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A Study of Hydrogen — Deuterium Exchange on the Photophysical
Properties of Ruthenium (1I) Polypyridyl Complexes.

MICHELLE ELLEN BERNADETTE HIGGING.

This main aim of the present study is to investigate the effect of protium—deuterium exchange on the
photophysical and excited state energetics of Ru(I) complexes by UV-Vis absorption, steady-state
and time-resolved emission spectroscopies. The three main complexes synthesised, characterised and
studied are [Ru(phen),dppz]** 4, [Ru(phen),diMedppz]** 8, and [Ru(phen),diFdppz]** 9. For each of
these complexes, a series of partially deuterated analogues were successfully synthesised. For
example, for 4, a series of complexes of the form, [Ru(dx-phen)zdy-dppz]2+, where x=0and 8, and y
=0, 4, 6, and 10 were prepared. These species could be used to probe: (i) the nature of the excited
state and (ii) in which part of the dppz ligand (i.e. 1,10-phenanthroline (phen) or phenazine (phz)) the
excited state electron is located.

Two methodologies of H-D exchange were utilized for the preparation of the desired deuterated
ligands. The first method, Pd/C in the presence of D,O, is a modification of a literature method,
promoted efficient H-D exchange for a wide range of polypyridyl ligands. The second method, of
DCl in the presence of D,0, is a novel method devised to perdeuterate diaminobenzene (dab) and its
derivatives. Furthermore, systematic studies were performed to optimise the rate and efficiency of H-
D exchange for these methods. On preparation of the deuterated ligands and complexes their
characterisation was carried out by the methods of UV-Vis absorption, 'H NMR and mass
spectroscopies’.

Absorption spectra, in a range of solvents, indicate that shifts in the absorption peaks of both the free
and complexed ligands are observed upon substitution of the dppz ligand. Therefore, substitution
effects the electron distribution in the excited states, most notably in the case of the diMedppz ligand
13 and complex 8. A detailed photophysical study of complexes, 4, 8, and 9, revealed that the
emission parameters are highly sensitive to their immediate environment, most notably on the polarity
of the medium, and they are all non-emissive in water. In organic solvents the emission quantum
yields and lifetime decays are of the order: 8 > 4 > 9. No significant differences were found in the
absorption and emission energies on deuteration of the complexes. In contrast, the emission quantum
yields and lifetimes are strongly affected and the magnitude of the effect was found to be dependent
on the site of deuteration. For all three series of complexes, similar trends were observed. For both
emission parameters there is a marked increase in cases where the vibrational modes are affected by
deuteration of the phen moiety of the dppz ligand (i.e. dg-dppz). On this basis, we propose that in the
excited state the promoted electron is preferentially localised on the phen moiety of dppz.

A number of routes were tried to isolate the enantiomerically pure complexes of [Ru(phen),dppz]** 4.
The enantiomers of 4 and its deuterated analogues 4a and 4d were successfully synthesised and
characterised by CD spectroscopy. In the presence of CT-DNA, the changes in the absorption spectra
are consistent with previously reported values. Similar effects were noted for the diMedppz complex
8, but not for the corresponding diFdppz complex 9. Steady-state emission studies show that these
complexes behave as molecular light switches, as they do not emit in water but display emission
when in the presence of DNA, in the order 8 > 4 > 9. Time-resolved luminescence studies for the
racemic, enantiomeric and deuterated complexes display a biexponential decay on binding to DNA.
For the enantiomeric complexes of 4, the lifetime components and pre-exponential factors correspond
to the 4A—enantiomer, attributed to the preferential emission by the A- enantiomer in DNA. However,
on D-incorporation into these complexes, we observe that although there is a greater abundance of the
long-lived lifetime component there is essentially no difference between the A and A-enantiomers of
complexes, 4a and 4d, upon binding to the DNA helix.



Abbreviations.

A Absorbance

A Delta (right-handed)

A Lamda (left-handed)

B./2B Pre-exponential factor of the lifetime 7/ Sum of all pre-exponential factors
Bpy 2,2’-bipyridine

C Concentration

CD Circular dichroism

CT-DNA Calf thymus deoxyribonucleic acid

DCM Dichloromethane

DNA Deoxvyribonucleic acid

Dppz [dipyrido[2,3-a:2’,3’-c|phenazing]

DiFdppz 12,13 — difluoro [dipyrido|2.3-a:2’ 3’ -c|phenazine]
DiMedppz 12,13 — dimethyl [dipyrido[2,3-a:2’,3’-c|phenazine]
g Extinction coefficient (M'cm™)

Eai Energy of emission

(1] Quantum Yield

HOMO Highest occupied molecular orbital

ic Internal conversion

isc Intersystem crossing

IL Intraligand

Kor Non-radiative rate constant

ke Radiative rate constant

| Quenching Rate constant

A Wavelength (nm)

LUMO Lowest unoccupied molecular orbital

MLCT Metal-to-ligand charge transfer

NMR Nuclear magnetic resonance

Phen 1.10-Phenanthroline

T Lifetime (ns)

UV/Vis Ultra-violet/Visible

SPC Single photon counting



Summary

This main aim of the present study is to investigate the effect of protium-deuterium exchange
on the photophysical and excited state energetics of Ru(Il) complexes by UV-Vis absorption,
both steady-state and time-resolved emission spectroscopies. The three main complexes
synthesised, characterised and studied are [Ru(phen),dppz]”* 4, [Ru(phen),diMedppz]** 8,
and [Ru(phen),diFdppz]** 9. For each of these complexes, a series of partially deuterated
complexes were successfully synthesised. For example, for 4, a series of complexes of the
form, [Ru(dx-phen)d,-dppz]*’, where x = 0 and 8, and y = 0, 4, 6, and 10 were prepared.
These species could be used to probe: (i) the nature of the excited state and (ii) in which part
of the dppz ligand (i.e. 1,10-phenanthroline (phen) or phenazine (phz)) the excited state

electron is located.

Two methodologies of H-D exchange were utilized for the preparation of the desired

deuterated ligands. The first method, Pd/C in the presence of D-0, is a modification of a

literature method, promoted efficient H-D exchange for a wide range of polypyridyl ligands.

The second method of DCI in the presence of D;0, is a novel method devised to perdeuterate

diaminobenzene (dab) and its derivatives. Furthermore, systematic studies were performed
to optimise the rate and efficiency of H-D exchange for these methods. On preparation of the
deuterated ligands and complexes their characterisation was carried out by the methods of
UV-Vis absorption, 'H NMR and mass spectroscopies'.

A series of deuterated complexes of [Ru(L)x(L")34)*" (Where L = bpy 1 and phen 6, L' = ds-
bpy and ds-phen, and x = 0, 1, 2, and 3) were also prepared, and examined by both steady-
state and lifetime measurements over a range of temperatures. For complexes of 1, the
emission lifetime increased with the extent of deuteration at all temperatures. For 6, the

behaviour is more complex.

Absorption spectra, in a range of solvents, indicate that shifts in the absorption peaks of both
the free and complexed ligands are observed upon substitution of the dppz ligand. Therefore,
substitution effects the electron distribution in the excited states, most notably in the case of
the diMedppz ligand and complex 8. A detailed photophysical study of complexes 4, 8, and
9, revealed that the emission parameters are highly sensitive to their immediate environment,
most notably on the polarity of the medium, and they are all non-emissive in water. In

organic solvents the emission quantum yields and lifetime decays are of the order: 8 >4 >9.



No significant differences were found in the absorption and emission energies on deuteration
of the complexes. In contrast, the emission quantum yields and lifetimes are strongly
affected and the magnitude of the effect was found to be dependent on the site of deuteration.
For all three series of complexes, similar trends were observed. For both emission
parameters there is a marked increase in cases where the vibrational modes are affected by
deuteration of the phen moiety of the dppz ligand (i.e. ds-dppz). On this basis, we propose
that in the excited state the promoted electron is preferentially localised on the phen moiety

of dppz.

A number of routes were tried to isolate the enantiomerically pure complexes of
[Ru(phen),dppz]** 4. The enantiomers of 4 and its deuterated analogues 4a and 4d were
successfully synthesised and characterised by CD spectroscopy. In the presence of CT-DNA,
the changes in the absorption spectra are consistent with previously reported values. Similar
effects were noted for the diMedppz complex 8, but not for the corresponding diFdppz
complex 9. Steady-state emission studies show that these complexes behave as molecular
light switches, as they do not emit in water but display emission when in the presence of
DNA, in the order 8 > 4 > 9. Time-resolved luminescence studies for the racemic,
enantiomeric and deuterated complexes display a biexponential decay on binding to DNA.
For the enantiomeric complexes of 4, the lifetime components and pre-exponential factors
correspond to the 4A—enantiomer, attributed to the preferential emission by the A- enantiomer
in DNA. However, on D-incorporation into these complexes, we observe that although there
is a greater abundance of the long-lived lifetime component there is essentially no difference

between the A and A-enantiomers of complexes, 4a and 4d, upon binding to the DNA helix.

' The natural abundance ligands and complexes are referred to as “protiated” and not
“protonated”.
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Chapter One



1.0 Introduction

The best known natural photochemical processes, photosynthesis and vision, are
nature’s ways to convert light energy into chemical energy and to capture, store and
process optical information. Recent vigorous research in photochemistry and
photophysics has essentially the same ultimate goals. The understanding of chemistry
and dynamics of electronic excited states is of great importance for the rational design
and development of new photonic materials and photo-chemical reactions. Importantly,
for polypyridyl complexes of d° transition metals the simultaneous existence of distinct
reactivity and relaxation pathways, together with the presence of closely spaced
disparate excited states provides the possibility to control the photo-behaviour of these
compounds by external stimuli. This can be especially useful in the development of
photochemical molecular devices and light sensitive probes in biological systemst 2],
The excited states of these complexes have provided fundamental information on the
effects that the structural change in the acceptor ligand, the energy gap, and the medium
have on nonradiative decay. The dynamic spectroscopies used to probe these
phenomena have been largely based on emission and absorption measurements. Herein,
the basic principles will be explained and illustrated utilizing the model

[Ru(bpy)s]**complex 1, where bpy = 2,2"-bipyridine.

Variation of the electronic environment around the central ion always brings about
corresponding variations in the spectral properties of the complex. For Ru(Il)
polypyridyl complexes, it has been well documented that their photoluminescence
properties are extremely sensitive to their immediate environment. In the present study
we have chosen dipyrido[3,2-a:2°,3’-c]phenazine, dppz 2 as the principal ligand. To
satisfy the remaining coordination sites we have used 1,10-phenanthroline, phen 3, to
give the [Ru(phen)zdppz]2+ complex 4. The reason behind this choice of ligands is
three-fold: (i) 3 is known to stabilise Ru(Il) due to the extended aromaticity relative to
bpy 5; (ii) complexes containing the dppz ligand have played an important role in the
study of DNA intercalation, as they display a high binding affinity Kp > 10° M for
DNAP! and; (iii) [Ru(phen),dppz]** 4 is a light sensitive compound. Furthermore, 4 is



known as a ‘molecular light switch’, whereby the short-lived (~250 ps) emission is
undetectably small in water'™, but displays moderately long-lived emission (400 ns) in
nonaqueous solvents such as acetonitrile or ethanol and when intercalated in DNAPI®),
However, the photophysical reasons for this phenomenon are not yet fully understood.

Essentially, the important questions are:

e How does the local environment modulate the spectroscopic properties and;

e What is the precise nature of the excited state and where on the dppz ligand does the

excited electron reside?

The behaviour denoted as the “molecular light switch effect” ) has been attributed to
the special nature of the dppz ligand. The heterocyclic = system of 2 combines the
chelating function of the o-diimines”) (i.e. phen or bpy moiety) with the electron/proton

transfer capacity of the 1,4-diazine (phenazine (phz) or quinoline (quin))™®), as illustrated

8@3@< g %))

Dppz (2) @EOj@ @j@

Phenazine (phz) Quinoline (quin)

in Figure 1.1.

Figure 1.1: The phen/bpy and quinoline/phenazine components of the dppz Ligand.

Despite a substantial body of research!?® there still remains considerable controversy
regarding the location of the excited state electron in [Ru(L),dppz]** complexes, and

continuing debate exists as to whether the charge is:



e localised on specific areas of the dppz ligand upon excitation or;

e distributed over the entire dppz skeleton?

Given the unique luminescent properties observed with Ru(Il) complexes of dppz, it
becomes important to characterise further their luminescent characteristics and to

explore the generality of the observation.

A simple method to determine the emitting ligand in heteroleptic Ru(Il) complexes is
based on the effect of D-incorporation on the emission parameters of these complexes
1 It has been reported that the location of the excited state electron density is
dependent on the effect of deuteration on radiationless deactivation processt'®.
Deuterium incorporation decreases the contribution of the nonradiative decay (Knr)
pathway, resulting in increased lifetimes of the excited state for these complexes' 2,
In the literature, a number of studies have employed the phenomena of the ‘deuterium
isotope effect’ to simplify the 'H NMR spectra of ruthenium complexes in the

] [14] of DNA, or to obtain information about the excited-state

absence' ™ and presence
behaviour of these complexes using either time-resolved resonance Raman
spectroscopy!! ') and low temperature emission studies!'”). Furthermore, Kincaid et
al"™ studied position-dependent deuteration on the nonradiative decay of the *MLCT
state of [Ru(bpy);]*" 1 to experimentally evaluate the radiationless transition. They
concluded that the effect on the excited state lifetime was more pronounced in those
cases where the vibrational modes affected by deuteration are directly associated with

the location of the electron in the excited state.

For the present study, a series of four families, based on [Ru(phen),dppz]** complex 4
were synthesised. Variation of substitutents at the periphery of the dppz ligand has been
made in order to probe the location of the excited state electron. The structures and
abbreviations are shown in Figure 1.2. To assist in our understanding of these systems,
extensive studies were initially performed on the model tris-chelated [Ru(L)3]2+

complexes (where L = bpy 1 and phen 6).
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Figure 1.2 : Systematic illustration of the series of Ru(II) complexes prepared in the current study.
*This family of complexes are not examined in the current study.

The focus of the present study has been to probe the exact location of the excited state
electron using, as a tool, the selective deuteration of different constitutents of the mixed-
ligand complex 4, and related complexes, 8 and 9, respectively. To date, a systematic
study of this phenomenon has not been undertaken. In order to appreciate the different
aspects of the research presented in this thesis, it is necessary to have an overview of the
differing topics of photoluminescent properties of these Ru(Il) polypyridyl complexes,
the nature of the dppz ligand, and the deuterium isotope effect in the absence and in the

presence of DNA. Accordingly, the topics are reviewed in the following sections.



1.0-1 What is Special About the Photochemistry of Transition Metal
Coordination Compounds?

The presence of a transition metal in a molecule introduces new types of excited states

and reactivity patterns which give rise to unique photochemistry and photophysics:

(i) photochemistry of these complexes can often be triggered by irradiation with low-
energy visible light since the excitation energies are generally low-lying allowed
MLCT transitions;

(ii) they possess various types of excited states, which differ in their orbital parentage,
localisation within the molecule, energy, and reactivity;

(iii) several different excited states can occur in a narrow energy range due to the high
density of the excited states. This can therefore lead to complex photo-behaviour
through the interaction of the various excited states. The photochemical dynamics
and quantum yields often depend on excitation energy and/or temperature due to
competing relaxation and reactivity pathways;

(iv) spin-orbit coupling is strong in metal complexes, in particular for second or third
row transition metals. This results in fast intersystem crossing for these complexes;

(v) as transition metals display redox-active electronic ground states, electron transfer
reactions can involve a change in the oxidation state of the metal atom, ligand(s) or
both. Furthermore, this redox activity is retained in the excited state and finally;

(vi) great synthetic versatility allows fine-tuning of the excited state character and

energy ordering by structural variations.

All of these aspects make the study of photochemical mechanisms and dynamics of

coordination compounds very intriguing and challenging.



1.1 The Structure and Physical Properties of Ru(IT) Polypyridyl Complexes.

1.1-1 Introduction.

By far, the best known and most studied” tris-chelate complex is that of [Ru(bpy)s]** 1,
see Figure 1.2, which was first synthesised by Burstall!'”) and used as the basis for the
study of more complex systems. [Ru(L);]** (where L = bpy 1 and phen 6) are low-field
d® systems in which the heavy transition metal Ru(I) core co-ordinates with three
bidentate polypyridine ligands yielding an octahedral configuration. The polypyridyl
ligands are usually colourless molecules possessing o-donor orbitals localised on the N
atom and n-donor and m*-acceptor orbitals delocalised on the aromatic ring. A great
deal of photophysical and photochemical behaviour can be explained with the use of a
localised molecular orbital (MO) approach and simple one electron excitations, Figure
1.3. Excited states are often named according to their initial and final orbitals,
respectively. Promotion of an electron from a my metal orbital to a n*, ligand orbital
gives rise to a metal-to-ligand charge transfer (MLCT) excited state, whereas promotion
of an electron from 7y to o*y orbitals gives rise to metal centred (MC) excited states.
Ligand centred (LC) excited states can be obtained by promotion of an electron from m.
to m*, ligand orbitals. All these excited states may have singlet or triplet multiplicity,
although spin-orbit coupling causes singlet-triplet mixing in the MC and MLCT excited

states.
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Figure 1.3: Molecular orbital diagram of the energy levels of the principal orbitals and transitions
which occur for an octahedral complex of Ru(II) (M = metal, L = ligand).



[Ru(bpy)s]** 1, as well as other [Ru(L);]** complexes, (where L = bidenate polypyridine
ligand), exhibit a D; symmetry. The proton 'H NMR can be intrepretated in terms of
four spin coupled spins in each of six equivalent pyridine rings. The solution NMR is
thus consistent with retention of D; symmetry for solvated species. X-ray structures of 1
show that the [Ru-N] bond lengths are short indicating a degree of overlap of the t,
orbitals of the metal with the n* orbitals in the ligands. The bipyridyl ligands are not
quite planar, the rings being twisted by a few degrees. Ruthenium complexes with
mixed ligand systems, allow the photophysical and photochemical properties of the
complex to be varied in an ordered fashion. Compounds of the form, [Ru(L)(L)*,
exhibit C, symmetry. All of these complexes are present as two enantiomeric (A and A)

forms, respectively.

1.1-2 Absorption.

The absorption spectra of polypyridyl complexes of Ru(Il) are dominated by MLCT
transitions. The results of a series of spectroscopic and theoretical studies suggest that
absorption is attributed to an MLCT transition that is largely singlet in character, S
'MLCT(dn—>n*), and ligand localised on the IR-Raman time scale®™. The UV/Vis
absorption spectrum of 1 is shown in Figure 1.4, and consists of three fundamental types

of electronic transitions:

(i) (m—>n#*); Ligand-centred (LC)

These transitions are mainly localised on the ligand and have spectral properties which

closely resemble the free ligand states. These bands appear in the ultraviolet region A =

(200 - 400) nm and are characterised by intense absorption of € ~ 20,000 x 10° M 'cm™.

(ii) (dn—do*); Metal-centred (MC)

These ‘dd’ bands which appear at ~300 nm, represent a symmetrically forbidden
transition and display weak absorptions which are typically in the 10'-10° M'em’
range. It is also known that excitation into MC states often brings about efficient ligand

dissociation"l.



(iii) (dn—>7*); metal-to-ligand charge transfer (MLCT)

These transitions of lowest excited state energy between a metal centred dm (t,g) ground
state and ligand n* states, are observed in the visible region Amax = (400 - 500) nm with

intense absorptions of € ~ 14,000 M"'ecm™” and are both solvent and substitutent

dependent. Thus, in a formal sense this excitation results in metal oxidation and ligand

reduction®?.

0.8 l
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|
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Figure 1.4: Absorption spectrum of [Ru(bpy)s]* 1 in aqueous solution with assignments for the
various bands.

The photophysics of 1, is well known, and the pertinent details are shown in Figure 1.5.
It has been well established that photoexcitation of 1, results in absorption of a photon
of light (1fs) and leads to the population of the initially formed MLCT excited state of
predominantly singlet character. For most Ru(Il) complexes, this is followed by rapid
conversion via intersystem crossing with unit efficiency!”® to a lower lying state which
has been identified as an *MLCT state, is largely triplet in nature and responsible for
emission?,  In spite of the presence of the heavy Ru atom, it has been established
that it is reasonable to assign the electronic transitions of 1 as being “singlet” or “triplet”
states. The nature of the MLCT state is determined by the lowest n* orbitals and the
metal. Generally, a spectrochemical correlation is observed for most polypyridyl
complexes, and the excited state can act both as powerful oxidising and reducing agents,

giving rise to two distinct redox processes.
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Figure 1.5: Photophysics of [Ru(bpy)s]** 11,
1.1-3 Emission

For these complexes, excitation in the visible region is dominated by intense bands
arising from transitions which are singlet in nature, IMLCT. As the energy gap between
the lowest '"MLCT and the lowest "MLCT energy is ~5000 cm”, this leads to intersystem
crossing (‘MLCT — *MLCT) with very high quantum yields (¢isc = 1)*. The
intersystem (ISC) crossing becomes allowable as the ‘heavy atom effect’ of the
ruthenium metal induces spin-orbit coupling, which mixes singlet character into triplet
states. The emission of 1 originates from an >MLCT state which is reasonably long-
lived and the possible deactivation pathways for the excited states of 1 and related

systems, as proposed by Crosby?*! and Meyer'®’), are shown in Figure 1.6.
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Figure 1.6 : Diagram of the excited state levels of [Ru(L)3]** complexes: hugs = absorption, hvem =

emission, ISC = intersystem crossing, IC = internal conversion. AE represents the energy gap
between the *dd and the manifold of SMLCT emitting states.



Intense activity has been directed towards the elucidation of the nature of the SMLCT
state, and essentially two models have been proposed to explain the nature of the
emission. Low temperature emission and lifetime studies (4.2 to 77 K) have revealed
the observed luminescence to be attributed to the population of the lowest three closely
spaced ‘triplet’ states, which are separated by ca. 60cm™ and possess <11% singlet
character®. These three non-degenerate states emit with widely different lifetimes and
give rise to separate bands. At temperatures near RT, due to the Boltzmann distribution
all three states exist in thermal equilibrium, and hence, the emission is considered to
arise from an average emitting state with average characteristics. This state exhibits
slow nonradiative decay, with characteristic long luminescence lifetimes (usec) and
broad emission bands. At temperatures above 77 K, there is evidence of an additional
thermally accessible *MLCT state!?®!, which is found approximately 800 cm™ above the
lowest lying MLCT state, and can make a significant contribution to nonradiative decay

see Figure 1.7.

Singlet character
B: (40 - 60%)

800cm™

A, (~3%)
600m"¢ By (~3%)
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Figure 1.7: A schematic representation of the SMLCT state of Ru(II) Polypyridyl complexes®

An excited metal-centred *MC) or d-d state which lies about 4000 cm™ above the
SMLCT manifold is revealed in temperature-dependent studies of luminescence!?’11%,
and is responsible for thermal deactivation and also photochemical reactions such as
racemisation and photosubstitution. For a detailed discussion on the emission

parameters and their evaluation see Section 1.3.
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1.1.1-4 The Nature of the SMLCT State.

In the past, many absorption studies have focused on the position of the ‘promoted
electron’ in the excited state of Ru(Il) polypyridyl complexes. However, for complex 1,

an element of controversy surrounds the level of interaction between the ligands.

It is agreed, that there is a transient charge separation at the molecular level in the metal
1, which display a light-induced metal-to-ligand charge transfer excited state!®),
Magnetic circular polarised luminescence studies’®! and low temperature emission
studies®” of a matrix-isolated site suggest a D; symmetric system — [Ru(bpy)s]** -
seemed to favour the delocalisation of the electron over all three bipyridines ligands. In

211 Jaser spectroscopiesm], and resonance Raman

contrast, electronic absorption
measurements'”'), in aqueous solution, at ambient temperatures supported the
localisation on one of the bpy ligands, suggesting that the light-induced electron transfer

is vectorial in nature, and represented as [Ru(bpy)(bpy" )} - a C; symmetric system.

It is widely accepted that the excited electron, in solution and frozen glasses, is
delocalised among the ligands in the '"MLCT excited state but as interaction between the
ligands is low, it is localised on only one ligand when intersystem crossing to the
3MLCT excited state occurs. However, as shown by near infrared spectroscopy, rapid
electron-hopping between ligands occurs leading to a symmetrical charge distribution in
the excited state!®®. Thus the excited state of 1 has the disadvantage of a lack of
directed charge transfer character. According to Meyer et al'®®), this problem may be

overcome by replacing one of the bpy ligands with stronger n-accepting groups.

In the case of mixed ligand complexes, the electron is expected to be localised on the
ligand that is most easily reduced* (i.e. the lowest n* orbital), forming a radical anion
species of the ligand site. An example of such a complex is [Ru(bpy).dppz]** 10. As
the dppz ligand is more readily reduced than bpy ligand by 1Volt, due to the lower

energy m*-orbital of the phenazine moiety, the electron is localised on the electron-
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withdrawing dppz ligand, the relaxed *MLCT excited state may be formulated as
[Ru(bpy)(dppz")J** B4,

1.2 The Dppz Ligand.

1.2-1 3MLCT or *z-n* Excited State Ru(II) Complexes.

To date, much work has been done on the photophysical properties of Ru(I) complexes
which give an insight into the electronic properties of ruthenium, especially in
photoexcited forms. Our interest lies mainly in Ru(Il) complexes containing the dppz 2
and related substituted ligands. However, before the interactions of these complexes
could be fully comprehended, the photophysical properties have to be definitely
established. Although a substantial body of research has been undertaken, several key

areas remain largely unresolved.

Resonance Raman and time-resolved resonance Raman (TR?) methods are particularly
effective for probing the vibrational structure of the excited states of transition metal
complexes. One of the most important contributions was made by Dallinger, Woodruff
and co-workers®'), who demonstrated the utility of TR? spectroscopy for interrogation
of *MLCT state vibrational modes. These techniques are versatile, enabling studies in
both homogeneous and heterogeneous media, reflecting in the latter instance in their
ability to provide valuable insight on the effect of microheterogeneous environments
such as DNA.PIP6I37] - The nature of the excited states of these complexes has been
the subject of some discussion. There are two (related) points to be considered. (1) The

general nature of the excited state — charge transfer or ligand centred? (2) If the former,

where does the excited electron reside?

(1) Schoonover et al*®), compared 355 nm-generated TR? spectra of [Ru(bpy)zdppZ]2+
10 with the electrochemically generated dppz®™ radical anion, and reported that the
spectra are markedly similar. This was confirmed by McGarvey and co-workers"”’ >

who reported the presence of a radical-like dppz’~ ligand which carries the electron
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density in the MLCT excited states. In contrast, it has been suggested by Chen et al®®),
that the TR? species probed in a 355 nm single colour is the *n-n* state of dppz and not
the dppz-localised MLCT consisting of the dppz™ radical anion. But the spectra,
proved, on closer scrutiny to be comparable with the electronically generated dppz

radical anion®".

(2) Sauvage et al®¥ proposed from studies involving 10 and [Ru(dppz)s]** 15, that the
MLCT excited state is expressed as [Ru"(bpy).dppz"]** , and the dppz ligand acts as
though it were composed of two electronically independent units — bpy and phenazine.
They concluded from photophysical and electrochemical measurements that following
excitation of 10, with dppz as the acceptor ligand pattern (similar pattern to
electrochemically prepared dppz’) that the excited electron was localised on the
phenazine portion of the dppz ligand. Another possibility is that a dppz based MLCT
excited state is reached. This is supported by resonance Raman studies*’*”), which
suggests that in the SMLCT excited state of 10, localisation of the “transferred electron”
is concentrated on the phen portion of the dppz ligand, but the state also showed some
delocalised character. Furthermore, evidence suggests that a more complex process

occurs than that described by Sauvage’s model.

In summary, the TR* spectrum of 4 are best described as being MLCT in character, with

the excited electron occupying orbitals associated with the dppz ligand.
1.2-2 Molecular Orbital (MO) Calculations for Ru(II) Complexes.

Extended Huckel calculations have been performed by a number of research
groups*?*!]in order to obtain compositions and energies of the dppz ligand 2 orbitals
and to rationalise the spectroscopic results. The dppz ligand combines features of a-
diimine (bpy or phen)'”’ and of 1,4-diazine (phz or quin)'® moieties, as shown in Figure
1.1. Thus, it is not immediately obvious what MLCT excited states are available for
photoemission. Theoretical treatments have established that the dppz n-system exhibits

three relatively low lying unoccupied n* molecular orbitals (LUMO). A graphical
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representation of the squared molecular orbital (MO) coefficients is shown in Figure

1.8. They comprise

(i) the bi(phz) orbital, centred on the phenazine (phz) portion of 2,
(ii) the bi(y) orbital, localised on the bpy moiety of 2, and

(iii) the ax() orbital also localised on the bpy part of 2.

a(x)

Figure 1.8: Schematic representation of Molecular Orbitals (MO) for dppz 2, according to reft*"!

These MO’s lie close in energy. The latter two a-diimine acceptor orbitals, bi(y) and
ay(y), are particularly close, and can interact with the n-electron rich Ru(Il) centre in an
established manner. However they were shown to lie above the phenazine-based n*
MO, by(phz). The HOMO (highest occupied molecular orbital) is mainly localised on
the metal, the phen ligands and the phen part of the dppz ligand.

According to electrochemical and spectroscopic studies'*®! the lowest lying n* orbital of
dppz is localised almost exclusively in the phenazine part of the ligand, with very little
contribution and effects from the o—diimine chelating sites. These calculations show
that there are high MO coefficients on the non-coordinating phenazine N atoms. It has
shown by Kaim ef al'’), that the extinction coefficients are directly correlated to the
molecular orbitals coefficients through small oscillator strength. Therefore, as the

amplitude of the wavefunction for the LUMO b, (phz) is very small at the chelating
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nitrogens, the MLCT transitions of complexes containing the dppz ligand 2 would be
expected to be small. This is a very schematic representation of the main features of the

absorption spectrum.

1.2-3 The Phenomenon of the 'Molecular Light Switch’ Effect in
Solution.

In a dramatic departure from typical Ru(Il) diimine complexes the [Ru(phen),dppz]**
complex 4 show no photoluminescence in aqueous solution and other protic solvents.
Accumulated evidence points to hydrogen bonding and/or excited state proton transfer
between the solvent and the phenazine nitrogens as the mechanism of deactivation of

the excited state?®!l’],

In a study by Barbara er al¥, the photophysics of 4 in water, acetonitrile, and
water/acetonitrile mixtures, has been investigated by picosecond time-resolved
absorption and emission spectroscopy. The photoluminescence quantum yields of these
complexes are found to be extraordinarily sensitive to their environment. They proposed
that the ‘light switch’ behaviour of 4 is due to the involvement of not one, but two

MLCT excited states, as outlined in the proposed mechanism in Figure 1.9.

Non-Aqueous (DNA) I

'MLCT i
kic (~ps) MLCT
‘H&'\ "MLCT 'MLCT
Fast H,O -
assisted radiationless Red (660nm)
decay emission
Ground State (Sg) Grouad State (So)

Figure 1.9: MLCT excited states of [Ru(phen),dppz]?* 4 and proposed 'light switch’ mechanism
according to Barbara et a/"**

15



In aqueous media: The suggested mechanism involves population via intersystem
crossing to an initial "MLCT excited state, referred to as 'MLCT. It is proposed that this
'MLCT state undergoes interconversion (IC) on a picosecond timescale to a second
lower lying short lived MLCT state — denoted as "MLCT. It has been suggested that
this 'MLCT state has increased charge density on the phenazine portion of the dppz
ligand and therefore undergoes rapid radiationless decay via water induced quenching of
the MLCT state. The interconversion of '™LCT—"MLCT is assigned to an
intramolecular charge-transfer process, dependent on both the solvent polarity (Er) and
proton-donating ability (o) of the solvent. The effect is more significant on considering

the polarity of the solvent.

In a non-aqueous environment: The 'MLCT is proposed to be slightly higher in energy
than the "MLCT state, effectively preventing conversion from the initially formed
'MLCT state to the "MLCT state, thus preventing the rapid radiationless decay observed
in water. This 'MLCT state is thought to produce the red emission (Amax = 610 nm)
observed in acetonitrile (and in the presence of DNA).

In the presence of DNA: Polymers in aqueous solution including DNA, can also provide
local hydrophobic pockets for these complexes. Hence, luminescence is observed for
these systems but only when the phenazine nitrogens are protected from the surrounding

[14][65]

aqueous medium on intercalating between the base pairs of the DNA duplex . For

a detailed discussion see Chapter Five (DNA Studies).

1.3 Emission Studies of Ruthenium(II) Polypyridyl Complexes.

1.3-1 Deactivation Processes.

Emission studies are an important aspect of the photophysical characterisation of Ru(II)
complexes and as such can be utilised to explore the nature of the excited electronic
state. The possible deactivation pathways for the excited states of [Ru(bpy)s]** 1 and
related systems are shown in Figure 1.6. The energy gap between the excited state and
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ground state, structural rigidity and the extent of delocalisation of the excited electron
over the acceptor ligand are the most important factors affecting the excited state

lifetimes.

The processes involved in the deactivation of the excited state may be formulated as,

kmt = kr + k,,, + kdd = k;’z [02] 1.1

where — = k 12

For the purposes of interpretation of our results it is essential that we elaborate further

on these parameters.

k, is the rate constant for radiative decay and can be accounted for quantitatively by the

Einstein coefficient for spontaneous emission **! by

4E],
< (?rr) |

where : E,, is the emission energy. v, and y, are the excited and ground state electronic wave

2

13

alv,)

functions and d is the electron transition dipole moment operator.

In a radiative transition energy conservation is achieved by emission of a photon and
from the above equation we see that K, is proportional to E,..,s, if the transition dipole
moment remains relatively constant. Thus, the higher the emission energy the lower the
value of k, and the more intense the resultant emission. For the sake of simplicity, we

assume that the transition is insensitive to solvent variations.
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While k. is important, it is the rate constant for intramolecular non-radiative decay, Kars
which shows the greater variation with structure and appears to dominate the emission
behaviour. Decay of the excited states of polypyridyl complexes, at room temperature,

in fluid solution are typically dominated by these Kar processes.

In order for radiationless decay processes to occur with energy conservation, the energy
change associated with the change in the electronic configuration must appear in the
surrounding vibrations. K, is the product of two factors: (i) vibrationally induced
electronic coupling term and, (b) vibrational overlap or Franck-Condon integral, F(E),
between the two states. k, may be considered on the basis of the ‘energy-gap
law’H%3) for radiationless transitions, equation 1.4, assuming the approximations of
high temperature (hoy << kgT) and weak-vibrational coupling (i.e. small excited state

distortions) (| AEem| / hoySy>> 1)

% AE
- 2 _r = —7|AE.,|
k, = ( & a)em) . [Zha)l J o exp (-5) o exp[ F j 1.4

em| m

where: |AE., |= (AE | - hoy), where AE is the energy gap between the thermally
equilibrated ground and excited states; o is the angular frequency for the promoting
vibrations; C? is the nuclear momentum matrix element for w., which leads to transitions
between states; S (=4X,A°) is a measure of the extent of excited state distortion in the
acceptor vibration; A; is the dimensionless fractional displacement of normal mode j
between the equilibrium configurations of the ground and excited states, y =
[In( AE.y) howSy) - 1]. ks is the Boltzmann distribution

This equation may be simplified to give:

Ink, a (E,) 1.5

Typically, increases in the nonradiative ky, processes are facilitated by a lowering of the
energy gap between the ground and excited states, as predicted by the energy-gap law.
This term is also dependent on the solvent reorganisational trapping energy (Xo)

associated with the transfer of an electron from the ligand to the metal. In organic
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solvents, the predicted linear relationship between In kg, and E,,, is observed because

variations in yo are relatively smalll*/)

. However, it is found that this approximation
does not hold for hydroxylic solvents, like CH;OH and H;O, as the non-radiative decay
is always larger than expected. The term kg, has been shown to be temperature

dependent but the effect is sufficiently small as to be negligible here.

Kkqq relates to a temperature - dependent term and constitutes an additional nonradiative
deactivation pathway which involves deactivation of the thermally populated metal-
localised “dd” (3 MC) states. The *MC state lies ca. 4000 cm™ above the *MLCT
manifold and subsequently undergoes very rapid radiationless decay (10° - 10"’ s™) to
the ground state or photodecomposition of the complex via ligand loss. kgq is a solvent

dependent kinetic term and may be derived as,

" - AE
k, = Kk e exp !:F} 1.6

where: k° is the pre-exponential factor for MLCT—3MC and AE is the energy difference between
the 3dd states and the manifold of 3MLCT emitting states. R is the gas constant.

The appearance of these relatively low lying dd states in Ru(II) polypyridyl complexes,
although of fundamental interest, can represent a major drawback to their use as photo-
sensitisers. At low temperatures, thermal population of the *MC state is not possible
and assuming that Y Kar (= Kaa + Knr), we observe an increase in k, resulting in a more
intense emission. At room temperature, thermal population of the *MC state is
accessible and k, will decrease as the emission intensity decreases. Extensive studies
have focused on the preparation of MLCT excited states where the dd states do not

interfere with the desired photochemical reaction pathways.

ko is the rate constant for bimolecular quenching process involving species ‘Q’. For
the majority of ruthenium polypyridyl complexes their lowest excited *MLCT states are
long-lived and are quenched by molecular oxygen (*0,). Oxygen possesses a triplet
ground state O (*Xg). Upon quenching, two different species are formed O2*('A,) and
0,*('Z,"), which lie 94 and 157 kJ mol”, respectively above the ground state. The
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efficiency of production of each of these excited species depends on the energy of the
triplet, which is being quenched. The higher energy species rapidly decays to the lower
one so when we speak of ‘singlet oxygen’ we refer invariably to contributions arising

from the lower O>*(' A) species.

The most important bimolecular processes are;
(1) Ru(Ly:*" + 0, —— Ru(L);?* + %0, energy transfer

(D RUE) -+ 20 — Ru(L)?> s 9025 electron transfer

where the latter process may involve either oxidation or reduction of the excited state.
These three quenching processes may occur in parallel so that the observed quenching
rate kq02 may contain contributions from all three processes. The efficiency of the
luminescence quenching process can be correlated with the redox potentials for the

excited state and is solvent dependent!”}

While there has been extensive development of the theoretical framework for dealing
with deactivation of the electronic excited state, it is difficult to devise effective
experimental approaches to this issue in as much as the actual processes are not
conveniently observed. The excited state lifetime (1) being the only direct parameter
that is experimentally accessible through time-correlated single photon counting proves
to be an invaluable parameter. The mean lifetime (t = 1/ k) is a measure of all the
radiative (K,), non-radiative (Ky), thermal-related (kqq) and quenching (quZ) processes

which account for the relaxation of the excited state to the ground state.

Although the processes proceed in parallel it is possible to deduce the observed

quenching rate constant from the Stern -Volmer equation,

1
L = — + ks)z [02] To et _1—_ 1,7
C % kr + knr g kdd

meas o

where: 1, and 1, are the observed lifetimes in the presence and absence of the quencher
respectively, [O.] is the concentration of quencher /e. triplet oxygen and k%% is the luminescence
quenching rate constant.
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From equation 1.7, we observe that by varying the concentration of the quencher
(oxygen) in solution, a Stern-Volmer plot of 1/ Tmes - V8 - [02] Will lead to qu’ as the

slope.

In order to examine the other decay constants we used steady-state emission studies to
measure those processes which produce light as a side product i.e. radiative processes
(ky). The quantum yield of luminescence (®em) is essentially defined as the ratio
between the photons emitted (k;) by the *MLCT state and the photons absorbed by the
fundamental ground state S°, as represented in equation 1.8. Assuming that the above
mathematical analysis (1.7) is correct, the value of k, and Ky, respectively, may be

determined at any temperature, according to equation 1.8,

k,
q)em = (I)ISC . m = (DISC . kr . z-meas 1’8

where: ®;sc (assumed to be unity) relates to the process !MLCT—>3MLCT, Tk, represents the
terms (k,. + Kgq).

The recorded emission spectrum gives Eey (energy of maximum emission), and the
quantum yield of luminescence (®em) Which may be calculated. These parameters, in
conjunction with the rate decay constants permit an understanding of these ruthenium
complexes in solution. A more detailed discussion is given in Chapter Four to the

evaluation of the emission parameters.
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1.4 Deuterium Isotope Effect on the Emission Studies of Ru(II)
Polypyridyl Complexes

1.4-1 Introduction

Many processes are involved in the deactivation of the excited state, but the
nonradiative rate constants, k,,, determined largely by vibrational overlap between the
ground and excited states, dominate the luminescence behaviour of Ru(I) complexes.
Therefore, a reduction in the value of the nonradiative rate constant, k,,, will result in

(27 This has been achieved by incorporation of deuterium

increased emission efficiency
into a wide diversity of complexes. The effect of substituting deuterium for hydrogen in
the local environment of Ru(Il) complexes, enhances the phosphorescence yield without
concomitant changes in the radiative lifetime and the structure of the emission

spectrum!*>14€],

The earliest application of the deuterium isotope effect can be found in the work of
Hutchison™”! and Wright** who investigated the effects of deuterium incorporation on
the photophysical properties of naphthalene and benzene. Since then, numerous detailed
studies have been undertaken for a wide range of systems, which include poly-aromatic

[49]

hydrocarbons**™ and rare earth ions and their complexes™, for a review on this subject

(461 wWatts!"! extended this phenomena to transition metal systems by

see Vos
examining the effects of deuteration on the lifetime of the lowest "MLCT excited state

of 1.

Upon isotopic exchange, a number of changes in the nature of the photophysical
properties of these systems were observed. In general, deuteration has been applied
predominantly to increase emission lifetimes and quantum yields in an attempt to probe
the structure of the free ions and their complexes in solution. Applications of this
phenomenon were extended to include a wide range of compounds and
demonstrated®*?! a lifetime dependence not only on the number of deuterium

substitutents but also on the position of substitution!®”.
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1.4-2 The Effect of Deuteration on Excited State Lifetime Decay -

Theory.

In 1960, Hutchison!*!

examined the phosphorescence lifetimes of naphthalene in a
durene matrix. At 77 K, the perdeuteration of naphthalene leads to a dramatic increase
in the triplet state lifetime, from 2.1 sec (for C;oHg) to 16.9 sec (for CoDs), respectively,
while matrix deuteration had no effect on the decay lifetimes. At temperatures above
100 K, significant temperature dependence was observed for the excited state
lifetimes?®"). These results provided evidence for the importance of Franck-Condon
factors for C-H vibrations, and the involvement of the vibrations of both the complex
and the lattice in radiationless decay processes. These observations stimulated studies

to develop an understanding of the isotope effect.

A detailed discussion of the mathematical basis of the theory of nonradiative electronic
transitions and the origins of the effect of deuteration is beyond the scope of this study
and the reader is referred to the work of Siebrand®?, Robinson and Frosch™*®!, and

Jortner 21, The observed excited state lifetime,

1
SR — 1.9
T k.+XYk,

is given by the sum of a radiative rate constant (k,) and the nonradiative rate constants
(ZKa). In as much as the only excited state energy dissipation channel which is
expected to be influenced by deuteration is the nonradiative decay occurring from the
SMLCT states of Ru(Il) polypyridyl complexes[5 3], further discussion will concentrate on
the K, term in equation 1.9. It has been suggested that an important factor to the overall
rate of nonradiative decay is the vibrational stretching modes. As a result, the YKo
includes the term kx.n, where X = C, N or O, the rate of radiationless deactivation due

to the X-H vibrational coupling. This term can be expressed by equation 1.10
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2
e = [fj p J F(E) 1.10

Here p is the density of the final vibrationally excited state and J is the electronic
coupling between the two states, and the Franck-Condon factor F(E) is the sum of the

products of the vibrational overlap integrals.

In aromatic hydrocarbons, it is the highest frequency vibrational modes, C-H stretch at
ca. 3000 cm™, which are primarily responsible for dissipating the electronic excitation

energy’ .

Substitutent of hydrogen by deuterium will lead to a reduction in the C-H
out-of-plane bending amplitudes and thus will reduce the rate of radiationless transition
kxn. According to Robinson®, the rate of radiationless transitions depends mainly on
the magnitude of the product of the vibrational overlap integrals between the initial and
final states. The deuterium effect arises because of the reduced amplitude and frequency
of the heavier C-D vibrations relative to equivalent C-H vibrations!®’). This leads to a

reduction of the vibrational overlap products for the same energy gap, as illustrated in

Figure 1.10.
C-H
o
V=3

v =2

V=1
Vv =0
| Deuteration | Protiated

Figure 1.10: Changes in the vibrational levels and overlap which occur upon deuteration.
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Since the Franck-Condon factor F(E) and the nonradiative rate are reduced we observe
an increase in the observed lifetime upon substituting deuterium for hydrogen. This
effect is now well established experimentally and the Franck-Condon factor has received
extensive theoretical verification from the calculations of Siebrand®?>5} There is a
large deuteron effect on k,, values for organic systems, with a much smaller effect

observed for inorganic (rare earth metal) systems.

1.4-3 The Deuterium Isotope Effect.

1.4 3-1 Introduction.

Studies into the effect of deuteration on the excited state lifetime of Ru(Il) complexes
revealed that a number of important contributing factors need to be considered. These

may be categorised according to:

e Deuteration (i.e. full or partial H-D exchange) of the complex
e The effect of temperature variation.

e The effect of solvent deuteration.

and will be discussed further in the following sections. The current study will include a

detailed examination of the effect of deuteration as a function of both positional and

temperature dependence, respectively.

1.4 .3-2 Positional Dependence Effect of Deuteration on Nonradiative

(kn) Decay Processes.

More recently, a different type of deuterium effect on triplet lifetimes was observed,
whereby the excited state lifetime showed a dependence on the position of

[10][51]

substitution Watts and Strickler'”! compared the triplet lifetimes of a series of

naphthalene isomers having numerically the same but positionally different deuterium
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substituents. If the deuterium effect was due solely to an effect on the Franck-Condon
factor associated with the vibrational modes, then in principle, all positions should have
equal probability for accepting electronic energy. Hence, two isomers should essentially
show the same triplet decay rate. It was constituently found that the introduction of
deuterons in the a-positions of naphthalene induces a larger increase in the observed

lifetime (by a factor of 1.6) than does replacement of a proton in the B-position.

According to the “active H atom” theory of Robbins and Thomson®®, this lifetime
effect will be largest for those protons with increased electron density, leading to greater
efficiency in radiationless decay relaxation. This is in agreement with results observed
for naphthalene, where the electron coefficient at the o carbons is greater than at the B
carbons. Burr et al®® also have observed similar effects in biphenyls whereby H-D
exchange at the meta positions induced longer-lived lifetimes than substitutents at the

ortho or para positions.

. [Ru(bpy)s]** 1

Although the photophysics and photochemistry of 1 has been extensively studied and
has accumulated a large body of information the nature of these decay processes remain
uncertain. For inorganic systems, although the effect of ligand substitution is relatively
small, it is appropriate to observe the effects of selective deuteration. Initially, the work
by Wattsl®”! reported that deuteration of the free bpy 5 substrate doubled the
fluorescence lifetime, from 0.9 sec to 2.2 sec, at 77 K. Perdeuteration of 1, causes a
more modest 20% increase in the emission lifetime (5.1 psec— 6.1 psec at 77 K in
EtOH/MeOH and 580 ns— 690 ns at 298 K in H,O, respectively). Further investigation

by Kincaid and co-workers?

have examined the positional dependence deuterium
effects of isotopically substituted analogues of 1. These studies showed that deuteration
of the 3,3' or 4,4' positions (regions of low electron density) had little effect on the
emission lifetimes (610 and 650 ns, respectively), and no measurable effect on the
nonradiative decay constants. Whereas deuteration of the 5,5' or 6,6' positions exhibited

significantly longer lifetimes of 635 and 645 ns respectively, compared with T = 590 ns
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for protiated 1, and a relatively large effect on nonradiative deactivation processes.
Similar trends were observed for di- and trideuterated complexes. These studies are
consistent with the “active H atom” theory of Robbins and Thomson®%), whereby
increased electron densities in the regions of the atoms, which is of the order 3,3' < 4,4'
<5,5'<6,6', for 1 lead to greater efficiency of radiationless decay pathways and shorter
emission lifetimes for the complexes on moving across the series’®”. These studies
suggest that the ability of X-H vibrational modes to deactivate the excited state is

dependent on the electron density contribution in the excited state.

For mixed ligand complexes, a more recent approach has investigated the application of
partial deuteration of the ligands to locate the ligand which contains the emitting
SMLCT state. This was illustrated by Vos and co-workers’®], who examined the effect

of partial deuteration for Ru(Il) complexes of the form, [Ru(bpy),L]*".

1.4.3-3 The Effect of Solvent Deuteration on the Excited State

Lifetime of Ru(II) Polypyridyl Complexes.

An important contribution to the deactivation of the excited state lifetime is the
surrounding medium. As excess energy is transferred to the solvent bath, the connection
between solvation dynamics and excited state relaxation needs to be addressed. van
Houten and co-workers!?” reported that for 1, solvent deuteration (H,O to D,0), caused
the observed excited state lifetime to almost double (0.58 — 1.02 psec at 298 K).
Whereas, perdeuteration of the complex only resulted in a 20-25% increase in the triplet
lifetime (5.1 to 6.1 psec at 77 K and 0.58— 0.69 psec at 298 K respectively). If as
assumed, the excited state were purely MLCT in nature then we would expect a larger
increase in the lifetime decay upon deuteration of complex 1. Based on nonradiative
theories for organic compounds!**] the difference between the ligand C-H and the
solvent O-H vibrational modes’ ability to deactivate the lowest MLCT states may be
attributed to the partial charge to solvent character (CTTS) of the excited state. It has
been suggested that increased electron density is distributed over the solvent cage,

facilitating transfer of electronic energy to solvent vibrational modes. Furthermore, it
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| was observed that as the energy gap (between the ground and excited states) increases,
the contribution of the O-H vibrational modes to the overall rate of radiationless
deactivation diminishes because of the reduced overlap. This results in smaller
deuteration effects. The observation that the most pronounced effect is observed upon
deuteration of the solvent is strong evidence for increased electron density in the region

of the solvent.

1.4.3-4 The Effect of Temperature on the Excited State Lifetime of

Deuterated Ru(II) Polypyridyl Complexes.

Several studies into the effect of deuteration on the photophysical properties of 1 at
elevated temperatures have been reported”). These studies reveal the importance of
deactivation processes from the excited state and suggest the thermal population of a set
of excited ‘dd’ states "MC) which lie higher than the lowest excited MLCT states, as
shown in Figure 1.6. Deactivation via these MC states was found to be independent of
both the effects of ligand and solvent deuteration. As both these effects are reduced
there is a reduction of the triplet lifetime on increasing the temperature!'?!. This strongly
suggests that in order for a deuteration effect to be observed the X-H vibrational
coupling must make a significant contribution to the overall radiationless decay rate

constant of the excited state.
1.4.3-5 Concluding Remarks.

Although, the effects of deuteration are not as large as those observed for organic
systems, the application of the deuterium isotope effect on inorganic photophysics is fast
becoming a well defined area of research. It provides a simple yet effective method for
the elucidation of the electronic structure and nature of the excited states of these

complexes.
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1.5 The Interaction of Ru(II) Complexes with DNA.

1.5-1 Introduction.

Deoxyribonucleic acid, DNA, holds the key to the biology of all living organisms.

Figure 1.11: Representation of double helical DNA.

In Chapter Five (DNA Studies) a more detailed discussion is given to the structure and
chemistry of DNA. There is considerable interest in the DNA binding properties of

BISONEO) i particular, in the study and possible

inert transition metal complexes
application of small, functionally active molecules which can interact in a site-specific
manner with DNA. As transition metals have a wide range of applications that are
dependent upon their ability to bind to DNA, it is important that a detailed
understanding of the metal complex-DNA association be obtained. Herein, we briefly
review the developments in the area of metallointercalators that bind and react with

DNA.

1.5-2 The Binding of Ru(II) Polypyridyl Complexes with DNA.
The first experiments describing the interaction of coordinatively saturated octahedral
transition-metal complexes with DNA focused on tris(phen) complexes of zinc, cobalt

and ruthenium to DNA. On the basis of photophysical and NMR studies, it was
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proposed that these complexes bound through noncovalent binding modes to
DNALHES] A model of the binding modes of the enantiomers of 6 is illustrated in
Figure 1.12. The interaction with DNA is enantioselective, and despite extensive
research, the binding modes of 6 (whether intercalative or surface bound in the

major/minor grooves) remain an area of vigorous controversy.

Figure 1.12: Schematic model of the binding of [Ru(phen);J** 6. (Courtesy of Norden et a/®})

To increase the intercalative binding affinities metallointercalators with extended
aromatic surface area heterocyclic ligands were synthesised, and have become
immensely powerful tools in probing nucleic acids. One of the most interesting classes
are those complexes containing dppz, namely [Ru(phen)zdppz]2+ 4 and its cousin
[Ru(bpy)dppz]** 10. In combination, with the potentially intercalating behaviour of
dppz (i.e. planar aromatic heterocylic functionality can insert and stack between the base
pairs of the double helix), this special electronic configuration can be exploited by using
these complexes as ‘light switches’™), Their MLCT luminescence is quenched by
water”! but not in micelles of water or DNA. In the presence of DNA they display
enhanced luminescence, with binding constants Ky, > 10° M B, due to possible specific
intercalation of the phenazine portion of the dppz into a hydrophobic pocket of the
double helical DNA structure!®!€], Additionally, the A-enantiomer shows greater

luminescence than the A-isomer when bound to DNA.
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Figure 1.13: Model of DNA intercalated with [Ru(bpy).dppz]?* 103!,

The luminescent characteristics of these dppz complexes display biexponential decays
in the presence of DNA compared to single exponentials in the absence of DNA. It is
agreed, that these complexes bind intercalative with the extended dppz ligand inserting
between the base pairs of the double helix and that two binding modes exist. However,

the exact geometry and orientation of their binding modes is not yet well understood.

The Binding mode - Major vs. Minor. Norden and coworkers>I63166] o the basis of
the similarity of the binding geometry to that of actinomycin D and photophysical
studies using T4-DNA, have proposed that both A- and A-[Ru(phen),dppz]*" 4
intercalate from the minor groove. Alternatively, on the basis of both photophysical
and NMR studies, Barton and coworkers®*%?! haye proposed that the A- and A-

enantiomer of 4 intercalate from the DNA major groove.
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| The current study employs protium-deuterium exchange techniques in an effort to
investigate these Ru(Il) complexes. Steady state and time-resolved luminescence
studies of the racemic and enantiomeric protiated and deuterated complexes of 4, have
" been examined in the absence and presence of DNA. The complexes in this thesis have
also been examined by the technique of resonance Raman spectroscopy in collaboration

with Professor J.J. McGarvey, Queens University, Belfast!®’].

1.6 Aims of the Work.

The aim of the work carried out in this thesis is to study the transition metal Ru(Il)
complexes in the absence and presence of DNA. At present, there is great interest in the
site and sequence-specific reaction of these complexes with DNA. Much research in
this area is concerned with the study of the binding and photocleavage of Ru(Il)
complexes with DNA. We are interested in the use of Ru(I) complexes ultimately for

this purpose.

Chapter Two describes the preparation and properties (their characterisation by 'H
NMR, UV-Visible absorption, and ES'-mass spectroscopies) of the protiated,

predeuterated and selectively deuterated ligands and their corresponding complexes.

Chapter Three details the scope and limitations of the methods of deuteration employed
in the current study. It details the controls experiments (i.e. catalyst, solvent,

temperature and time) performed to access and optimise protium-deuterium exchange

Chapter Four looks at the influence of solvent, ligand deuteration and temperature on
the photophysical properties (emission quantum yield, lifetime, and rate decay
constants) of the ruthenium complexes; [Ru(bpy)s]** 1 and [Ru(phen):]** 6. A
systematic study of the effects of solvent, ligand substitution, and selective deuteration,

for the parent [Ru(phen),dppz]** complex 4 has also been investigated.

Chapter Five describes work carried out with the racemic, A- and A-enantiomers of the
protiotated and deuterated Ru(Il) complexes of 4 in the presence and absence of CT-

DNA, by UV/Vis absorption, steady state, and time correlated lifetime spectroscopy
studies.
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Chapter Six details the materials and experimental methods used in the current study

Chapter Seven details possible future work.
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Chapter Two



2.0 Introduction.

This chapter addresses aspects of the preparation and characterization of the
deuterated ligands, their racemic and enantiomeric Ru(Il) polypyridyl complexes and
examines their photophysical and photochemical properties. The focus is on
complexes containing the dppz 2 moiety because due to the extended planar aromatic
nature of this ligand it has the ability to insert itself in between the base pairs of double
helical DNA. In an attempt to acquire a more comprehensive understanding of the
excited states of these systems a vast array of Ru(II) complexes have been prepared,
characterised and subsequently studied. For the sake of clarity, the synthesis of the

complexes used in this study are structurally divided into four categories;

(1) The methods of deuteration involved in the preparation of partially and fully
deuterated dppz ligands. The techniques of NMR and mass spectroscopies are

dicussed in relation to their assessment.

(il) Ru(IT) complexes of [Ru(phen),dppz]** 4, which incorporate substituents at the
distal 12 and 13 positions of the dppz ligand; [Ru(phen),diMedppz]’”" 8 and
[Ru(phen)zdidepz]2+ 9 complexes have been prepared. The results of '"H NMR,
Electrospray ionization mass spectroscopy ES'-MS, and UV-Vis absorption studies

are discussed.

(iii) The Ru(II) complexes 4, 8, and 9 in (ii) have undergone selective deuteration of
different constituents (i.e. phenanthroline (phen) and /or the dppz ligand (all or part
thereof)) in an attempt to determine the nature of the excited state of such systems.
For the parent complex 4, a series of eight complexes were prepared and

characterised.
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(iv) The isolation of the A- and A-enantiomers of [Ru(phen),dppz]** 4 and its deuterio
analogues; [Ru(phen),ds-dppz]** (4a) and [Ru(ds-phen),dppz]** (4d), is described
(see Chapter Five). NMR and circular dichroism (CD) spectroscopies were used to

assess the purity and enantiomeric chirality of these complexes.

2.1 Aims of Research

2.1-1 Introduction.

With the aim of probing the excited state properties of these dppz containing Ru(II)
complexes, we require a series of partially deuterated ligands. The derivatives studied
comprise the 11,12,13,14 - ds (2a); the 2,3.4,7,8,9, - d¢ (2b), and the d;o (2¢) dppz
ligand, as illustrated in Figure 2.1.

h1o—dppZ (2) @N
o,
N

N ON d, - dppz (2a)

O dio-dppz (2¢)

Figure 2.1: Protiated and deuterated analogues of dppz (2 - 2¢).
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2.1-2 Methods of Deuteration.

Protium-Deuterium exchange is a relatively under-exploited approach, mainly due to
the synthetic difficulties in obtaining deuterated compounds. Common deuteration
methods include exchange in the presence of weak or strong acids'"), bases™, or noble
metal catalysts”! under heterogeneous or homogeneous conditions. However, all of
these methods suffer inconveniences which include skeletal rearrangements, expensive

or relatively in-accessible reagents, incomplete isotopic exchange, and low yields.

Current research on protium-deuterium exchange involves the use of deuterium oxide,
D,0. Recently, several groups have reported various examples of the nondestructive
exchange of a variety of organic molecules in superheated (200-300°C, 75 bar)
water™! Its potential for protium-deuterium exchange has been demonstrated at high
temperatures and pressures, displaying different reactivity and selectivity according to
the pH. Supercritical Deuterium Exchange (SDE), which proceeds in deuterium oxide
above its triple point (374°C, 221 bar), offers a new and convenient approach to
various perdeuterated compounds. Poliakoff et al*”! report the efficient and selective
ring-perdeuteraion of a range of aromatic compounds using a polymer-supported
sulphonic acid, Deloxan, as a catalyst in near-critical D,O (325°C). Base-induced
SDE'! studies, displayed it to be an effective method for the preparation of
perdeuterated aromatic substrates. Vos and co-workers!'”, reported a direct one-step
synthetic procedure of a range of heteroaromatic compounds, utilizing palladium on
charcoal Pd/C, as a catalyst in D>O. This method employs mild conditions and D-

incorporations > 80% were achieved with no significant by-product formation.
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In the literature, a number of studies have focused attention on the deuteration of

polypyridyl ligands:

Cook - dg-2,2-bipyridine prepared by treatment of 2,2*-bpy-1,1"-dioxide with D,0-NaOD and
then reduced with PCl5."”

Poliakoff - Deuteration of range of compounds using polymer supported sulphonic acid,

Deloxan in near critical D,O (325°C)®
Junk - Base-induced Supercritical Deuterium Exchange (SDE) at 374°C, 221 bar®

Vos — dio-phenanthroline/ds-bipyridine prepared in presence of D,O and Pd/C at 200°C for
8 days!”.

Due to its direct synthesis, relatively inexpensive materials and quantitative yields the
method of Vos and co-workers'”! was initially investigated. This approach has been
used to perdeuterate heteroaromatic substrates such as triazoles, phen and bpy,
respectively, but we are unaware of its application to other reagents and therefore
examined the effect upon application to a wide range of ligands. Whilst it proved to be
a highly efficient H-D exchange method its application was found to be limited to non-
functional heteroaromatics. So a novel and alternative approach was devised for

deuteration of the desired ligands.

2.1-3 General Experimental H-D Exchange Methods used in the
Current Study

The first key reaction employed in the synthesis of the deuterated ligands, was a
modification of the method as pioneered by Vos and co-workers”. A general
procedure is detailed for phen 3, but it has been successfully applied to bpy 5 and dppz
2, see Chapter Three (Deuteration Studies).
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In a general procedure, phen 3 in D,O was reacted in the presence of palladium on
activated charcoal, Pd/C in a teflon coated steel high pressure reactor for 2 days at
190°C. The contents of the reactor were cooled to room temperature, and filtered to
remove the Pd/C catalyst. The D,O was removed under vacuum, and the product
obtained in this manner, was found to be >95% perdeuterated as determined by ES'-
MS and 'H NMR spectroscopy. Treatment of this partially deuterated phen with fresh
D-0 for a further 2 days at 190°C resulted in complete D-incorporation in the isolated
product in yields of 80-90%. Heating and cooling times are not reported in the
reaction times. Isotopic purities were characterized by ES'-MS, by comparison

between observed and calculated isotope clusters, and by 'H NMR spectroscopy.

However, the above procedure failed to introduce deuterium into diaminobenzene
(dab) 11 and its derivatives. This lead to the development of a protocol, as described
below, to convert the readily available parent ligands, namely dab and derivatives, to
their corresponding perdeuterated derivatives. In a typical experiment, dab 11 was
reacted in D,0O and DCI (35% in D;0) in a teflon coated steel high pressure reactor for
1 day at 190°C. The contents of the reactor were cooled to room temperature, and the
D,0, DCI were removed under vacuum, to obtain the ds-dab product, isolated as a
dichloride salt. In a single run, protium-deuterium exchange >85% was achieved with
no side-product formation. Isotopic purities were characterized by ES'-MS and by 'H

NMR spectroscopy.

These methods allowed for the preparation of the perdeuterated ligands; ds-phen (3a)
and d;-dab (11a), from which the selectively deuterated dppz ligands could be derived
by subsequent reaction. Control experiments were performed to examine the effect of
both the external (i.e. time and temperature) and internal (i.e. catalyst and solvent)
variables on the rate of protium-deuterium exchange and the results are detailed in

Chapter Three (Deuteration Studies).
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2.2 Preparation of Selectively Deuterated Dppz Ligands.

2.2-1 Hyo-Dppz (Parent Ligand 2)

The synthesis and characterisation of the parent (hio) dppz ligand 2 has been included
to serve as a comparison with the isotopically labeled analogues of the dppz ligand and
to complete the series of ligands. Repetition of experiments were performed to ensure

that ES'-Mass spectra and 'H NMR analysis gave reliably reproducible results.

The parent dppz ligand 2 was prepared following the method of Summers et al ' as
illustrated in Figure 2.2. 1,10-phenanthroline-5,6-dione, phendione 12 and
diaminobenzene, dab 11 were reacted in refluxing ethanol for 30 minutes. The brown
solution was slowly cooled to room temperature upon which straw-like needles were
isolated. Subsequent recrystallisation from aqueous ethanol gave dppz as brown-

orange needles in quantitative yields.

In this study, '"H NMR and ES'-mass spectroscopy were used extensively and proved
to be very useful characterisation tools to identify and assess the purity of the ligands.
Due to the C, axis of dppz five distinct sets of aromatic signals are recorded in

deuteriochloroform, and are displayed and assigned in Figure 2.3.

Electrospray ionization mass spectrometry (ES'-MS) has proved to be a mild
ionization method for the characterization of coordination compounds. The isotopic
composition of dppz revealed a strong molecular ion peak at m/z = 283 (MH), and is
accompanied by peaks at 305 (MNa') and 587 (2MNa"), respectively. The isotopic
patterns observed for the species are in good agreement with the calculated isotopic

compositions.
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Figure 2.2: Preparation of hyo - dppz 2.

Structure of Dppz Ligand (2) Proton Chemical Shift (3, ppm)
2,9 9.29 (dd)
3,8 7.82 (m)
4,7 9.68 (dd) J
11,14 7.92 (m)
12,13 8.35(m)
1213 11,14 3.8

4,7 2,9
I H
————————

904 02 o 90 » 88

(ppm)

8.6

8.4

Figure 2.3: TH NMR spectrum (CDCl3) of hio-dppz and assignment of its proton signals.

2.2-2 D4 - dppz (2a)

D4-dppz was synthesised according to a two step reaction, as detailed in Figure 2.4.
Firstly, dab 11 was deuterated in the presence of D,0, DCI in a teflon coated steel
high pressure reactor vessel for 24 hours at 190°C, to yield d4-dab 11a. A positive
ES’-MS displayed a dominant ion peak at m/z = 190, attributed to the formation of the
dihydrochloride salt, CéDsN2D4.2DCIH" species. This was subsequently added to

phendione 12 and refluxed in ethanol ‘for 30 minutes. The resulting yellow-brown

solution was cooled to room temperature and filtered, yielding a brown solid.
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Figure 2.4 : Preparation of partially deuterated dppz : ds- dppz, 2a .

A positive ES” mass spectrum displayed a dominant molecular ion peak at m/z = 287
indicating the presence of ds;-dppz (MH') species. The relatively weaker peaks found
at 309 and 595 are attributed to MNa" and 2MNa'" species, respectively. The isotopic
distributions of a series of dppz ligands are tabulated in Table 2.1, indicating that the
percent D-incorporations agree within ~ 2%. 'H NMR further confirmed the presence
of ds-dppz as only three sets of signals for the H, o, H; 3 and H, 7 protons, are evident.

ds-dppz Mass Spectra  Mr = 286 g/mol® (%) H-D exchange®
285 286 287 288 289
H#) ©) ©,"%C)

Batch 1 15 227 %08 7 14 98
Batch 2 31 776 M0 113 10 96
Batch 3 37 218 463 185 37 96
Batch 4 47 237 463 W32 37 95

Table 2.1 : ES’-Mass Spectra of partially deuterated dppz: ds- dppz (2a). ‘Relative percent (%)
abundance of peaks. ® Total H-D exchange as measured by m/z peaks greater than 285 (ie. de-
dppz Mr = 286 g/mol)
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2.2-3 Ds- dppz (2b)

The corresponding ds-dppz was synthesised according to a three step reaction, as
illustrated in Figure 2.5. Firstly, phen 3 was reacted in the presence of Pd/C and D,O
in a teflon coated steel high pressure reactor vessel for two consecutive cycles (i.e. /
cycle = 2 days) at 190°C to obtain the perdeuterated ds-phen ligand. This was then
oxidised to ds-phendione in a mixture of concentrated HNOs, H,SO4 and KB No
H-D exchange occurred at this stage as the ES'-MS analysis displayed a dominant
molecular ion peak at m/z = 217, attributable to the predeuterated ds-phendione
species. Thirdly, dab 11 was condensed with d¢-phendione in ethanol under reflux.
The resulting dark brown solution was cooled to room temperature and filtered,

yielding a brown solid.

The isotopic compositions of ds-dppz were determined by ES'-MS and are tabulated in
Table 2.2, and reveal that D-incorporation differs by only ~3%. The spectrum revealed
a strong molecular ion peak at m/z = 289 (MH"), and is accompanied by peaks at 311
(MNa") and 699 (2MNa"), respectively. 'H NMR further confirms the presence of de-
dppz, as only signals for the Hiy 14 and Hi, 15 protons, are evident.

ds-dppz Mass Spectra  Mr = 288 g/mol® (%)H-D exchange”
287 288 289 29 " 191
(YRS @ °C)

Batch 1 32 266" 532 “N1595 ¥} 97
Batch 2 26 222 530 g 2.1 97
Batch 3 1.1 2¥4 “153 x99 43 99
Batch 4 38 45 M5 132 22 96

Table 2.2 : ES’-Mass Spectra of partially deuterated dppz: ds-dppz (2b). “Relative percent (%)
abundance of peaks. ® Total H-D exchange as measured by m/z peaks greater than 287 (i.e. de-
dppz Mr = 288 g/mol)
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Figure 2.5: Preparation of partially deuterated dppz: ds -dppz (2b).

2.2-4 Do - dppz (2¢)

The final member of the dppz series, dio-dppz, was prepared using a combination of

the synthetic conditions described previously, see Figure 2.6. The ES'-MS isotopic
patterns show the formation of di-dppz at m/Zz = 293 (MH'), with >95%
perdeuteration, as shown in Table 2.3. Similarly, additional peaks were observed at
311 (MNa") and 606 (2MNa"). The 'H NMR spectrum was silent, indicating that the
ligand had undergone extensive H-D exchange and confirms the presence of fully

perdeuterated dyo-dppz.
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Figure 2.6: Preparation of perdeuterated dppz ligands: dio -dppz (2c).

dro-dppz Mass Spectra  Mr = 292 g/mol® (%) H-D exchange®
291 292 293 204 205
|, o ®,%0
Batch 1 33 308 366 183 47 97
Batch 2 6.1 346 463 1111 19 94
Batch 3 57 260 411V gE" e 94
Batch 4 36 308 424 174 57 96

Table 2.3: ES’-Mass Spectra of perdeuterated dppz: dio - dppz (2¢) . ° Relative percent (%)
abundance of peaks. ® Total H-D exchange as measured by m/z peaks greater than 291 (ie. dio-
dppz Mr = 292 g/mol)



In summary, the ligands were prepared by a Schiff-base condensation of the
protiated/deuterated phendione with the appropriate diamino compound in ethanol
under reflux”. The best yields were obtained if the diamino compound was present in
ca. 20% excess. "H NMR characterisation of these deuterated ligands proved to be an
effective method of analysis. To verify that the introduction of deuterium did not
cause an isotope effect of the 'H chemical shift their 'H NMR spectra are compared in

(%)

Table 2.4.
Hio (2)
) x SO
| Protonv @[
CND ON
H;g 57.82ppm (m) 57.82ppm (m) 57.92ppm (m) No proton signals
Hiia4 87.92ppm (m)
Hiz13 58.35ppm (m) 58.35ppm (m)
Hyo 59.29ppm (dd) 59.29ppm (dd)
Hy, 89.68ppm (dd) 59.68ppm (dd)
Mr Mr = 282g/mol Mr = 286g/mol Mr = 288g/mol Mr = 292g/mol
-MS? m/z =283 m/z = 287 m/z = 289 m/z =293
Total H-D
exchange® 0.0 96.7 97.3 96.4

Table 2.4: 'H NMR (400MHz, CDCls) data (chemical shifts (5, ppm)) for the dx-dppz ligands (where
x =0, 4, 6 and 10) .° Average mass spectrum (m/z) value of four batches.
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2.3 Preparation of Protiated and Deuterated Ru(II) Polypyridyl

Complexes.
2.3-1 Introduction

These selectively deuterated dppz ligands on complexation to [Ru(phen),Cl,].2HO,
were then utilized to gain a further understanding of these systems in solution and the
presence of DNA, by allowing the phen/bpy and phenazine/quinoxaline components of
the dppz ligand to be examined individually. In order to carry out an extensive study, a
number of derivatives of the parent [Ru(phen),dppz]>* 4 compound were synthesised
and unambiguously characterised by NMR, UV-Vis and mass spectroscopies. Herein,
we report the results obtained from systematic experiments for these complexes and
investigate the effect of deuteration on [Ru(phen),dppz]’* 4 series of complexes in

further detail.

2.3-2 Synthesis of Ru(II) Dppz Complexes

These ruthenium complexes were prepared according to the literature'!! and

characterised by NMR, UV-vis and mass spectroscopies. The general synthetic route

[10]

involved the preparation and isolation of the free dppz ligand''”). The ligand itself was

prepared, by condensation of phendione 12 with the appropriate 6-phenylenediamine:

(a) 1,2-diaminobenzene (dab) — to produce complex 4
(b) 4,5-dimethyl-1,2-diaminobenzene — to produce complex 8
(c) 2-amino-4,5-difluoroaniline — this was synthesized by reduction of 2-nitro-4,5-

difluoroaniline — to produce complex 9,

as shown in Figure 2.7. Typically, yields of 75-85% were obtained for these ligands.
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EtOH, 45 mins N CH;,

*

H,N. F N N F
:@( A g C)j@/\ diFdppz (10)
BN EtOH, 45 mins N F

Figure 2.7: Shown (from left to right) are the orthodiamines used in constructing dppz
derivatives and the ligand abbreviations. ~ Not commercially available, see experimental section
Chapter Six.

The appropriate dppz ligand was subsequently reacted with Ru(phen),Cl,.2H,O in
refluxing aqueous methanol for 10 hours. Although, the latter complex is extremely
stable with respect to the two phen ligands it may be successively and variously
substituted in the two remaining positions. The solution was filtered and the complex
was precipitated as its chloride or hexafluorophosphate salt upon addition of either a
saturated solution of LiCl or NH4sPFs. The complex was filtered and further dried
under vacuum, and did not require further purification. The synthetic approach for the
preparation of these mixed-ligand Ru(Il) complexes is shown in Figure 2.8. By
employing this method, a number of substituted [Ru(phen)zdppz]2+ complexes have
been prepared, namely [Ru(phen),diMedppz]** 8 and [Ru(phen).diFdppz]”"

complexes.
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Figure 2.8: General synthetic approach for the synthesis of complexes 4, 8, and 9 used in this
study™,

For complex 4, the corresponding deuterated complexes of the general formula;
[Ru(dx-phen)zdy-dppz]2+ (where x =0 or 8; y=0, 4, 6 and 10); have been prepared in
good yield in an essentially similar manner. Reaction of [Ru(phen),Cl;] or its
deuterated [Ru(ds-phen),Cl,] analog with the protiated or selectively deuterated dppz
ligands (i.e. d,-dppz, where y = 0, 4, 6 and 10) allowed for the preparation of a wide
range of deuterated complexes of 4, see Figure 2.9. In the current study, a series of six
families have been prepared and are shown in Table 2.5 whereby the [Ru(phen);]*" 6
and [Ru(bpy);]*" 1 families serve as model systems. All of these complexes are readily
soluble in organic solvents and appear stable in solution after prolonged periods.
These complexes allow the effect of D-incorporation into both the ancillary phen
ligands and more importantly the effect of deuteration on the dppz ligand to be
investigated. Furthermore, the [Ru(phen),(diXdppz)]** complexes, (4, 8 and 9), have

allowed for a more comprehensive study of the nature of the dppz ligand.
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Figure 2.9: Synthetic preparation of [Ru(phen):dppz]®* series of deuterated complexes (4-4g) (Total of 8 complexes in the family).



Model Families 6° 1*
[Ru(phen)s]** [Ru(bpy)s] **
a [Ru(phen),(ds-phen)] *  [Ru(phen):(dg-bpy)] *
b [Ru(phen)(dg-phen);] > [Ru(phen)(ds-bpy):] **
¢ [Ru(dg-phen)s] ** [Ru(ds-bpy)s] **
Dppz Families 4* 8" 9b 6°
[Ru(phen)zdppz] ™ [Ru(phen),diMedppz] [Ru(phen)»diFdppz] ** [Ru(phen)dpq] **
a [Ru(phen)z(ds~dppz)] ** [Ru(phen),(d-diMedppz)] > [Ru(phen)x(d;-diFdppz)] **
b [Ru(phen)z(ds-dppz)] * [Ru(phen),D(ds-diMedppz)] ** [Ru(phen)x(ds-diF dppz)] * [Ru(phen)x(ds-dpq)] *
c [Ru(phen)z(dio-dppz)] ** [Ru(phen)x(de-diMedppz)] * [Ru(phen)z(ds-dpq)] *
d [Ru(ds-phen),dppz] ** [Ru(dg-phen),diMedppz] ** [Ru(ds-phen),diFdppz] * [Ru(ds-phen),dpq] **
e [Ru(ds-phen)(de-dppz)] ™ [Ru(ds-phen);(dz-diMedppz)] **
f [Ru(ds-phen)(de-dppz)]*  [Ru(dg-phen)(ds-diMedppz)] ** [Ru(ds-phen)(ds-diFdppz)]**  [Ru(dg-phen)s(de-dpq)]
g [Ru(dg-phen)(dio-dppz)]**  [Ru(ds-phen),(ds-diMedppz)] * [Ru(ds-phen)s(ds=dpq)] **

Table 2.5 Lisi’ Of homo|ep‘|'ic [RU(L)glz* (Where L= phen Cnd bpy) and hefero|epﬂc [RU(L)ZL‘]Z. (Whel"e L= phen Qnd L’
prepared in this study and the numbering scheme for these complexes. © CI salts, ° PFs salts  This family is not considered in any detail in this study.

dppz, diMedppz, diFdppz, dpq) derivatives



2.3-3 'H NMR Spectroscopy

Upon complexation of dppz to the Ru(Il) centre, the 'H NMR of the
[Ru(phen)zdppz]2+ complex 4 is relatively simple, as expected, displaying nine sharp
resonances in the aromatic region. Each of the free ligands (i.e. phen and dppz) have
a C; axis, so the mixed ligand complexes of type [Ru(phen),dppz]*" also display a C;
symmetry. As a consequence, two phen ligands and two halves of dppz are chemically
and magnetically equivalent. Therefore, the resulting signals in the spectrum
corresponding to one full phen ligand and half of the dppz ligand, as illustrated in
Figure 2.10. The octahedral structure of 4 leads to anisotropic (intraligand) effects.
This is attributed to the ring current of one aromatic ligand exerting a shielding effect
on the protons of another ligand, and is most prominent for the protons close to the
complexing site. The Hyo phen ligands in 4 are asymmetric (i.e. non-equivalent) and
show interesting NMR behaviour. The H, proton cis to the dppz ligand lies over the
dppz ring and is shifted downfield by 0.2 ppm relative (8.24 ppm) to the frans Ho
proton which lies over a phen ring (8.04 ppm), reflecting the relative deshielding effect
induced by the electron-ring current of the two ligands when a H atom is orientated
directly over the aromatic ring system. H is assigned on the basis of its chemical shift
(8.04 ppm) compared to the related protons in [Ru(phen);]** 6 which are found at
8.05ppm. The remaining phen protons are not resolved at fields up to 400 MHz.
Since the deshielding effect of the dppz ligand is markedly greater than that of phen,
the chemical shifts of the latter protons are downfield from those of the former.

Representative 'H NMR data were recorded in deuterated acetonitrile for all three
Ru(Il) complexes; diMedppz 8, dppz 4 and diFdppz 9, respectively. The chemical
shifts of the free ligands and corresponding ruthenium(II) complexes are tabulated in

Table 2.6.

53



Figure 2.10: Structure of [Ru(phen).dppz]?* (4), view showing the position of the H, atoms above
the dppz ligand.

Complexation of the ligands to the metal centre and the fact that Ru(II) has low energy
orbitals with small back-donation from the Ru(II) center reduces the residual electron
density on the ligands resulting in a deshielding effect on the resonance field. On
comparison of the '"H NMR spectra of the complexes, small shifts were observed in
the positions of the Hy9 and Hy7 dppz protons with substitution at the 12 and 13
positions. The expected changes at ~8.13 ppm are seen, and the signal from the
protons in positions 11 and 14 change from a single methyl proton resonance in
complex 8, to a doublet in complex 4, to an apparent ‘triplet’ (is actually a doublet

doublet) proton resonance in complex 9, as illustrated in Figure 2.11.

8 Il N JJ(_AA___JU‘L_.
4JA l_JL__JULM_.JAJ‘L._
g W

Figure 2.11: '"H NMR spectra (CD3CN) of [Ru(phen)zduMedppzlz‘ (8 - top), [Ru(phen)zdppz]2+ 4 -
middle) and [Ru(phen).diFdppz]* (9 - bottom).
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Table 2.6: 'H NMR Spectra of Ligands and Ru(II) Complexes in this study.

[ Ligand (L) Proton Chemical shift (5, ppm)
Free L [Ru(phen),L1**
Phen Dppz | Ligand Phen Dppz
Hy 9.13 (dd) | 8.05(dd)
Hss 7.72 (m) | 7.65(dd)
H,, 8.45(dd) | 8.61(dd)
Hsg 7.93 (s) 8.28(s)
Phen(3)
B ) Hyy Hyg 9.29 (dd) | 8.04(dd) 8.24(dd) 8.13(dd)
gosllin & Ol H,; Higp 7.82 (m) | 7.67(m) 7.80(m)
13@@ H,;, Her 9.69 (dd) | 8.64(m) 9.67(m)
7 N N Hys Hsyg 8.30(s)
: Hip e 7.96 (m) 8.17(m)
Dppz (2) Hiy 13 8.39 (m) 8.50(m)
Hyo Hygo 928 (d) | 8.04(dd) 8.24(dd) 8.10(dd)
H;; Hpp 7.81 (m) | 7.67(m) 7.78(m)
H,; Her 9.66 (d) | 8.64(m) 9.63(m)
Hss Hsg 8.30(s)
Hip e 8.13 (s) 8.24(s)
I"I~12’,13’
CH, 2.64 (s) 2.69(s)
Hyo Hyo 9.30 (dd) | 8.04(dd) 8.22(dd) 8.14(dd)
i Bl H;s Hyg 7.81(dd) | 7.67(m) 7.80(m)
Hy;  Hep 9.58 (dd) | 8.64(m) 9.62(m)
F :@: Hs¢ Hsp 8.30(s)
Hir e 8.10 (t) 8.33(1)
I_112’,13’
DiFdppz (14) B

Table 2.6: 'H NMR Chemical Shifts (3, ppm) of Ligands 2, 3, 13 and 14 (CDCls) and Complexes 4,

8 and 9 (CDsCN). Chemical shifts were measured with reference to residual solvent signals

In the 'H NMR spectrum of the diFdppz complex 9, the “triplet’ corresponding to the

Hjy 14 positions is difficult to distinguish due to the overlap with the signals of the
H,, protons of the phen ligands. In the '"H NMR spectrum of partially deuterated
[Ru(dg-phen)zdidepz]2+, the spectrum is greatly simplified due to the removal of the
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phen protons and the multiplicity of this signal is much clearer. For complex 9, a =y
NMR spectrum in deuterated acetonitrile was obtained which showed a single peak at

approximately -127.33ppm as expected.

The lack of noticeable shifts implies, that, in the ground state, substitution at the distal
protons in dppz does not significantly alter the electron density in the dppz ligand.
Furthermore, as there are no shifts in the signals corresponding to the phen protons —
7.67, 8.04, 8.24, 8.30, and 8.64 ppm, there is no dramatic change in the electron
density around the Ru(I) metal center. The location of electron density is important
when considering the rate of protium-deuterium exchange for these complexes (as

discussed in Chapter Three).

The 'H NMR spectra of the protiated parent [Ru(phen)zdppz]2+ complex 4 and its
deuterated analogues (4a-4g) were examined and are illustrated in Figure 2.12. The
use of deuteration has been reported as a simple and straightforward solution to

12 and

facilitate: NMR structural assignments of complexes both in the absence
presence of DNA!!Y, Comparison of the spectra and the removal of the signals of the
exchanged protons from the spectrum allow for unambiguous assignments to be made.
This compares well with mass spectral analysis in aqueous solution which indicated
>97% H-D exchange for these complexes, as shown in Table 2.7. The ES'-MS and
'H NMR spectral data for the analogous series of complexes, containing diMedppz 8
and diFdppz 9 as terminal ligands are given in Tables 6.8 and 6.9, respectively in

Chapter Six (Experimental).
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[Ru(phen)dio-dppzl>* (4c)
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[Ru(ds-phen)dppz]”* (4d)

I |, v i, O, A

[Ru(ds-phen).ds-dppz]”* (de)

sed lorioy o

[Ru(ds-phen).ds-dppz]”* (41)

. R B

e

[Ru(ds-phen).dio-dppzl”” (4g)

Figure 2.12: 'H NMR spectra (CDsCN) of the series of deuterated [Ru(phen)zdppz)’* (4-4g)
complexes, for assignments see Table 2.7.
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%ﬂ

ﬁomplex“‘ Proton | Chemical Shift (8, ppm) Mass Spectra | %D | Complex Chemical Shift (8, ppm) Mass Spectra
Phen Dppz (m/z) (%) Phen Dppz | m/z) (%)
[Ru(phen),dppz]” His 7.67(m) 7.80(m) |369 5.52 [Ru(dg-phen), dppz]™ 7.80 (m) | 377 3.92 |
Hyy |8.04(dd) 8.13(@dd) |370 581 8.13(dd) | 378  4.11
Mr=743g/mol 8.24 (dd) 371 29.91 2| Mr=759g/mol ¢ 379 28.65 4
m/z=371.9 Hss | 8.30(s) 372 39.28 m/z=379.9 9.67(m) | 380  37.65
H, |864(m) 9.67(m) |373 18.60 8.17(m) | 381  23.98
Hizs 8.17(m) |374 088 850(m) |382  1.69
) Hijgg 8.50 (m) (4d) Y
RuGhenydedppzl” | Hyg | 7.66 (m) 781 (m) | 370  0.91 [Ru(ds-phends-dppz]” 780 (m) | 378 2.25
Hyo |804(@dd) 8.13(dd) |371 4.54 8.12 3 :
Mr=747g/mol 8.24 Edd% ) 372 13.60 78 | Mr=763g/mol & 323 12.2; -
m/z=373.9 Hss | 830(9 373 3265 a=slR 381 35.40
H,, |865(m) 9.67(m) |374 33.57 382 2801
Hizs 375 14.05 383  13.29
(42) T 376 0.68 (4e) 384 143
[Ru(phen)de-dppz]™ | Hj g 7.67 (m) 372 407 [Ru(ds-phen)zde-dppz] e 17
Hyo | 8.04 (dd) 373 763 |9 380  4.43
Mr=749g/mol 8.23 (dd) 374 22.90 S | M=765g/mol 381 1245 -
m/z=374.9 His  |829(s) 375 3843 m/z=382.9 382 30.17
H,;, |8.64(m) 376 2239 8.17(m) | 383 33.12
Hizs 8.16(m) |[377 4.8 8.50 (m) | 384 1435
Hij 14 8.50 (m) 385 3.16
(4b) (4f) 386 1.05
[Ruhenydirdppzl” | Hyg | 7.67 (m) 374 627 [Ru(ds-phen);do-dppz]™ 381 100
Hyo | 8.04 (dd) 375 823 |97 382 462 |9
Mr=753g/mol 8.24 (dd) 376 27.06 Mr=769g/mol 383 10.46
m/z=376.9 Hss | 8.30(s) 377 29.03 m/z=384.9 384  26.28
Hy, | 8.64 (m) 378  28.63 385 36.98
Hizia 379  0.78 386  18.25
(4¢) His s (4g) 387 .. 242

Table 2.7: Correlated 'H NMR (400MHz, CDCl3) data (chemical shifts (8, ppm)) and ES'-MS data for series of complexes (4a-4g) ¢ Chloride salts



2.3.3-1 Effect of Concentration on the NMR Spectrum of
[Ru(phen).dppz]®* complex (4).

It has been reported that the '"H NMR spectrum of polypyridyl complexes is very
sensitive to concentration"”. For the free dppz ligand 2, in deuteriochloroform, all the
protons are shifted downfield with increasing concentration, using the solvent signal as
an internal reference. The largest effect, with an increase of ~0.2 ppm, is observed for
the H,o protons while the smallest effect is noted for the 4 and 7 positions. On
increasing the concentration the order of effect on the dppz ligand protons is as follows;

29>21114>3,8>12,13>4, 7.

The effect of concentration was also examined for 4, by comparison of two spectra at
different concentrations, 2.0*10° M and 6.0%10° M, respectively. The most affected
protons are the dppz protons (with displacement as large as 0.2 ppm) which move
downfield with increasing concentration. The phen H,o move upfield under the same
conditions, as they are located above the phenanthroline part of the dppz ligand (Figure
2.10). The other phen protons, are not concentration dependent as their chemical shifts
are unaltered. We have attributed this concentration effect to an aggregation of
mononuclear species through m-7 stacking of the elongated dppz portion in solution.
Aggregation, which must be very rapid with respect to the NMR time scale, modifies the
local electron density and/or the ring current effects in the vicinity of the dppz ligand.
Consistent with this hypothesis, it has been reported by Bolger ez al''” that the 'H NMR
spectrum of Ru(Il) complexes display similar changes as a function of temperature.
Further interpretation of these chemical shift variations is not possible without accurate

knowledge of the aggregation geometry and dynamics.
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2.3-4 Absorption Spectroscopy.

UV-Vis absorption spectroscopy is an extremely useful technique which gives valuable
information regarding the nature of the excited state initially formed when the complex is
excited at a particular wavelength. Much has been published in relation to the absorption

(141 and the dependance of

spectral properties of ruthenium polypyridyl complexes
charge-transfer on solvent polarity is a well known phenomenon*!. To assess the effect,
if any, of the solvent medium, counter-ion induced changes, and substitutents, namely F
and CH;, in the 12 and 13 positions of the dppz ligand, the UV-Visible electronic spectra
of the free ligands and their complexes were recorded in a variety of solvents. The
extinction coefficients (smx) were obtained from Beer’s law and determined for at least
two dilution factors at the wavelength corresponding to the maximum absorption (Amax)

for each peak in the spe<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>