2.607466
-2.605360
-3.265468
-4.354446
-3.421443
-3.174775
-3.142439
-4.500817
-3.417419
-3.134330
-3.172839
-4.497030

-0.000199
-1.420256
1.409313
1.415786
-1.412142
-1.251928
1.234259
-2.522812
-3.380584
-2.688026
-2.448193
2.509947
3.097513
3.121705
2.313695
-0.008636
-0.013425
-1.240203
1.246180
0.003594
0.004703
-2.516628
-3.126154
-3.105592
-2.321719
2.524174
3.128357
3.117588
2.331312

0.001963
-0.004768
-0.051601
0.019984
0.047925
-0.036409
-0.074612
-0.056648
0.218030
-1.068768
0.629229
-0.111564
-0.997750
0.770821
-0.134770
-0.065601
-0.085692
0.073938
0.052081
0.077810
0.102839
0.103538
-0.778720
0.990191
0.121229
0.061797
0.936844
-0.831976
0.086657

Dihedral = 120°
Cu
O
O
O
O
C
C
C
H
H
H
C
H
H
H
C
H
C
C
C
H
C
H
H
H
C
H
H
H

0.002452
1.338964
1.344014
-1.338060
-1.339987
2.606122
2.613711
3.437635
2.783143
4.055955
4.123362
3.429267
3.145189
3.189835
4.508351
3.267583
4.357347
-2.608423
-2.606567
-3.266848
-4.355593
-3.421567
-3.189041
-3.128264
-4.500585
-3.418697
-3.131336
-3.178761
-4.498114
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D: Appendix to Chapter 5.
D.1 1H ENDOR
The angular selective 1H ENDOR spectra for the [Cu(acac)2(X)] adducts (where
X = 3-6; 2-methylpyridine, 3-methylpyridine, 4methylpyridine and 2-amino-4methylpyridine respectively) are presented in Figure D.1-D.4. The 1H ENDOR profiles
were noted to mirror that of [Cu(acac)2(pyridine)] discussed in detail in the main text of
Chapter 5. Indeed satisfactory preliminary simulations were achieved using the
hyperfine tensor and associated Euler angles determined for the [Cu(acac)2(pyridine)]
adduct: HA = [-2.6 -2.04 4.7] MHz and β = 36°. However, a larger maximal coupling
(5.5 MHz) was observed in the 2-methylpyridine (3) and 2-aminomethylpyridine (6)
adducts, compared to the maximal coupling of ~4.7 MHz observed the pyridine (2), 3methylpyridine (4) and 4-methylpyridine (5) adducts. This manifested in the A3
component of the hyperfine tensor and may result from steric hindrance arising from the
substituents at the 2- position of the pyridine base.

Figure D.1: CW Q-band 1H ENDOR spectra (10 K) of the [Cu(acac)2(2-methylpyrdine)] adduct
([Cu(acac)2(3)]) dissolved in dry CDCl3:Tol-d8 (1:1), recorded at different field positions; a)
1185 b) 1183 c) 1178 d) 1168 e) 1153 f) 1138 g) 1125 h) 1105 i) 1095 j) 1055 k) 1050 and l)
1040 mT
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Figure D.2: CW Q-band 1H ENDOR spectra (10 K) of the [Cu(acac)2(3-methylpyridine)]
adduct ([Cu(acac)2(4)]) dissolved in dry CDCl3:Tol-d8 (1:1), recorded at different field positions
a) 1186 b) 1184 c) 1179 d) 1172 e) 1165 f) 1156 g) 1144 h) 1135 i) 1127 j) 1114 k) 1101 l)
1095 m) 1062 and n) 1038 mT.

Figure D.3: CW Q-band 1H ENDOR spectra (10 K) of the [Cu(acac)2(4-methylpyridine)]
adduct ([Cu(acac)2(5)]) dissolved in dry CDCl3/C6D5CD3 (1:1), recorded at different field
positions a) 1186 b) 1184 c) 1179 d) 1174 e) 1165 f) 1156 g) 1148 h) 1139 i) 1134 j) 1125 k)
1117 l) 1108 m) 1099 n) 1088 o) 1068 p) 1050 q) 1044 and r) 1040 mT.
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Figure D.4: CW Q-band 1H ENDOR spectra (10 K) of the [Cu(acac)2(2-amino-4methylpyridine)] adduct ([Cu(acac)2(6)]) dissolved in dry CDCl3:Tol-d8 (1:1), recorded at
different field positions a) 1185 b) 1181 c) 1178 d) 1166 e) 1153 f) 1142 g) 1131 h) 1119 i)
1107 j) 1095 k) 1086 l) 1078 m) 1060 n) 1054 o) 1047 and p) 1038 mT.

D.2 Deuteration studies
The angular selective

1

H ENDOR spectra of the selectively deuterated

[Cu(acac)2(2-amino-6-methyl-pyridine-d2)] and [Cu(acac)2(2-amino-4-methyl-pyridined2)] adducts are given in Figures D.4 and D.5 respectively. These studies were
performed

to

confirm

the

mode

of

coordination

in

the

ambidentate

2-

aminomethylpyridine bases. In the case of [Cu(acac)2(2-amino-6-methylpyridine-d2)] no
substrate derived protons were resolved confirming coordination via the –NH2 group,
whereas in the case of [Cu(acac)2(2-amino-4-methylpyridine-d2)] the substrate derived
1

H coupling remained visible indicating coordination via the pyridine nitrogen.
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Figure D.5: CW Q-band 1H ENDOR spectra (10 K) of the [Cu(acac)2(2-amino-6-methylpyridine-d2)] adduct dissolved in dry CDCl3:Tol-d8 (1:1), recorded at different field positions a)
1182 b) 1177 c) 1168 d) 1155 e) 1135 f) 1092 g) 1066 h) 1049 mT

Figure D.6: CW Q-band 1H ENDOR spectra (10 K; 75 kHz RF modulation) of the
[Cu(acac)2(2-amino-4-methyl-pyridine-d2)] adduct dissolved in dry CDCl3:Tol-d8 (1:1),
recorded at different field positions a) 1179 b) 1061 c) 1153 d) 1123 e) 1085 and f) 1036 mT
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E: Appendix to Chapter 6.

Table E.1: DFT calculated spin Hamiltonian parameters of unbound [Cu(acac) 2], mono-axial
[Cu(acac)2Im], cis-mixed plane [Cu(acac)2Im2] and trans-axial [Cu(acac)2Im2]. Calculations
were based on geometry optimised structures

Complex
[Cu(acac)2]
[Cu(acac)2Im]
Cis(mixed plane)-[Cu(acac)2Im2]
Trans(equatorial)-[Cu(acac)2Im2]

g1
2.053
2.070
2.069
2.060

g2
2.056
2.072
2.089
2.110

Cu
g3
A1
2.188 -130.1
2.223 -64.24
2.234 -6.45
2.243 -151.18

Cu

A2
-133.9
-73.13
-79.23
153.63

Cu

A3
-890.85
-858.09
-853.43
-793.77

A values given in MHz.
Table E.2: NA|| hyperfine coupling constants for square planar CuN2O2 complexes in cis- and
trans- configurations. The coordinated nitrogen atoms in the complexes listed are sp2
hybridised.10

Complex
Cis-N2O2
[Cu(acen)]
[Cu(salen)]
[Cu(salph)]
[Cu(saltn)]
Trans-N2O2
[Cu(pic)2]
[Cu(sal)2]
[Cu(npsal)2]
[Cu(qn)2]
[Cu(tbsal)2]

medium

N

Toluene
[Ni(salen)]
[Ni(salph)]
EtOH

39.1
39.1
37.9
36.6

Pthalic acid
[Ni(sal)2]
Toluene
Hqn
Toluene

36.9
33.5
32.4
27.5
29.0

A||

A|| values given in MHz. H2acen; N,N’-ethylenebis(acetone imine), H2salen; N,N’ethylenebis(salicylideneamine), H2salph; N,N’-phenylenebis(salicylideneamine), H2saltn; N,N’trimethylenebis(salicylideneamine),
Hpic;
2-pyridinecarboxylic
acid,
Hsal;
Nsalicylideneamine, Hnpsal; N- salicylidene-n-propylamine, Hqn; 8-quinolinol, Htbsal; Nsalicylidene-tert-butylamine.
N
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Figure E.1: X-band Davies ENDOR of [Cu(acac)2Im2] adduct dissolved in CDCl3:DMF-d7
(1:1) recorded at the field positions of a) 340, b) 332, c) 328 ,d) 321, e) 316, f) 312, g) 300, and
h) 294 mT. The pulse sequence π-T-π/2-τ-π-τ-echo using mw pulse lengths of tπ = 96 ns, tπ/2 =
48 ns, and an interpulse time τ of 960 ns was used. An RF π pulse of variable frequency and a
length of 23 μs was applied during time T of 25 μs.
Table E.3: DFT calculated 14N principal hyperfine values for mono-axial [Cu(acac)2Im], cismixed plane [Cu(acac)2Im2] and trans-axial [Cu(acac)2Im2]. Literature values reported for
[Cu(sal)2] and [Cu(salen)] are listed for comparison.
N

α

β

γ

-1.4

0.9

60.3

-1.40

Cis(mixed plane)-[Cu(acac)2Im2]
1N
-0.6
89.4
8N
5.8
73.4

1.8
-0.8

Trans(equatorial)-[Cu(acac)2Im2]
29N
-6.9
8.3
38N
-6.1
10.5

[Cu(acac)2Im]
29N

[Cu(sal)2]
[Cu(salen)]

-

-

Ax

N

Ay

N

Az

Ref

-1.38

-0.50

TW

-0.56
30.82

-1.14
37.66

-1.13
30.07

TW
TW

85.0
-85.8

37.45
37.42

45.31
45.27

36.4
36.37

TW
TW

-

43.51
50.5

51.33
37.4

42.05
38.5

11
12

A values given in MHz.
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Figure E.2: CW Q-band 1H ENDOR spectra (10 K) of the [Cu(acac)2(Im-d4)2] adduct dissolved
in dry CDCl3:DMF-d7 (1:1), recorded at different field positions; a)1180 (g = g) b) 1163 c)
1089 and d) 1066 mT. The corresponding simulations obtained using the 1H principal hyperfine
values for [Cu(acac)2] dissolved in CDCl3:Tol-d8 (1:1) (Chapter 4) are shown with dashed lines.
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Table E.4: Bond lengths in the inner coordination sphere of cis- and trans- geometry optimised
structures of [Cu(acac)2Im2]

Table E.5: DFT calculated reaction energies for the formation of mono-axial [Cu(acac)2Im],
cis-mixed plane [Cu(acac)2Im2] and trans-axial [Cu(acac)2Im2].

Sample
E (PBEO) Reaction / kJ mol-1
[Cu(acac)2]
-2330.11
Imidazole
-226.00
mono-axial [Cu(acac)2Im]
-2556.13
-42.40
Cis(mixed plane)-[Cu(acac)2Im2]
-2782.13
-51.46
Trans(equatorial)-[Cu(acac)2Im2] -2782.12
-36.94
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Figure E.3: Saturation profiles of ‘unbound’ [Cu(acac)2] (Cu(acac)2:Imidazole 1:0) (■), the
mono-axial adduct [Cu(acac)2Im] (Cu(acac)2:Imidazole 1:5) (●) and the bis-equatorial adduct
[Cu(acac)2Im2] (Cu(acac)2:Imidazole 1:50) (▲). The spectra were recorded at X-band (140 K)
in a CHCl3:DMF (1:1) glass.

Figure E.4: Simulated X-band EPR spectra and corresponding roadmaps for axial spectra with
a) an overshoot (g = [2.00 2.00 2.2]; CuA = [80 80 550] MHz) and b) no overshoot feature (g =
[2.00 2.00 2.5]; CuA = [80 80 550] MHz).
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Table E.6: Integration limits and corresponding integrals for the EPR spectra presented in
Figure E.4.

Integration limits
(mT)
Axial spectrum with an overshoot (Spectrum E.4a)
Full width
260-350
Parallel direction
276.8-329.2
Avoid overshoot
276.8-337.8
Axial spectrum without an overshoot (Spectrum E.4b)
Full width
220-350
Parallel direction
243.6-329.2

Integral
(arbitrary units)
181.1
19.9
122.1
127.8
20.1

Figure E.5: Full spectral width (270-350 mT) integrations of CW X-band EPR (298 K) spectra
of [Cu(acac)2] in the presence of increasing molar ratios of imidazole.
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Figure E.6: CW X-band EPR spectra (298 K) of [Cu(acac)2] dissolved in a CHCl3:Tol (1:1)
solvent system, in the presence of increasing molar ratios of pyridine a) 1:0 b) 1:1 c) 1:10 and d)
1:50. The corresponding simulations, shown with a dotted line, are given for a) and d).

Table E.7: Isotropic Spin Hamiltonian parameters determined from simulation of the RT (298
K) spectra of solutions containing [Cu(acac)2]:pyridine in molar ratios of 1:0 (unbound
[Cu(acac)2]) and 1:50 (mono-axial [Cu(acac)2(pyridine)]). The calculated values of giso and aiso
from the corresponding anisotropic spectra (140 K) are also given.

[Cu(acac)2]:Pyridine
1:0
1:50

giso (RT)
a
2.120
a
2.142

giso (LT)
2.117
2.137

Cu

aiso (RT)
b
237
b
179

Cu

aiso (LT)
237
183

τR / s
2 x 10-11
c
2 x 10-11
c

Cu

aiso is given in MHz. a ± 0.005, b ± 4 MHz and c ± 1.5 x 10-11s. (RT) = simulation parameters
for spectra recorded at 298 K. (LT) calculated isotropic parameters from anisotropic spectra
recorded at 140 K.
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F: Appendix to Chapter 7.

Figure F.1: CW X-band EPR (140 K) spectra of [Cu(acac)(phen)]X complexes dissolved in
DMF:EtOH (1:1), where X represents different counter ions; a) CF3SO3- a’) NO3- and a’’) Cl-.

Figure
F.2:
Simulated
roadmaps
for
a)
[Cu(acac)(bipy)]CF3SO3
and
b)
[Cu(acac)(phen)]CF3SO3/[Cu(acac)(dppzCOOEt)]CF3SO3 dissolved in EtOH:DMF (1:1). The
overshoot features are highlighted with an asterisk (*).
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Figure F.3: The structures of some diimine (N-N) ligands used in [Cu(acac)(N-N)]+ complexes
within the literature: (1) 2,2'-Bipyridine (bipy) (2) 1,10-Phenanthroline (phen) (3) Ethyl
dipyrido[3,2-a:2',3'-c]phenazine-11-carboxylate (dppzCOOEt) (4) 4,4'-Dimethyl-2,2'-bipyridine
(dmbipy) (5) 2,9-Dimethyl-1,10-phenanthroline (dmphen).

Figure F.4: Q-band CW 14N ENDOR spectra (10 K) of [Cu(acac)(bipy)]CF3SO3 dissolved in
EtOH-d6:DMF-d7 (1:1), recorded at the field positions of a) 1186 b) 1182 c)1179 d) 1176 e)
1171 f) 1145 g) 1105 h) 1088 i) 1059 and j) 1052 mT.
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Figure F.5: Q-band CW 14N ENDOR spectra (10 K) of [Cu(acac)(dppzCOOEt)]CF3SO3
dissolved in EtOH-d6:DMF-d7 (1:1), recorded at the field positions of a) 1182 and b) 1052 mT.

Figure F.6: CW Q-band 1H ENDOR spectra (10 K) of [Cu(acac)(bipy)]CF3SO3 dissolved in
EtOH-d6:DMF-d7 (1:1), recorded at different field positions of a) 1180 b) 1177 c) 1160 d) 1155
e) 1152 f) 1141 g) 1139 h) 1119 i) 1103 j) 1086 k) 1069 and l) 1051 mT.
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Figure F.7: CW Q-band 1H ENDOR spectra (10 K) of [Cu(acac)(dppzCOOEt)]CF3SO3
dissolved in EtOH-d6:DMF-d7 (1:1), recorded at different field positions of a) 1178 b) 1176 c)
1167 d) 1157 e) 1147 f) 1137 g) 1119 h) 1085 and i) 1066 mT.

Figure F.8: CW Q-band 1H ENDOR spectra (10 K) of [Cu(acac)(dppzCOOEt)]CF3SO3
dissolved in EtOH-d6:DMF-d7 (1:1), recorded at g a) the sample contains protic solvents from
preparation of complex; the resultant solvent matrix peak is highlighted with a hash (#). b) The
sample is completely deuterated, hence no solvent matrix peak is observed.
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