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(Properties of^thenium  (II) ^oCypyridyC Compk^es.

mcH^LL<E ‘ELL‘m  7{iggms.

This main aim o f the present study is to investigate the effect o f  protium-deuterium exchange on the 
photophysical and excited state energetics o f Ru(II) complexes by UV-Vis absorption, steady-state 
and time-resolved emission spectroscopies. The three main complexes synthesised, characterised and 
studied are [Ru(phen)2 dppz]^"  ̂4, [Ru(phen)2 diMedppz]^'" 8, and [Ru(phen)2 diFdppz]^^ 9. For each o f 
these complexes, a series o f partially deuterated analogues were successfully synthesised. For 
example, for 4, a series of complexes of the form, [Ru(dx-phen)2 dy-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 o f H-D exchange were utilized for the preparation o f the desired deuterated 
ligands. The first method, Pd/C in the presence o f D 2 O, is a modification o f a literature method, 
promoted efficient H-D exchange for a wide range o f  polypyridyl ligands. The second method, of 
DCl in the presence of D2 O, 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 o f  the deuterated ligands and complexes their 
characterisation was carried out by the methods o f UV-Vis absorption, 'H  NMR and mass 
spectroscopies'.

Absorption spectra, in a range of solvents, indicate that shifts in the absorption peaks o f  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 o f  the diMedppz ligand 
13 and complex 8. A detailed photophysical study o f complexes, 4, 8, and 9, revealed that the 
emission parameters are highly sensitive to their immediate environment, most notably on the polarity 
o f 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 o f the complexes. In contrast, the emission quantum 
yields and lifetimes are strongly affected and the magnitude o f the effect was found to be dependent 
on the site o f deuteration. For all three series o f  complexes, similar trends were observed. For both 
emission parameters there is a marked increase in cases where the vibrational modes are affected by 
deuteration o f 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 o f dppz.

A number o f routes were tried to isolate the enantiomerically pure complexes o f [Ru(phen)2 dppz]^^ 4. 
The enantiomers of 4 and its deuterated analogues 4a and 4d were successfully synthesised and 
characterised by CD spectroscopy. In the presence o f 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 o f 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 o f the 
long-lived lifetime component there is essentially no difference between the A and A-enantiomers o f 
complexes, 4a and 4d, upon binding to the DNA helix.



Abbreviations.

A Absorbance

A Delta (right-handed)

A Lamda (left-handed)

Bt f l B  Prc-cxponential factor of the lifetime x ! Sum of all pre-cxponcntial factors

Bpy 2,2’-bipyridine
C Concentration

CD Circular dichroism

CT-DNA Calf thymus deoxyribonucleic acid

DCM Dichloromethane

DNA Deoxyribonucleic acid

Dppz [dipyrido[2,3-a:2’,3’-c]phenazins]
DiFdppz 12,13 -difluoro [dipyrido[2,3-a:2’,3’-c]phenazine]

DiMedppz 12,13 -  dimethyl [dipyrido[2,3-a:2’,3 ’-cjphenazine]

6 Extinction coefficient (M'̂ cm"')

Bern Energy of emission

<I> (Quantum Yield

HOMO Highest occupied molecular orbital

ic Internal conversion

isc Intersystem crossing

IL Intraligand

knr Non-radiative rate constant

kr Radiative rate constant

kq“  Quenching Rate constant

A, Wavelength (nm)

LUMO Lowest imoccupied molecular orbital
MLCT Metal-to-ligand charge transfer

NMR Nuclear magnetic resonance

Phen 1,10-Phenanthroline

X 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(ll) complexes by UV-Vis absorption, 

both steady-state and time-resolved emission spectroscopies. The three main complexes 

synthesised, characterised and studied are [Ru(phen>2dppz]^' 4, [Ru(phai)2diMedppz]^^ 8, 

and [Ru(phen)2diFdppz]^^ 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>2dy-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 o f 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 D2O, is a modification of a 

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

The second method of DCl in the presence of D2O, 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 

deuteraled 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')3-x]̂ ’' (where L = bpy 1 and phen 6, L' = dg- 

bpy and dg-phen, and  x = 0 ,1 , 2, and 3) were also prepared, and examined by both steady- 

state and lifetime measurements over a range of temperature. 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 

o f the complexes. In contrast, the emission quairtum yields and lifetimes are strongly 

affected and the magnitude o f the effect was found to be dependent on the site of deuteration. 

For all three series o f complexes, similar trends were observed. For both emission 

parameters there is a marked increase in cases where the vibrational modes are affected by 

deuteration o f the phai moiety of the dppz ligand {i.e. de-dppz). On this basis, we propose 

that in the excited state the promoted electron is preferaitially localised on the phen moiety 

of dppz.

A number o f routes were tried to isolate the enantiomerically pure complexes o f  

[Ru(phen)2dppz]^  ̂ 4. The enantiomers o f 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 bdiave as molecular 

light switches, as they do not emit in water but display emission when in the prraence of 

DNA, in the order 8 > 4 > 9. Time-resolved luminescence studies for the racemic, 

enantiomeric and deuterated complexes display a biexponwitial d ec^  on binding to DNA. 

For the enantiomeric complexes o f 4, the Hfetime components and pre-exponential factors 

correspond to the 4A-aiantiomer, 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 o f  complexes, 4a and 4d, upon binding to the DNA hehx.

’ The natural abundance ligands and comple.xes are referred to as “protiated" and not 
“protonated”.
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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 o f new photonic materials and photo-chemical reactions. Importantly, 

for polypyridyl complexes of d̂  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 systems^’̂ ^̂ l 

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)3 ] '̂^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 o f the complex. For Ru(ll) 

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)2 dppz]̂ "  ̂ complex 4. The reason behind this choice of ligands is 

three-fold: (i) 3 is known to stabilise Ru(IT) 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 Kb > 10̂  M ’ for 

and; (iii) [Ru(phen)2dppz]^^ 4 is a light sensitive compound. Furthermore, 4 is
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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 

However, the photophysical reasons for this phenomenon are not yet fully understood. 

Essentially, the important questions are:

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

•  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 o f  the dppz ligand. The heterocyclic n system o f  2 combines the 

chelating function o f  the a-diimines^^  ̂(i.e. phen or bpy moiety) with the electron/proton 

transfer capacity o f  the 1,4-diazine (phenazine (phz) or quinoline (quin))^* ,̂ as illustrated 

in Figure 1.1.

Phen (2)

Dppz (2)

Phenazine (phz) Quinoline (quin)

Figure 1,1: The phen/bpy and quinolinc/phenazine components of the  dppz Ligand.

Despite a substantial body o f  researcĥ ^̂ *̂ *̂  there still remains considerable controversy 

regarding the location o f  the excited state electron in [Ru(L)2dppz]^^ complexes, and 

continuing debate exists as to whether the charge is:

2



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

• 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(II) complexes is 

based on the effect of D-incorporation on the emission parameters of these complexes 

It has been reported that the location o f the excited state electron density is 

dependent on the effect of deuteration on radiationless deactivation procesŝ *®̂ . 

Deuterium incorporation decreases the contribution of the nonradiative decay ( k n r )  

pathway, resulting in increased lifetimes of the excited state for these complexes^*

In the literature, a number of studies have employed the phenomena o f the ‘deuterium 

isotope effect’ to simplify the NMR spectra of ruthenium complexes in the 

absence^’̂  ̂ and presencê *'*̂  of DNA, or to obtain information about the excited-state 

behaviour of these complexes using either time-resolved resonance Raman 

s p e c t r o s c o p y ^ a n d  low temperature emission studies '̂^ .̂ Furthermore, Kincaid et 

studied position-dependent deuteration on the nonradiative decay of the ^MLCT 

state of [Ru(bpy)3 ]̂ '*' 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 o f four families, based on [Ru(phen>2dppz]^^ 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 ]̂  ̂

complexes (where L = bpy 1 and phen 6).
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diMedppz (8)

diFdppz (9)

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(II) 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.
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1.0-1 What is Special About the Photochemistry of Tronsition 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 o f 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 o f 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.
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1,1 The Structure and Physical Properties of Ru(H) Polypyridyl Complexes.

1.1-1 Introduction.

By far, the best known and most studied̂ ^̂  tris-chelate complex is that of [Ru(bpy)3 ]^  ̂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)3]^  ̂(where L = bpy 1 and phen 6) are low-field 

d  ̂ systems in which the heavy transition metal Ru(II) core co-ordinates with three 

bidentate polypyridine ligands yielding an octahedral configuration. The polypyridyl 

ligands are usually colourless molecules possessing a-donor orbitals localised on the N 

atom and 7t-donor and n*-acceptor orbitals delocalised on the aromatic ring. A great 

deal o f 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 tem metal orbital to a Ti*t ligand orbital 

gives rise to a metal-to-ligand charge transfer (MLCT) excited state, whereas promotion 

of an electron fi-om tim to a*u orbitals gives rise to metal centred (MC) excited states. 

Ligand centred (LC) excited states can be obtained by promotion o f an electron fi-om til 

to n*L 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.

M L C T  LC

MC LMCT

X T

CTL

Figure 1,3: Molecular orbital diagram of the  energy levels of the  principal orbitals and transitions 
which occur fo r an octahedral complex of Ru(II) (M = metal, L = ligand).
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[Ru(bpy)3]̂  ̂1, as well as other [Ru(L)3]̂  ̂complexes, (where L = bidenate polypyridine 

ligand), exhibit a D3 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 D3  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 t2g 

orbitals of the metal with the %* 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)2(L')]^̂ , 

exhibit C2  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(II) 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, 

^MLCT(d7t->7i*), and ligand localised on the IR-Raman time scale*̂ *̂̂ .̂ The UVA' îs 

absorption spectrum of 1 is shown in Figure 1.4, and consists of three fundamental types 

of electronic transitions:

(i) (7c->7t*); 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 X -  

(200 - 400) nm and are characterised by intense absorption o f 8 ~  20,000 x 10̂  M 'cm ‘.

(ii) (djt^da*); 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 'cm ' 

range. It is also known that excitation into MC states often brings about efficient ligand 

dissociation̂ *̂̂ .
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(iii) (dn-^n*); metal-to-ligand charge transfer (MLCT)

These transitions of lowest excited state energy between a metal centred dn (t2g) ground 

state and ligand n* states, are observed in the visible region ^nax == (400 - 500) nm with 

intense absorptions of e ~ 14,000 M'^cm'  ̂ and are both solvent and substitutent 

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

reduction̂ ^̂ .̂

0,8
LC

0,6

0,4
MLCT

0,2

500300 400200

Wavelength (nm)

Figure 1.4; Absorption spectrum of [Ru(bpy)3]̂ * 1 In aqueous solution with assignm ents fo r  th e  
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, resuhs in absorption of a photon 

of light (Ifs) and leads to the population of the initially formed MLCT excited state of 

predominantly singlet character. For most Ru(II) 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 

emission̂ ^̂ ^̂ ^̂ l 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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'MLCT
< 3 e-1 3 s =  300fs

ISC

Light Abs 
le -1 5 s =  Ifs

6 e -7 s  "  6 0 0 n s  
[R u+(bpy)2 (b p y )‘

G round State (S n ) o f  [R u (b p y )3 ]^^

Figure 1.5: Photophysics of [Ru(bpy)3 ]̂ *

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, ^MLCT. 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 ((j)isc s  The

intersystem (ISC) crossing becomes allowable as the ‘heavy atom effect’ o f 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 o f  1 and related 

systems, as proposed by Crosbŷ '̂^̂  and Meyer^^^\ are shown in Figure 1.6.

'M L C T

:Ru'.

Ground State (Sq)

Figure 1.6 : Diagram of the excited sta te  levels o f [Ru(L)3 ]̂ * complexes; huabs = absorption, huem = 
emission, ISC = intersystem crossing, IC = internal conversion. AE represents the energy gap 
between the ^dd and the manifold of ^MLCT emitting states.
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Intense activity has been directed towards the elucidation of the nature of the ^MLCT 

state, and essentially two models have been proposed to explain the nature o f 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 

character̂ '̂*  ̂ 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 (lasec) 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 L7.

S i n g l e t  c h a r a c t e r  

- B i  ( 4 0 - 6 0 % )

. A ,  ( - 3 % )  

. Bj  ( - 3 % )  

. A 2  ( - 2 % )

8 0 0 c m ‘‘

Figure 1.7: A schematic representation of the ^MLCT sta te  of Ru(II) Polypyridyl complexes^^^^

An excited metal-centred (^MC) or d-d state which lies about 4000 cm ’ above the 

^MLCT manifold is revealed in temperature-dependent studies of luminescencê ^̂ ^̂ *̂̂ , 

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 ^MLCT State.

In the past, many absorption studies have focused on the position of the ‘promoted 

electron’ in the excited state of Ru(II) 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 statê ^̂ .̂ 

Magnetic circular polarised luminescence studies^ '̂  ̂ and low temperature emission 

studieŝ *̂̂  ̂ of a matrix-isolated site suggest a Ds symmetric system -  [Ru(bpy)3 ]^̂  - 

seemed to favour the delocalisation of the electron over all three bipyridines ligands. In 

contrast, electronic absorption^ ’̂\  laser spectroscopies^^^ ,̂ and resonance Raman 

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)2(bpy^)]^^ - a 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 

^MLCT 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^^ l̂ Thus the excited state of 1 has the disadvantage of a lack of 

directed charge transfer character. According to Meyer et this problem may be 

overcome by replacing one of the bpy ligands with stronger 7t-accepting groups.

In the case of mixed ligand complexes, the electron is expected to be localised on the 

ligand that is most easily reduced̂ "̂*̂  (i.e. the lowest n* orbital), forming a radical anion 

species of the ligand site. An example of such a complex is [Ru(bpy)2 dppz]^  ̂ 10. As 

the dppz ligand is more readily reduced than bpy ligand by IVolt, due to the lower 

energy ;r*-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)2(dppz*“)]2^

1.2 The Dppz Ligand.

1.2-1 ^MLCT or Excited State  Ru(H) Complexes.

To date, much work has been done on the photophysical properties of Ru(II) complexes 

which give an insight into the electronic properties o f  ruthenium, especially in 

photoexcited forms. Our interest lies mainly in Ru(II) complexes containing the dppz 2 

and related substituted ligands. However, before the interactions o f these complexes 

could be fiilly comprehended, the photophyslcai properties have to be definitely 

established. Although a substantial body o f 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 o f  the excited states o f transition metal 

complexes. One o f the most important contributions was made by Dallinger, Woodruff 

and co-workerŝ ^̂ '̂ , who demonstrated the utility o f  TR  ̂ spectroscopy for interrogation 

o f  ̂ 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 o f microheterogeneous environments 

such as The nature o f the excited states o f  these complexes has been

the subject o f 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 compared 355 nm-generated TR^ spectra o f  [Ru(bpy>2dppz] "̂’ 

10 with the electrochemically generated dppz*“ radical anion, and reported that the 

spectra are markedly similar. This was confirmed by McGarvey and co-workerŝ ^̂ ^̂ ^̂  ̂

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 

that the TR  ̂species probed in a 355 nm single colour is the state o f dppz and not

the dppz-localised MLCT consisting o f the dppz*“ radical anion. But the spectra, 

proved, on closer scrutiny to be comparable with the electronically generated dppz 

radical anion^^ l̂

(2) Sauvage et proposed from studies involving 10 and [Ru(dppz)3 ]̂  ̂ 15, that the 

MLCT excited state is expressed as [Ru™(bpy)2 dppz*"]^  ̂ , and the dppz ligand acts as 

though it were composed o f two electronically independent units -  bpy and phenazine. 

They concluded from photophysical and electrochemical measurements that following 

excitation o f 10, with dppz as the acceptor ligand pattern (similar pattern to 

electrochemically prepared dppz*~) that the excited electron was localised on the 

phenazine portion o f the dppz ligand. Another possibility is that a dppz based MLCT 

excited state is reached. This is supported by resonance Raman studieŝ ^̂ ^̂ ^̂ \ which 

suggests that in the ^MLCT excited state o f 10, localisation o f 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 o f 4 are best described as being MLCT in character, with 

the excited electron occupying orbitals associated with the dppz ligand.

1.2-2 tAo\ecu\ar Orbital (MO) Calculations for Ru(H) Complexes.

Extended Huckel calculations have been performed by a number o f research 

groups'̂ '*®̂ '̂̂ '̂  in order to obtain compositions and energies o f  the dppz ligand 2 orbitals 

and to rationalise the spectroscopic results. The dppz ligand combines features of a- 

diimine (bpy or phen)̂ ^̂  and o f 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 7i-system exhibits 

three relatively low lying unoccupied u* 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(v|/) orbital, localised on the bpy moiety o f 2, and

(iii) the a2(%) orbital also localised on the bpy part o f 2.

N5

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

These MO’s lie close in energy. The latter two a-diimine acceptor orbitals, bi(v[/) and 

a2(x), are particularly close, and can interact with the 7i-electron rich Ru(II) centre in an 

established manner. However they were shown to lie above the phenazine-based n* 

MO, bi(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 studieŝ '̂ ^̂  the lowest lying n* orbital of 

dppz is localised almost exclusively in the phenazine part o f the ligand, with very little 

contribution and effects from the a-diimine chelating sites. These calculations show 

that there are high MO coefficients on the non-coordinating phenazine N atoms. It has 

shown by Kaim et a f \  that the extinction coefficients are directly correlated to the 

molecular orbitals coefficients through small oscillator strength. Therefore, as the 

amplitude of the wavefiinction for the LUMO bi(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 o f  the 

absorption spectrum.

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

Solution.

In a dramatic departure from typical Ru(II) diimine complexes the [Ru(phen)2dppz]^‘̂ 

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 o f deactivation o f  

the excited statê ^̂ ^̂ .̂

In a study by Barbara ef the photophysics o f 4 in water, acetonitrile, and 

water/acetonitrile mixtures, has been investigated by picosecond time-resolved 

absorption and emission spectroscopy. The photoluminescence quantum yields o f  these 

complexes are found to be extraordinarily sensitive to their environment. They proposed 

that the ‘light switch’ behaviour o f 4 is due to the involvement o f  not one, but two 

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

A queous

’M LCT
kic (~ps) 

"M LCT

Fast H 2O - 
assisted rad iation less 

decay

G round State (So)

N o n -A q u e o u s  (D N A )

"M L C T

'M L C T

R e d  (6 6 0 n m ) 
em issio n

G ro u n d  S ta te  (So)

Figure 1.9: MLCT exc ited  s ta te s  o f  [fiu(phen)2dppz]^* 4  and proposed 'light switch' mechanism  
according to Barbara eta /^^^
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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 'MLCT->"MLCT is assigned to an 

intramolecular charge-transfer process, dependent on both the solvent polarity (E t)  and 

proton-donating ability (a) of the solvent. The effect is more significant on considering 

the polarity o f 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 (Xmax = 610 nm) 

observed in acetonitrile (and in the presence of DNA).

In the presence o f 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 

aqueous medium on intercalating between the base pairs o f the DNA d u p l e x ^ ' F o r  

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 o f the photophysical characterisation of Ru(ll) 

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)3]^  ̂ 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 aflFecting the excited state 

lifetimes.

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

1.1

where =  k„ 1.2

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

on these parameters.

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

Einstein coefficient for spontaneous emission by

k. =
A

1.3

where : E«„ is the emission energy; ii/* and >j/g are the excited and ground sta te  electronic wave 

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 kr is proportional to Eem̂ , if the transition dipole 

moment remains relatively constant. Thus, the higher the emission energy the lower the 

value of kr and the more intense the resultant emission. For the sake of simplicity, we 

assume that the transition is insensitive to solvent variations.

17



While kr is important, it is the rate constant for intramolecular mn-radiative decay, knr, 

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 k„r 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„r 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, knr may be considered on the basis of the ‘energy-gap 

for radiationless transitions, equation 1.4, assuming the approximations of 

high temperature (htOM «  keT) and weak-vibrational coupling {i.e. small excited state 

distortions) ( I  AEe„,i / HomSm »  1)

=  ( Ĉ O).n) • exp ( - S ' )  • exp
em IJ

1.4

where: I AE,„ I =  ( I  I - h(oi<), where AE is the energy gap between the thernwlly 
equilibrated ground and excited states; «)„ is the angular frequency for the promoting 
vibrations; is the nuclear momentum matrix element for coem which leads to transitions 
between states; S is a measure of the extent of excited state distortion in the
acceptor vibration; Aj is the dimensionless fractional displacement of normal mode j 
between the equilibrium configurations of the ground and excited states, y = 
[Ind AE J  h(D„S„) - 1]. kB is the Boltzmann distribution

This equation may be simplified to give;

Ink„^ a  {e J  1.5

Typically, increases in the nonradiative k„r 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 k„r and is observed because 

variations in xo are relatively small̂ '*̂ .̂ Hovk^ever, it is found that this approximation 

does not hold for hydroxylic solvents, like CH3OH and H2O, as the non-radiative decay 

is always larger than expected. The term knr has been shown to be temperature 

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

kdd relates to a temperature - dependent term and constitutes an additional nonradiative 

deactivation pathway which involves deactivation of the thermally populated metal- 

localised “dd” (^MC) states. The ^MC state lies ca. 4000 cm'' above the ^MLCT 

manifold and subsequently undergoes very rapid radiationless decay (10  ̂- lO'*̂  s"') to 

the ground state or photodecomposition of the complex via ligand loss, kdd is a solvent 

dependent kinetic term and may be derived as.

'■ M
= k° • exp -A g

RT
1.6

where: k“ is the pre-exponential factor for ^WLCT->®A/IC and AE is the energy d ifference  between 
the ^dd states and the manifold of ^MLCT emitting states, ft is the gas constant.

The appearance of these relatively low lying dd states in Ru(II) polypyridyl complexes, 

although of fimdamental 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 Sknr (= kdd + k„r), we observe an increase in k , resuhing in a more 

intense emission. At room temperature, thermal population o f the ^MC state is 

accessible and kr will decrease as the emission intensity decreases. Extensive studies 

have focused on the preparation o f MLCT excited states where the dd states do not 

interfere with the desired photochemical reaction pathways.

kq®̂  is the rate constant for bimolecular quenching process involving sp>ecies ‘Q ’. For 

the majority of ruthenium polypyridyl complexes their lowest excited ^MLCT states are 

long-lived and are quenched by molecular oxygen (^02). Oxygen possesses a triplet 

ground state O2 (^Zg)- Upon quenching, two different species are formed 02*(*Ag) and 

02*(*Sg^), 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 02*(*Ag) species.

The most important bimolecular processes are;

(i) Ru(L)3̂ *̂ + ^02 -------> Ru(L)3̂  ̂ + 0̂2* energy transfer

(ii) RuĈ ŝ "̂ * + ^02-------> Ru(L)3̂  ̂ + 0̂2*” 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 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 dependent̂ ^̂

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 (x) 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/ Sk) is a measure of all the 

radiative (k,), non-radiative (k„r), thermal-related (k^d) and quenching (kq®0 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 Stem -Volmer equation,

1 1.7

where; and 'to “i'® +he observed lifetimes in th e presence and absence of the quencher 
respectively, [O2] is the concentration of quencher i.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 Stem-Volmer plot o f 1/ - V5 - [O2] will lead to 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 

(kr). The quantum yield of luminescence (<l>em) is essentially defined as the ratio 

between the photons emitted (kr) 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 o f  kr and knr, respectively, may be 

determined at any temperature, according to equation 1.8,

ISC K+E K
= •  A: •  r^  ISC >  *'meas 1.8

where; Oisc (assumed to be unity) relates to the process *MLCT-4-̂ MLCT, Zjknr represents the 
terms (k„p + kjw).

The recorded emission spectrum gives Eem (energy of maximum emission), and the 

quantum yield of luminescence (<I>em) which may be calculated. These parameters, in 

conjunction with the rate decay constants permit an understanding o f  these ruthenium 

complexes in solution. A more detailed discussion is given in Chapter Four to the 

evaluation o f 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, knr, determined largely by vibrational overlap between the 

ground and excited states, dominate the luminescence behaviour of Ru(II) complexes. 

Therefore, a reduction in the value of the nonradiative rate constant, knr, will result in 

increased emission efficiency^^’ .̂ This has been achieved by incorporation of deuterium 

into a wide diversity of complexes. The effect of substituting deuterium for hydrogen in 

the local environment of Ru(II) complexes, enhances the phosphorescence yield without 

concomitant changes in the radiative lifetime and the structure of the emission 

spectrum̂ '*̂ ^̂ '̂ ^̂ .

The earliest application of the deuterium isotope effect can be found in the work of 

Hutchison̂ "̂ ^̂  and Wright̂ "*®̂  who investigated the effects o f 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 

hydrocarbons '̂'^^ and rare earth ions and their complexes^ "̂^ ,̂ for a review on this subject 

see Vos '̂^ l̂ Watts*̂ ”  ̂ extended this phenomena to transition metal systems by 

examining the effects of deuteration on the lifetime of the lowest ^MLCT excited state 

o f l .

Upon isotopic exchange, a number of changes in the nature o f 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^^°l
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1.4-2 The Effcct 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 CioHg) to 16.9 sec (for CioDg), 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 o f 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 The observed excited state lifetime,

is given by the sum of a radiative rate constant (kr) and the nonradiative rate constants 

( E k n r ) .  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 

^MLCT states of Ru(II) polypyridyl complexes^^^\ further discussion will concentrate on 

the k„r 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 Zknr 

includes the term kx-H» 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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k x - H  =  { ^ p J F i , 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 

energŷ *̂̂ . 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 

kx-H- 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.

Dcuteration Protiated

Figure 1.10: Changes in th e  vibrational levels and overlap which occur upon dcuteration.
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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 o f Siebrand̂ ^̂ t̂̂ ^̂  There is a 

large deuteron effect on k„r 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 o f Ru(II) complexes 

revealed that a number of important contributing factors need to be considered. These 

may be categorised according to:

• Deuteration {i.e. flill or partial H-D exchange) o f the complex

• The effect o f temperature variation.

• The effect o f solvent deuteration.

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

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

temperature dependence, respectively.

1.4.3-2 Positional Dependence Effect of Deuteration on Nonradiative 

(k„r) Decay Processes.

More recently, a different type o f deuterium effect on triplet lifetimes was observed, 

whereby the excited state lifetime showed a dependence on the position of 

substitution^'°^^^'^. Watts and Strickler^*®  ̂ compared the triplet lifetimes o f a series o f 

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 o f  

deuterons in the a-positions of naphthalene induces a larger increase in the observed 

lifetime (by a factor o f  1.6) than does replacement o f  a proton in the p-position.

According to the “active H atom” theory o f  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 a  carbons is greater than at the P 

carbons. Burr et 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)3]^* 1

Although the photophysics and photochemistry o f  1 has been extensively studied and 

has accumulated a large body o f information the nature o f  these decay processes remain 

uncertain. For inorganic systems, although the effect o f  ligand substitution is relatively 

small, it is appropriate to observe the effects o f selective deuteration. Initially, the work 

by Watts^ ’̂  ̂ reported that deuteration o f  the free bpy 5 substrate doubled the 

fluorescence lifetime, from 0.9 sec to 2.2 sec, at 77 K. Perdeuteration o f  1, causes a 

more modest 20% increase in the emission lifetime (5.1 ^isec-> 6.1 |o,sec at 77 K in 

EtOH/MeOH and 580 ns-> 690 ns at 298 K in H2O, respectively). Further investigation 

by Kincaid and co-workers*̂ ^̂  ̂ have examined the positional dependence deuterium 

effects o f  isotopically substituted analogues o f 1. These studies showed that deuteration 

o f  the 3,3' or 4,4' positions (regions o f  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 o f  the 5,5' or 6,6' positions exhibited 

significantly longer lifetimes o f  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 serieŝ *̂̂ . 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 

^MLCT state. This was illustrated by Vos and co-workers^^^, who examined the effect 

of partial deuteration for Ru(II) complexes of the form, [Ru(bpy)2L]̂ '̂ .

1.4 .3-3  The Effcct 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 (H2 O to D2O), caused 

the observed excited state lifetime to almost double (0.58 -> 1.02 fisec at 298 K). 

Whereas, perdeuteration of the complex only resulted in a 20-25% increase in the triplet 

lifetime (5.1 to 6.1 |isec at 77 K and 0.58-> 0.69 |j,sec 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 o f 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) Poiypyridyl Complexes.

Several studies into the effect of deuteration on the photophysical properties o f 1 at 

elevated temperatures have been reported̂ "̂ ^̂  These studies reveal the importance of 

deactivation processes from the excited state and suggest the thermal population o f 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 o f 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 o f all living organisms.

Figure 1.11: Representation o f 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 

inert transition metal complexeŝ ^̂ ^̂ ^̂ ^®°\ in particular, in the study and possible 

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 

a  model o f the binding modes o f 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 o f the binding o f [Ru(phen)3]̂ * 6. (Courtesy o f Norden

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 o f  the most interesting classes 

are those complexes containing dppz, namely [Ru(phen)2 dppz]^'^ 4 and its cousin 

[Ru(bpy)2 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 o f the double helix), this special electronic configuration can be exploited by using 

these complexes as ‘light switches’'̂ ^̂  Their MLCT luminescence is quenched by 

water̂ ^̂  ̂ but not in micelles of water or DNA. In the presence o f  DNA they display 

enhanced luminescence, with binding constants Kb > 10^ M"’ due to possible specific 

intercalation o f the phenazine portion o f the dppz into a hydrophobic pocket o f the 

double helical DNA structure^^ '̂^ l̂ Additionally, the A-enantiomer shows greater 

luminescence than the A-isomer when bound to DNA.
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Figure 1.13: Model o f DNA in te rca la ted  w ith [Ru(bpy)2dppz]^*

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 coworkerŝ ^̂ ^̂ ®̂ ^̂ ®̂ ,̂ on 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)2dppz] '̂  ̂ 4 

intercalate from the minor groove. Alternatively, on the basis of both photophysical 

and NMR studies, Barton and coworkerŝ ^̂ f®°̂ “̂  ̂ have 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(II) 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^^^l

1.6 Aims of the Work.

The aim of the work carried out in this thesis is to study the transition metal Ru(II) 

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(II) 

complexes with DNA. We are interested in the use of Ru(II) 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)3 ]^  ̂ 1 and [Ru(phen)3 ]̂ '̂  6. A 

systematic study of the effects of solvent, ligand substitution, and selective deuteration, 

for the parent [Ru(phen)2 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(II) complexes o f 4 in the presence and absence o f CT- 

DNA, by UVA^is 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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CUdpter Two



2.0 Intpoduction.

This chapter addresses aspects of the preparation and characterization of the 

deuterated ligands, their racemic and enantiomeric Ru(II) 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;

(i) 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.

(ii) Ru(II) complexes of [Ru(phen)2 dppz]^  ̂4, which incorporate substituents at the 

distal 12 and 13 positions of the dppz ligand; [Ru(phen)2 diMedppz]^^ 8 and 

[Ru(phen)2 diFdppz]^  ̂ 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)2dppz]^  ̂4 and its deuterio 

analogues; [Ru(phen)2d4-dppz]^  ̂ (4a) and [Ru(dg-phen)2dppz]^  ̂ (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 Rcscarch

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 - 64 (2a); the 2,3,4,7,8,9, - df, (2b), and the dio (2c) dppz 

ligand, as illustrated in Figure 2.1.

hio -  dppz (2)

(J4 ~  dppz (2a)DIOTQ
de -  dppz (2b)

DTOTQ

Figure 2.1; Protiated and deuterated analogues of dppz (2 - 2c).
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2.1-2 Methods of Dcutepation.

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 o f weak or strong acids^*\ bases^^\ or noble 

metal catalystŝ ^  ̂ under heterogeneous or homogeneous conditions. However, all o f 

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 o f deuterium oxide, 

D2 O. Recently, several groups have reported various examples o f the nondestructive 

exchange o f a variety o f organic molecules in superheated (200-300°C, 75 bar) 

water̂ '̂ ^̂ l̂ 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), oifers a new and convenient approach to 

various perdeuterated compounds. Poliakoff et aP^ report the efficient and selective 

ring-perdeuteraion o f a range o f aromatic compounds using a polymer-supported 

sulphonic acid, Deloxan, as a catalyst in near-critical D 2 O (325°C). Base-induced 

studies, displayed it to be an effective method for the preparation o f 

perdeuterated aromatic substrates. Vos and co-workers^’ ,̂ reported a direct one-step 

synthetic procedure of a range o f heteroaromatic compounds, utilizing palladium on 

charcoal Pd/C, as a catalyst in D 2 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 - de-2,2’-bipyricline prepared by treatment of 2 ,2 ’-bpy-1,1 ’-dioxide with D 2 0 -N a 0 D  and 

then reduced with PCIa.'®̂

• Poliakoff - Deuteration of range of confipounds using polymer supported sulphonic acid, 

Deloxan in near critical D2 O (325°C)^®'

• Junk - Base-induced Supercritical Deuterium E xchange (SDE) at 374°C, 221 bar^^

• Vos -  dio-phenanthroline/ds-bipyridine prepared in p resence o f  D2 O and Pd/C at 200°C  for 

8 days^l

Due to its direct synthesis, relatively inexpensive materials and quantitative jdelds 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 -b 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^^l A general 

procedure is detailed for phen 3, but it has been successfiilly applied to bpy 5 and dppz 

2, see Chapter Three (Deuteration Studies).
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In a general procedure, phen 3 in D 2 O was reacted in the presence o f  palladium on 

activated charcoal, Pd/C in a teflon coated steel high pressure reactor for 2 days at 

190°C. The contents o f  the reactor were cooled to room temperature, and filtered to 

remove the Pd/C catalyst. The D 2 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 o f this partially deuterated phen with fi-esh 

D2 O 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 o f 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 D2 O and DCl (35% in D 2 O) 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 

D2 O, DCl were removed under vacuum, to obtain the d4 -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 o f the perdeuterated ligands; dg-phen (3a) 

and d4 -dab (11a), from which the selectively deuterated dppz ligands could be derived 

by subsequent reaction. Control experiments were performed to examine the effect o f  

both the external (i.e. time and temperature) and internal {i.e. catalyst and solvent) 

variables on the rate o f protium-deuterium exchange and the results are detailed in 

Chapter Three (Deuteration Studies).
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2.2 Preparation of Selectively Deutcrated bppz Ligands.

2.2-1 Hio-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. l,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 C2 axis of dppz five distinct sets of aromatic signals are recorded in 

deuteriochlorofonn, and are displayed and assigned in Figyre 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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,NH2

30 mins EtOH
NH2

Phendione (12)

Figure 2.2: Preparation of hjo - dppz 2 .

Structure of Dppz Ligand (2) Proton Chemical Shift (8, ppm)

2,9 9.29 (dd)
3

2

1 2  ^

s y m m e t i y

^  lO 'i*
8

3,8 7.82 (m)

4,7 9.68 (dd)

11,14 7.92 (m)

12,13 8.35(m)

4 , 7  2 , 9

i 1
1 2 , 1 3

11
1 1 , 1 4  3  , 8  

11
( p p m )

d r :  . .  o o . i i J K I l i n  ____4 . - . . W  ^  U

8 . 6  8*4 ■ 8 .2 1 .0  7 .»

Figure 2.3: NMR spectrum (CDCI3) of hio-dppz and assignment of its proton signals.

2.2-2  b4 -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 D2 O, DCl 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, C6D4N2D4.2DC1H'  ̂ 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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NH,

,*ci-

1,2-Dab

Figure 2.4: Preparation of portidly deuterated dppz: d#- dppz, 2 o .

A positive ES^ mass spectrum displayed a dominant molecular ion peak at m/z = 287 

indicating the presence of d4 -dppz 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%. NMR ftirther confirmed the presence 

of d4 -dppz as only three sets of signals for the Hi^, H3 ,g and H ij protons, are evident.

dt-dppz Mass Spectra Mr = 286 g/mol* (%) H-D exchange*’
285 286 287

OT)
288
(D^

289 
(D^ ’̂ C)

Batch 1 1.5 22.7 50.5 23.2 2.0 98
Batch 2 3.1 27.6 51.0 17.3 1.0 96
Batch 3 3.7 27.8 46.3 18.5 3.7 96
Batch 4 4.7 23.1 46.3 22.2 3.7 95

Table 2.1 ; ES"-Atess Spectra of partially deuteroted dppz: d4- dppz (2c). “Relative percent (7o) 
abundance of peaks. Total H-D exchange as measured by m/z peaks greater tiian 285 (/>. 
dppz Artr = 286 g/mol)
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2.2-3 D6-dppz(2b)

The corresponding de-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 D2O 

in a teflon coated steel high pressure reactor vessel for two consecutive cycles {i.e. 1 

cycle =  2 days) at 190T to obtain the perdeuterated dg-phen ligand. This was then 

oxidised to ds-phendione in a mixture of concentrated HNO3, H 2 SO4 and 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 dg-phendione 

species. Thirdly, dab 11 was condensed with de-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 de-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 (MHT), and is accompanied by peaks at 311 

(MNa ) and 699 (2MNa ), respectively. N M R  further confirms the presence of de- 

dppz, as only signals for the H i 1,14 and H i2,i3 protons, are evident.

de-dppz Mass Spectra Mr = 288 g/mor (%)H-D exchange’’
287 288 289

(H^)

290

(D^
291

(D", ' " 0

Batch 1 3.2 26.6 53.2 15.96 1.1 97
Batch 2 2.6 22.2 53.0 20.1 2.1 97
Batch 3 1.1 21.4 53.0 19.1 4.3 99

Batch 4 3.8 24.5 54.3 15.2 2.2 96

Table 2.2 : ES*-AAass Spectra of partially deuterated dppz; d5-dppz (2b). “Relative percent (%) 
abundance of peaks. Total H-D exchange as measured by m/z peaks greater than 287 {i.e. d&- 
dppz Mr = 288 g/mol)
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H N 0 } ,H 2 S 0 4  
N KBr, 130®C

Phen d« '  Fhendione

(iii)

EtORA

U -D ab

Figure 2.5: Preparation o f partially deuteroted dppz; d6 -dppz (2b).

2.2-4  Dio - dppz (2c)

The final member of the dppz senes, dto-dppz, was prepared using a combination of 

the synthetic conditions described pre\^ously, see Figure 2.6. The ES -MS isotopic 

patterns show the formation of dio-dppz at m/z = 293 (MH"), with >95% 

perdeuteration, as shown in Table 2.3. Similarly, additional peaks were observed at 

311 (MNa^) and 606 (2MNa ). The NMR spectrum was silent, indicating that the 

ligand had undergone extensive H-D exchange and confirms the presence of fiilly 

perdeuterated dio-dppz.
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HNCb, H2SO4 
N KBr, I30®C

Phen

m
D2O/DCI 

^  190®C, 24h
cr

dg - Pbendione

Figure 2.6: Prepmxtion of pcwteutcrated 4>pz ligands: dio -dppz (2c).

dio-dppz Mass Spectra Mr 

291 292 293 

(IT)

= 292g/m or 

294 295 

(D^ (P \  "C)

(%) H-D exchange'’

Batch 1 3.3 30.8 36.6 18.3 4.7 97
Batch2 6.1 34.6 46.3 11.1 1.9 94
Batch 3 5.7 26.0 47.1 16.6 4.6 94
Batch4 3.6 30.8 42.4 17.4 5.7 96

P e rt^ iW e d  dppr d,,, - <̂ ,pz (2c) , • tek ,tl«  p e rc ^  (%) 
b Y l^zp eo ks  sk a te r t to , 291 (,> . d J  

dppz AAr = 292 g/mol) ^ jo -
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In summary, the ligands were prepared by a SchifF-base condensation of the 

protiated/deuterated phendione with the appropriate diamino compound in ethanol 

under reflux̂ *̂. The best yields were obtained if the diamino compound was present in 

ca. 20% excess. *H NMR characterisation o f these deuterated ligands proved to be an 

effective method o f analysis. To verify that the introduction of deuterium did not 

cause an isotope effect o f the 'H chemical shift their *H NMR spectra are compared in 

Table 2.4.

Protcmv

H,o (2)

OOnC
D4 (2a)

IQi

De (2b)
D

OCM.
d I v̂ d

D

D.o (2c)
D

D

H i i ,14

H i 2,13

U2J,

H 4.7

57.82ppm (m) 

87.92ppm (m) 

68.35iq)m (m) 

59.29iq)m (dd) 

59.68ppm (dd)

57.82^m  (m)

59.29iq)in (<U) 

S9.68i^m(dd)

57.92ptMn (m) 

58.35ppm (m)

No pFcrton signals

Mr

ES^-MS*

Mr = 282g/mol 

m/z = 283

Mr = 286g/mol 

m/z = 287
Mr = 288g/moi 

m/z = 289

Mr = 292g/inol 

m/z = 293

Total H-D 

exchange^* 

(%)

0.0 % .7 97.3 96.4

Tabic 2.4: 'H NMft (400MHz, CbClg) data (chemical shifts (8, ppm)} for the dx-dppz ligands (where 
X = 0 .4 ,6  ond 10) f  Avenge mass spectrum (m/z) value of four batches.
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2.3 Preparation of Protiotcd and Dcutcratcd Ru(H) Polypyridyl 

Complexes. 

2.3-1 Introduction

These selectively deuterated dppz ligands on complexation to [Ru(phen)2Cl2].2H20, 

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 o f 

the dppz ligand to be examined individually. In order to carry out an extensive study, a 

number o f derivatives of the parent [Ru(phen)2 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)2 dppz]^^ 4 series of complexes in 

further detail.

2.3-2 Synthesis of RuCO) C>ppz Complexes

These ruthenium complexes were prepared according to the literature^"^ and 

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

involved the preparation and isolation o f the free dppz ligand^*”l  The ligand itself was 

prepared, by condensation of phendione 12 with the appropriate a-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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dppz(4)
EtOH, 45 nrii

diMedppz (9)
EtOH, 45 mins

diFdppz (10)
EtOH, 45 mins

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)2Cl2.2H20 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 NHUPFe. 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(II) complexes is shown in Figure 2.8. By 

employing this method, a number of substituted [Ru(phen)2 dppz]^^ complexes have 

been prepared, namely [Ru(phen)2 diMedppz]^^ 8  and [Ru(phen)2diFdppz]^^ 9 

complexes.
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OP

X = H = lRu(pben)2dppK]^ (4) 
= CH3 = [Ru(phen)2diMe<lppz]^ (8) 
= F = [Ru(phen)2diFdppzf^ (9)

Figure 2.8; General synthetic approach for th e  synthesis o f complexes 4 , 8 , and 9  used in this
study^“l

For complex 4, the corresponding deuterated complexes o f the general formula; 

[Ru(dx-phen)2 dy-dppz]^  ̂(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)2 Cl2] or its 

deuterated [Ru(dg-phen)2 Cl2 ] analog with the protiated or selectively deuterated dppz 

ligands (i.e. dy-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)3 ]̂  ̂ 6 

and [Ru(bpy)3 ]̂  ̂ 1 families serve as model systems. All o f 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 o f deuteration on the dppz ligand to be 

investigated. Furthermore, the [Ru(phen)2 (diXdppz)]^^ complexes, (4 , 8  and 9), have 

allowed for a more comprehensive study of the nature o f the dppz ligand.
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Figure 2.9: Synthetic preparotion of [l%u(phen)2dppz]^* series of deuterated complexes (4 -4g ) (Total of 8 complexes in the family).



Table 2.5: Fomflies of Deuterated Ru(H) Cbmplexes used in this study.

Model Families 6 “ 1 “

[Ru(phen)3]̂ '̂ [Ru(bpy)3]^''

a [Ru(phen)2(d8-phen)] [Ru(phen)2(d8-bpy)]

b [Ru(phenXd8-phen)2] [Ru(phenXd8-bpy)2]

c [Ru(d8-phen)3] [Ru(d8-bpy)3]^^

Dppz Families 4 “ 8 " 9 '* 6 '

[Ru(phen)2dppz] [Ru(phen)2diMedppz] [Ru(phen)2diFdppz] [Ru(phen)2dpq]

a [RuCphenHcU-dppz)] [Ru(phen)2(d2-diMedppz)] [Ru(phen)2(d2-diFdppz)]

b [Ru(phen)2(d6-dppz)] [Ru(phen)2D(dd-diMedppz)] [Ru(phen)2(d6-diFdppz)] [Ru(phen)j(d6-dpq)]^"'

c [Ru(phen)2(dio-dppz)] [Ru(phen)2(d6-diMedppz)] [Ru(phen)2(d8-dpq)] ^

d [Ru(d8-phen)2dppz] [Ru(d8-phen)2diMedppz] [Ru(d8-phen)2diFdppz] [Ru(d8-phen)2dpq]̂ ’'

e [Ru(ds-phen):(d4-dppz)] piu(d8-phen)2(d2-diMedppz)]

f [Ru(d8-phen)2(d«-dppz)] [Ru(dg-phen)2(d6-diMedppz)] [Ru(d8-phen)2(d«-diFdppz)] [Ru(d8-phen)2(d«-dpq)] ^

g [Ru(d8-phen)2(dio-dppz)] [Ru(d8-phen)2(d«-diMedppz)] [Ru(dg-phen)2(d8-dpq)]

Table 2.5; List o f  homoleptic [Ru(L)3]̂ * (where L= phen and bpy) and h etero lep tic [Ru(L)2L']̂ * (where L= phen and L' = dppz, diAAedppz, diFdppz, dpq) derivatives 
prepared in th is study and th e numbering schem e for th e se  com plexes. ° Cl' sa lts , PP6' sa lts  This family is not considered in any detail in th is  study.



2.3-3 NMR Spcctroscopy

Upon complexation of dppz to the Ru(II) centre, the ‘h  NMR of the 

[Ru(phen)2 dppz]̂ "̂  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 G  axis, so the mixed ligand complexes of type [Ru(phen)2 dppz]^  ̂ also display a C2 

symmetry. As a consequence, two phen ligands and two halves of dppz are chemically 

and magnetically equivalent. Therefore, the resuhing 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 H2 ,9 phen ligands in 4 are asymmetric {i.e. non-equivalent) and 

show interesting NMR behaviour. The H2  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 trans H9  

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. H9  is assigned on the basis of its chemical shift 

(8.04 ppm) compared to the related protons in [Ru(phen)3 ]̂  ̂ 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(II) 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)2clppz]̂ * (4), view showing the position of the 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 efifect on the resonance field. On 

comparison of the NMR spectra of the complexes, small shifts were observed in 

the positions of the H2,g and H4J  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.

Jlju

UuO__JU*

iliUUUL_JlJlL_k
Figure 2.11: V  NMR spectra (CD3CN) of [Ru(phen)zdiMedpp2 ]̂ * (8 - top), [Ru(phen)2 dppz]^* (4 

middle) and [Ru(phen)adiFdppz]^* (9 - bottom).
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Tabic 2.6: ‘H NMR Spcctra of Ligands and Ru(II) Complexes in this study.

Ligond (L) Proton Chemical S h ift (5 , ppm)

Phen Dppz
Free L 
Liqand

[Ru(phen)2 L]̂ *
Phen Dppz

3

2

5 / 0
.p c

Phen(3) ^

H2.9

H 3,8

H4.7

H5,6

9.13 (dd) 

7.72 (m) 

8.45 (dd) 

7.93 (s)

8.05(dd)

7.65(dd)

8.61(dd)

8.28(s)

3

11

Dppz (2)

H 2 9  H 2 '9 ’ 

H 3 8  H3_8> 

H4,7 H4-j-

H5,6 H5..6’ 

Hir,i4’ 

H i 2’,13’

9.29 (dd) 

7.82 (m) 

9.69 (dd)

7.96 (m) 

8.39 (m)

8.04(dd) 8.24(dd) 8.13(dd) 

7.67(m) 7.80(m) 

8.64(m) 9.67(m) 

8.30(s)

8.17(m)

8.50(m)

3

CHv ”

^ 0 0

DiMedppz (13)

H 2 ,9  H 2 ',9 ’ 

Hj.g Hs-g’

H4.7 H4-,7’ 

H5.6 H5.,6-

H ii'_14’

H i 2’,13’

C H 3

9.28 (d) 

7.81 (m) 

9.66 (d)

8.13 (s)

2.64 (s)

8.04(dd) 8.24(dd) 8.10(dd) 

7.67(m) 7.78(m) 

8.64(m) 9.63(m) 

8.30(s)
8.24(s)

2.69(s)
3

4 / ^ 2  

N J Q n

DiFdppz (14)

H 2 ,9  H 2 ’ 9" 

Hj.S H3>g. 

H 4 ,7  H 4 . .7 ’ 

Hs.s Hs'g.

H i i ’,14 ’

H i2’,13’

9.30 (dd) 

7.81 (dd) 

9.58 (dd)

8.10 (t)

8.04(dd) 8.22(dd) 8.14(dd) 

7.67(m) 7.80(m) 

8.64(m) 9.62(m) 

8.30(s)
8.33(t)

Table 2.6: NMR Chemical Shifts (5, ppm) of Ligands 2 , 3 , 13 and 14 (CDCI3 ) and Complexes 4,
8  and 9 (CD3 CN). Chemical sh ifts were measured with reference to residual solvent signals

In the NMR spectrum of the diFdppz complex 9, the ‘triplet’ corresponding to the 

Hii> 14’ positions is difficult to distinguish due to the overlap with the signals o f the 

H 2  9  protons of the phen ligands. In the NMR spectrum of partially deuterated 

[Ru(d8-phen)2diFdppz] '̂ ,̂ the spectrum is greatly simplified due to the removal o f the
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phen protons and the multiplicity of this signal is much clearer. For complex 9, a 

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(II) 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).

I i  ^

The H NMR spectra of the protiated parent [Ru(phen)2dppz] 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 

facilitate NMR structural assignments of complexes both in the absence^and 

presence of DNA^**l Comparison of the spectra and the removal of the signals of the 

exchanged protons firom the spectrum allow for imambiguous 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 

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)2dppzp (4)

JL
[Ru(phen)2d4-dppzr (4a)

i j .
[Ru(phen)2d«-dppz]^ (4b)

[Ru(phen)2dio-dpp2]^ (4c)

[Ru(d8-phen)2dppzl (4d)

[Ru(ds-phen)2d4-<lppz]̂  (4e)

a_._x.Lj .

[Ru(dH0><en)2de-dppz] (4f)

■ A  L
[Ru(de-phen)2dio-dppz]'̂  (4g)

Figure 2.12: ‘H NAAR spcctra (CDsCN) of the series of deuteroted [Ru(phcn)zdppzf * (4-49) 
complexes, for assi^tnents see Table 2.7.
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Complex" Proton Chemical Shift (6, ppm) 
Phen Dppz

Mass Spectra 
(m/z) (%)

% D Complex Chemical Shift (5, ppm) 
Phen Dppz

Mass Spectra 
(m/z)

% D

[Ru(phen)2dppz]

Mr=743g/mol
m/z=371,9

(4)

H3,8 7,67 (m)
H 2.9 8,04 (dd)

8,24 (dd)
H5,6 8,30 (s)
H4,7 8,64 (m)
H i 2,13

H i i ,14

7.80 (m) 
8,13 (dd)

9.67 (m) 
8,17 (m) 
8,50 (m)

369 5.52
370 5,81
371 29.91
372 39,28
373 18.60
374 0.88

370 0,91
371 4,54
372 13,60
373 32,65
374 33,57
375 14,05
376 0,68
372 4,07
373 7,63
374 22,90
375 38,43
376 22,39
377 4.58

9 5

[Ru(d8-phen)2  dppz]

Mr=759g/mol
m/z=379,9

(4d)

7,80 (m) 377 3.92
8,13 (dd) 378 4.11

379 28.65
9.67 (m) 380 37,65
8.17 (m) 381 23.98
8.50 (m) 382 1.69

7.80 (m) 378 2.25
8.12(d) 379 5.31

380 14.31
381 35.40
382 28.01
383 13.29
384 1.43

97

[Ru(phen):d4-dppz]'

Mr=747g/mol
m/z=373,9

(4a)

H3,8 7.66 (m)
H 2,9 8.04 (dd)

8.24 (dd)
H 5.6 8.30 (s)
H4,7 8.65 (m)
H i 2,13

H i i .14

7,81 (m) 
8.13 (dd)

9.67 (m)

98
[Ru(d8-phen)jd4-dppz]

Mr=763g/mol
myz=381.91

(4e)

9 7

[Ru(phen)2d«-dppz]'

Mr=749g/mol
m/z=374.9

(4b)

H3,8 7.67 (m)
H2,9 8.04 (dd)

8.23 (dd)
H5,6 8.29 (s)
H4,7 8.64 (m)
H i 2,13

Hu,14

H 3.8 7.67 (m)
H 2.9 8.04 (dd)

8.24 (dd)
H5,6 8.30 (s)
H 4.7 8.64 (m)
Hi 2.13
H ii .14

9 6

8.16 (m) 
8.50 (m)

[Ru(ds-phen)2d6-dppz]

Mr=765g/mol
m/z=382.9

(4f)

8.17 (m) 
8,50 (m)

379 1.27
380 4.43
381 12,45
382 30,17
383 33.12
384 14,35
385 3,16
386 1,05
381 1.00
382 4,62
383 10.46
384 26.28
385 36.98
386 18.25
387 2.47

9 4

[Ru(phen)2dio-dppz]^'

Mr=753g/mol
m/z=376.9

(4c)

374
375
376
377
378
379

6,27
8,23

27,06
29,03
28,63
0,78

9 7

[Ru(ds-phen)2dio-dppz]

Mr=769g/mol
m/z=384,9

(4g)

9 2

Table 2.7; Correlated 'H NMR (400M Hz, CDCI3) data (chemical s l i f t s  (8, ppm)) and ES*-MS data for  ser ie s  o f com plexes (4a-4g) “ Chloride sa lts



2.3 .3-1  Effect of Concentration on the NMR Spectrum of 

[Ru(phen)2dppz]̂  ̂ complex (4).

It has been reported that the NMR spectrum o f polypyridyl complexes is very 

sensitive to concentration^‘̂ 1 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 o f -0 .2  ppm, is observed for 

the H2,9 protons while the smallest effect is noted for the 4 and 7 positions. On 

increasing the concentration the order o f  effect on the dppz ligand protons is as follows; 

2 ,9  >11, 14 > 3 , 8 >12, 13 >4,  7.

The effect o f  concentration was also examined for 4, by comparison o f 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 H2,9 move upfield under the same 

conditions, as they are located above the phenanthroline part o f 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 n-n stacking o f 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 o f  the dppz ligand. 

Consistent with this hypothesis, it has been reported by Bolger ei that the 'H NMR 

spectrum o f Ru(II) complexes display similar changes as a fiinction o f temperature. 

Further interpretation o f these chemical shift variations is not possible Avithout accurate 

knowledge o f  the aggregation geometry and dynamics.
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2.3-4 Absorption Spcctroscopy.

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 

spectral properties of ruthenium polypyridyl complexes^ and the dependance of 

charge-transfer on solvent polarity is a well known phenomenon^ To assess the effect, 

if any, o f the solvent medium, counter-ion induced changes, and substitutents, namely F 

and CH3, in the 12 and 13 positions o f 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 (s^ax) 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 spectrum. Where data was available from the literature, the values 

were in good agreement.

2.3.4-1  Absorption Spcctra for the Model Tris-chclatcd [Ru(L)3]̂ * 

Complexes.

The UV-Visible electronic spectra of the homoleptic complexes, 1 and 6 , were recorded 

in a variety of solvents to examine the effect o f the solvent media, and the results are 

tabulated in Table 2.8. For these complexes, two maxima are seen. These intense 

absorption bands occur at 340 ran and 450 nm for 1 and at 420 nm and 447 nm for 6, 

respectively, and have been assigned to ^MLCT transitions.
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Tabic 2.8 : UV-Visible spectra of [Ru(L)3 ]̂ * complexes"

Complex Solvent Absorption peaks (b, 10'̂  M 'cm'’) nm’’

[Ru(bpy)3r CH3CN 244 (28.2), 287 (86.8), 323 (65.3), 345 (65,0) 451 (14.2)

1

H2O “= 238 (28.9), 250 (25.2), 285 (86.3), 323 (63.4), 453 (14.6)

EtOH 207 (46.8), 244 (29.9), 286 (86.7), 450 (14.2)

MeOH 209 (42.3), 244 (28.9), 287 (83.5), 452 (14.6)

[Ru(phen)3]^^ CH3CN 223 (98.4), 260 (118), 420 (19.2), 445 (20.1)

6

H2O " 223 (101), 262 (133), 420 (19.6), 447 (20.3)

EtOH 223 (89.7), 262 (121), 421 (19.4), 445 (20.2)

MeOH 223 (89.0), 263 (120), 422 (18.6), 446 (20.1)

Table 2.8: “ AAeasurements were performed using PP6“ salts (unless otherwise stated), T = 23° ± 1°C 
 ̂Errors; Xmax ± 2 nm, e +10%, 0.05-0.1*10'^ AA 'cm'*. Cl* salts

For each complex, the similarities in the position and extinction coefficient (Â ax) values 

observed for the MLCT, LC, and IL bands in differing environments suggests that these 

complexes are not solvent dependent. It was noted, that for all solvents, the phen 

complex 6 has an extinction coefficient value ca. 25% higher than that of the 

corresponding bpy compound 1.
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There is a more striking result on comparing the complexes, in aqueous solution. Figure 

2.13 displays large diflferences in the peak shape of the bpy and phen spedes. On 

increasing the aromaticity of the complec, going from complex 1 (blue line) to 6 (red 

line), the highest energy MLCT peak at 451 nm undergoes a small red sHft to 447 nm 

(~4 nm) while the less intense band found at 345 nm is dramatically blue-shifted ( - 7 5  

nm) to 420 nm. These changes may be attributed to the greater rigidity and reduced 

rotation about the central metal ion for 6 . These small but obvious differences may be 

important for the elucidation of their photochemical processes.

350 600300 400

Waveleagtfa (nm)

550450250 500200

Figure 2,13; Spectra of [Ru(bpy)3]^* (1) and [Ru(phcn)3]^* (6) complexes in aqueous solution. Sec 
inset for MLCT region 350 -  nm.

The electronic absorption spectra were also recorded for the selectively deuterated 

analogues o f the parent complexes, 1 and 6. For these complexes, the position and 

intensities o f the absorption energies were unchanged for the protiated, partially 

deuterated and perdeuterated complexes, the spectra being superimposable on each 

other.
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2 .3 .4 -2  Effect  of Substituents on Absorption Spectra of Free

Ligands and Complexes.

The UV-Vis absorption spectra for the free ligands; dppz 2, diMedppz 13, and diFdppz 

14, were measured in acetonitrile and ethanol at room temperature, and are presented in 

Figure 2.14. The absorption data listing energy maxima and absorption coefficients are 

summarized in Table 2.9.

Ligand Peak Position (s* 1 0 “'*)“ 
CH3CN

Peak Position (e*10*^)‘’ 
EtOH

14 DiFDppz 211(2,37), 262(7.19), 262(7.19), 211(2.37) 

343(8.77), 359(1.62), 368(1.33), 379(2.05),

244(2.79), 287(4.97), 294(2.15), 342(1.01) 

350(1.12), 359(1.85), 367(1.55), 378(2.03)

2 Dppz 211(3.24), 241(3.28), 263(5.67), 292(2.03) 

350(0.90), 359(1.16), 367(1.07), 378(1.35),

241(2.54), 268(4.67), 294(1.64), 342(0.62) 

349(0.72), 366(1.01), 358(0.88), 377(1.07)

13 DiMeDppz 211 (2.09), 240(1.97), 272(4.82), 

366(1.16), 375(0.97), 386(1.50)

211(2.05), 241(1.80), 274(4,73), 

365(1.10),374(0.96), 385(1.47),

Table 2.9: UV-Visible (Absorption Spectral Data for Free ligands measured in “CHaCN and ^EtOH a t 
T=23°C + 1°C. Errors; W  ±2nm; e ± 10%, 0.05-0.1x10-^ M ‘cm '.
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EtOH

nm nm

nm

0.2

nm

nm
nm

Figure 2.14: Comparison of the UV-Vis absorption spectra o f  the free  dppz ligands 2, 13, and 14 in  
EtOH and CH3CN (absorption of samples = 0.2 at lowest energy UV maximum, spectra normalized at 
highest energy UV max, ~270nm). AW  data were recorded at 298K using 1cm path length quartz cells.

As can be seen in Figure 2.14, the substitutents on dppz, namely F, H, and CH3, in the 

12 and 13 positions have an effect on the absorption spectra. The electron-withdrawing 

fluorine substitutents cause the spectrum to undergo a blue shift as they increase the 

energy levels o f the ligand, the effect being more noticeable for the higher energy peaks.



at X- ~ 260 nm. As the methyl substitutents lower the energy levels a red shift is 

observed.

The corresponding Ru(II) complexes were also investigated in water and acetonitrile 

environments, and the results are summarized in Table 2.10. For comparison the data

for [Ru(phen)3]^  ̂6 has been included. For all complexes, the absorption wavelengths
• ^1

are close to that of the corresponding [Ru(phen)3 ] complex 6, and the MLCT 

absorption wavelengths do not vary substantially in position or intensity by the 

annelation of a phenazine moiety to the phen fragment.

Complex Absorbance m ax (A, nm)

HzO"

1 [Ru(phen)3]^^ 223, 262, 420, 447

9 [Ru(phen)2 DiFDppz]^^ 202,264,312, 372,439*’

4 [Ru(phen)2Dppz]^^ 220, 264,278, 318, 358, 373, 441

8 [Ru(phen)2 DiMeDppz]^^ 203,221,262, 284,382,442

CHaCN**
1 [Ru(phen)3]^^ 202, 223, 260, 418,445

9 [Ru(phen)2 DiFDppz]^^ 202, 262,313, 369,438

4 [Ru(phen)2Dppz]^^ 202, 223, 264,276, 316, 369, 444

8 [Ru(phen)2 DiMeDppz]^^ 221,263, 284,379, 447

Table 2.10: Spectroscopic properties of the Ru(II) complexes at T = 23°C± 1°C. “Cl' salts. ‘’PFe' salts 
Concen: [Ru] -“IG ^M. Errors: ± 2nm

For 4 we observe that the lowest absorption band in the visible region at Amax — 441 nm, 

is characteristic of, and has been unambiguously assigned to, MLCT transitions which 

are largely singlet in nature. This broad band is actually composed of multiple 

absorptions attributed to the overlap of Ru phen (n*) and Ru dppz (n*) metal-to- 

ligand charge-transfer bands^'^l Inspection of the electronic absorption spectra of 

complex 4 and free dppz 2 reveal a dppz ligand centred (LC) n-n* transition in the 370-
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390 nm region. In addition, the absorption band o f the phen experiences a red shift as 

the ligand is complexed to the Ru(II) centre e .g  for phen X = 260 nm -> 263 nm. The 

corresponding peak at 378 nm observed in the free dppz ligand has been assigned to the 

n->7i* transition o f  the phenazine (phz) part o f the dppz ligand. A slight shoulder which 

appears at -315 nm has been assigned as a spin-forbidden MC (d7t->̂ d7t*) transitions'll 

Below 350 nm, the strong bands can be attributed to intraligand (IL) absorption bands 

from both the phen and dppz transitions, appearing as a shoulder at X

- 2 2 0  nm.

The absorption spectra of complexes 8 and 9 were also examined and typically display 

two maxima with little variation in the Smax for these bands. The UV-Vis spectra for all 

three complexes, in aqueous solution, is shown in Figure 2.15. Systematically varying 

the substitutent at the 1 2  and 13 protons in the dppz ligand results in little change in the 

energy o f the MLCT bands, while larger changes are observed in the intraligand bands 

o f these complexes. The latter band is red-shifted (~10 nm) in the case of the diMedppz 

compound 8  (blue line), and undergoes a very slight blue shift ( - 1 - 2  nm) for the 

diFdppz complex 9 (see green line). The MLCT transitions were found to undergo 

small bathochromic shifts as the ligand was varied fi-om CH3  to H to F, respectively. 

The most notable effects were found for diMedppz compound 8  with a red-shift in the 

MLCT band. The positions and shapes o f the MLCT transitions do not differ greatly 

between the complexes but all are blue shifted — 5-8 nm compared to that o f the 

[Ru(phen)3 ]̂  ̂complex 1. This may be explained by (i) a reduction in symmetry (£>j-> 

C 2) o f the mixed ligand complexes and (ii) cumulative inductive effects o f the c- 

donating and 7r-withdrawing ligands o f the LUMO-HOMO levels.
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Figure 2,15: Compcarison of the UV absorption spectra of the R u(II) complexes in aqueous solution, 
where (8) -  Blue (ine, (4) - Red line, and (9) -  Beeen line. Absorption of samples = 0.4 at lowest 
energy UV maximum, spectra normalized at lowest energy UV max, ~440 nm. All data were recorded 
at 298K using 1cm path length. See inset for region 300-550 nm.

Comparing the absorption spectra of each comply in acetronitrile and water, a shift 

(4nm) to shorter wavelengtlK was observed for complex 8, whereas for 9 a slight red 

shift (~1 nm) is noticeable. Spectral peaks o f 1-2 nm can not be accurately detected on 

the Shimazdu UV-2401 PC spectrometer. We observe that the values of the XmH in 

aqueous solution are consistently lower than in CH3CN. In water, there is a modest 

flattening and broadening of the MLCT band which may be attributed to the stroî  H- 

bonding properties of water, which may lead to aggregation of the complex.

The similarity of the absorption spectra in the all four solvents strongly suggests that the 

electronic character and energies of the ‘MLCT s 440 nm) and xn* ligand centred 

excited states s 380 nm) are not significantly solvent dependent. As can be seen 

from the data in Table 2.11, the absorption spectra undergo a minimal shift on moving 

from EtOH to CH3CN, but on moving from DCM to EtOH or CH3CN more noticeable 

shifts with all three complexes are observed, most distinctly for comply 8.
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Table 2.11: Spectroscopic properties of the Ru(II) bppz Complexes.

Complex 8 4 9

H2O 382(28,457), 442(21,030) 372(21,536), 441(19,536) 372(23,972), 439(22,608)

CH3CN 379(19,365), 447(15,024) 369(19,632), 444(20,632) 369(19,365), 447(18,321)

EtOH 369(15.036), 446(16,280) 369(16,749), 446(18,136) 369(20,200), 442(17,172)

DCM 381 (7,101), 442(5,533)*= 370(13,588), 447(13,752) 370(21,604), 444(18,308)

Table 2.11: M easurements made on solutions ~10'® M in complex Error: ±  2nm, e ± 7%, 0.05-0.1
*10"'* M'^cm-* ‘ Low 8 value to poor solubility.

UV-visible electronic absorption spectroscopic measurements were carried out to 

ascertain the effect of deuterium on the spectral properties of complexes, 8, 4, and 9. 

While slight differences were evident in the UV region 200-300 nm there was no effect 

on the IL and MLCT band energies. The absorption spectra of the deuterated species 

agree with those of the corresponding protiated complexes. A full characterisation of the 

enantiomers of 4 and its deuterated analogues in the absence and presence of DNA is 

presented in Chapter Five.

2.3.4-3 Conclusions from Absorption Studies.

A comparison of the electronic absorption spectra of the dppz species; 2, 13 and 14, 

with the spectra of the Ru(II) complexes; 8, 4 and 9, under similar conditions, suggests 

that the transitions involved are a superposition of an IL (^nn*) and an ^MLCT band. 

This is supported by the broadening of the absorption peaks of the free ligands upon 

complexation to the Ru(II) metal center, especially around 350 nm. The substitutents on 

the dppz ligand have an effect on the absorption spectra in both the metal-free form and 

when complexed to Ru(II). Varying the solvent polarities resuhs in small shifts in the 

absorption peaks, most noticeably in the case of the diMedppz complex 8.
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2.4 Concluding Remarks

This chapter gives an overview of protium-deuterium exchange methods reported in the 

literature and those employed in the current study. Application of these methodologies 

has allowed for the preparation of perdeuterated; dg-phen (3a) and d4 -dab 11a, from 

which a series o f deuterated dppz ligands were synthesised. The preparation of these 

ligands, dx-dppz, where x = 4, 6, and 10, was described and characterised according to 

*H NMR and mass spectroscopies.

Subsequent reaction of these deuterated dppz ligands afforded a whole series of 

complexes of the form; [Ru(dx-phen)2 (dy-dppz)] '̂* ,̂ where x = 0, 8, and y = 0, 4, 6, and 

10. In addition, families of [Ru(phen)2 dpq] '̂  ̂ (7-7g), [Ru(phen)2 diMedppz]^^ (8-8g) 

and [Ru(phen)2 diFdppz]^^ (9-9g), were also successfully synthesized.

NMR studies show small differences between the three ligands and complexes, 

implying that substitution in the distal 12 and 13 positions of the dppz ligand causes few 

changes in the electron density distributions in the ground state. D-incorporation into 

the ligands and complexes simplified the NMR spectra and facilitated NMR 

structural assignments. Furthermore, the NMR spectrum of Ru(II) complexes was 

found to be sensitive to concentration. For complex 4, the dppz protons are the most 

affected and are shifted downfield while the H2 ,g phen protons move upfield with 

increasing metal concentrations.

The UV-Vis absorption spectra for the model tris-chelated complexes, [Ru(bpy)3 ]̂  1

and [Ru(phen)3 ]^  ̂ 6, display no significant differences in the absorption bands in 

different solvents. However, shifts in the positions o f the absorption bands of both the 

free ligands and metal complexes of 4 were observed upon substitution of the dppz 

ligand. Therefore, substitutents on the dppz ligand have an effect on the electron 

distribution in the higher excited states. The most noticeable changes are obsen^ed for
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the diMedppz ligand 13 and complex 8, respectively. Furthermore, the UV-Vis 

absorption spectra of the partially and fully deuterated complexes agree with those of 

the protiated parent complexes. The positions and intensities of the absorption energies 

remain relatively unchanged upon D-incorporation into these systems.

During the course of research, a systematic study was carried out to acquire an 

understanding o f the mechanism and optimize the conditions of H-D exchange. These 

developments are detailed in Chapter Three.
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3.0 Introduction

The unportance of the deuterium isotope effect as a probe to examine the photophysical 

properties of organic systems has been studied as early as the 1960’s, in the work of 

Hutchison* and Wright^^l To date, this phenomena has been applied to a host of 

aromatic and heteroaromatic substrates. Some common H-D exchange methods involve 

acids*̂ ,̂ bases*‘*\ or noble metal catalysts^^l In this study, successful deuterium 

incorporation has been demonstrated for a range o f ligands, as shown in Figure 3.1, via 

reaction with (i) Palladium on activated charcoal (Pd/C) or (ii) Deuterium Chloride 

(DCl), in the presence of deuterium oxide (D2O) under similar conditions.

0
30 T X
iQ) P iq :

phen (3) bpy (5) (dpq(16) dppz (2) phendione (12)

NH2

NH2 CH.

,N H , F,

dab(11) Medab (17)

NH2

NH2

diMedab (18) diFd* (19)

diMedppz (13) diFdppz (14)

cNH2 

NH2

en(20)

Fi9urc 3.1'. Ligands used in the current study.
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Herein, we report the scope and limitations of these two methods for the preparation of 

deuterated ligands. Further investigation was undertaken to optimise these H-D 

exchange procedures (i.e. minimum reaction times required to attain equilibria). In 

addition, carefully controlled experiments were performed to assess the effectiveness of 

the catalyst; palladium on activated charcoal (Pd/C) on the ligands, and to ascertain the 

effect, if any, o f variable environmental factors (e.g. temperature and solvent) on the 

efficiency of isotopic labeling,

3.1 Deuteration Method I  -  Pd/C catolyst in the Presence of D2O

3.1-1 General Experimental Procedure I.

The first key reaction employed in the synthesis o f the perdeuterated ligands, was a 

modification of the method as pioneered by Vos and coworkers*^\ which utilizes 

activated Pd/C catalyst with D2 O as the deuterium source.

In a general procedure, phen 3 in D2 O (99.99%) was reacted in the presence of 

palladium on activated charcoal, Pd/C (10% Pd) in a teflon coated steel high pressure 

reactor at 190“C for 2 days (i.e. 2 days = 1 cycle). The contents o f the reactor were 

cooled to room temperature and filtered whilst hot to remove any Pd/C catalyst. The 

D2O was removed under vacuum, and the product obtained in this manner, as 

determined by ES^-MS and NMR spectroscopy was >85% deuterated. To achieve 

complete D-incorporation, the procedure (cycle) was repeated with fresh D2 O for 

another 2 days and the reaction mixture was worked up as described above, resulting in 

yields o f 80 - 90% of the isolated perdeuterated ligands. Heating and cooling times are 

not included in reported reaction times and temperature measurement is believed to be 

accurate to approximately ± S'̂ C (obviously correction would be necessary if accurate 

kinetic information was desired). Following cool down, isotopic purities were 

characterised unambiguously by ES^-MS, by comparison between observed and 

calculated isotope clusters, and by NMR spectroscopy, as appropriate.
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Generally, this procedure proves to be very efficient for promoting H-D exchange, and 

involves the use of mild conditions and requires relatively short reaction times 

(approximately 4 days (2 cycles)). Therefore, it has considerable potential for the 

preparation of deuterated aromatic ligands.

3.1-2 The Achievements and Umitations of Pd/C as a Catalyst.

Studies reveal this method to be efficient for the direct deuteration of polypyridyl 

bipyridine ligandŝ ^̂ ’̂l  We have investigated the generality of this simple method when 

applied to a wider range of ligands. To this end, several ligands were reacted according 

to the general procedure as detailed above in section 3.1-1 (i.e. D2 O, Pd/C for 4 days at 

190*’C). Subsequently, the products were isolated and the techniques of ES^-MS and 

NMR were used to spectroscopically identify and assess the isotopic purities 

incorporated into the ligands in comparison with their protiated samples.

As is evident, the method is particularly well suited for labelling polypyridyl ligands; with 

phen, bpy, dpq and dppz (3, 5, 16, and 2) being perlabelled under these reaction 

conditions, as indicated in Table 3.1. In a typical run the reaction was performed in a 

neutral medium with a non-deuterated catalyst (Pd/C) for 4 days (2 cycles) at 190”C ± 

It was found that isotopic purities >90% were achieved in reasonable yields of 55- 

92% with no significant by-product formation. The yields could be increased upon (10- 

15%) by soxhlet extraction of the residual Pd/C into acetone (for ligands 3, 5) and 

ethanol (for ligands 2,16).

The effects of Pd/C in D2O were examined for dab 11 and substituted derivatives (17- 

19). It was noted that the parent dab 11 substrate was not perlabelled by this method, 

although protium-deuterium exchange was observed for the diaminobenzene derivatives; 

Medab 17 and diMedab 18, respectively. In these cases, reaction (2 days at I90“C) 

resulted in perdeuterated ligands, which extended to the
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Tabic 3.1: H-D exchange of ligands in DzO, Pd/C a t 190°C

R e f “ Substrate^’ Product® %H-D exchange® Isolated

Yield

3 phen m/z= 180 Dg - phen m/z= 189 90** 85%

5 bpy m/z= 156 Dg -  bpy m/z= 164 90* 80%

16 dpq m/z =  232 Dg - dpq m/z = 240 90** 57%

2 dppz m/z =  282 Dio - dppz m/z =  292 90** 92%

dab*̂ m/z =  108 u
17 Medab m/z = 1 2 2 D3- Medab** m/z =128 ring: 90, Me:90* 90%

18 diMedab m/z =  136 D2- diMedab'* m/z =142 ring: 90, Me:90* 90%

19 diPdab^ m/z =144 0 oilyprodueil

14 diFdppz* m/z = 3 l i D2  -  diFdppz* m/z = 321 100, Ha.*; 5, 1 0 %

Hu.m: 16"*

en* m/z =  5$ 0  oilTDrahd

«. . .  ^ . b .. . /  1 • 1 . 1 — 1 . 1  . 1 1 . - -

otherwise stated exchange was approxiinately equal at all positions ‘ D2O, Pd/C at 190°C for 4 days 
{,2 cydei), unless stated otherwise; DzO, Pd/C at 190°C for 2 days(/ cyde)', ® Determined by
fnass spectrometry, f No H-D exalimOB, r Partial H-D exchange.  ̂H v slowest exchangeable 
proton used as internal reference. 'DeO, Pd/C at 190°C for 6 days( J cycles). * Average value (2 
batches), ** Average Value (> 4 batches).

methyl moieties yielding CH3 -»  CDs transformations, step 1 in Figure 3.2, and 

represents one o f the few examples o f  CH3 —> CD3 exchange reported in the 

literature^^^^ l̂ Subsequent reaction with phendione 12 in refluxing ethanol for 30 

minutes yielded (CD3)-d3 -dppz 21a and (CD3)2-d2-dppz 13a respectively, see step 2 o f 

Figure 3.2. The NMR spectra confirmed the presence o f the selectively deuterated 

dppz derivatives relative to that o f  the protiated ligands. It was also noted, in both 

cases, that the methyl peak observed at 82.64 ppm in the correspondmg protiated 

substrates is absent due to H-D exchange.
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step 1
CHj CD.

C D ,

CD

D 2 - diMeDppz (13a)diMeDab (18) D j -diMeDab (18a)

Figure 3.2; Preparation of dz-DiMedab (18a) and dz-diAAedppz (13a) in the presence of Pd/C and 
D2O; (i) Pd/C, D2O a t  190°C for Z days, (ii) phendione, refluxing EtOH, 30 mins.

In contrast to the complete exchange observed for the ligands, 2, 3, 5, and 16, the 

procedure is not efficient for labeling strongly electron-withdrawing aromatic ligands; 

for instance diFdab 19 gave no isotopic exchange, even after prolonged periods (6 days 

(3 cycles)). Similarly, ethylenediamine (en) 20 underwent no H-D exchange under the 

same conditions.

)f the ligands, however only underwent partial 

H-D exchange. For instance, D- 

incorporation into diFdppz 14 after 4 days 

(2 cycles) at 190“C, was less than 30%, 

allowing for the preparation of d2 -diFdppz 

with near selective (>95%) deuteration of 

the H2 ,9  aromatic ring protons. Subsequent deuteration, even on prolonged periods (5 

cycles) was limited; Ha,? position (D > 95%), Hn.n (D >16%) and Hs.g (D >5%), as 

calculated by ES^-MS and ^H NMR spectroscopy, using the slowest exchangeable 

protons (Ht,?) as an internal standard. An overall 37% H-D exchange was achieved 

under these reaction conditions.

Although the reaction conditions employed in this study are vigorous, the post heating 

NMR and mass spectra did not show any indication of any products other than the

starting material and its deuterated analogues. In conclusion, this proved to be an

t---------------------------------------------------------------------------------

Some

F

F

diFdppz (14)
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efficient method, which employed a neutral medium and required short reaction times 

with satisfactory yields. Therefore, although the application is somewhat limited, in that 

it failed to perdeuterate [11, 14 (partially deuterated), 19 and 20], it is a suitable and 

useful procedure for the perdeuteration of many polypyridyl aromatic ligands.

3.1-3 Relative Kinetic Studies.

Although a number of deuteration methods have been reported in the literature**̂ '̂®̂  a 

systematic investigation of the kinetics involved in the exchange mechanism has not been 

carried out. To this end, a detailed study of method I has been undertaken which 

addresses several aspects; the rate o f H-D and reversible D-H exchange, calculation of 

the percent (%) deuterium at specific proton sites, and the positional preference of 

deuteration, therefore allowing for a more comprehensive understanding of the reaction 

mechanisms.

3.1.3-1 Rates of ^-Incorporation into Phen and Dppz.

Control experiments, utilizing Mass Spectroscopy, were performed to assess the 

minimum reaction times required to achieve >95% deuterium exchange. In these 

experiments, phen 3 and dppz 2 were reacted in the presence of Pd/C in D2 O at 190°C. 

The reaction was monitored, at three hour intervals for 3 and at 24 hour intervals for 2, 

whereby the reactor was removed and the contents were rapidly cooled to room 

temperature by immersing the reactor vessel in a water-bath. Aliquots were drawn and 

the chemical and isotopic composition of the reaction was analyzed by MS to monitor 

the progress of exchange and attain a better understanding of the contents of the reactor 

vessel. Fresh D2O was added, after 18 hours for 3 and 48 hours for 2, and the reaction 

was continually monitored until the desired isotopic purities (>95%) were reached. ES - 

mass spectrometry proved to be an extremely useful tool in monitoring the rate of 

protium-deuterium exchange, and provided an accurate determination of the minimum
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reaction times required to achieve completely perdeuterated dg-phen (3a) and dio-dppz 

(2c).

• Phcn

In ES^-mass spectroscopy, molecular weight information is obtained from the 

protomted^ phen ligand; [hg-phen-H" ]̂, and the observed m/z value of 181 is one unit 

greater than the true molecular weight of 180.21g/mol. In addition, the shoulder peak 

observed at m/z -  182 is attributed to the natural abundance of (1.1%). For the 

perdeuterated phen ligand; dg-phen (3a), in the presence o f D2O the peaks at m/z =189 

and 190 correspond to the protonated [dg-phen-H^] species and the species 

respectively, while the observed peak at m/z = 191 is attributed to the phen “solvated 

D^” species, [dg-phen-D^], see Figure 3.3.

h g - P h e n  (3)

P d / C ,  D 2 O o4 d ,  1 9 0 “C

Figure 3.3: Preparation of deuterated ds-phen (3a). Mass Spectra (m/z) of  isotopic abundances of 
protiated hs-phen (3) and perdeuterated da-phen (3a).

' The natural abundance ligands and complexes are referred to as “protiated” and not protonated for the purpose of 
mass spectral analysis; [hg-phen] (protonated) and [dg-phen-If^] (protiated).
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I

I For the series of deuteration experiments on phen 3, the rate of deuterium exchange may 

be best illustrated by means of a graphical presentation of the percent m/z abundance of 

the individual isotopic compositions for each three-hour sample plotted as a function of 

time. Several distinct features are observed on monitoring the progression of H-D 

exchange for this reaction, as shown in Figure 3.4. The most prominent features are; (i) 

the rapid decrease in the isotopic abundance of the fiilly protiated phen 3 [hg-phen] 

species, m/z 181, (see blue columns). This species has been completely removed from 

the reaction mixture after 12 hours at 190°C, (ii) The gradual introduction of 

deuterated phen (3a) [dg-phen-HT] species, m/z 189, which reaches a maximum value on 

reacting for 33 hours (see red columns), and (iii) the presence of a series of short lived 

partially deuterated species {i.e. [dx-phen], where x = 1-7), which are not included in the 

plot for the sake of clarity.

100-,-

60 -

m/z
(%)

2 0 -

Cycles ■  h8-phen □  d8-phen

Figure 3.4; Protium-Deuterium Exchange of phcn (3), plot of (%) m/z-vs- Time (1 cycle = 3 hours). 
All measurements were performed in Ethanol. Note that the intermediate species dx-phen, x = 1-7, 
have been omitted for the sake of clarity.

Complete isotopic exchange was determined by the relative abundance of the peaks 

greater than m/z 187, as these are attributed to the [dg-phen], [dg-phen-H^] and [dg- 

phen-D^] species, respectively. Thus, mass spectrometry allows for the determination of 

the end-point (minimum reaction time) of the reaction. For 3, complete isotopic labeling
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>95% occurred after 33 hours at 190°C. After such time, H-D exchange reached a 

maximum value and no subsequent detectable change in the isotopic abundances of the 

perdeuterated species was noted.

• bppz
Application of this method was extended to access the rate of D-incorporation into the 

larger dppz ligand 2. Monitoring the reaction at 24 hour intervals, with mass 

spectroscopy resuUed in a similar trend to that observed for 3, as illustrated in Figure 

3.5. Again we observe that the [hio-dppz-H^] substrate at m/z = 283 is quickly depleted 

while the [dio-dppz-lT] species found at m/z = 293 is gradually introduced into the 

system (the range of intermediate partially deuterated species [d^-dppz], where x = 1-9, 

are omitted for clarity). The desired isotopic exchange of >95% was attained after 96 

hours at 190®C, which is slower than in the case of 3 as expected due to an increase in 

the number of sites available for H-D exchange on the extended ligand 2.

1007

80

60 -

m/z
(%)

20

72
Time(Hrs) □  hlO-dppz

Figure 3.5; Protium-Deutcrium Exchange for dppz (2). plot of (%) tn/z -vs- Time (hrs). All 
Weasurertients were performed in ocetonitrile. Note that the intermediate species dx-phen, x = 1- 
9, have been omitted for the sake of clarity.
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3.1.3-2 NMR Studies to Examine the Extent of Deuteration into

Dppz (2).

To assess the potential o f Pd/C catalysed D-incorporation, the percentage amount of 

deuterium into the various positions of a test molecule {i.e. dppz) was determined. The 

protiated hio-dppz 2 was treated with Pd/C and D 2O for 4 days (2 cycles) at 190°C, 

resulting in deuterated d„-dppz (2 '), where n denotes the number of deuteriums present 

in the ligand. The amount of H-D exchange that occurred {i.e. n) was estimated by 

comparing the 'H  NMR spectra (CDCI3, ca. 1 * 10"̂  M ) o f untreated hio-dppz 2 and the 

deuterated d„-dppz 2 ' ligands. The spectra are illustrated in Figure 3.6, the solvent 

CDCI3 peak at 57.2 ppm being used as an internal standard.

A

Figure 3.6: *H NMR spcctra (CDCI3) of (a) dn-dppz (2) and (b) dppz; concert. 1*10'^M.

The hio-dppz 2  spectrum (b) exhibits five resonances at 57.82 (Hs.g), 67.95 (Hh.m), 

58.37 (H i2,i3), 69.29 (H2,9), and 9.67ppm (H jj) respectively, in accordance with the 

literature^“ l  The NMR spectrum (a) o f the treated d„-dppz (2 ') ligand, reveals that 

dppz has undergone complete deuteration at the H 2,s, H 3,s, Hn.u and H i2,i3 positions, 

these signals being removed firom the spectrum. However, perdeuteration did not occur 

at all o f the available proton sites and the peak in spectrum (a) at 69.69 ppm is attributed 

to the protons at the YUp position. Extensive deuteration at the latter position has
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resulted in a downfieid shift (-0.07 ppm) and a significant reduction in the intensity of 

the signal. Assuming that the intensities are not affected by relaxation time differences, 

the percentage deuteration at this site may be estimated by comparing the relative peak 

heights ( I )  o f the protiated (Ina) and deuterated (Inb) dppz ligands. Essentially, the 

amount o f deuterium present at the 4,7 position is estimated by the difference o f  these 

resonance peak heights, ( I h» - Ihb) ,  as measured from the spectra, which equates to  95% 

exchange at the latter site. As the H2,9, Hs.s, Hi 1,14 and Hi2,i3 poshions have been 

removed from spectrum (b) we assume that 1 0 0 % exchange (within ± 2 %) has occurred 

at these sites. Therefore, there is an overall 95%  H-D exchange for the dppz ligand.

Furthermore, ES^-MS data was recorded for both Hgands. The untreated hjo-dppz 2 

gave a molecular ion peak at m/z = 283 (94%), 284 (6 %) as expected. The isotopic 

composition o f dn-dppz displayed a parent ion cluster at m/z = 292 (6%), 293 (38%), 

294 (52%) and 295 (4%), giving an overall 94% D-incorporation into 2. This resuh is in 

good agreement (± 1%) with NMR analysis confirming these techniques to be both 

reliable and accurate for the determination o f H-D exchange for these systems.

3.1 .3-3  Positional Preference of H-D Exchonge.

The polypyridyl phen ligand 3, is a typical u-deficient aromatic ligand and direct and 

selective H-D exchange have been little explored. Stewart ei have examined the 

AMI Hamiltonian calculations for 3, and the effective charges for the relative positions 

are shown in Figure 3.7. This indicates that the 4,7 carbon atoms have the highest 

electron density, and those in the 2,9 positions have the lowest electron population. 

They reported that the relatively small difference in the electron population between the 

various positions seem to lead to preferential substitution in the order of Hi,9 > Hs,6 >

Hŝ g > H4J.
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5 (-0 .0695)

4 (-0 .618)

3 (-0 .1440)

2 (-0.0659)

Figure 3.7: Measured Electron Density for  Phen 3.

To experimentally assess the positional preference for Pd/C-catalysed deuteration the 

amount of D-incorporation into various locations o f the ligands; phen 3, dpq 16 and 

dppz 2, was determined. In a typical experiment, the ligands were treated with Pd/C and 

D2O for 4 days (2 cycles) at 190®C, and the products isolated after each cycle were 

analysed by NMR spectroscopy. Because o f the relative large experimental error in both 

temperature and heating time measurements, the amount o f deuteration was determined 

semi-quantitatively. The percent deuteration at each site in these ligands was estimated 

from the relative mtegration intensities of both the protiated and deuterated ligands as 

measured by NMR spectroscopy and from ES^-MS analysis. Table 3.2 summarizes 

the results obtained for the various ligands under similar conditions.
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Table 3.2: Comparison of H-D exchange of ligands in DzO, Pd/C a t 190°C

Ligand" % H-D Exchange -v^- 

Time (Days)’’

Positional Preference 

of H-D Exchange

phen 3

N oo
LOi

dpq 16

100

2,9

5,6

3,8

4 days2 days0 days

100

11,12

2  40

2 days 4 daysOdays

100

■2.9

11,14

20
12,13

dppz 2
2 daysOdays 4 days

Table 3.2; “ D2O , Pd/C a t 190°C for 4  days cycki^. Ha,7, slowest exchangeabte proton is used as 
internal standard. A fter 2 cycles >97% exchange occurred a t all positions
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In the case o f 3, the H2,9 positions being adjacent to the nitrogen atoms are regions of 

low electron density, and therefore readily exchange their protons. NMR data 

confirmed that greater than 90% deuteration occurred at these positions on reacting for 

2 days at 190®C. In contrast, the H4J positions which are high electron density areas are 

the slowest to facilitate exchange of their protons. This provides us with an internal 

standard and the relative percentages o f D-incorporation at the various sites of the phen 

ligand can be calculated. Protium-deuterium exchange was found to proceed in the 

following order; H2,9 > Hs,6 > Ha,? > H*,?. Plots o f the percent H-D exchange at the 

individual proton positions as a function of time, as illustrated in Table 3.2, clearly show 

this general trend. The ordering of deuteration at the various positions are in agreement 

with the proposed Hamiltonian calculations^^^l In addition, dpq 16 and dppz 2 display 

similar trends for the order of deuteration that are consistent with that found for phen 3.

A comparison of the total percentage D-incorporation into these ligands, as determined 

by mass spectroscopy, is displayed in Figure 3.8. The phen (blue line) ligand undergoes 

the fastest rate of H-D exchange, which is approximately 1.4 times faster than dpq (red 

line) and 1.5 times greater than dppz (green line). This trend may be attributed to the 

increasing size and number of available exchange sites for this series of ligands.

100

80

ja 60

40 -

4 days2 days0 days

Phen Dpq Dppz

Figure 3.8; Comparison of total percent (7o) exchange of phen (3), dpq (16) and dppz (2) as a 
function of time (days).
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3.1 .3-4 Rote of Reversible D-H Exchange into Phen (3).

It has been shown previously that application of the method of Pd/C in D2 O promotes 

efficient H-D exchange for a whole range of ligands. But is this a reversible process and 

if so, are the rates of H-D and D-H exchange equivalent. To investigate this effect, 

protiated phen 3 was treated (a) with Pd/C and D2 O for 4 days (2 cycles) at 190“C, 

resulting in the preparation of perdeuterated dg-phen (3a). This was subsequently 

treated, (b) with Pd/C in the presence of H2 O for 4 days (2 cycles) at l^^’C. The 

reaction scheme is shown in Figure 3.9. The percent H- and D-incorporation into the 

various positions of 3 and 3a were monitored at 24 hour intervals by NMR (Htj 
positions used as internal reference) and mass spectroscopies.

too
t X j

Odays 4 days2 days

h ; IS.6

Figure 3.9: Comparison of (i) total percent (%) H-D exchange for ha-phen (3), Pd/C, D2 0 ,190°C and 
(ii) total percent (%) D-H exchange for ds-phen (3a), Pd/C, HzO, 190°C, as a function o f time.
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For reaction (i), hg-phen 3 ds-phen 3a, on reacting for 2 days in Pd/C, D2O at 190®C 

H-D exchange rates o f 90% (H2,9), 76% (Hs.e) and 18% (Hŝ g), were observed. 

Complete deuteration (>95%) is obtained on reacting for 4 days (2 cycles). For the 

reverse reaction (ii), dg-phen 3a -> hg-phen 3. D-H exchange occurred on reacting for 2 

days at 190®C with H-incorporations of 90% (H2,9), 53% and 1 0 % (H3,g) for the 

phen positions. On subsequent reaction for an additional 2 days, we note that complete 

exchange occurred at the 2,9 positions with only partial exchange at the remaining 

positions, an overall 75% exchange for 3a. Even after prolonged periods ( 6  days ( i  

cycles)) no further exchange was observed. For both reactions, the rate of exchange is 

of the same ordering; H2,9 > Hs,6 > Hŝ g > Although the process is reversible it was 

found that D-H exchange is less efficient and occurs at a slower rate failing to produce 

fully protiated phen 3 under these conditions.

3.1-4  A Study of the Reaction Conditions 

3.1.4-1 Effect of Dcuteratlon in the Absence of Pd/C Catalyst

Whitney et reported the preparation o f perdeuterated phen 3  in the presence of 

D2O only. We monitored the incorporation of deuterium into 3 via reaction with 

deuterium oxide in the absence of the Pd/C catalyst at 190‘’C at 2-hour intervals. D- 

incorporations were determined by comparison of the *H NMR spectra of the isolated 

products to that of protiated phen 3. On reacting for 6  hours, greater than 95% 

deuteration occurred at the 2,9 positions, (areas of low electron density), with partial 

exchange at the 3,8 positions, as determined from NMR spectroscopy. There is little 

evidence for H-D exchange at the remaining 5,6 and 4,7 positions. Furthermore, after 

prolonged reaction times of 6  days (5 cycles) we observe 29% deuteration of the 3,8 

positions, and exchange occurring although to a lesser extent for the 5,6 (9%) and 4,7 

(8 %) positions. The positional preference o f deuteration; H2,9 > H3,g > Hŝ e > H4J; is of 

the same order as 3 when treated with Pd/C in the presence of D2O, under identical 

conditions.
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protium-deuterium exchange for 3 in both the presence of (i) Pd/C, D2O and (ii) DCl, 

D2O ^  190“C has been examined in further detail. A comparison of the two 

methodologies, are shown in Figure 3.10, which displays the extent of D-incorporation 

into 3 as a function of time, as monitored by NMR and ES^-MS spectrometry. Initially, 

the extent of H-D exchange is similar, for both methods. In the absence of the Pd/C 

catalyst (blue line), extensive exchange >95% occurred at the 2,9 positions, with 

evidence of little exchange in the remaining sites on reacting for 6 hours at 190“C. 

However, these reaction conditions are not eflBcient at promoting total H-D exchange 

into 3 and even on prolonged reaction times of 125 hours only a 56% exchange rate is 

observed for 3 . In contrast, in the presence of the Pd/C catalyst (red line), H-D 

exchange increases steadily and produces >95% isotopic purities on reacting for 44 

hours at 190“C.

100

80
tlO

20

44 Time (Hrs) 57 125105
D20 only Pd/C and D20

Figure 3.10: Comparison of total percent (%) exchange into phen (3) in D20,Pd/C and DzO at 190°C.

Application of this method, to dppz 2 and dab 11, was also examined and the results 

tabulated in Table 3.3. In these studies, H-D exchange either did not occur, or occurred 

to a lesser extent and at fewer sites when Pd/C was absent. Under these conditions, only 

46% D-incorporation was noted for 2, while D2O under neutral conditions was not 

efficient for the promotion of H-D exchange for 11.
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Table 3,3: H-D exchange of ligands in DzO only a t  19CFC

Entry* Substrate** Product'" %H-D exchange® Isolated

Yield

3  phen m/z=\% 0  Ds -  phen‘‘ m /z=186 54* 85%

2 dppz m/z = 282 D4 -  dppz' m/z = 287 46* 65%

t l  dab̂  m/2 = \ 0% ^

“ See Figure 3.1 for structure * Average value (> 4 batches) Reactions performed in high T/P 
batch reactor Determined by mass spectrometry. DaO at 190°C for 4 days {2 cyclei), * D2O at 
190°C for 6  days (5 cycles). H-D exc^>m^ Partial H-D exchange

3.1.4-2 Temperature Studies.

The rate o f protium-deuterium exchange is temperature-dependent. To illustrate the 

effect o f temperature, a series o f quantitative experiments were undertaken using 3 as 

the ligand, in the presence o f Pd/C and D2O for various temperatures between 25*̂ 0 and 

190®C. The relative rate o f D-incorporation into 3 was monitored by NMR and mass 

spectroscopy techniques and the results are displayed in Figure 3.11 as plots o f percent 

H-D exchange as a fiinction of time, at these temperatures.

100
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cm
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40 -
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100 190130 160

Figure 3.11: Comparison of total percent (%) exchange for (3) at temperatures 25-190°C.
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■At room temperature, no H-D exchange occurred over a time period of 4 days (2 cycles). 

«predictably, as the temperature increases so too does the rate of D-incorporation into the 

f  various phen positions. There is a linear relationship between the rate of exchange and 

f  the temperature. The optimum temperature for efficient protium-deuterium exchange 

I  into 3 involves heating to ca. 190®C, under these reaction conditions. Experiments were 

I not performed at temperatures exceeding this temperature (due to safety limitations of the 

i reactor vessel) although it has been reported that at elevated temperatures shorter reaction 

times are observed for the production of perdeuterated ligandŝ *̂ ^̂ "*̂ .

3-2 Deuteration Method II -  DCI Catalyst in the Presence of bzO 

3.2-1 General Experimental Procedure II

Despite the generality of the Pd/C method, it is not efficient for perdeuteration of dab 

11, which is necessary for the preparation of the selectivity deuterated dppz ligands. 

This lead us to develop an alternative approach, to convert the readily available dab 

ligand and its derivatives to their respective perdeuterated derivatives. This synthetic 

procedure employs D2O in the presence of an acidic medium by addition of deuterium 

chloride, DCI, which catalyses the isotopic exchange producing the corresponding 

deuterated ligands. The deuteration of aromatic substrates under subcritical acidic 

conditions have been reported̂ *'̂  ̂but examples of its application are very limited.

In a typical experiment, dab 11 (2.311g, 0,021mmol) was reacted in 10 ml D2O and 2ml 

DCI (35% in D2 O) in a teflon coated steel high pressure reactor for 2 days (i.e. 1 cycle) 

at 190"C. The contents of the reactor were cooled to room temperature, and the D2 O, 

DCI were removed under vacuum, to obtain d4 -dab 11a. Isotopic purities were 

characterised by ES^-MS, by comparison between observed and calculated isotope 

clusters, and by NMR spectroscopy. In a single run, protium-deuterium exchange
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>85% was achieved with no side-product formation. Heating and cooling times are not 
included in reported reaction times.

This ‘novel’ methodology permits direct and efficient deuteration for a number of 

aromatic ligands. The distinct advantages of short reaction times and cheap reagents 

make this a convenient approach for H-D exchange. Furthermore, control experiments 

were performed to assess the effect of internal and external variables on the rate of H-D 

exchange,

3.2-2 The Achievements and Limitations of OCI in D2O.

Our present work involved a detailed study of the applicability of this method on a 

range of aromatic ligands. The respective ligands were reacted according to the general 

procedure as detailed in section 3.2-1 (i.e. D2O, DCl for 2 days at 190*̂ C), and the 

isotopic purities of their isolated products were analysed by mass spectroscopy and by 

NMR spectroscopy techniques, as appropriate.

Application of this procedure to perlabel phen 2 and bpy 5 proved successful, for results 

see Table 3.4. In a single reaction, 2 days (J cycle), at 190*̂ 0, D-incorporations of 

>90% was achieved. No subsequent reaction or purification was required and excellent 

yields typically in the range of 82-85% were produced.
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Table 3.4: H-D exchange of ligands in D2O, DCl a t 190°C

Ref
Isolated

Substrate

[

b Product® %H-D exchange ®

Yield

3 phen m/z= 180 Dg -  phen' w/z=189 90* 82%

5 bpy® m/z = 156 Dg -  bpy® m/z =164 92%

2 dppz m/z = 282 D4  -  dppz‘ rti/z = 286 90** 92%

Dio -  dppz® m/z = 292 90** 92%

1 1 dab^ m/z = 108 D4  -  dab" m/z= 190 90** 95%

17 Medab m/z= 1 2 2 Dr Medab“ m/z =187 ring: 90, Me:0* 87%

18 diMedab m/z= 136 D2- diMedab*̂ m/z = 210 ring; 90, Me:0** 8 6 %

19 diPdab^ m/z= 144 Extensive Tarrin*

|4 diPdOD̂ ^ m/z = 31S Extensive T a n w

en m/z = 58 Extensive UMliMl

“See Figure 3.1 for structure  ̂Reactions f»rformed in high T/P batch reactor ‘ DzO, bCI at 
190°C for 2 days (i cycte) bzO, bCI at 190°C for 4 days c/c/cj) * bzO, DCl at 190°C for 24 
hours y No H-b exclmtg occaRHBd- ® Determined by mass spectrometry. *Average value (2 
batches), ** Average Value (> 4 batches). Unless stated otherwise approximately equal exchange 
at all positions.

The effect o f DCl in D2 O was examined for 2 and some interesting results were 

obtained, as illustrated in Figure 3.12. It was noted that reaction of 2 at 190“C for 24 

hours in the presence of D2 O, DCl promoted selective H-D exchange at the Hi 1 ,1 4  and 

Hi2 ,i3 positions respectively, with insignificant exchange (< 1 0 %) in the remaining proton 

sites, thus facilitating the preparation of selectively deuterated d4 -dppz 2a. The presence 

of this species was confinned unambiguously by ES^-mass spectroscopy which displayed 

a parent ion cluster at m/z = 287 attributed to the [d4 -dppz-lT] species and by the 

removal o f the Hu , 1 4  and Hi2 ,i3  proton signals at 67.92 ppm and 58.35ppm in the 

NMR spectrum, respectively.
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D-incorporation into the remaining phen positions; H2,9, and YU,i protons, was 

achieved after prolonged reaction times of 4 days {2 cycles) at 190°C. This resulted in 

the formation of perdeuterated dio-dppz 2c, which displayed a parent ion cluster at m/z = 

293 due to the [dio-dppz-H^] species. A silent *H N M R  spectrum further confirmed the 
presence of perdeuterated djo-dppz.

D,0/DC1

Ligand 2a -  drdppz 2c-dio-dppz

Mass Spectrum (MeOH) m/z = 287 (MlT) m/z = 293 (MH*)

’HNMR(CDCl3) H2,9 5 9.29 ppm (dd) 
H3,8 5 7.82 ppm (m) 
H4.7 6  9.68 ppm (dd)

No proton signals

Figure 3.12; Structure and characterisation o f partially (2q ) and fully deuterated (2c) dppz 
prepared from D2O, DCI method.

This D2O, DCI procedure is also well suited to introduce deuterium into non- 

fimctionalised and fiinctionalised dab derivatives. Treatment of 11, in D2O and DCI for 

2 days at 190“C, lead to the formation of perdeuterated d4-dab 11a. The presence of 

this species was confirmed by ES^-MS which displayed a dominant molecular ion peak
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at m/z = 190, attributed to the dihydrochloride C6D4N2.2DC12IT salt, as determined by 

X-Ray Crystallography. Additional evidence was attained on reacting deuterated d4 -dab 

with phendione 12 in boiling ethanol for 35 minutes, producing the desired d4 -dppz 2a 

product, as characterised by both NMR and mass spectroscopy.

As a corollary, for the dab derivatives bearing methyl groups; Medab 17 and diMedab 

18, selective ring-perdeuteration was observed, with no evidence of exchange at the 

CHs substitutents, as determined by NMR and MS spectroscopic data. This is in 

contrast to the activated palladium (Pd/C) method, which exchanges all protons, as 

shown in Figure 3.13. As the analysis o f these ligands proved difiBcult due to poor 

solubility, subsequent reaction with phendione 12 in refluxing ethanol for 30 minutes 

yielded the corresponding dppz derivatives; ds-Medppz 21a and d2 -diMedppz 13a. The 

mass spectral data confirmed the presence of these ligands, displaying parent ion clusters 

at m/z = 1 8 7  and m/z = 210, respectively. ‘H NMR spectroscopy confirmed selective 

protium-deuterium exchange by the presence of the methyl peak at 52.64 ppm and the 

removal o f the aromatic ring proton resonances fi'om the spectrum.

diMeDab (18)

CHj,CDj

(iii)

CH.

D2 . diMeDppz (18a)D2 -diMeDab (18a)D2 . diMeDppz (13a)

Figure 3.13;Compapison of products obtained from diAAedab (18), where (i) DaO/DCI a t  190°C fo r 2 
days; (ii) Pd/C, D20 a t  190°C for 2 days; (iii) phendione, EtOH, 30 mins.
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However some o f the ligands, namely diFdab 19, diFdppz 14 and en 20, underwent 

considerable decomposition (resulting in tarred black products), and gave no isotopic 

exchange on heating to 190‘’C in D2O and DCl.

The method o f  deuterium chloride (DCl) in D 2O proved to be a usefiil tool for the 

preparation o f  deuterated ligands. It provides an alternative method o f  converting dab 

derivatives into their corresponding deuterated ligands and provides an additional 

synthetic route for perdeuteration of aromatic ligands (3, 5 and 2). Furthermore, the 

production o f  maximum yields in minimum reaction times make this a very effective and 

attractive procedure.

3 .2 -3  Relative Kinetic Studies 

3.2.3-1 Rate of Positional Preference of H-t> exchange info Phen (3).

A detailed ‘H NMR study has been undertaken to assess both the extent and positional 

preference o f  H-D exchange for phen 3 in the presence o f  D 2O and DCl at 190^C. The 

products were isolated after 1 and 2 days, respectively, and their NM R and mass 

spectral data compared to protiated phen 3. It revealed that the sequence o f  positional 

deuteration is o f  the order; H2,9 > Hs,6 > Hs,* > H4J. This trend may be clearly observed 

from a plot o f  the percent exchange at the various phen sites as a fiinction o f  time, as 

shown in Figure 3.14. This is in good agreement with the results obtained for 3 in the 

presence o f  D 2O and the Pd/C catalyst under similar conditions.
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Figure 3.14: Protium-Deuterium exchange for phen (3) in the presence of D2 O/DCI for 2 days at 
190°C. H4  7  protons used as an internal standard.

3.2-4  A Study of the Reaction Conditions.

3.2.4-1 Temperature Studies.

Controlled quantitative experiments were performed to ascertain the effect, of 

temperature on protium-deuterium exchange in the presence of this D2 O, DCl medium. 

For dab 11, a series of simultaneous reactions at room temperature, and at temperatures 

of 60^C, 100°C, and 190°C were analysed at 24 hour intervals. D-incorporation into 11 

was monitored by ES^-MS and NMR spectroscopy. The percent deuteration was 

determined from the relative abundance of the peaks greater than m/z 190, as these are 

attributed to the [dt-dab], [d4 -dab-H^] and [d4 -dab-D^] species. The results are 

presented as the extent of D-incorporation into the ligand as a function of time (hrs), see 

Figure 3.15.

For dab 11, it was found that on stirring at room temperature for 2 weeks in the 

presence of D2 O, DCl no isotopic exchange occurred. At T = 60“C, limited exchange 

of -68% was obtained for 11 on reacting for 5 days. The rate of H-D exchange 

increased as the temperature was increased, and the desired isotopic purity (-93%) was 

obtained on refluxing 11 in D2 O, DCl for 48 hours at 100°C. Alternatively, treating 11 

at 190*̂ 0 in a Teflon coated steel high pressure reactor for 48 hours produces essentially
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the same results, the extent of D-incorporation being increased by 1%. Therefore, the 

conditions of high temperatures and pressures as initially expected for this reaction are 

not necessary to obtain perdeuterated d4 -dab 11.

100

Time(Hrs) 120 216

Figure 3.15: Comparison of percent (%) deuteration into dab (11) at 25°C, 60®C, 100°C and at 
elevated temperatures of 190°C.

3 .3  Conclusions.

3 ,3 -1  Comparison of Pd/C, DzO and DCI, DzO Methods on H-D Exchange.

To assess the relative rate of H-D exchange for both methods phen 3 was treated in the 

presence (i) Pd/C, D2 O and (i) DCI, D2 O at IQO'̂ C for 1,2,3 and 4 days, respectively. 

The products were isolated, analysed and the extent of D-incorporation into 3 is shown 

in Figure 3.16.

For Pd/C, D2 O method (blue line), we observe that after a single run (1 day at 190°C), 

D'incorporations of 84% were found for 3. On subsequent reaction, the extent of H-D 

exchange steadily increases yielding the desired isotopically labeled product 3a after 4 

days at 190°C. Alternatively, for the DCI, D2 O procedure (red line) under identical 

conditions, the data revealed that the isotopic exchange was considerably faster
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(approximately 1.2 times greater) producing perdeuterated phen 3a after 2 days at 

190®C.

100

40

20

Time (Days)

D20/DCI

Figure 3.16: Comporison o f percent (%) deuteration into phcn (3) in the presence o f Pd/C, D2O and 
D C I,D 20atl90“C.

A comparison of the rates, yields, scope and limitations of the two methods used to 

incorporate deuterium into a range of ligands is summarised in Table 3.5.
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Table 3.5: Comparison of the methods of Deuteration used in this study.

Pd/C - Method I  DC! - Method I I
Rate % H-D 
Exchange

Faster exchange rate (~ 1.2%)

Yields Range 50-90%

Reasonable yields

-difficulty in isolating product 

from finely divided Pd/C catalyst 

-consecutive cycles reduce overall 
yields.

Range 80-90%

Excellent yields

-No subsequent reaction or 

purification required

Achievements Ligands (2,3, 5,16)- >95% exchange

diFdppz (14) -  selective ring 

deuteration lead to exchange of 2,9 psns 

exclusively.

Medab(17) and diMedab(18) 

deuteration extended to the methyl 

sustitutents, CHs^CDs formations.

Dab (11)- yielded D4 -dab (11a)

dppz(2) -  both selective (d4 -dppz) after 

24 hrs and perdeuterated (dio-dppz) 
after 4 days.

Medab (17) and diMedab (18) -  

selective ring exchange to give D 3 -  

Medab and D2 -DiMedab

Limitations Dab (11) -  no H-D exchange

Fluorinated ligands
1. diFdab(19) unstable loss of 

flourines lead to dio-dppz

2. diFdppz(14) near selective 

exchange at H2 .9  protons only. No 

further exchange after prolonged 

period. (8 days)

Fluorinated ligands

1. diFdab (19)

2. diFdppz (14)

3. en (20)

Advantages 1. Short reaction times (2 cycles)

2. Reasonable yields
3.Excellent solubility (facile to 

acquire NMR and MS analysis)

4. Cheap reagents

1. Shorter reaction times (i cycle)

2. Excellent yields

3.Poor solubility (difficult to 

acquire NMR and MS analysis)

4. Reasonably cheap reagents
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3.3-2 Concluding Remarks

In the current study, two methodologies of H-D exchange, namely (i) Pd/C, D2 O and 

(ii) DCl, D2 O, have been employed. While these experimental techniques are not 

sufficiently controllable to selectively deuterate sites, one or both of these methods in 

combination, as detailed in Chapter Two (Synthesis and Characterization Studies), have 

allowed for the preparation of a series of deuterated dppz ligands.

The Pd/C, D2 O method permits direct and efficient deuteration of polypyridyl ligands; 

phen 3, bpy 5, dppz 2, and dpq 16, in optimum yield with no by-product formation. 

However, it was foimd that this procedure failed to introduce any labels into dab 11. 

Therefore an alternative route was developed to successfully perdeuterate the dab ligand 

and its derivatives. This protocol of DCl in the presence of D2 O provides a new and 

versatile route to attain perdeuterated (and in some cases selectively deuterated) ligands; 

3, 5, diMedab 17, and diMedppz 18, in near quantitative yields. However, under the 

conditions studied, no H-D exchange was observed for the fluorinated ligands, diFdab 

19 and diFdppz 14, and for ethylenediamine 20.

Both these methods proved very efficient, and reproducibly afforded the required 

derivatives in high yields and purity. It was found that once prepared these ligands are 

thermally robust and exhibit no reversible D-H exchange, even in the presence of 

extreme alkaline and acidic environments. Generally, the ligands are soluble in polar 

organic solvents such as acetonitrile and acetone and less soluble in ethanol, 

dichloromethane, and water.

In addition to the practical application of ligand deuteration, these exchange reactions 

can provide important information about the relative kinetics and ordering of 

deuteration within a molecule. For Pd/C, D2 O method a detailed systematic study was 

undertaken to ascertain the effects of the catalyst, temperature, time, and solvent on the 

rate and efficiency of protium-deuterium exchange. Similar studies, although to a lesser
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extent, were performed for DCl, D2O method. This allowed a comparison to be made 

between these methods as detailed in Table 3.5.

In general these methods are powerful, selective and have several advantages over more 

classical methods and the full scope o f the preparative approach to deuterated aromatic 

substrates remains to be explored in greater detail.
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4.0 Introduction

There continues to be great interest in the physical properties of transition metal polypyridyl 

compounds, due to the possibility of producing compounds that are capable o f performing 

light-induced functions for application in photochemically driven molecular devices. 

Investigations in this area have focused on Ru(II) complexes as much is known about their 

photophysical properties^'l For these complexes, the single most important question that 

must be answered before a proper analysis of these states can be undertaken is

“Are the excited states localised or delocalised....and, i f  localized, what is the precise

location of the excited state electron?

Their excited states have been investigated by several methods. One such method, is the 

‘deuterium isotope effect’, and many studies have examined this phenomenon for Ru(II) 

complexeŝ ^̂ ^̂ '̂̂ '̂ l It is well established that the emission lifetime increases upon incorporation 

of deuterium into these systems^“’̂ ‘̂*l Indeed, partial deuteration, in combination with emission 

lifetime studies have been used to identify the location of the emitting state in Ru(II) 

complexes^^l However, the effect of deuteration on the emission lifetime of mixed ligand 

complexes has so far been relatively unexplored.

4.1 Aims of Research

The main aim of the present work is to put forth an experimental relationship between the 

excited state decay lifetime of Ru(II) dppz complexes and the position of deuterium 

substitutents, in an attempt to locate the position of the excited state electron on the dppz 

ligand. In order to understand the complex photophysics of mixed ligand complexes we must 

first turn our attention to the parent homoleptic complexes. The effects of solvent, protium- 

deuterium exchange, ligand substitutents and temperature on the nature of the excited state 

properties o f these complexes have been studied.
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This study is divided into three main categories;

(i) the tris-chelated [Ru(bpy)3 ]̂  ̂ 1 and Ru(phen)3]^  ̂ 6 complexes and their deuterated 

analogues;

(ii) the heteroleptic [Ru(phen)2(L)]^  ̂complexes, where L = diMedppz 8, dppz 4 and diFdppz 

9,

(iii) the protiated complexes, 4, 8, and 9, in (ii) and their corresponding selectively deuterated 

complexes.

In the present study, the electronic structures o f several families o f complexes; (1 and 6) and 

(8, 4, and 9), have been compared, based on spectroscopic studies o f their protiated and 

selectively deuterated analogues. This protium-deuterium exchange study is hoped to provide 

us with some insight into the nature and deactivation o f the excited states involved.

4.2  Photophysics of [Ru(L)3]̂ * Complexes 

4,2-1 Introduction

A general introduction to Ru(II) complexes was reviewed in Chapter One (Introduction), 

herein we discuss the [Ru(bpy)3 ]̂  ̂ 1 and [Ru(phen)3 ]̂ '̂  6 complexes specifically. There has 

been considerable interest in the nature of the lowest excited state o f 1, and to a lesser extent, 

in 6. In this context, a large number of investigations'^have been carried out to determine 

whether for 1, the promoted electron is localised in the tt* orbital of a single bpy ligand, as 

[Ru°^(bpy)2 (bpy* )]^^", with possible rapid exchange occurring between the ligands, or if the 

excited electron may occupy a molecular orbital which is delocalised over all three ligands, as 

[Ru“ (̂bpy''^*“)]̂ ^*, see Figure 4.1.
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Localised Model Delocalised Model

Figure 4.1; Schem atic representation of localised and delocalised m odels o f  [Ru(bpy)3]̂ * com plex 1.

For complex 1, over a wide range of temperatures, there is good spectroscopic evidence that 

the excited electron in the MLCT excited state is localized on a single bpy ligand̂ ^̂ ’̂l  Thus, 

as a consequence o f charge localisation, an appreciable intramolecular charge transfer

component exists for the excited state decay, [Ru^(bpy)2 (bpy*')]^^*----- > [Ru°(bpy)3 ]̂  ,which

provides a basis for solvent effects.

Due to the structural and electronic similarities between phen and bpy, it has been assumed 

that these complexes are essentially the same. However, the photophysics o f 6, is unclear. 

As 6 is structurally more rigid, complexes whose reactivity is influenced by the ligands ability 

to distort could provide a situation where marked differences are observed in the chemistry of 

these complexes. Furthermore, the excited state properties of these complexes are very 

sensitive to environmental conditions, such as solvent and temperature, making evaluation 

difficult. It has been suggested from resonance Raman and TR^ studies^*  ̂o f 6 that the lowest 

lying MLCT excited state is delocalised, [Ru°^(phen'‘̂’*~)]̂ *̂, or hopping among the ligands at 

a rate comparable to that of vibrational frequencies (-10^" s'^). However this interpretation 

has been debated^^\ with time-resolved infrared (TRIR) studies supporting a localized 

description for 6. Despite extensive study the nature of the excited states and the debate as to 

whether systems 1 and 6 behave in a similar manner remains controversial.
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4.2-2 Effect of Deuterium on the Excited State Properties of Ru(II)

Complexes.

The deactivation of the electronic excited state phenomena following absorption of light by 1 

and related systems has been thoroughly investigated^^”̂  and the possible deactivation 

pathways for the excited state are illustrated in Figure Population of the closely

spaced triplet ^MLCT states follows excitation in the visible region (*MLCT) and occurs 

with high quantum yield ((I)iscS Deactivation of the excited state can occur through 

radiative ( k r ) ,  direct nonradiative ( k n r )  and nonradiative via crossover into the thermally 

accessible d-d excited states (kdd), respectively. For a more detailed discussion of the 

theoretical background of these deactivation processes, see Chapter One (Introduction).

‘MLCT

N -

Dechelation

Ground State (So)

Figure 4.2: Energy level diagram showing the excited state levels of [Ru(L)3] ’̂ complexes; huabs = 
absorption, huem = emission, ISC = intersystem crossing, IC = internal conversion *̂^^

Of these processes, the nonradiative decay k „ r  is of fundamental importance, and it has been 

reportedf*°l that for 1  approximately 70% of the excited state energy is dissipated via k „ r  at 

room temperature in aqueous solution. However, elucidation is difficult as the only direct 

measurable parameter is the excited state lifetime (x), expressed as, = k, + k „ r  +  k d d  +  

kq°', and representing the sum of all the deactivation processes from the excited states back 

to the ground state. Generally the approach is to acquire lifetime data as a fimction of 

variable enviroimiental factors (e.g. solvent and temperature)^'®’̂ ^̂ ^̂*'̂ .̂ In addition to the
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‘extemal’ variations, the study of D-incorporation on the measured lifetimes can potentially 

provide valuable insight into the precise mechanisms of these nonradiative processes^*^^^*^^

According to Siebrand’s theory for nonradiative transitions^*^^ '̂®\ high energy, anharmonic 

C-H stretching vibrations are important promotional modes in nonradiative decay. Upon 

deuteration there is a decrease in the overlap o f (lower frequency) C-D modes relative to C-H 

modes for the same energy gap (see Figure 1.14), which decreases the nonradiative decay 

leading to longer excited state lifetimes. Furthermore, extended studies have revealed that 

there is a lifetime dependence not only on the number of deuterium substitutents but also on 

the position^'^^^^^l

4.2-3 Emission Studies.

4.2.3-1 Introduction - Theory

Parallel photochemical and photophysical investigations, have been used to establish and to 

attempt to rationalize the factors that determine their excited state behaviour so as to form a 

‘picture’ of the molecules in solution. This involves evaluation of the emission parameters, 

which may be calculated from the experimentally available quantities. The various 

deactivation pathways which the excited state species can take, so as to return to the ground 

state are presented in Equations 4.1 (a) -> (d):

^MLCT => So (+ h u ) kr (a)

^MLCT=^ So (b)

^MLCT o  ^MC or ^MLCT (4) k, and k.i (c)

^MCor 'M LCT(4) -> S o (+ P )o r(+ h u )  kz (d)

(4.1): The decay pathways via which the excited state can return to the ground state.
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We will briefly describe the methods involved in the elucidation of the emission parameters, 

as they will offer an insight into the behaviour o f the excited states o f these Ru(II) 

complexes, both in solution, and in the absence and presence of DNA.

Quantum yield: The fluorescence efficiency for a given molecular system may be defined 

and calculated from the quantum yield, O. This is given by the ratio of the number of 

photons emitted {i.e. kr) by the ^MLCT state relative to the number of photons absorbed by 

the ground state (So). The quantum yield (Oem), is calculated from the area under the curve 

of the recorded spectra relative to [Ru(bpy)3]̂ '*' 1, where [Oem = 0.028] in aerated aqueous 

solution and [Oem = 0.042] in degassed aqueous solution at room tem perature^Corrections 

were also made for the differing refractive indices of the solvents^’ (see Chapter Six).

Lifetime'. The ‘mean lifetime’ measured is a reflection of all the possible deactivation 

processes of the excited state back to the ground state, see equation 4.2.

-  =  K * K, + + ClOil ‘‘•2
X

The lifetime can then be subsequently ‘separated’ into its ‘individual deactivation 

components’ -  kr, k„r and kq̂ ^̂  respectively, kr and knr'. These values are determined 

experimentally from the luminescent lifetime tmeas î̂ d quantum yield of emission Oem, using 

equations 4.3(a) and 4.3(b).

O 4.3 (a)

where t = — 4.3 (b)
' ' r  y
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; For all complexes, the emission lifetimes were measured under three conditions;

aerated, degassed, and oxygenated. For aerated measurements, no attempt was made to 

eliminate oxygen from the experiments, since the focus o f the study was with a view o f 

assessing their utility as probes for DNA. As molecular oxygen (^Oi) can quench the excited 

states of these complexes^ measurements were performed under degassed conditions, to 

ascertain additional information regarding these molecules in solution, as we observe a 

dramatic increase in the Xdegassed values. Solutions were degassed using a freeze-thaw-pump 

mechanism, with at least four cycles, to a pressure o f 4 x 10'^ mbar, prior to use. Finally, 

oxygenated samples were prepared by bubbling a stream o f O2, via a syringe, through the 

sample in a septum-covered curvette for a minimum of 45 mins prior to use. By varying the 

concentration o f oxygen in solution we can deduce the luminescence quenching rate 

constant, k q ^ \  from the slope of a Stem-Volmer plot o f 1/xmeas versus [O2].

4 .2 .3 -2  Results

A study o f the emission energies and lifetimes for the excited states o f 1 and 6, in a variety o f 

solvents was investigated to attempt to rationalize the solvent dependence o f their excited 

state properties. Steady-state and time-resolved luminescence studies for complexes 1 and 6, 
typically of concentration -10'^ M, were measured at room temperature, in (a) aqueous and 

organic (acetonitrile, methanol, and ethanol) solutions and (b) at varying concentrations o f 

molecular oxygen (^0 2 ). The luminescence data is presented in Table 4.1, and discussed 

according to energy of emission, quantum yield, emission lifetime and decay rate constants.
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TobIc 4.1: Room Temperature Luminescence AAaxima and Emission Quantum Yields,
and Lifetime Data for complexes 1 and 6“

Complex ^max? em 0  b,d 
^em -r̂ (ns) k r E k n ^

Eem (Cm'‘) Degass Air Degass Air Oxy ® (lO 'M -'s-') (loV) (loV)
[Ru(bpy)3]

H2O 612(16400) 0.042  ̂ 0.028 609 392 166 3.70 0.68 1.57

CH3CN 608 (16450) 0.068 0.0058 764 169 42 2.48 0.89 1.21

MeOH 607 (16420) 0.030 0.0067 690 222 59 1.51 0.44 1.41

EtOH 604(16560) 0.048 0.0077 653 238 69 1.31 0.74 1.45

[Ru(phen)3]^  ̂ 6

H2O 596 (16800) 0.058 0.032 996 497 174 4.40 0.58 0.94

CH3CN 592(16890) 0.049 0.0061 406 296 107 3.51 0.96 2.36

MeOH 590 (16950) 0.019 0.0064 300 115 72 2.09 0.63 3.26

EtOH 585 (17090) 0.002 0.0071 205 119 38 2.19 0.83 4.78

“ Measurements were performed on Cl' salts (water) and PFg" salts (non-aqueous solvents. Errors: Eem ±  2nm, Oen, ± 1 0  

%, X ±  5%, and ±  7%. *’ =  440nm. ' =  337nm, Xem =590nm ‘‘ Concentration o f  oxygen in (i) CH3CN;

(degassed -  O.OmM, air-saturated -  1.90mM, oxygenated -  9.10mM O2 ) (ii) HjO; (degassed -  O.OmM, air-saturated -  

0.27mM, degassed -  1.27mM O2), for MeOH and EtOH values see experimental section Chapter Six'^‘  ̂ ‘'U sed  as a 

standard for calculation o f  <l)eni values. ®Zknr” knr + kdd-

Energy o f Emission: From the recorded spectra, it is clear that the actual band shape of the 

spectrum is insensitive to the solvent. The major effect of solvent variation is to change the 

energy of the emission maximum (Eem)- In more polar solvents, water, the maximum energy 

is slightly red-shifted (~4 mn) for both complexes. This behaviour is characteristic of the 

expected charge-transfer nature of the excited state involved in the emission process, and 

may be attributed to an increased stabilization of the excited state by the re-orientation of the 

surroimding polar water molecules. Furthermore, as bpy has a greater a-donor strength and a 

small dipole moment relative to phen^^^^, the maximum energy of emission (Eem) should be 

less intense and relatively less sensitive to changes in the solvent polarity. This is observed 

in the change in energy, AEem, which is noticeably larger for 6, with a value of AEem~ 290
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cm  ̂ compared to AEem ~ 160 cm * for 1. We observe that the emission energies, Eem» in the 

different solvents, do not coincide well with the emission quantimi yields and lifetime 

decays.

Quantum Yields: Comparison of the data show that the quantum yields for the bpy and phen 

complexes in water are similar (0.042 vs 0.058). In non-aqueous environments the bpy 

chelate complex 1 displays slightly higher quantum yields relative to complex 6.

Luminescence lifetime decays. For all solvents, the emission lifetimes were recorded for 

degassed, aerated and oxygenated solutions and were found to display single exponential 

decays. On examination o f the data, contrasting behaviour for the “similar” phen and bpy 

complexes was observed. Deactivation of the excited states to the ground state is complex 

and many contributing factors need to be considered, which include;

>  Solvent -  Polarity - OH vibrations -  dielectric constant -  dissociation constant

>  Conjugation -  7t-delocalisation

>  Flexibility -  bpy is more flexible relative to phen

^ Nature o f  the excited states — delocalised or localised model — MLCT/LMCT/^MC

>  Temperature -  population of the higher lying ^MLCT (4) and thermally activated ^MC states

We will concentrate our discussion mainly on the effects o f the position o f the ^MLCT 

excited state and the solvent (u(OH) vibrations on the nature of the excited states o f these 

complexes.

[Ru(phen)3f ^  In water, an important factor to consider are the contributions from OH 

vibrations, for as they play the role of energy acceptors the nonradiative decay is increased 

thereby resulting in shorter emission lifetimes. It has been reported that the M^LCT states 

are very sensitive to their environment and due to the stabilizing effect o f the more polar 

surroundings on the charge separated state, these ^MLCT states are found to be lower in 

water than in acetonitrile. Typically, the lower the energy of the MLCT state the more 

coupled it will be to the ground state^^^ ,̂ thereby increasing k„r decay to give lower emission
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lifetimes. However, for complex 6, this is not observed. As a longer emission lifetime o f x = 

996 ns is observed in water compared to x = 406 ns in acetonitrile. How do we account for 

this unusiial behaviour?. It may be explained according to the position o f the ^MLCT excited 

states and the size o f the energy gap, AE, activation barrier for the ^MLCT —> ^MC (dd) state 

conversion. In water, as AE is large (due to the lower lying ^MLCT states) the crossover to 

the thermally activated higher lying ^MC states is reduced so longer emission lifetimes are 

observed, under these conditions. Whereas in acetonitrile AE is reduced so population o f the 

higher lying states is more accessible leading to greater contributions from these states and 

smaller emission lifetimes. In addition, the solvent isotope effect has been studied for 6, and 

showed that o (0H ) vibrations are of little importance, with emission lifetimes o f x = 990 ns 

in H2 O and x = 1012 ns D2 O, respectively'^ '̂*l For 6, in the presence o f ethanol and methanol 

solvents, the decreased excited state lifetimes are related to an increase in the emission 

energies, Eem-

[Ru(bpysf^  As the longest emission lifetime is observed in acetonitrile with x = 764 ns 

(compared to x = 609 ns in water), the proposed model for 6 does not hold here. 

Furthermore, in contrast to the phen complex there is a large isotope effect observed in water 

with X = 619 ns in water compared to x = 1090 ns in heavy water^^’l  We propose that for 1, 

as observed for complex 6, that the ^MLCT state has a lower energy in water than in 

acetonitrile, and that the shorter emission lifetime observed in water is attributed to the 

greater importance of the isotope effect. In addition, the more open structure and flexible 

nature of the bpy relative to phen complex may also be o f importance. For 1 decreased 

excited state lifetimes were observed in polar solvents, which is related to a very small 

increase in the emission energies, Eem.

In general, the bpy complexes exhibit longer emission lifetimes compared to the phen 

complexes, under the conditions studied. Clearly, the subtle differences between these 

complexes is much more complex than originally conjured, and may imply that their 

emission is controlled by different mechanisms. A foil accounting of the effect o f solvent on 

the emission lifetime of these complexes requires extensive analysis.
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Rate constants'. The calculated radiative and nonradiative rate constants for 1 and 6 are 

presented in Table 4.1. For these complexes the emitting MLCT species are predominantly 

triplet in character and exhibit radiative rate constants, kr ~ lO^s'*, which reflect the formally 

spin-forbidden character of the emission. There is little significant change in kr which is 

relatively solvent independent and displays no apparent vibrations with emission energy. For 

1, in aqueous solution our value of kr = 6.79*10^ s"' compares with the reported value of kr 

= 6.9*10^ s  ̂ The nonradiative decay constants Ek„r, where Ek„r = knr + kdd» vary and 

were found to increase as the emission energy decreases. Furthermore, the nonradiative 

process is less important for 6 in water, on comparing Zk„r = 0.94 and 1.55*10® s'̂  for 

Ru(phen)3  and Ru(bpy)3, respectively. A plot of tn k „ r  -V5- Eem is shown in Figure 4.3(A) for 

complex 1 and in Figure 4.3(B) for complex 6. It reveals that the energy-gap law appears to 

hold for complex 6, but does not hold for the related bpy complex 1. In addition, the Zknr 

values are larger for 6 (with the exception of water), which may reflect a smaller energy gap 

between the ^MLCT and ^MLCT (4) and/or ^MC states and greater solvent effects for this 

complex.

[Ru(phen)3]2+ 6

16800 17000

Eem(cm-l)

|Ru(bpy)3|2+ 1
B

16400 16500
Eem (cm-1)

Figure 4.3: Plots of tn k„r - vs- Ee„ for complexes (A) [Ru(phen)3 ]̂ ' 1 and (B) [Ru(bpy)3 ]̂ " 6 in a range of 
solvents (where ♦ = HgO , ■ = CH3CN, = AAeOH, and i. = EtOH) at T = 23°C ± 2°C

Rate constants for oxygen quenching k<,®', for 1 and 6, were evaluated fi-om the slope of a 

Stem-Volmer plot of 1/x -vs- [O2]. They were foixnd to vary with the oxidation potential of
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the ligands i.e. phen < bpy, with the more oxidizing ligand (bpy) exhibiting lower quenching 

constants, for the solvents examined. We found that Eem, ^em, Xmeas and Eknr which account 

for > 90% o f the decay process, vary with solvent, while there is little significant change in 

kr, respectively.

4 .2 -4  Effect of Ligand Deutcpatlon on the Excited S ta te  Properties of
[Ru(L)3]̂ * Complexes.

4,2.4-1 The Current Study.

A systematic investigation o f the parent complexes, 1 and 6, with varying degrees o f  

deuterium incorporation, [Ru(L)3-x(d8-L)x]̂ ,̂ where L = bpy /  phen and x = 0 - 3 {i.e. none, 

one, two and three deuterated ligands), has been undertaken as illustrated in Figure 4.4.

O O

O O
O '

6a

6b

O n

Figure 4.4: Schematic illustration for [Ru(bpy)3r  (1) and [Ru(phen)a]2* (6) complexes and their deuterated 
analogues. L“ corresponds to the number of deuterated bpy/phen ligands in the complex
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Herein, the effect o f ligand deuteration on the photophysical behaviour o f complexes 1 and 6, 

in both aqueous and in acetonitrile solutions, was measured by steady-state, time-resolved 

luminescence, and temperature-dependent lifetime emission studies.

^•2.4-2 Luminescence Ufetime Studies.

Variations in the position and extent of deuterium incorporation on the excited state lifetime 

and quantum yields for complexes, (1-lc) and (6-6c), were investigated. Although, the 

effects o f ligand deuteration are relatively small, it is appropriate to investigate the issue of 

selective deuteration effects for these systems,

• Bpy (1)

The effect o f D-incorporation on the emission quantum yields and lifetime decays for 

[Ru(bpy)3]̂ "̂  1 and its deuterated analogues, in degassed water and acetonitrile solutions were 

investigated. The results are tabulated in Table 4.2, along with the calculated decay rate 

constants and discussed accordingly.

Complex CHaCN
tniBBS kr
ns 10̂  s"'

Ik,„ 
10̂  s'*

<l’abs(‘l ’rel)“

H2O
^meas
ns

k r  

10^ S'*

2kr„
1 0 '  s '

1 0.071(1.00) 764 0.89 1.21 0,042(1.00) 609'’ 0.69 1.57

la  0.071(1.05) 798 0,89 1.16 0,044(1,05) 620 0.72 1.54

lb  0.081(1,19) 866 0.94 1,06 0,047(1.12) 668 0.70 1.43

Ic 0.089(1,31) 953 0.94 0,96 0.051(1.24) 753 0.68 1.26

N  Increase 31 25 24 24 ZH
A i2+  ̂ .Table 4.2; Emission Quantum Yields <I>abs and Lifetimes xmeaa for [Ru(bpy)3]^* family (1-lc) in 

degassed acetonitrile and water solutions T = 23 ± 2°C. [Ru] ~ 10 ®M “̂ abs = relative to tRu(bpy)3]̂ * 1 
in degassed aqueous solution, and Orel = factor of increase relative to complex 1
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Quantum Yields. Two quantum yield values are reported in Table 4,2. <I>sb9 is the calculated 

quantum yield by comparison to [Ru(bpy)3 ]̂ '' 1, with [0> = 0.042] in degassed aqueous 

solutions, and 3>rei represents the factor of increase with regard to the value obtained for the 

protiated complex 1. The emission quantum yields were found to increase on increasing 

deuteration o f 1, with a relative increase o f 31% in acetonitrile and 24% in water, 

respectively. Figure 4.5, displays plots of <I)rei as a function of deuteration for the series of 

complexes (1-lc), in water and acetonitrile solutions. The percent increase in ^rei is also 

included in the plot. On progressive D-incorporation on moving across the series, it was 

found that the rate o f increase in 0,^ is not linear, as shown by the line o f best fit for both 

solvents.

1.75 100

1.5 -■

O*
o  0 .7 5 -■

- -  40

0.5

- 2 0

0.25

M -  0

1.75 100

1.5 - •

1.25

cr 0.75

•20
0.25

Figure 4.5: Relative quantum yields Orel plotted as a function of deuteration of complexes (1-lc), in 
degassed water and acetonitrile solutions. The percent increase in <l>rei represented by a line of best fit.

Lifetimes. The protiated complex 1 in degassed aqueous solution, at room temperature, gave 

an emission lifetime of t  = 609 ns, while the perdeuterated complex Ic gave a value o f x = 

753 ns. These values are in agreement with Kincaid et a P \  who reported that perdeuteration 

of 1 increases the lifetime of the ^MLCT state from 600 ns to 790 ns. The partially deuterated 

analogues, la  and lb  gave intermediate excited state lifetimes of t  = 620 ns and 668 ns, 

respectively. A similar trend was observed upon dissolution in acetonitrile, whereby
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perdeuteration of 1 increased the lifetime from 764 ns to 953 ns, with intermediate lifetime 

values of T = 798 and 866 ns, respectively, for the partially deuterated complexes.

For complexes (1-lc), the emission lifetimes, T„,eas were plotted as a function of H-D 

exchange and are illustrated in Figure 4.6. The percent increase in Xmeas (relative to the 

protiated complex 1), is also included in the plot. On moving across the series there is an 

increase in Xmeas , with an average value of -24% in water and acetonitrile solutions. 

However, the rate of increase is non-linear as shown by the line of best fit for both plots.

1000 100 1200 100

1000
800 - 80

600

2
•5  600

Io40400 -

oD- 400

- •  20200
200

Figure 4.6 : Emission Lifetimes Tmeas (and percent increase in Tmeas) plotted as a function of deuteration 
of complexes (1-lc). The percent increase in emission lifetimes is represented by a line of best fit.

Decc^ Rate Constants: The calculated radiative and nonradiative decay rate constants for 

complexes (1-lc) are presented in Table 4.2. They display small and invariant radiative 

constants, kr -10"  ̂s'^ which are independent of H-D exchange. In contrast, the nonradiative 

decay constants Zknr vary and were found to decrease as the extent of deuteration was 

increased. The values are slightly larger under aqueous conditions. These results confirm 

that deuteration only affects the nonradiative decay processes for these complexes.
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On comparing the two solvents, there appears to be no significant differences in the relative 

increases in the quantum yields Oem (24% - H2 O and 31% - CH3 CN) and emission lifetimes 

Tmeas (24% - H2 O and CH3 CN) on D-incorporation into complex 1 . The observed behaviour 

is consistent with a model where the electron is located on either a hg-bpy 5  or dg-bpy 5 a 

ligand in an approximately statistical fashion.

• Phcn

The emission quantum yields and lifetime decays for [Ru(phen)3 ]^  ̂ 6  and its deuterated 

analogues (6 a-6 c) were investigated, imder identical conditions. Table 4.3, displays their 

emission quantum yield, emission lifetime decay, and decay rate constants, respectively.

Complex
Oabs(«>reir

C H 3CN
^m eas k j

ns 10  ̂s‘‘
E k „  

10  ̂s"'
<l>abs(‘I> re l)‘‘

H2O
^m eas

ns
k r

10  ̂S'*
E k n r  

10  ̂S'*

6 0.049(1.00) 406 0.96 2.36 0.058(1.00) 996 0.58 0.95

6a 0.063(1.29) 526 0.96 1.81 0.059(1.01) 1012 0.58 0.93

6b 0.065(1.32) 537 0.96 1.77 0.059(1.02) 1019 0.58 0.92

6c 0.065(1.33) 539 0.96 1.75 0.059(1.02) 1021 0.58 0.92

N> Increase 33 33 2 2

Table 4.3: Emission Quantum Yields Oabs and Lifetimes T„eas f o r  [Ru(phen)3 f*  family (6 -6 c ) in degassed  
acetonitrile and water solutions T = 23 + 2°C. [Ru] ~ 10 “Oobs = relative to  [Ru(bpy)3 ]̂ '' 1 in 
degassed aqueous solution, and O p e i = factor of increase relative to  complex 6

Quantum Yields. For the series of complexes (6 -6 c), the emission quantum yield Orel 

increases on increasing deuteration of the complexes. Figure 4.7, displays plots of Orel (and 

percent increase in Orel) as a function of deuteration of 6 , under water and acetonitrile 

conditions. On moving across the series the emission quantum yield increases but the 

percent increase is not linear. Furthermore, there is a marked difference in the percent 

increase in Orel with a 33% increase found in acetonitrile and only a 3% increase observed in 

water.
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Figure 4.7: Relative quantum yields <1)^1 plotted as a function o f  deuteration o f  complexes (6-6c), in 
degassed water and acetonitrile solutions. The percent increase in ®pei represented  by a line o f  b est f it.

Lifetimes. In aqueous solutions, the emission lifetime Tmeas of the natural abundance complex 

6 is T = 996 ns and is in agreement with O’Reilly et who reported a value o f x = 990 ns. 

Perdeuteration of complex 6 increases the lifetime of the ^MLCT state, from 990 ns to 1021 

ns, respectively in aqueous solution at room temperature. The selectively deuterated 

complexes, 6a and 6b, display lifetime values of x = 620 and 668 ns, as tabulated in Table 

4.3. In acetonitrile, the emission lifetimes are much shorter (factor of ~ 2), compared to the 

values obtained in water. The protiated complex 6 gave the smallest emission lifetime of x = 

406 ns, with the partially deuterated complexes, 6a and 6b displaying longer lifetimes of x = 

526 and 537 ns. Finally, the largest emission lifetime with a value of x = 539 ns was 

observed for the perdeuterated complex 6c.

In Figure 4.8, the emission lifetime Xmeas (and percent increase in Xmeas) was plotted as a 

function of H-D exchange, for complexes (6a-6c) in water and acetonitrile conditions. In 

acetonitrile, there is a marked initial increase in Xmeas on H-D exchange of one ligand in the 

complex, 6a. However, subsequent deuteration appears to have no significant effect on the
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emission. It was found that the values of Xmeas for the three deuterated complexes are 

invariant, within experimental error, as shown in Figure 4.8. In aqueous solutions, a similar 

trend is observed, although the effect is not as apparent possibly due to the longer emission 

lifetimes. The overall increase in Xmeas is significantly different, with a 33% increase in 

acetonitrile and a 3% increase in water solutions.
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Figure 4.8: Emission Lifetimes %eos (and percent increase in tmeos) was plotted as a function of deuteration 
of complexes (6 -6c). The percent increase in emission lifetimes is represented by a line of best fit.

Decay Rate Constants: These complexes display small radiative constants, kr ~10^ s'*, 

which show no variation as a function of D-incorporation into the system. In contrast, the 

nonradiative decay Zknr decreases as the extent of deuterium is increased for 6. In water, the 

decrease in k„r is very small and appears to be almost constant. In acetonitrile, the 

nonradiative decays rates are greater by a factor of ~2 than those displayed in water, 

reflecting the smaller emission lifetimes observed for 6 in acetonitrile.

In summary, the emission lifetimes Xmeas and quantum yields Oabs for the selectively 

deuterated analogues of 1 and 6 have been examined. For these complexes, there is an 

increase in the values of Orel and tmeas on progressive deuteration into these systems. For 1, 

the relative quantum yields and the emission lifetime decays are closely related, with a 28% 

increase for Orel compared to 27% for Xmeas, in water and acetonitrile solutions. However, the
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situation is more complex for 6. In acetonitrile there is a 33% increase for Orel and Xmeas 

compared to a 3% increase in both emission parameters in aqueous solutions. This suggests 

that for 6 the nature of the deactivation of the excited states occurs via different mechanisms 

for the solvents investigated.

4 .2 ,4-3  Temperature Dependent Luminescence Lifetime Studies.

Temperature-dependent studieŝ ^̂ ^̂ *̂̂  have been examined to gain an insight into the excited- 

state structure and the dynamics of ligand-loss photochemistry via dd states. We have 

investigated the effect of temperature on the luminescence lifetime decays for complexes 1 

and 6 and their corresponding selectively deuterated analogues. The variation of the 

emission lifetime as a fimction of temperature can be described by the phenomenological 

equation, 4.4

— = k + k° exp
X RT

4.4

This equation contains a temperature-dependent term (k° exp (-AE / RT)) and a temperature- 

independent (k) term. The latter term is assumed to be equal to the sum of the radiative and 

nonradiative constants (kr + knr) associated with the average MLCT state. The temperature- 

dependent term(s) correspond(s) to the thermally activated crossing to the ^MC state. The 

energy gap AE, has been interpretated as the activation barrier for the ^MLCT -> ^MC (dd) 

state conversion and k° as the rate of barrier crossing.

• Bpy
Luminescence lifetime studies for 1 and its deuterated analogues (la -lc) were performed in 

degassed aqueous solutions over the temperature range 4°C to 44°C. The results are 

tabulated in Table 4.4, also included are;
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(i) % increase in tmeas on moving down the table (blue values)

g.g. A tT = 4°C 896-723 
723

% = 23% and

(ii) % decrease in tmeas on moving across the table (yellow values)
a O

e.g. For complex 1, 4"C-44“Ĉ  
4“C

723-504
723

% = 30%

Table 4.4: Luminescence measured Lifetimes (ns) for [Ru(bpy)3]̂ * (1) and its 
Deuterated analogues ( la -lc )  in Degassed Aqueous solution".

"̂meas (ns)

Compound T = 4°C 14®C 24“c  34°C 44‘’c  % Decrease “

1 [Ru(bpy)3]^" 723 678 619 563 504 30

la  [Ru(bpy)2(dg-bpy)]^^ 754 716 646 600 540 28

lb  [Ru(bpy) (dg-bpy)2 ]̂ 810 757 682 633 564 30

Ic [Ru(d8-bpy)3 ]̂ ^ 896 831 753 674 604 33

Increase* 23 22 21 20 19

° = .^^7nm. >cm = ^Percent (%)m to the Qrotiated complex at that tempwttl-ur ^
, '  Percent (%) decrease relative to the same complex at 4°C

Over the temperature range monitored, the protiated complex 1 displays the smallest 

emission lifetime values, while the perdeuterated complex Ic results in the largest observed 

lifetime values as expected. The effects of temperature and deuteration on the emission 

lifetimes of 1 are illustrated in the form of a three dimensional barchart, see Figure 4.9. For

these complexes, two trends are observed for tmeas?

(1) A decrease on moving from 4®C -> 44®C, and

(2) An increase in going from complexes 1 ->lc.
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Lifetjme(ns)

Compound

Temperature

Figure 4 .9 : Emission lifetimes (xmeas, ns) at different temperatures for 1 and the deuterated derivatives 
(compound 1; protiated, la: one ligand deuterated, lb: two ligands deuterated, Ic: perdeuterated)

(1) There is a gradual decrease in Xmeas as the temperature is increased from 4®C to 44°C. 

For all complexes the decrease is essentially equal, with an average value of ca. 30% for 

the temperature range monitored. This may be attributed to the thermal population of the 

higher lying ^MC (‘dd’) and/or ^MLCT (4) states which undergo rapid radiationless 

decay resulting in reduced emission lifetimes Xmeas at higher temperatures.

(2) The value of Xmeas increases on increasing the extent of deuteration into these 

complexes, on going from 1 to Ic. Across all temperatures, there is little variation in the 

percent increase in imeas for all four complexes, with an average increase of 21% 

respectively.

According to equation 4.4, a plot of 1/ t  -v 5- 1/T allows the determination of the three 

variables; k, k°, and AE, respectively. Figure 4.10 displays a series of plots for complexes (1- 

Ic). However these plots are nonlinear, indicating that the data are not fit by a simple 

Arrhenius type equation. Although, we were unsuccessful in fitting the curves a nimiber of 

observations could be deduced from the data. On D-incorporation into 1, we observe that the
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curves are ^^parallel” (i.e. equidistance between the protiated and perdeuterated complexes) 

across all temperatures. Qualitatively, if the temperature dependent term varies significantly 

then we would expect the gap to increase. This is not the case here, implying that for 

complexes (1-lc), the effect of temperature is small, and that the decrease in the nomadiative 

decay rate as a function o f H-D exchange appears to be constant.

Water

2.00E+06

1.50E+06 -

5.00E+05

3.5 3.6 3.73.3 3.4

1/T (K-1)
3.2

Figure 4.10: Plot o f 1/x -vs -  1/T  for the series of complexes (1 - lc )  at d ifferen t tem peratures in 
degassed aqueous solutions.

• Phen

The luminescence emission lifetimes for the protiated [Ru(phen)3]^  ̂ 6 and its deuterated 

analogues, (6a-6c) have also been examined, under identical conditions. The results in 

degassed aqueous solution, monitored between 4®C and 44°C, are compiled in Table 4.5, 

along with the relative percent increase and decrease in the values o f the emission lifetimes

^meas-

As can be seen, the smallest lifetimes are displayed for the protiated complex 6, while the 

perdeuterated complex 6c gives the largest emission lifetimes, for the range of temperatures 

monitored. The effects of temperature and extent of deuteration on the emission parameters
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are presented as a three dimensional barchart as shown in Figure 4.11. As for bpy, two 

trends are observed for Xmeas;

(1) A decrease on moving from 4°C -> 44®C

(2) An increase in going from complex 6 6c

Tabic 4 .5: Luminescence measured Lifetimes (ns) for [Ru(phen)3]̂ * (6) and its 
beuterated analogues (6a-6c) in Degassed ^Aqueous solution®.

"^meas ( d s )
Compound_______________T = 4°C 14°C 24°C 34°C 44°C___________ % Decrease °

6 [Ru(phen)3]^^ 1768 1355 996 732 591 67

6a [Ru(phen)2(dg-phen)]^^ 1853 1403 1012 770 597 68

6b [Ru(phen) (d8-phen)2 ]̂ 1901 1423 1019 806 600 67

6c [Ru(d8-phen)3 ]̂ ^ 1948 1436 1021 832 642 68

% Increase * 10 6 3 14 9

° Xex = 337nm. = 590nm. ^ Percent f%| increase relative to the pfotiated complex a t th a t te mpBPature.
, Percent (%) decrease relative to the same complex a t 4°C

Lifetime (ns)

6a Compound

Temperature

Figure 4.11: Emission lifetimes ( w ,  ns) a t different temperatures for 6 and the deuterated derivatives 
(compound 6; protiated, 6a: one ligand deuterated, 6b: two ligands deuterated, 6c: perdeuteroted)
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(1) There is a significant decrease in T„,eas as the temperature is increased from 4°C through 

to 44 C. For all complexes, the decrease in the emission lifetimes is invariant, with an 

average value of 67% across the temperature range monitored.

(2) On increased ligand deuteration of 6, Tmeas exhibits a small increase for all temperatures. 

However, the relative increase in tmeas across the temperature range is not constant with 

the smallest difference (-2%) observed at room temperature.

For the series of complexes, plots of 1 /t  -v^ - 1/T are shown in Figure 4.12 and display non- 

uniform behaviour across the series, most notably at T = 24°C. This is in direct contrast to 

the plots obtained for the corresponding bpy complexes (1-lc), under identical conditions. 

At present, the unusual behaviour of the phen complexes as a function of both temperature 

and extent of deuteration cannot be readily explained and will require further study.

Water
2.00E+06

1.50E+06

5.00E+05 -

3.63.5 3.73.4 

1/T (K-1)
3.33.2

Figure 4 .12: Plot of 1/ t  - ks* * 1/T for the scries of complexes (6-6c) at different temperatures in 
degassed aqueous solutions. The inset is the results obtained at room temperature
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In summary, the quantum yields Oabs and excited state lifetimes Xmeas for both series of 

complexes, (1-la) and (6-6a), were found to decrease as the temperature is increased from 

4®C to 44 C, which is in accordance with the literature^^^ .̂ The effect was more pronounced 

for the phen complexes which displayed a 66% decrease compared to 33% for the bpy 

complexes. In addition, Oabs, and Xmeas were found to increase as the extent o f deuteration 

into these complexes was increased. A greater enhancement of 22% was displayed for the 

bpy series while only a 2% increase was noted for the phen complexes.

4.3 Optical Properties of [Ru(phen)2dppz]^* 4  and Related Complexes.

4.3-1 Introduction.

There has been an increasing demand for the design and development of transition metal 

complexes that are capable of acting as limiinescent probes in various solvents. To this end, 

a number of studies have examined the excited state properties of Ru(II) complexes with 

dppz as a ligand. The advantage of using dppz-based systems is that the lowest excited state 

is an MLCT transition^^°l Much attention has centred on [Ru(phen)2 dppz]^^ 4 and the related 

complex [Ru(bpy)2 dppz]^^ 10, whereby the promoted electron residues on the electron- 

withdrawing dppz acceptor ligand*̂ '̂’̂ ^̂ '̂ .

Interestingly, a departure from typical Ru(II) 

chemistry has been reported for these 

complexes. They do not photoluminesce, in 

aqueous solution, but emit strongly in 

nonaqueous solvents, such as acetonitrile and 

alcohols. This has been denoted as the ‘‘‘'light 

switch effecf^^^^. Despite, extensive research the photophysical reasons for this behaviour is 

not yet fully understood. Accumulated evidence points to hydrogen bonding and/or excited 

state proton transfer between the solvent and the phenazine nitrogens as the mechanism of 

deactivation o f the excited state of these ruthenium complexeŝ ^̂ f̂̂ ^̂ ^̂ '̂ ^

OP
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In principle, the local environment surrounding the phenazine nitrogen portion o f 4 should 

directly influence the spectroscopic properties o f the complex, in terms o f the hydrogen- 

bonding ability and polarity of the medium. Upon excitation, the excited electron is localised 

on the dppz ligand to form, [Rû ”(phen)2(dppz*’)]̂ *̂. In this state, it has been postulated̂ ^̂  ̂

that the electron on the reduced dppz ligand is located on the non-coordinating phenazine 

nitrogen atoms, which would significantly increase their basicity and allow proton transfer or 

H-bond formation.

4 ,3 -2  Photophysical Study of [Ru(phen)2dppz]^* 4

To examine the unique luminescent characteristics o f 4 we must first understand how the 

local environment modulates the spectroscopic properties. As a preliminary to imderstanding 

this phenomena, a detailed photophysical study of 4, in a wide range o f solvents has been 

examined to probe the local environment. The results are tabulated in Table 4.6, and are 

discussed according to their absorption, emission, and lifetime decay parameters. Also 

considered in the discussion are the solvents parameters, Ej and a. a , corresponds solely to 

the hydrogen bonding ability of the solvent, and Ej, is a measure o f the solvents ability to 

solvate and stabilize charged molecules and to donate hydrogen bonds. The Ex value 

corresponds to the m aximum energy absorption for a solvatochromic organic dye that has a 

large dipole moment in the ground state and a smaller dipole moment in the excited state^^ l̂

Absorption spectroscopy. The UVA^is absorption spectra for 4 in various nonaqueous and 

aqueous media display similar shape and intensity o f their absorption bands and are not 

significantly solvent dependent. There is a small bathochromic shift (~9 nm) in the MLCT 

absorption band at X, = 440 nm, while the ligand centred rn i*  band at A, = 370 nm displays a 

small shift o f ~ 4 nm. For a more detailed study see Chapter Two (Section 2.3.4-2).
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T a b le  4 .6 ;  E m ission  C h a r a c te r is t ic s  o f  [ R u (p h e n )zd p p z]^ ^ (4 )  in N onaqueous S o lv e n ts  a-T l

S olvent E t “ Xmax E e m  (cm'*) • • ■ Tmpa.; (ns) ° . . T (ns) ̂  . k r  E k n r

kcaj/mol nm (^maxnm) degas air degas air oxy N2 air (10'’s‘*) (10® s'*) (10^'*s'*)

Pyridine 40.2 0.00 372 ,448 16340 (612) 0.075

DMF 43.8 0.00 372 ,447 15800 (633) 0.025

DMSO 45.0 0.00 372,448 16000 (625) 0.014

CH3CN 46.0 0.15 372,448 16260 (615) 0.033

EtOH 51.9 0.86 368 ,446 16500 (606) 0.027

MeOH 55.5 0.98 368 ,447 16610 (602) 0.003

TFE*̂ 59.5 1.35 0 0

Water'* 63.1 1.13 372, 440 0 0

0.017 755 235 113 752 315 9.93 1.21 1.25

0.0096 374 212 101 399 207 6.68 2.60 1.39

0.0071 263 211 120 330 232 5.32 3.75 2.07

0.0059 651 183 49 663 177 5.07 1.48 2.07

0.0064 246 162 69 91 93 0.11 2.97 1.06

0.0022 34 25 24 45 45 8.80 28.31 0.92

0 0 0 0 0 0 - - -

0 0 0 0 0 0 . _

Table 4.6: “ The Et value, is a measure of solvent polarity, and a  value, is a measure of the ability of the medium to donate hydrogen bonds, are from 
ref 35. Relative Quantum yield compared to [Ru(bpy)3 ]̂ * (ij) = 0.042 in deaerated aqueous solution and  ̂ = 0.028 in aerated aqueous solution) [Ru] 
~0.1 at lowest UV peak. ‘ Error: t  ± 5%, average of three measurements and have an estimated error of ± 5%. ‘‘ There is no emission observed in 
water or TFE. ® From Ref 35



Emission spectroscopy. The emission spectra were found to be somewhat solvatochromic, 

the emission energy (Eem) being solvent sensitive. The recorded spectra, in fluid aerated 

and degassed solvents, are illustrated in Figure 4.13. They were foxmd to be broad, 

featureless and centred in the region 550 - 640 nm. The emission maxima exhibit a shift 

of ~30 nm around the generic ~610 nm peak, as the MLCT bands are very sensitive to 

their environment. There is an observed red-shift in the A-max of emission as the polarity 

of the solvent is increased due to the stabilizing effect of the more polar surroundings on 
a charge-separated state.

We have concentrated on the results obtained in water and acetonitrile as much of the 

data on this complex and related complexes have been reported in these solvents. In 

water (and TFE (trifluoroethanol)) no emission was evident. The lack of emission in 

aqueous medium may be due to rapid, water-induced quenching of the MLCT state. In 

contrast, in acetonitrile moderately strong emission centred at -615 nm is observed. 

Acetonitrile/water mixtures were found to be intermediate in behaviour, showing 

significantly less emission than in pure acetonitrile (omitted form Figure 4.13 for the sake 

of clarity).

Aerated

-I04fcr

nm
CH3CNEtOH

DMF ■Water

Degassed

w nm
•DMSO■ M e O H -------- CH3CN

•PYRID -------- Water
■---------EtOH
*--------- DMF

Figure 4.13: Photoluminescence spectra o f  [Ru(phen)2dppz]^" 4 in several solvents in aerated  and 
degassed conditions. The scales are not equivalent for both diagrams.

131



The emission quantum yields Oabs for 4, under aerated and degassed conditions have been 

included in Table 4.6. Figure 4.14 displays plots of the emission quantum yields for the 

various solvents as a function of the solvent parameters, Et and a. These plots display 

poor linear relationships between the parameters, with correlation coefficients o f = 

0.58 and 0.49, respectively.

2  0.06

R“ = 0.5828

oi 0.02

ET

♦  d eg a ssed  ■  aerated ^ “ ^ " L in e a r  (degassed)

73 0.06

= 0.493

^  d eg a ssed  ■  aerated »ar (degassed)

Figure 4.14: Plot of emission quantum yield tabs as a function of Et (A) and a (B) for 4 , in a wide range 
of aerated and degassed solvents.

Luminescence lifetime decays: Upon dissolution in an array of solvents, the emission 

lifetimes were recorded under degassed, aerated and oxygenated conditions, and are 

shown in Table 4.6. Significant decreases in the emission lifetimes are noted under these 

three conditions in the order of, oxygenated < aerated < degassed. All lifetimes in 

homogeneous solvents were well-fit by single exponential decays. For example, for 4 in 

acetonitrile, x = 951 ns (degassed), x = 183 ns (aerated) and t  = 49 ns (oxygenated), 

respectively. Excitation in the dppz bands at 337 nm yields generally identical lifetimes 

as excitation in the MLCT band at 532 nm. In Table 4.6, the results have been tabulated 

in order of decreasing aerated lifetime decay values. Therefore, for 4, the largest 

observed emission lifetime, with a value of t  = 755 ns, was noted upon dissolution in 

pyridine, while the smallest lifetime of x = 34 ns, was recorded for methanol solutions. In 

general our measured emission lifetimes are in good agreement with these reported by 

Murphy et which have been included in Table 4.6 for the sake of comparison. 

There is a discrepancy in the value obtained in ethanol, for which we obtained a longer
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emission lifetime o f t  -  264 ns (compared to 91 which could be explained by using 

a higher spectroscopic grade ethanol (99.9% as opposed 99.5%).

Is there a trend? The results have been examined according to the solvent parameters, 

Et and a . Figure 4.15 displays plots of the emission lifetimes Xmeas for 4 and the solvent 

parameters, E j and a , and reveal poor linear relationships between the parameters. There 

is slightly better agreement in the case of Et , with a correlation coefficient of = 0.63 

compared to 0.59 for a , respectively. It has been reported that a more general 

understanding is attained on viewing the ‘solvent’ as a single entity rather than as 

individual solvents parameters.

8

FP = 0.6364
6

2

0
60555040 45 ET

'Linear(degassed)♦  degassed ■  aerated
^  degassed ■  aerated ■Linear (degassed)

Figure 4.15: Plot of emission lifetime t - Et (A) and a (B) for 4 ,in aerated and degassed solvents.

Decay Rate Constants: The decay rate constants, kr, k„r, and have been calculated 

(from equations 4.3(a) and 4.3 (b)) and included in Table 4.6. We have implicitly 

assumed that, like complex 1, population of the ^MLCT state occurs with a quantum yield 

of unity, (()isc = 1 for complex 4. The small radiative rates, kr ~ 10  ̂ s‘\  are essentially 

independent of the emission energy, and vary little as a fimction of solvent. The 

nonradiative decay constants, Zk„r, were found to vary as a function of the solvent 

polarity and increase on moving to more polar solvents. A. plot of €n5^km- - vs- Eem 

examines the correlation between the rates of nonradiative decay and the energy gap 

between the ground and excited states as measured by the emission maximum energy.
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Eem, and is shown in Figure 4.16. In addition, plots of €nZknr -vs- E j and €nZknr - vs- a, 

are also displayed. However, these plots show poor linear correlations between the 

nonradiative rate of decay and Eem, Ex and a  parameters, respectively.

6

5

4

3

2

1

0  -I—  

15800 16000 16200 16400 16600 16800

Eem (cm-1)

13 -

6044 0.2 0.8

Figure 4.16: Plot o f tnknr -vs- the emission param eters (A) Eem, (B) Ej and (C) a,  f o r  complex 4 fo r  a 
broad range of solvents.

The rate constant of oxygen quenching, kq®S was found to vary, although not to a great 

extent for the solvents examined. Stem-Volmer plots of the emission intensity of 4 as a 

function of oxygen quenching in nonaqueous solvents were generally linear, and 

demonstrate correlation between the luminescence oxygen quenching rate constant, 

and the various solvents. The most notable effect was found for acetonitrile, while the 

polar solvents, MeOH and EtOH produced the smallest effects.
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From our study, the emission maxima, lifetimes, and intensities of 4 were found to be 

highly sensitive to their local environment. This complex was also found to be applicable 

for optical probing of nonaqueous environments. However, we propose that the emission 

quantum yields and lifetimes, prove to be somewhat better indicators of the polarity of the 

immediate environment for complex 4.

4 .3 -3  Photophysical Study of [Ru(phen)2dppz]^* (4) and Related

Complexes.

A spectroscopic study for complex 4 and related complexes; [Ru(phen)2 diMeppz]^^ 8 and 

[Ru(phen)2 diFdppz]^ 9, have been examined in both water and acetonitrile conditions. 

The emission energies, quantum yields, and lifetime parameters are displayed in Table 

4.7. For the sake of comparison, the data for [Ru(phen)3 ]̂ '̂  6 and [Ru(dppz)3 ]̂ '̂  15 have 

also been included. Typically, in aqueous solution, the electronic absorption spectra 

display two maxima. An MLCT band present at A, ~ 440 nm which does not vary 

substantially in position or intensity with substitution of the dppz ligand, and a higher 

energy peak at A, ~ 372 nm, which show a greater dependence on the nature of the 

substitutents. The spectra do not differ significantly with acetonitrile as solvent.

Emission spectroscopy: All of the complexes display luminescence upon dissolution in 

acetonitrile, and the emission spectra under aerated and degassed conditions are displayed 

in Figure 4.17. The emission maxima vary, as does the intensity, but all are in the range 

of 590 - 620 nm. On examination of the data, we observe a shift to the blue (~8 nm) in the 

emission maximum of the methyl complex 8. While for 9, the diFdppz ligand 

necessitates a lower MLCT state, resulting in a large red-shift (--20 nm) of the emission 

maximum. The emission quantum yield and lifetimes follow the sequence 8 > 4 > 9.
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E e m  (Cm'̂ f ‘I ’abs’" ^m eas E e m  (cm"') O a b / *̂ meas (l^ )̂

(^m ax Degas Air Degas Air Oxy (^roax Degas Air Degas Air Oxy

LHj0 C H 3C N

1 [Ru(phen>3] "̂̂ b750(5971f 0.058 0.032 996 497 174 16890 (592)" 0.049 0.051 406 107 30

8 [Ru(phen)2 DiMeDppz]^^ i d 4 16470 (607)^* 0.095 0.060 821 170 45

4 [Ru(phen)2 Dppz] I d 4 16260 (615)’’ 0.033 0.006 651 183 49

9 [Ru(phen)2 DiFDppz] d 4 15900 (635)'’ 0.011 0.005 202 126 48

15 [Ru(dppz)3 ] d 4 16610(604)^ 0.103 0.002 737 214 59

Complex K ( 10' s-') Dw  (10's-') C (s-’) k r ( l O ' s ’) I k ,^ (10's -  

CH3CN

’) kq“ ( 10V )

1 1.21 1.46 4.4fl 1.21 2.34 3.51

8 kJ d 4 1.16 1.10 2.30

4 1 d 4 0.51 1.49 2.07

9 3 d 4 0.54 4.89 1.75

15 1 d 4 1.40 1.22 1.71

Table 4.7: Spectroscopic properties of Ru(II) complexes in water and acetonitrile solutions. Measurements made on solutions ~10 ®AA in complex at 25 C 
Relative to [Ru(bpy)3]̂ * in degassed aqueous solutions [<I> = 0.042]. “ = 372 nm, ” = 440 nm.' Error: <D + 10 %, 0.05-0.1*10 '* No detectable emission was
observed -  337 nm, A.em - 610 nm



Degassed Aerated

W avelength (nm) Wavelength (nm)

Figure 4.17: Normalised Emission Spectra of diAAedppz (8 -  red line), dppz (4 -  blue line) and diFdppz 
(9 -  green line) Ruthenium ( I I )  complexes in acetonitrile (degassed solutions - le ft), (aera ted  solutions 
-  right). = 440nm.

In contrast, no luminescence was detected for these complexes (on a nanosecond 

timescale) in aqueous solution when irradiated in the MLCT transition. This is in 

contrast, to Barton et who reported that 8, displayed emission centred -620 nm with 

a lifetime of ca. 50 ns, in aqueous solution at room temperature.

Lunimescence Lifetime Decays: The emission lifetime measurements for these

complexes were recorded for both solvents, and when luminescent, exhibited 

monoexponential luminescent decays. The complexes 4, 8, and 9 (and 15), do not 

photoluminescence in water but display emission upon dissolution in acetonitrile. The 

longest emission lifetime was observed for 8, with x = 821 ns, and attributed to both the 

electron-donating nature of the methyl substituents and the additional protection of the 

phenazine nitrogens by the bulky substituents. The shortest lifetime, with a value of x = 

140 ns, was observed for 9, due to the electron-withdrawing nature of the fluorine 

substitutents and increased susceptibly of deactivation of the excited state ^MLCT back to 

the ground state. For the parent complex 4, an intermediate value of x = 651 ns was 

observed.
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Rate Decay Constants: The radiative constants, kr and nonradiative decay constants, 

Sknr? were found to vary for the complexes studied. For Xknr, the largest increase was 

observed for complex 9, resulting in its short emission lifetime.

The photophysical properties of 8 and 9, are similar to those observed for complex 4. 

They display no steady-state luminescence in water but emit in acetonitrile solutions, 

displaying a “light switch effect”. Under these conditions, their emission quantum yields 

and lifetimes reveal that 8 is the strongest emitter, followed by 4, then 9.

4.4 Influence of Deuteratlon on the Photophysics of Ru(II) Complexes.

4.4-1 Introduction.

For [Ru(phen)2dppz]^^ 4 and related complexes, it has been well established that the 

excited electron is localized on the most easily reduced ligand, which in this case is the 

dppz ligand^^^l But the precise location of the promoted electron remains a matter of 

debate. To this end, the ‘deuterium isotope effect’ has been employed in the current 

study. Perdeuteration of these systems, affects a relatively small, but distinct, increase in 

the values of the emission quantum yields and lifetime decays. Of particular interest, is 

the selective deuteration of a ligand (or part thereof), as the emission lifetime will only be 

affected (i.e. increased) by H-D exchange when the excited state is located on the ligand 

and is directly involved in the emission process. Therefore, deuteration of spectator 

ligands should not influence the emission lifetime. So, in effect, selective deuteration of 

different components of the dppz ligand and/or the ancillary phen ligands, should provide 

a very effective and direct tool to acquire information about the relative excited state 

energies o f these complexes.
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4.4-2 Steady-State and Time-Resolved Lumlnesccnce Studies.

4.4.2-1 Introduction.

This study examines the effect of deuteration on the emission properties o f a series of 

complexes, namely 4, 8, and 9, using steady-state and time-resolved luminescence studies. 

The systematic deuteration of these complexes resulted in the formation of the following 

families;

(i) [Ru(phen)2 dppz] '̂' - 4 (4-4g 8 complexes),

(ii) [Ru(phen)2 diMedppz]^^ - 8 (8-8g -> 8 complexes),

(iii) [Ru(phen)2diFdppz]^^ - 9 (9-9f 5 complexes).

For the sake o f simplicity, we will refer to [Ru(h8 -phen)2 (hio-dppz)]^'  ̂ as hghio, and 

[Ru(d8 -phen)2 (d6 -dppz)]^^ as dgde, and so on. Furthermore, the complexes have been 

grouped according to the location of deuterium substitution in the complex, so as to allow 

for a more comprehensive analysis of the effects o f H-D exchange on the complexes 

studied. The three categories are as follows;

Group A. hghio, dghio, and dgdio.

(i) hshin and dgd^ -  effect of perdeuteration o f the complex

(ii) hgdio and dghio -  effect of deuteration o f the ancillary phen ligands and

(iii) dghjo and dgd^ -  effect of perdeuteration o f the dppz ligand

Group B. hg]^, hgde, and hgdio -  the effect o f  selective deuteration o f the dppz ligand.

Group C. dg^, dgde, and dgd^ -  effect o f selective deuteration o f the dppz ligand (when 

the ancillary phen ligands are perdeuterated).

140



4 .4 .2 -2  [Ru(phen)2dppz]^* (4)

The parent family [Ru(phen)2dppz]̂ '" 4 contains eight complexes: the protiated, 

perdeuterated and six selectively deuterated complexes. For these complexes, there are no 

significant differences observed in the absorption and emission energies. As the 

complexes do not luminescence in water, the steady—state and lifetime measvirements 

were performed under degassed acetonitrile conditions. The effect of H-D exchange on 

the emission quantum yields and lifetimes are presented separately and discussed 

according to the position of deuteration of the complex, as denoted by groups A, B, and 

C.

Quantum Yields: The emission spectra for the series of complexes (4-4g) were recorded 

under acetonitrile conditions and are displayed in Figure 4.18. We observe that the shape 

and position of the emission maximum (A,max) do not vary. However, the relative intensity 

of X,max varies according to the extent of deuteration in the complex, and clearly 

demonstrates experimentally distinguishable quantum yields differences for the six 

deuterated analogues of 4. The protiated complex 4, is used as an internal standard for 

the series of complexes, where <l)rei s  1. The relative quantum yields, Orel for the series of 

complexes (4-4g) are compiled in Table 4.8. Upon progressive deuteration of the 

complexes there is an increase in the values of emission quantum yields ®rei- A plot of 

Orel as a function of increasing H-D exchange is illustrated in the form a bar-chart in 

Figure 4.19. The relative percent increase in Orel has also been included in the plot (see 

white line).
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Figure 4.18: Luminescence emission spectra, in degassed acetonitrile, fo r  4 and its deuterated  
analogues (4a-4g), under identical conditions. Errors: Oem ± 10%. [Ru(phen)2dppz]^* (4 ) is used as the 
internal standard

Relative Quantum Yields

Complex Group No. r̂el

hghiô A 1.00

dghio A 1.12

hsd4 B 1.12

hgd6 B 1.27

hgdio B 1.32

dgd4 C 1.03

dgdfi C 1.37

dgdio A,C 1.37

Table 4.8: Relative emission quantum yields 4>rei fo r complexes (4-4f) complexes, ° Fully protiated 
complex 4 is used as an internal reference. All measurements in degassed acetonitrile, a t T  = 23°C ± 

2°C. Errors : Oem ± 10%  ̂For A, B, and C, see text.
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hShlO  dShlO h8d4 h8d6 hSdlO d8d4 dSd6 dSdlO

Deuteration S ite

Figure 4.19: Emission quantum yields Opel for the series of complexes (4-4g) complexes “ Fully 
protiated complex 4 is used as an internal reference. The emission lifetimes and relative percent 
increase are also tabulated. '  For A, B, and C, see text. Errors: ± 10%.

Luminescence Lifetime Decays: For the series of complexes (4—4g) the emission 

lifetimes, Xmeas are tabulated in Table 4.9. The percent increase in Xmeas relative to the 

protiated complex 4 has also been included. The data is presented in Figure 4.20, as a 

plot of T m eas (and percent increase in X m eas) as a function of D-incorporation into these 

complexes.

Complex Group No. T'tneas (ns) % Increase Veas

hghio” A 651

dghio A 770 18.3

hgd4 B 770 18.3

hsd6 B 867 33.2

hgdio B 952 46.2

dgd4 C 714 9.68

dgdj C 946 45.3

dgdjo A,C 952 46.2

Table 4.9: Emission lifetimes w f o r  complexes (4-4f) complexes, “ Fully protiated complex 4 is used 
as an internal reference. All measurements in degassed acetonitrile, at T = 23°C ± 2°C. Errors : T„eos± 
5%
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hShlO  dShlO hSiM h8d6 hSdlO dSd4 d8d6 dSdlO

Deuteration S ite

Figure 4.20: Luminescence emission lifetimes, as a function of deuteration for the series of complexes 
(4-4g) complexes “ Fully protiated complex 4 is used as an internal reference. The relative percent 
increase are also tabulated. For A, B, and C, see. text. Errors: Xmeas ±5^°

From the plots in Figures 4.19 and 4.20, it is evident that the rate o f increase in C>rei and 

■rmeas (see white lines) across the series o f complexes display similar trends on H-D 

exchange o f  complex 4. The emission parameters are discussed in relation to the position 

of deuteration within the complex as described by groups A, B, and C, respectively

Group A. The protiated hghjo complex 4, is used as an internal standard for the series o f  

complexes. Deuteration of the ancillary phen ligands, dshio, results in a small effect of 

12% for Orel and 18% for Xmeas, respectively. Perdeuteration of the complex, dgdio, 

effects an increase of 37% in Orel and 46% in Xmeas-

Group B. Consists o f hgd4, hsde, and hgdio complexes. We observe that deuteration of 

the phenazine portion of the dppz ligand, hsd4, results in small increases o f 12% for Orel 

and 18% for tmeas- In contrast, H-D exchange o f the phen component o f the dppz ligand, 

hsde, results in large increases o f 27% for Orel and 31% for x̂ eas Perdeuteration o f the 

dppz ligand, hsdio  ̂causes an increase o f 32% in both Orei and Tmeas parameters.
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Group C. Represented by complexes dgde, and dsdio- The same trend, as observed 

in Group B, is noted for these complexes. For dgde, larger effective increases in both Orel 

and Tmeas are observed, due to the increased number of deuterons present in the complex 

(i.e. (d8-phen)2).

In conclusion, for complex 4 similar effects were observed for both Orel and Tmeas as a 

function of deuteration. Although larger increases were noted for Tmeas relative to Orel- 

The most pronounced increase, in both cases was observed upon deuteration of the phen 

portion of the dppz ligand, (complexes hsdg, and dgd^). The latter displayed a larger 

effective increase due to the presence of the perdeuterated dg-phen ancillary ligands. Due 

to the large effects observed for complexes, hgde and dgde in conjvmction with the smaller 

effects noted for the hsd4 and d«d4 complexes, we propose that for the excited states of 

the [Ru(phen)2dppz]^^ 4 complex, the promoted electron is located on the phen portion o f  

the dppz ligand.

4 .4 .2 -3  [Ru(phcn)2diMcdppz]^* (8)

The second family, the DiMedppz series of complexes also contains eight complexes; the 

protiated, perdeuterated and six selectively deuterated analogues (8a - 8g), respectively. 

The effect of H-D exchange on the emission quantum yields and lifetimes were 

examined, under conditions as stated previously. The Orel and T̂ eas are tabulated and 

plotted as a function of D-incorporation into the complexes, and are shown in Figures 

4.21 and 4.22. Note that the nomenclature for this series of complexes is slightly 

different to that used for the dppz series o f complexes.
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Relative Quantum Yields

Complex Group N o. ®  rel

hghg* A 1.00

dghg A 1.03

hgd2 B 1.03

h«d6 B 1.16

hjds B 1.22

dsd2 C 1.02

dgde C 1.21

dsdg A,C 1.20

Deuteration Site

Figure 4.21: Relative emission quantum yields, ®rei fo r  complexes (8-8g) complexes, “ Fully p ro tia ted  
complex 8 is used as an internal reference. All m easurem ents in degassed aceton itrile , a t  room 
tem perature. Errors: ±
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Lifetime Decays
C om p lex Group N o. ^meas % Increase x„eas

hgh*- A 990

dghg A 1012 2.2

hgdi B 1010 2.0

hgde B 1131 14.2

hgdg B 1172 18.4

dgd2 C 1117 12.8

dgdfi C 1180 19.2

dgdg A,C 1162 18.2

h8h8 d8h8 h8d2 h8d6 h8d8 d8d2 d8d6 d8d8

Deuteration Site

Figure 4.22: Luminescence emission lifetimes, T̂ eas as a function of deuteration for the series of 
complexes (8-8g) complexes “ Fully protiated complex 8 is used as an internal reference. The relative 
percent increase are also tabulated. Errors: T̂ eas ± 5/o

On D-incorporation into 8, there is an increase in both the emission quantum yield and 

emission lifetime values. Examination of the data, indicates that similar trends, as 

observed for complexes (4-4g), are displayed for the diMedppz family of complexes. 

However, the relative changes are somewhat smaller. For complexes (8-8g), there is an 

increase of -20% for Orel and 18% for Xmeas, compared to 37% and 46% for the 

corresponding dppz family.
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4 .4 .2 -3  [Ru(phen)2cliFclppz]^* (9)

The third, and final family, is the diFdppz series of complexes (9, 9a, 9b, 9c, and 9f) 

which contains a total of five complexes; the protatiated and four deuterated complexes. 

The nomenclature is similar to that used for the diMedppz family in the previous section. 

The Orel and Tmeas are tabulated and plotted as a fiinction of H-D exchange into the 

complex, as shown in Figures 4.23 and 4.24.

Relative Quantum Yields
Complex Group No. ‘I’rel

hshs‘ A 1.00

dghs A 1.07

hgd2 B 1.27

B 1.32

dgds C 1.34

------------
100
90

80

70

60 S 

50 I  

40 9  

30 "a>
O h

20

10

0

Figure 4.23: Relative emission quantun\ yields, Orel for complexes (9-9f) complexes,“ Fully protiated 
complex 9 is used as an internal reference. The percent increase in Opei is also included. Errors: ±
10%

Deuteration Site
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Lifetime Decays
Complex Group No. Tmeas % Increase x̂ eas

hghg* A 203

dshg A 213 4.9

hgd: B 256 26.1

hgds B 301 48.3

dgde C 307 51.2

Deuteration Site

Figure 4.24; Luminescence emission lifetimes, T„eas as a function of deuteration for the series of 
complexes (9 -9 f )  complexes “ Fully protiated complex 9 is used as an internal reference. The relative 
percent increase is also tabulated. Errors: x ^ s  ± 5%

Although this series is incomplete (due to the synthetic difficulties as detailed in Chapter 

Three) the data displays similar trends to that observed for dppz (4-4g) and diMedppz (8- 

8g) families. However, the effective increases for both the emission quantum yield and 

lifetimes are greater for the diFdppz series, with an increase of 34% for Orel and 51% for 

Tmeas, compared to 37% and 46% for the dppz family.
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4 .4 -3  Conclusions from Emission Studies.

On H-D exchange, the emission quantum yields and luminescence lifetimes are strongly 

affected and the magnitude of this effect was found to be dependent on the site of 

deuteration. For all three families, similar trends are observed for Orel and Xmeas on 

progressive deuteration of the parent complexes. Table 4.11, summarises the results 

obtained for these complexes. As the trend observed in the dependence of the quantum 

yield according to the deuteration site is quantitatively very similar, this confirms that D- 

incorporation only affects the non-radiative, knr deactivation pathways. The increasing 

quantum yields are of the order, 8 > 4 > 9, respectively. For the emission lifetime decays 

there are more apparent differences between the complexes examined. The diFdppz 

complex 9 exhibits the shortest lifetime, x = 203 ns, and displayed the largest effective 

increase o f 51% on deuteration. In contrast, the stronger emitting diMedppz complex 9, 

with a T = 990 ns, displayed only a 19% increase on H-D exchange. The dppz complex 4 

showed a 46% increase in its emission lifetime.

Families 8-8g 4-4g 9-9g

Range o f  

% Increase in <trei

L O O 1.20 

2 0 %

1.00->  1.37 

37%

1 . 0 0 1 . 4 2  

42%

Range o f  tmeas 

% Increase in T„,eas

990 ns->1180ns 

19%

651 ns ->  952 ns 

46%

203 ns ->  307 ns 

51%

Largest effect in ®rei h 8 d 6 - 1 6 % h s d 6 - 2 7 % h 8 d 6 - 3 2 %

Largest effect in Xmeas h 8 d 6 - 1 4 % h g d 6 - 3 3  % h 8 d 6 - 4 8 %

Table 4.11: A comparison of the changes in the relative quantum yields and lifetim es for 4, 8, and 9 
complexes as a function of deuteration.

For all three families, the results confirms that the acceptor ligand is the dppz ligand. On

examination of the data, we propose that the excited electron is most probably localised

on the phen moiety of the dppz ligand, as deuteration of these protons incurred the most

prominent increases in the luminescence parameters. The electron is unlikely to be based

on the phenazine end of the dppz ligand, as the vibrational modes affected by deuteration

are not available for deactivation o f the excited state.
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4-5 Concluding Remarks.

To investigate the nature o f the excited states o f these Ru(II) complexes we have studied 

the influence o f solvent, selective protium-deuterium exchange, and temperature on the 

emission parameters.

Steady-state emission studies were performed for complexes, 1 and 6, in a number of 

solvents. However, contrasting behaviour was observed, as 6 displayed a lower emission 

quantum yield and smaller emission lifetime in acetonitrile compared to water. This has 

been attributed to the position of the ^MLCT state, the size o f  the energy gap, AE between 

the ^MLCT and higher lying energy states ^MC states, and contributions from the v(OH) 

vibrations o f the solvent.

A series o f  deuterated complexes; [Ru(L)x(L')3-x]̂ ,̂ where L = bpy and phen, V  =  dg-bpy 

and dg-phen, and x == 0, 1,2, and 3, were prepared. A systematic study o f the effect o f  

progressive ligand deuteration into these complexes was examined by steady-state 

emission and time-correlated lifetime measurements, under aqueous and acetonitrile 

conditions. In general, there is an increase in both the emission quantum yield (~ 28%) 

and lifetime decays (-27%) for complex 1 (in H2O and CH3CN) and for 6 (in C H 3CN ). 

For the latter complex, there is only a 2% increase in the emission parameters in aqueous 

solution.

Temperature dependent studies for families 1 and 6 were performed in degassed aqueous 

solutions in the range 4°C to 44°C. For both complexes, the value o f the emission 

lifetime was found to decrease on moving to higher temperatures, while an increase was 

noted on increasing the extent o f deuterium in the complex. For the temperatures 

monitored these changes are uniform for the bpy series (1-lc), but were found to vary for 

the corresponding phen family (6-6c), most notably at T 24 C.
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A detailed photophysical study of 4 , in a wide range of solvents was examined. The 

emission maxima, lifetimes and decay rate constants of 4 were found to be highly 

sensitive to their environment and may be best described by the polarity of the immediate 

environment. The study was extended to include [Ru(phen)2diMedppz]^^ 8 and 

[Ru(phen)2diFdppz]^”̂ 9. All three complexes display a “light switch effect”. In water 

they do not photoluminescence but display emission in non-aqueous environments. The 

emission quantum yields and lifetime decays follow the sequence 8 > 4 > 9.

The parent complexes, 4, 8, and 9, were fully and partially deuterated to give three sets of 

families. The quantvim yields and emission lifetimes are strongly affected and the 

magnitude of the effect was found to be dependent on the site of deuteration. For all three 

families, similar trends were observed. The most pronounced effect was the marked 

increase in the emission quantum yield and lifetime decays upon deuteration of the phen 

positions o f the dppz ligand (i.e. de-dppz) and the small increase observed for H-D 

exchange of the phenazine moiety (i.e. d4-dppz). On the basis of these results, we 

propose that the “promoted electron is located on the phen portion o f  the dppz ligand” 

for the complexes studied.
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5.1 Aims of Research.

Up until now, we have been concerned with the spectroscopic properties o f Ru(II) 

complexes with dppz and substituted ligands, in an attempt to understand their internal 

electronic properties and use them as molecular probes for DNA. The current study has 

emerged from our interest in the binding interactions o f the A- and A-enantiomers of 

[Ru(phen)2dppz]^  ̂4 with DNA. Although the photophysical properties o f these complexes 

bound to DNA have been extensively studied̂ ^̂ ^̂ ^̂ ^̂ , the questions involving the DNA site- 

specificity and intercalative geometries (whether major or minor groove binding) o f these 

complexes remain an extremely controversial issuê ^̂ "̂̂ .̂ To enable an imderstanding the 

structxiral features o f nucleic acids are described in Section 5.2 and the physical and 

chemical properties o f Ru(II) dye/nucleic acid binding are examined and discussed in 

Section 5.3. In the present study, the effects o f (i) substitution on the dppz ligand and (ii) 

deuteration on the DNA binding properties o f the parent complex 4 have been investigated 

by UV-Vis absorption, steady-state and time correlated lifetime studies.

5.2 The Structure of DNA.

On a primary level, DNA is composed o f two counter-propaged polymeric strands wrapped 

around each other in a double helical formation. The basic repeating imit o f a heterocyclic 

base, sugar and phosphate made up a monomer, commonly known as a nucleotide. The four 

possible bases are the bicyclic purines; adenine (A) and guanine (G) and the monocyclic 

pyrimidines, thymine (T) and cyostine (C). The base is attached to 2-deoxy-D-ribose sugar 

by a covalent bond at the C l' position through the ring nitrogen o f the NH group forming a 

nucleoside. This p-glycosidic linkage is on the same side o f the sugar ring as the C5' 

hydroxyl group and the bases can adopt either a syn- or anti-conformation relative to the 

sugar ring. The furanose rings are twisted out o f the plane in order to minimise non-bonding 

interactions between the substitutents. This leads to C2' endo and C3' endo conformations, 

that are in rapid eqilibrium in solution. The sugar is bound to a negatively charged phosphate
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via the C5' and C3' hydroxyl groups, which when linked constitutes a polynucleotide chain 

that runs in the direction of the '5 to the '3 sugar carbons.

A number of researchers contributed information which subsequently lead to solving the 

structure of nucleic acids. By x-ray diffraction studies carried out on DNA, Watson and 

Crick proposed that DNA consists of two polynucleotide chains that are coiled around a 

common axis in an antiparallel manner to form a right handed double helix*̂ ^̂ . This produces 

a structure with a largely hydrophobic interior comprising the DNA bases, and a hydrophilic 

exterior comprising the sugar-phosphate backbone. The strands run in opposite directions 

and are bound through an ensemble of hydrogen bonds formed between complementary base 

pairing. The H-bonds are selective, allowing only A and T, or C and G base pairs to be 

formed. The winding of the structure creates two distinct helical grooves, the minor and the 

major, which spiral around the surface of the DNA.

Molecular studies have revealed that DNA can adopt a wide variety of helical secondary 

conformations which include A-, B- and Z-DNA, as shown in Figure 5.1. Some of the 

structural details of these families have been summarized in Table Apart from these 

regular double helix structures, DNA may also exist in single stranded form (ss), double 

stranded closed circular form (ccc), etc.

As shown, DNA can exist in many different polymorphic forms but this work will only 

consider the most predominant B-form of DNA, which the polymer assumes both in vitro in 

neutral solution and in vivo. At normal conditions of high humidity and low salt 

concentration B-DNA is favoured. The bases on each strand are stacked directly above each 

other and are near perpendicular to the centre of the helix resulting in major and minor 

grooves of different widths but approximately equal depth. The walls of the grooves are 

formed by the nucleotide base-pairs viewed edge-on. The vertical distance between the 

base-pairs is 3.4 A and successive base-pairs are rotated at an angle of 36° about the helical 

axis. Thus, there are ten base pairs per helical turn and the sugars are B-D-2-deoxy-fiiranose 

species in the C2'-endo conformation.
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DNA

Duplex

Helix

handedness

Bp/Tum Helix

Diameter (nm)

Major Groove Minor Groove Sugar Pucker 

Conformation
B Right 10.0 -2.0 Wide + Deep 

11.6 8.5

Narrow + Deep 

6.0 8.0

C2’-endo

A Right 11.0 -2.6 Wide + Narrow 

3.0 13.0

Wide + Shallow 

11.1 2.6

C3’-endo

Z Left 12.0 -1.8 Flat

8.8 3.7

Narrow + Deep 

2.0 13.8

C3’-exo (syn)

Table 5.1: DNA parameters of A-, B-, and Z-forms of

Figure 5.1; DNA structures of A-, B-, and Z-forms of DNA^ l̂
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5.3 The Interactions of Rutheni'um(II) Polypyrldyl Complexes with DNA.

5.3-1 Why do we study ftutheniufn(H) complexes with DMA?

Due to a number of favourable characteristics, the present study has focused on the 
interactions of ruthenium complexes to DNA.

(I) Due to d̂  nature, they are kinetically inert.

(II) The thermodynamic stability of these molecules make them inert in the absence of 
light.

(III) They have easily controlled properties: size, shape, spectroscopic characteristics, 
photophysics and photochemistry.

(IV) They are positively charged and may thus bind electrostatically to DNA at low ionic 
strength.

(V) An intense d;: n* MLCT (metal-to-ligand charge transfer) band in the visible region

(e~20,000 M'^cm'^) allows the ruthenium complexes to be irradiated by visible light, 

without affecting DNA which absorbs in the ultra-violet (UV) region,

5.3-2 History.

During the last two decades, numerous studies of DNA interactions with chiral tris-chelate 

metal complexes, MLj have been and continue to be an area of active interest. ML3 

complexes are shaped like three-bladed propellors and have two enantiomeric forms, 

corresponding to right-(A) and left-(A) handed screws. In 1976 Norden et suggested 

possible enantioselective binding of the chiral molecule [Fe(bpy)3]^  ̂to B-DNA. It has been 

proposed̂ ^̂  that the ML3 complexes bind in the major groove of DNA. This proposal is 

supported by the fact that the size of ML3 complex ( -1 0  A  across) precludes it from 

adopting a fully intercalated site and also suggests that the minor groove would be
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unfavourable. This induced extensive studies on [Ru(phen)3 ]̂  ̂ 6 (model system), which 

appears in two inversion-stable forms the A and A enantiomers, as depicted in Figure 5.3. 

Despite much work, the modes of interaction of 6 with DNA remain an intensely 
controversial issuê *̂ ^̂ .̂

Figure 5.3: Systematic representation of A- and A-enantiomers of [Ru(phen)3]̂ * complex 6.

The major questions for both enantiomers have been to determine the DNA intercalative 

geometry, {i.e. where does the binding take place, externally at the phosphate-sugar 

backbone or at the surface in either of the grooves), what if any site-specificity there is, and 

whether one of the phen ligands intercalates or not. Our review of this rich Ru(II)/DNA 

chemistry is limited as it only highlights the developments that are of interest in the current 

study. Table 5.2, contains some of the experimental techniques that have been applied to 

study the interactions of 6 in the presence of DNA. While the nature of the binding mode has 

been the focus of many investigations, many other aspects of the Ru/DNA interactions have 

also received much attention.

Ericksson et af^^\ examined the binding of A- and A-[Ru(phen)3 ]̂  ̂ enantiomers of 6 

utilising two-dimensional NMR results. They reported that the exchange rate between the 

bound and free states is rapid on the NMR timescale at temperatures above 20®C, yielding 

sharp peaks for all exchangeable protons in the NMR spectrum. This is in contrast, to most 

intercalators which exhibit broad peaks for protons affected by DNA. Strong indications for 

non-intercalative binding was found, and it was suggested that both the A-6 and A-6 

enantiomers bind in the minor groove of the oligonucleotide [d(CGCGATCGCG)2 ].
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Ericksson and co-workers^"^ also studied the interactions of A-6 and A-6 with the 

oligonucleotide duplex [d(CGCGATCGCG)]2 ] with NMR and CD spectroscopy. From 

NOESY data, it was shown that the interaction primarily takes place in the minor groove of 

the oligonucleotide (which remains in a B-like conformation). Furthermore, the metal 

preferentially binds to the central AT region, the observed AT specificity being more 

pronounced for A-6 complex. A-[Ru(phen)3 ]̂  ̂ was proposed to bind to 

[d(CGCGATCGCG)2] by insertion of two of the phen ligands into the minor groove of the 
oligonucleotide.

Barton et examined the binding of A-6 and A-6 utilizing equilibrium analysis and 

photophysical methods. They postulated two non-covalent binding modes of [Ru(phen)3 ]̂  ̂

to the DNA helix. One intercalating bound mode in the major groove which favoured A-
^  I

[Ru(phen)3] and the other, a surface bound mode along the DNA minor groove, showing a 

weak preference for A-[Ru(phen)3 ]̂ .̂ Luminescence studies of 6 boimd to double-helical 

DNA displayed a biexponential decay; with one lifetime of 2 fis attributed to the 

intercalative form, and a second lifetime of 550 ns assigned to the surface-bound form (or to 

an alternate binding mode in which the dppz is less shielded than if tightly intercalated). 

Furthermore, on the basis of polarization data, it was suggested that the enantiomers bound 

via an intercalative mode, and consistently displayed a greater polarisation for A-6 with 

DNA.
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Technique used Complexes Studied Ref

ID *HNMR 4/A-[Ru(phen)3]^^ with 39,40

[d(GTGCAC) ] 2  and [d(CGCGCG) ] 2

2D ‘HNMR A/A-[Ru(phen)3]^^ /  [d(CGCGATCGCG)]2 10,11

Steady-state & Time /A-[Ru(phen)3 ]̂  ̂ 38

Resolved luminescence

Electric linear dichroism A/A - [Ru(phen)3 ]̂  ̂ 36,37

Linear dichroism A/A - [Ru(phen)3 ]̂  ̂ 12

Topoisomerase unwinding rac -[Ru(phen)3 ]̂  ̂ 4

Viscometiy A/A - [Ru(phen)3 ]̂  ̂ 13

Molecular Modelling & A/A-[Ru(phen)3 ]̂  ̂ 35

Energy minimization studies

Equilibrium analysis & A/A-[Ru(phen)3 ]̂  9

Photophysical methods

Table 5.2: Experimental techniques used to probe the nature o f the binding modes for complex 6
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Since 1990, Hiort and co-workers have argued from linear and circular dichroism studies, in 

favour of major groove binding for both enantiomerŝ *^ .̂ An earlier speculation, that A-6 

should bind with one of its phenanthroline wings partially intercalated between the base 

pairs, is inconsistent with an angle of approximately 70® between the 3-fold axis o f the 

complex and the DNA helix axis, as confirmed by linear dichroism (LD) spectra. It was 

proposed, that for A-6 complex that two chelates sit in the groove. A corresponding angle of 

50*̂  was obtained for the complex, which suggested that one chelate wing points into the 

middle of the major groove. However, major groove binding o f drug molecules is rarely 

reported, and its nature is still poorly understood.

As the binding of complex 6 is relatively weak, Sactyanarayana et have utilized 

viscosity measurements to examine the effects of binding on the hydrodynamic properties of 

the duplex. They argued that since neither enantiomer o f 6 lengthened short, rod-like DNA, 

classical intercalation could not be the binding mode. In addition, molecular modeling and 

energy minimization calculations confirmed that there is, at best, only partial insertion of the 

phen ring between the base pairs.

However, the background luminescence of the free [Ru(phen)3 ]̂  ̂ form, the relatively weak 

binding, and the extent of enhancement on binding proved insignificant for the broader 

applications of this ruthenium complex as a nonradioactive nucleic acid probe. Despite a 

considerable amount of published material, our knowledge of the nature o f the binding 

geometries o f 6, intercalative, or not, is still a controversial issuê *°̂ ^̂ ^̂ .

• [Ru(phcn)2dppz]^* 4

Many new structural analogs based on the parent compoimd 6, have been synthesised, and 

these include the second generation complexes, namely [Ru(bpy>2dppz]̂  ̂ 10 and 

[Ru(phen)2dppz]̂  ̂4, respectively. The ligand dppz, was synthesized in 1970̂ '̂*̂ , while the 

first complex with ruthenium, [Ru(dppz)3 ]̂  ̂ 15, was reported in 1984̂ *̂ ,̂ soon to be 

followed by Sauvage and coworkerŝ '̂  ̂ with 10 in 1985. Friedman et reported that
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these complexes act as molecular “light switches” for DNA. A negligible background 

emission firom the triplet metal-to-ligand charge transfer (MLCT) excited state o f  4 in 

aqueous solution display an intense photoluminescence in the presence o f double-helical 

The quantum yield in aqueous buffer is increased by a factor o f >10'* upon 

addition o f DNA, which the complex binds with an equilibrium binding constant, Kb > 10̂  

M Mn 50 mM NaCl buffer^'^l Based on an observed DNA unwinding angle o f 30 ± 1 per 

ruthenium bound, and considering the extended planar structure of the dppz ligand an 

intercalative binding mode for the complex has been proposed. The complex therefore 

provides an unique spectroscopic probe for DNA.

The electronic structure of [Ru(bpy)2dppz] ’̂̂ , has been described in terms o f a coupling o f a 

[Ru(bpy)3 ]̂  ̂ chromophore to a phenazine electron acceptor^^ l̂ The MLCT excited state of 

Ru(II) complexes is characterised by a strong long-lived luminescence from a state from 

which the promoted electron is expected to be localised on the most easily reduced ligand^^ l̂ 

Therefore, the lowest energy MLCT transition is localised on the dppz ligand as determined 

from emission and absorption studies. This excited state [Ru™(L)2 (dppz*“)]̂ *̂ structure, 

suggests that the reactivity of this intercalating reduced ligand may be monitored 

specifically, and the luminescence of the bound complex can therefore be used as a sensitive 

reporter o f its helical environment.

Unlike [Ru(phen)3 ]̂ ’̂  6, for which the exact binding mode remains a matter o f  debatê *̂ ^̂  ̂

[Ru(phen)2 dppz]̂ '̂  4 undoubtedly binds through intercalation o f the extended dppz ligand 

between the base pairs. The emission decays o f the enantiomers bound to nucleic acids are 

biexponential, and both their lifetimes and relative contributions have been found to vary 

with binding ratio and DNA sequence. Accumulated evidence suggests that intercalation of 

the nitrogens of the dppz ligand are located in a hydrophobic area o f the double helix, 

protecting the excited state from a deactivation solvent protonation process, and resulting in 

emission. Nevertheless, the origin of these biexponential decay curves remains unsolved 

and two very different binding modes have been proposed.
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"The Debate of Major v̂ ' Minor Binding Modes ”

There is a vast amount of research on this topic. A brief review of what is known 

concerning the DNA binding mode(s) of 6 is detailed here, and Table 5.3 contains some of 

the techmques employed to study their nucleic-acid binding properties.

The interaction of A-4 with the oligonucleotide [CGCGATCGCG] 2  using NMR 

spectroscopy^**  ̂ indicated that the binding kinetics are in the intermediate exchange range 

and are thus slower than the parent compound [Ru(phen)3]^ .̂ This observation is consistent 

with stronger stacking interactions of the dppz ligand with the base pairs of DNA, and with 

intercalation. Barton and Dupureur̂ ^®̂  utilised perdeuterated phen in the assembly of A- 

[Ru(phen-dg)2dppz] '̂^ (4d), which simplified the *H NMR spectra and permitted the focus to 

be centred on the activities of the dppz ligand. One-dimensional spectra o f this complex 

bound to the oligonucleotide d(GTCGAC) 2  indicated that at least two binding modes existed 

for the complex. This was confirmed by two-dimensional NOESY spectra of A-[Ru(dg- 

phen)2d6-dppz] '̂*’ (4f) in the presence of d(GTCGAC)2 . Furthermore, they detected an NOE 

between protons on the dppz ligand, located close to the centre of the complex and an 

aromatic proton facing the major groove. This approach yielded results which establish the 

interaction of A4 into DNA from the major groove.

Emission decay studies^ 'for  aqueous solutions of A-4 and A-4 which contain DNA, 

displayed a biexponential decay with lifetimes, x = 93 ns (63%) and x = 512 ns (37%), in 5 

mM tris, 50 mM NaCl (pH = 6.9). It was found that there was static quenching only of the 

long component by the hydrophobic quencher. It was argued, that if the short component 

was indeed due to an isolated molecule that it should also have been subjected to static 

quenching. Therefore, the long and short components have been assigned to two different 

binding modes as they are quenched independently.
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Technique used Complexes Studied Ref

ID ’HNMR ^ A -4  / [d(GTGCAC)]2 

/VA-4 / Actinomycin D

11

2D 'HNMR A/A - [Ru(dg-phen)2dppz]^^ 

A'A - [Ru(dg-phen)2d6-dppz]^^

20

'H N M R A/A-4/CT-DNA

Linear Dichroism A/A-4/CT-DNA 25

Resonance Raman A/A-4/CT-DNA 23

Resonance Raman R ac-4 /C T -D N A

Rac - [Ru(phen)2diFdppz]^^

24

Viscometry & Fluorescence 

Energy Transfer

Rac/A/A-4/CT-DNA 43

Luminescence Studies A/A-4/CT-DNA 18,4

A/A-4/T4-DNA 22

Time Resolved Luminescence A-4 / poly d(AT) 

polyd(GC) 

CT-DNA

21

A/A-4 / CT-DNA 18

Anionic Quenching Studies Rac-4/CT-DNA 1

Table 5.3: Experimental techniques used to probe the nature of the binding modes for complex 4
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Holmlin et investigated the binding of A-4 and A-4to poly d(AT), poly d(GC) and CT- 

DNA by time-resolved luminescence spectroscopy. The effect of major and minor groove 

DNA binding agents on the luminescence profile o f the complex were examined. They 

found that, on titrating the major groove binding agent, A-a-[Rh[(R,R)-Me2trien]phi]^'^, to 

complex 4 bound to [d(5’-GAGTGCACTC-3’)2], that 4 was displaced from the major 

groove by the Rhodium complex.

Hiort et synthesised enantiomerically pure A-4 and A-4 in order to study their 

interactions with calf-thymus DNA. Equilibrium binding constants for both enantiomers 

were found to be around 10* M’̂  in solutions containing 10 mM NaCl. However, the 

relative luminescence yield of the A-4 bound complex was found to be 6-10 times greater 

than the A-4 DNA complex. An intercalative binding mode for both enantiomers was 

further supported by a negative linear dichroism of the dppz ligand transition at 380 nm. 

Furthermore, for each enantiomer two distinct excited state lifetimes were found on binding 

to DNA. The longer lifetime was found to increase with increasing binding ratio. Hence the 

existence of the two lifetimes was explained not as two separate binding modes, but as being 

due to a “dye distribution effect” of intercalating complexes along the DNA helix. So 

ligands boimd contiguously have longer lifetimes, while isolated complexes are more 

accessible to solvent and therefore have shorter lifetimes, respectively.

Recently, spectroscopic studieŝ ^̂  ̂ of 4 were performed in the presence of a variety of 

nucleotides of different conformation and composition. These included T4-DNA, which is 

100% glycosylated at the cytosine 5 -CH2-OH position in the major groove. Hindered 

interaction with T4-DNA has previously being used to support major groove binding of 6, 

and no effect of glycosylation used to support minor groove binding. As both enantiomers 

of 4 emit strongly in both CT-DNA and T4-DNA, they proposed that complex 4 interacts 

with the minor groove of DNA helix.
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The understanding of the electronic structure o f the free and DNA-bound rac- 

[Ru(phen)2 dppz] complexes is vital in determining the factors that govern the nature o f the 

binding mode(s) with DNA. Resonance Raman (rR) spectroscopy is a useful tool for the 

investigation of the molecular conformation of both the ground and excited states in 

homogeneous and microhetergeneous environments. The n-n interaction of the dppz ligand 

and DNA bases may be probed by monitoring the changes in the spectral profiles of 4 upon 

addition of DNA. Resonance raman reports how binding to DNA affects the energy levels 

of the metal complexes.

Coates et reported the use of rR spectroscopy as a useful probe of the interactions 

between the [Ru(L)2dppz]^^complexes and DNA. Excited state rR spectra, in the presence of 

DNA, resulted in the appearance of a prominent new feature at 1526 cm'^, which has been 

attributed to intercalative interactions between the radical like dppz*“ ligand and the DNA 

binding sites.

Chen et have utilized rR spectroscopy to gain an insight into the electronic structure of 

dppz, which is separated into contributions from the phen and the phz (phenazine) parts of 

the ligand. Time-resolved rR (TR^) spectrum of 4 and [Ru(phen)2 (diFdppz)]^^ 9, in the 

presence of DNA both lead to a decrease in the intensity of the peaks associated with the 

intercalating phenazine part of the dppz ligand. This is explained in terms of the stronger ti- 

71 interactions between the intercalating dppz ligand and the DNA bases.

Anionic quenching experiments were utilized by Hartshorn et which demonstrated that 

upon binding to B-form DNA, both racemic complexes, 4 and 10, exhibit a biexponential 

decay in emission. This was interpreted to result from two orientations of the dppz ligand in 

the intercalative pocket, as shown in Figure 5.4. The first, is a perpendicular mode whereby 

the dppz ligand intercalates from the major groove such that the metal-phenazine axis lies 

along the DNA dyad axis, while the second is a side-on mode where the metal-phenazine 

axis lies along the long axis of the base pairs. In the former case, it was suggested that both 

the phenazine nitrogen atoms are largely protected from the solvent which yield a longer
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lifetime ( t  750 ns). The latter model resulted in only one of the phenazine nitrogens being 

protected and the other being partially exposed to solvent thus resulting in a shorter lifetime 

(x = 120 ns) on the basis of water quenching.

Figure 5.4: Schematic representation of ONA binding modes for [Ru(phen)2dppz]^* (4) upon addition of 
CT-DN/A, whereby (a) perpendicular mode (long-lived lifetime) and (b) side-on-mode (short lived lifetime).

Lincoln et utilized linear dichroism (LD) to probe the binding geometries between 

DNA and A-4 and A-4 complexes. They reported that the markedly different LD spectra 

observed was attributed to a small but distinct clockwise inclination (“roll”) of the complex 

around the long axis of the intercalating dppz wing. Interestingly, they reported that the 

‘roll’ is in the same direction for both enantiomers. Furthermore, complex 4 shows a very 

similar structure to the chiral intercalator actinomycin D, which has been crystallized with a 

oligonucleotide^^^  ̂ Actinomycin D has one planar aromatic three ring system which is 

intercalated and two peptide propeller wings that correspond to the symmetric (dppz) and 

disymmetric (the two phens) moieties of [Ru(phen)2dppz] '̂*' and is considered as a model 

for the structure of a bulky intercalator compound. Actinomycin binds from the minor 

groove, and the steric interference of the chelate wings gives rise to a distinct bend of the 

helix. It has been suggested that the inclination may reflect a property intrinsic of DNA (tilt 

of bases) or be a result of steric interference of the two phen “propellor blades” with a 

groove.
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Given these two very different proposed models, we have performed photophysical studies 

on the racemic and enantiomeric mixtures o f the parent protiated complex 4 and its 

selectively deuterated analogues, 4a and 4d, respectively, to eludicate the nature o f  their 

binding modes with DNA.

5.4 Ppcparatlon of Enantiomerically Pure Ru(II) Complexes

5.4-1 Introduction

Configurationally stable Ru(II) complexes are of central importance in many domains of 

chemistry and have been extensively studied in the fields o f photochemistry, photophysics 

and as probes for As the individual centers are tris(bidentate) in nature, each

may inherently possess right- or left- handed chirality (designated A or A, respectively), see 

Figure 5.5. Many applications require these compounds in an enantio-enriched form and 

thus the preparation and determination of their optical purity is a necessity. To this end, we 

have briefly reviewed some of the methods available in the literature for resolution o f these 

complexes. Herein, we wish to describe the preparation, resolution and properties of a series
A  I

of monosubstituted complexes, [Ru(phen)2dppz] complexes.

Figure 5.5: Systematic representation of the enantiomers of [Ru(phen)2dppz]^* complex 4, denoted as 4A 
and 4A, respectively
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Lincoln et utilized the classical method of fractional crystallization of diastereomeric 

salts of the ruthenium racemate with a homochiral anion. This is a modification of the 

method devised by Bosnich and Dwyer in 1966̂ ^̂  ̂ for the resolution of [Ru(phen)2(py)2 ]̂  ̂

23. For this method, the A-isomer was resolved with sodium-arsenyl-L-(+)-tartrate, while 

the A- enantiomer was isolated with sodium arsenyl-D-(-)-tartrate. The enantiomerically pure 

A and A-[Ru(phen)2dppz] isomers were synthesized by condensation of,

AA-[Ru(phen)2phendione]^‘̂  23 + dab 11 --------> A/A-[Ru(phen)2dppz]̂ '*' 4,

in high yields. More recently MacDonnell et used this preparation for the isolation of 

various ruthenium complexes.

Many coordination compounds are absorbed on surfaces and this property has been used in 

two different ways to separate optical isomers. Firstly, if the absorbing surface is optically 

active, one of the isomers may be absorbed more strongly than the other. Strekas et 

reported a novel application o f separating the enantiomers of 6 by immobilizing double­

stranded calf-thymus (CT) DNA on a column of hydroxylapatite and passing a racemic 

solution of 6 through the column. Circular dichroism spectra showed that the fractions 

eluting first were enriched in A-6, and that the tailing fi*actions were enriched in A-6. Both 

bands were ~95% or higher enantiomerically pure. This method is useful in accomplishing 

significant enantiomeric fractionation for complexes, where at least one of the ligands shows 

evidence of potential intercalation with DNA {i.e. several fused ring systems). Nevertheless, 

DNA resolution has received little attention, as at present there is only indefinite evidence 

regarding the resolving power of DNA-hydroxylapapite columns, and it proves to be a costly 

procedure.

Another technique involves absorption on an optically inactive column, followed by 

extraction with an optically active solvent. This cationic exchange chromatography method 

developed for the resolution of tris(bidentate) Ru(II) complexes is based on the differential
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association of the enantiomeric fomis with a chiral organic counteranion. This method 

called preferential absorption, has been improved upon̂ *̂̂ \ and to date a wide range of 

optically active solvents have been reported. According to Barton and coworkers, 

enantiomers were resolved by passing potassium antimonyl tartrate through a sephadex SP 

C-25 cation exchange colimm '̂* .̂ The isomers separated in this manner contain -75% of the 

desired enantiomer. This preparation has numerous shortcomings, in that the desired 

product could not be produced in quantitative yield due to the significant loss of material 

upon three to four passes through a large column. Furthermore, the separated isomers only 

contain ~75% of the desired enantiomer and as commercially available sephadex is rather 

expensive, it proves uneconomical on such a small scale.

There are a number of other approaches to the isolation of individual stereoisomeric forms of 

ligand-bridged species, von Zelewsky and coworkers^^^  ̂ have reported the use of ligands, 

‘chiragens’, which impose a particular stereochemistry on the monomer precursors 

(stereospecificity).

5 .4 -2  Methods used in the Current Study for the Chiral Resolution of

[Ru(phen)2L]̂ * Complexes.

A number of synthetic routes were attempted in the current study for the preparation of these 

optical active complexes, as outlined in the Flowchart in Figure 5.6. Studies involved the 

isolation of individual stereoisomers of these complexes using both stereoselective synthetic 

procedures through precursors with predetermined chiralities and/or chromatographic 

techniques. They include;

(i) Assembling enantiomerically pure complexes using [Ru(phen)2phendione] 23

(ii) Stereoretentive reactions using [Ru(phen)2(py)2 ]̂  ̂24

(iii) Stereoretentive reactions using [Ru(bpy)2(py)2 ]̂  ̂25

(iv) Cation exchange chromatographic techniques for [Ru(phen)2dppz] '̂  ̂4
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Route (i) Initially, we followed the method of assembling enantiomerically pure complexes 

from chiral precursors. This method involved the condensation reaction of chiral 

[Ru(phen)2phendione]^ 23 with dab 11, to give the enantiomers of 4. Despite extensive 

studies, we were unsuccessful in isolating the desired products.

Parameter Experimental Conditions
Temperature
(°C)

80 100 120 140 160 180
reduced 
to 160

180
reduced 
to 130

Rxn Time 

(Hrs)

8 12 24 36 48 96 120

Solvent

System

MeOH/

H2 O

EtOH/

H2 O

Ethylen 

e glycol

Ethylene

glycol/H20

Ligands Dppz 2 Phendion

el2
Bpy 5 Phen 3

Table 5.4; Experimental conditions employed for the preparation of the  enantiomers of complex 4 . 

The experimental parameters were interchanged. All reactions were performed in the  dark to avoid 
photoracemisation

Routes (ii) and (in). The stereoretentive reactions of von Zelewsky et were attempted. 

The resolution of [Ru(L)2(py)2]̂  ̂ complexes (where L = bpy 25 and phen 24) were carried 

out with Dr. A. von Zelewsky, University of Fribourg. They were conveniently resolved by 

conventional diastereoisomer formation using chiral arsenyl-(+)-tartrate (for 24) and 0 ,0 ’- 

dibenzoyltartrate anions (for 25), respectively. Reaction of these chiral precursors with dppz 

(under both aqueous methanol and ethylene-glycol mixtures) was hoped to provide the 

anticipated A- and A-4 enantiomers. To increase the solubility of the free dppz ligand in 

these solvents a range of (i) temperatures and (ii) reaction times, were introduced into the 

reaction .In addition, an intermediate step was employed using phendione 12 in place of 

dppz 2, the product of which was subsequently reacted with dab 11. Table 5.4, summarises 

the range of experimental conditions employed. However, these reactions proved to be
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unsuccessful, yielding only partially resolved enantiomerically pure samples, as determined 

from CD analysis.

Route (iv) The cation-exchange chromatographic techniquê ^̂  ̂ , allowed for the efficient 

resolution o f [Ru(phen)2dppz]^‘̂ complex and its deuterated analogs. These experiments 

were earned out with Dr. N. Fletcher, Queens University, Belfast. This method is based on 

the differential association of the enantiomeric forms with a chiral organic counteranion, and 

discriminates according to (i) charge and (ii) size.

In a typical experiment, [Ru(phen)2dppz] ’̂̂  4 was resolved on a column o f sephadex SP C- 

25 cation exchanger using 0.2 mol dm'̂ / 0.09 M (-)-0 ,0 ’-dibenzoyl-L-tartrate solution as the 

eluent, which contained 5% acetone to maintain complex solubility. The colurrm was sealed, 

enabling the complex to be recycled several times (if necessary) down its length with the aid 

of a peristaltic pump. The “effective column length” (ECL) for the separation represents the 

total length o f support travelled by the sample. Two distinct bands were observed on 

passing the complex down the column (A-4 being eluted faster), with an effective column 

length (ECL) o f ~3 m, see Figure 5.7. Following precipitation as the PFe' salts they were 

converted to their corresponding chloride salts and further purified by gel permeation 

chromatography on sephadex LH20 support (acetone/MeOH eluent) to remove inorganic 

impurities. The purity and identity of the complexes were verified by circular dichroism 

(CD), UV-Vis absorption, NMR, and electrospray mass (ES'^-MS) spectroscopy. The 

experiment was carried out in the absence of light as a precautionary measure, although no 

photoracemisation o f these complexes were observed under normal laboratory lighting 

conditions. Recoveries after chromatography were in general only about 50%.
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Figure 5.6: Flowchart representing  th e  synthetic  procedures fo r th e  resolution of th e  [Ru(phen)2dppz]^* complex 4 into its A- and A-enantiomers.



Figure 5.7: Apparatus o f the separating column and peristaltic pump used fo r  th e  resolution of 
[Ru(phen)2dppz]^* complexes. Courtesy of Dr N. Fletcher, Queens University, B elfast.

5.4-3 Characterisation of the Enontiomers of Ru(II) bppi Complexes

The enantiomers of [Ru(phen)2dppz]^‘̂ 4, [Ru(phen)2d4 -dppz] '̂  ̂ (4a) and [Ru(dg- 

phen)2 dppz] '̂  ̂(4d), have been successfully separated and characterised by NMR and CD 

spectroscopy studies. For complex 4, the UV-Vis absorption spectra for the racemic and 

A-4 and A-4 enantiomers, in aqueous solution are shown in Figure 5.8. The absorption 

maxima and extinction coefficients for these complexes have also been included in Figure 

5.8. This suggests that there are no electronic differences between the enantiomers and 

the data is comparable to that reported by Hiort et This is consistent with NMR 

analysis, as *H and NMR spectra of the enantiomers of 4 are indistinguishable. The 

structure of the enantiomers was further established by ES'^-mass spectroscopy (Mr = 

743.82 g/mol), which displayed single molecular ion peaks at m/z 372.07 (MH'̂ )̂ '̂ .
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Figure 5.8: Normalised UV-Visible Absorption Spectra (H2O) for [Ru(phen)zdppz]^* (4) and its 
enantiomers (4A and 4A). The corresponding absorption energy maxima and extinction coefficients ore 
also shown.

5 .4 ,3 -1  Circular Dichroism.

Circular dichroism (CD) spectroscopy is a powerful tool for the determination of the 

absolute stereochemistry and optical purity of a molecule. CD is the differential 

absorption of left and right-handed circular polarized light, CD = aieft - aright, and does not 

require the molecules to be orientated or immobilized. As only a molecule that is chiral 

(or is perturbed by a chiral environment), shows CD and since the CD spectrum of one 

enantiomer is the negative of the other, racemic mixtures do not show any CD spectrum.

For complex 4, comparison of the CD spectra of A-4 and A-4 confirmed the absolute 

configuration at the metal centers. The enantiomers o f 4 show equal but opposite molar 

ellipticities, while no CD spectrum is observed for the racemic complex, as shown in 

Figure 5.9. The enantiomer with the negative As in the CD spectrum at the absorption 

maximum X = 450 nm was assigned as the A-enantiomer. The results of CD analysis for 

the series o f complexes (4-4d) are compiled in Table 5.5. They display similar absorption 

bands and are comparable to the literatures values which have been included for the sake 

of comparison.
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Complex A

nm(M’cm ‘)

A

nm(M'cm‘)

%ee

4 [Ru(phen)2dppz]^^

465(-16), 416(+18), 

315(-43), 301 (-66), 

267(-360)

465(+17), 416(-18), 

315(+42), 301(+66), 

267(+363)

>95%

4a [Ru(phen)2 d4 -dppz]^*

463(-14), 416(+18), 

315C-43), 300(-66), 

267(-359)

464(+13), 416C-17), 

315(+42), 300(+66), 

268(+360)

>95%

4b [Ru(phen>2d6-dppz]^"^

463(-15), 415(+19), 

315(-45), 299(-63), 

268C-361)

*

>93%

4c [Ru(phen)2 dio-dppz]̂ "^

♦ 463(+14), 416C-17), 

315(+41), 299(+66), 

266(+361)

>92%

4d [Ru(dg-phen)2 dppz]^*

464(-17), 416(+19), 

315C-43), 300(-64), 

267(-360)

464(+16), 416(-18), 

315(+42), 300C+66), 

267(+361)

>94%

Hiort et

4 [Ru(phen)2dppz]^^

465(+17), 416(-18), 

301(+66), 267(+363) 

254(-178)

>95%

Tab
(4a,

e 5.5: The Circular dichroism (CD) data for [Ru(phen)zdppz3^* (4) and its deuterioted complexes 
4c and 4 f ) *Loiv enantiomeric purity samples

o.ooe+00

-5.00E+02

-1.50E+03

complex (4)w
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5.5 The interaction of Ru(II) Poypyridyl Complexes with DNA.

A variety o f techniques have been used to examine the interactions of ruthenium 

complexes with DNA. We will consider (i) [Ru(phen)2dppz]^^ 4 and its substituted 

derivatives, 8 and 9, (ii) the selectively deuterated analogues (4a-4f) and (iii) the 

enantiomers o f 4 and its deuterated analogues, 4a and 4d, respectively. Despite interest 

in [Ru(phen)2diFdppz]^’̂  9 and the selectively deuterated complexes o f 4 and 8, no 

photophysical studies o f these have yet been reported, although reports o f *H NMR 

studies in the presence o f DNA have appeared^^® .̂ The interaction o f the dppz ligand with 

the DNA 71-stack may be probed by monitoring the changes in the spectral profiles of 

these complexes upon addition of DNA. In the present study, the DNA-binding 

properties were investigated by UV-Vis absorption, steady-state, and time-resolved 

luminescence studies. These monitoring techniques by themselves, are not definitive, but 

used in conjunction with each other give an overall indication o f  the DNA interactions of 

these complexes. It was difficult to make direct comparisons with reported studies as 

many different conditions, techniques, and models o f analysis have been used, even 

within single studies.

5.5-1 Electronic Absorption Spectroscopy.

The application of electronic UV-Vis absorption spectroscopy in DNA-binding studies is 

a useful technique for monitoring the changes in the visible region metal-to-ligand charge 

transfer (MLCT) band of Ru(II) complexes. The absorption spectrum o f DNA is 

characterized by the strong absorption bands o f the nucleic acid bases in the region 250- 

280 nm, resulting mainly from -K-n transitions. The pyrimidine bases and their 

nucleotides have a corresponding band at 260 nm (due to tt-ti transition), while the purine 

bases and nucleotides display two tt-ti transitions occurring at 260 - 270 nm, respectively. 

This technique may be used to study ruthenium complex-DNA systems, because due to 

the sensitivity o f the MLCT band to its microenvironment its optical properties exhibit 

changes (although small in magnitude) on binding to DNA. The spectral changes, in
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particular the degree of hypochromiticity, observed on addition of DNA to the complex 

solution can be analysed so as to obtain the thermodynamic parameters; binding constant 

(Kapp) and the site size (Bapp), respectively.

5 .5 .1 -1  Effect of DNA on the UV-VIs Spectra of [Ru(phen)zdppzX2]̂ "

Complexes

Absorption titrations of [Ru(phen)2dppz]^^ 4, and related racemic complexes 

[Ru(phen)2diMedppz]^"  ̂8 and [Ru(phen)2diFdppz]^"  ̂9, were performed with CT-DNA, in 

10 mM Tris buffer, without salt NaCl, at pH = 7.1.

In the absence o f DNA, the absorption spectra typically displayed two maxima. An 

MLCT band, is present at approximately 440 nm with little variation upon substitution. 

The remaining visible band common to these complexes, an IL band, lies at higher energy 

(370 - 385 nm) and tends to show a greater dependence on the nature of the substitutents. 

In the presence of 10 mM tris buffer without DNA the spectra remain unchanged relative 

to the complexes in aqueous solution.

UV-Vis absorption spectra were obtained for aqueous solutions of 4, 8, and 9, ([Ru] = 

5|^M]), as a function of DNA concentration, for P/D values ranging from 0 100. For

all three complexes, addition of CT-DNA induced spectral changes. Figure 5.10, 

illustrates spectra in the 300 - 600 nm region for these complexes, at P/D = 0 and 20, 

respectively. A P/D mixing ratio of 20 was employed to ensure, given the large excess of 

binding sites that most of the complex is expected to be bound, if binding were to occur. 

The observed spectral changes are tabulated in Table 5.6, the model system [Ru(phen)3 ]̂ '̂  

6 has been included for the sake of comparison.

What changes do we expect to see for these Ru(II) complexes on addition of DNA? 

Intercalation has a characteristic effect on the visible bands of the intercalator generally 

resulting in; (i) a bathochromic effect {i.e. red shift) of the band associated with a change 

in the solvent polarity as the Ru(II) center interacts with DNA, (ii) due to a stablisation of
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the excited state through strong %-k stacking interactions between an aromatic 

chromophore and the base pairs of DNA, there is a red shift and a pronounced 

hypochromism (a decrease in the absorbance intensity) of the maximum absorbance 

(^max) and finally (iii) the occurrence of an isobestic point may indicate a single mode of 

binding/orientation over the range of P/D ratios studied.

Complex 1\bsorotion)U..V (nm) .AX(mn)'% Hypo

Free“ Bound'’ (MLCT)' (MLCT)'*

6 [Ru(phen)3]^^ 447 430 17 12

4 [Ru(phen)2dppz]^^ 372,440 380, 442 2 18

9 [Ru(phen>2diFppz]^'^ 372 ,439 370, 440 1 4

8 [Ru(phen)2 diMeppz]^^ 382,442 387, 444 2 23

Table 5.6: Absorption Spectroscopic properties of the Ru(II) complexes on addition to DNA.

“ Wavelength of maximuni absorption of MLCT(Xmax) when rutheniunx complexes are 'free' (/!e. in lOmAA 
tris buffer) - [Ru] = 5 nM

Wavelength of absorbance (Xmox) when 100% of the ruthenium complexes are bound a6t P/D = 20 
' The change in (440nm) from conditions of 'free’ to 'fully bound' ruthenium complex.

This is related to the observed overall decrease in absorbance intensity at I f r e e  (see ®). The values 
have been corrected for dilution effects.

On addition of DNA to 4, the most striking effect was observed in the IL absorbance 

band, which undergoes a marked decrease in the intensity coupled with a red shift (~ 8 

nm) in the In the visible region, the broad, poorly resolved MLCT transitions of 

both the dppz and the phen ligands, undergo a slight intensity decrease and further band 

broadening (~1 nm) in the presence of DNA. Addition of salt, does not appear to have an 

influence on hypochromicity of the absorption bands. For 4, there is a greater 

hypochromicity (18%) of the MLCT band compared to that observed for complex 6 

(12%). This enhancement is expected as the extent of hypochromism commonly parallels 

the intercalative binding strength, which is enhanced in complex 4 due to the extended 

planar dppz ligand.
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Figure 5.10: The UV-Vis absorption spectra of complexes, 8, 4, and 9 in aqueous 10 mAA tris buffer 
solution (black line) and in the presence of CT-DNA at P/D = 20 (red line). The spectra were corrected 

for dilution, upon addition of DNA.
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The diMedppz complex 8, also displayed a bathochromic and hypochromicity for both the 

IL and MLCT bands in the presence of DNA (P/D = 20). On examination of the data, 

small shifts of 5 nm (IL band) and 2 nm (MLCT band) were observed. However, the 

hjTJOchromicity of the MLCT band is much more pronounced displaying a 23% decrease 

in absorption intensity. In contrast, addition of DNA (P/D = 20) to complex 9 resulted in 

a blue-shift (~ 2 nm) in the IL band while the MLCT band undergoes a small red-shift of 

~ 1 nm with a hypochromicity of 4%, respectively.

As all three complexes, 4, 8, and 9, contain a dppz-like ligand they are expected to 

intercalate into the DNA duplex via insertion of the planar extended dppz 7:-system. For 

4, and 8, we observe both a bathochromic and hypochromicity of the absorption bands, 

which is strongly suggestive of intercalative stacking interactions. This is not the case for 

9, and the observed behaviour may be attributed to weaker nn interaction between the 

intercalating diFdppz ligand and DNA. The spectral perturbation of the complexes upon 

addition of DNA follows; 8 (23%) > 4 (18%) > 9 (4%).

5.5.1-2 Effcct of DNA on the UV-Vis Spectral Properties of 

Enantiomers of [Ru(phen)2dppz]^* 4.

The behaviour of the absorption spectra of the enantiomers, A-4 and A-4, were examined 

upon intercalation with CT-DNA. For the absorption titrations, the total metal complex 

concentration was kept constant, while the DNA concentration was increased (i.e. 

increasing P/D mixing ratios). Increasing the DNA concentration, resulted in three 

different phases of events for the complexes, the first two phases are illustrated in Figure 

5.11. The observed spectral changes upon addition of DNA to complexes, 4, A-4 and A- 

4, are compiled in Table 5.7.
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Complex
P/D =0

D̂NA
P/D = 20

AA,(nm)
MLCT

%Hypo
MLCT

Isobestic
Point

K b
(Mbp)

Rac-4 373, 440 381,442 2 18 480 5*10^

A-4 373, 440 381,443 3 32 482 2.9*10^

A -4 373,440 381,442 2 26 477 1.5*10®

Table 5.7: Absorption Spectroscopic properties of Rac-4, A -4 and A -4  complexes in the presence of 
DNA. [Ru] = 5 uM at P/D = 20.

nm

nm

nm

33048043(’?im330 380

Figure 5.11: Absorption spectra (arbitrary units) of A-4 and A -4  in the presence of CT-DNA. The 
mixinq P/D ratios are the following: (A and B) from top to bottom 0 (no DNA present), 1,1.5, 2, 3 and 5 
end (C and D) from bottom to top: 10, 20,50. [Ru] = 10 ® M '
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The first phase is characterized by a hypochromic effect, as shown in Figure 5.11 [(A) for 

A and (B) for A], respectively. The absorption intensity at 440 nm (MLCT) and 372 nm 

(IL) bands decrease linearly on increasing the DNA concentration, from zero up to P/D = 

4. The effect is more pronounced for the IL band, but occurs to different extents for the 

two enantiomers. An absorption decrease of 32% and 26% occurred for A-4 and A-4 at 

P/D = 4. An isobestic point was observed at 478 nm for A-4 at 481 nm for A-4, 

respectively. This is in accordance with the literature, with reported values of 477 and 

482 nm for A- and A-complexes '̂*  ̂ .

The second phase of events occurs at higher P/D ratios, and is shown in Figure 5.11 [(C) 

for A and (D) for A]. For this phase, a different behaviour is observed, the absorption was 

found to increase and reaches a plateau value at P/D s  20, with only a slight perturbation 

of shape. The effect was found to be smaller for A-4 relative to A-4 complex.

Finally, for P/D ratios in the range 16 ^  100, further change was observed for the 

enantiomers, and at these values the absorption spectra are virtually identical for both 

enantiomers. On comparison to the spectra of 4 in the absence of DNA, the MLCT band 

is not red-shifted with only a moderate hypochromicity, but there is a ~7 rmi shift to the 

red for the corresponding IL band.

Examination of the data, as shown in Table 5.7, show a marked difference between the 

enantiomers of 4 on addition of DNA. The percent hypochromicity was found to be 

greater, by a factor of 1.2, for A-4 relative to the A-4 complex. In order to quantitatively 

compare the binding strength of the complexes, the intrinsic binding constants Kb of the 

complexes with CT-DNA were determined '̂*^  ̂ and are included in Table 5. 7. The data 

reveals that greater binding constants are observed for the A-4, Kb is almost fifteen times 

greater for A-4 relative to the corresponding A-4 complex, indicating that the A-4 has a 

greater affinity for DNA. Our values of 2.9x10^ and 1.5x10^ for the A-4 and A-4 

complexes compare well to reported values of 3.2x10^ and 1.7xl0^ respectively^ '̂^ .̂
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5.5-2 Steady State Spectroscopy Studies in the ppcscnce of DNA.

5.5.2-1 Introduction.

Given the preferential charge transfer onto the intercalating dppz ligand, the luminescence 

of the bound complex provides a sensitive reporter of its environment. Furthermore, if 

the dppz ligand is intercalated as both photophysical and thermodynamical properties 

suggest, it is clear for steric reasons that the two ancillary phen ligands, should have quite 

different orientations relative to the DNA and therefore give rise to different properties 

for the A- and A-enantiomers. The extent of DNA binding, is perhaps, best illustrated by 

steady-state and emission lifetime studies (see section 5.5-3).

5 .5 .2 -2  Effect of DNA on the Excited State properties of [Ru(phen)2dppz] *̂ 4.

The steady state emission spectra of 4 was examined in aerated solution with 10 mM tris 

buffer (pH 7.1) in the absence and presence of CT-DNA, at ambient temperatures. In 

water solutions no emission was found. However, in the presence of DNA emission was 

observed, the complex behaving as a molecular ‘light switch’^̂ ^̂ . Figure 5.12, exhibits the 

luminescence from 4 by DNA addhion for P/D = 20. Luminescence with emission 

centred at ~613 nm was found, which is comparable in intensity and is slightly blue- 

shifted to that found in ethanol (see Chapter Four). The spectrum appears broad and 

structureless which is indicative of an MLCT emissive state. In these photophysical 

studies an enhancement in the emission intensity is consistent with binding of the 

complex with CT-DNA, as described in the l i te ra tu re^ ' I t  has been suggested that the 

DNA helix protects the excited state by surrounding the phenazine nitrogens. In effect, 

they are no longer able to interact with the water molecules which deactivate the MLCT 

excited state by proton transfer, or partial proton transfers'll
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Figure 5.12: Em ission enhancem ent of [Ru(phen)2dppz]^*on addition  o f  CT-DNA to  an aqueous solution. 
P/D  = 2 0 , lOmM tr is  b u ffe r , pH = 7.1.

For 4, the occurrence of luminescence, at constant concentration, was monitored as a 

function of increasing amounts of DNA. Figure 5.13 displays a plot of intensity of 

emission as a function of increasing P/D ratios in the range 0 100, the emission

titration curve has also been included.

The maximum wavelength of emission, at A,max = 613 nm remains unchanged with 

increasing P/D ratios. At low P/D ratios the emission centred at >. = 613 rmi, increases 

linearly up to P/D ratio ~ 20 (maximum emission point) where the complex is expected to 

be fully bound. A second phase was observed where the emission decreases upon further 

addition of DNA to a P/D -60, possibly due to the dilution of the sample at high 

concentrations of DNA. After this point, no further changes were observed. It has been 

reported '̂*  ̂that complex 4 displays similar effects in the presence of [poly-(dA-dT)]2 .
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140

P/D Ratios

Figure 5.13: Luminescence Titration Curve for complex 4  in th e  p resence o f  increasing amounts of CT- 
ONA, P/D = 0  -1 0 0 . (A)  Emission Titration Curve, (B) P/O-vs-Emission In tensity . = 4 4 0  nm

The effect of DNA on the excited state properties of the related complexes, 8 and 9, were 

investigated, under identical conditions. In aqueous solution, no luminescence was found 

for these complexes. This is in contrast to Barton et who reported that complex 8 

displays weak emission in aqueous solution, while complex 9 has not been previously 

examined in this context.

Addition of DNA to complexes, 4, 8, and 9, resulted in an enhancement in the emission 

intensity, as the complexes interact with DNA by insertion of their extended dppz ligand 

between the base-pairs of the DNA helix. Therefore these complexes can act as molecular 

“light switches. Plots of the intensity of emission as a function of increasing P/D ratios is 

shown in Figure 5.14. They reveal that the strongest emission was observed for diMeppz 

8 (green line), followed by dppz 4, and then the diFdppz 9 complex in the presence of 

DNA. The relative quantum yields, Orel, (relative to 4 at a P/D value of 20) were 

calculated and show that 8 was found to be approximately 2 times greater than complex 4, 

and 15 times greater than 9. This trend is also observed for the emission quantum yields 

in acetonitrile in the absence of DNA, as detailed in Chapter Four.
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5 .5 .2 -3  The Effect of DNA on the Deuterated Complexes of

[Ru(phen)2dppz] *̂ 4.

Emission titration studies for the protiated 4, perdeuterated (4g) and selectively deuterated 

analogues (4a-4f), were examined upon addition of increasing amounts of CT-DNA, 

under identical conditions. The emission titration curves, for the series of complexes (4- 

4g) are shown in Figure 5.15. These plots display an increase in the intensity of emission 

on increasing deuteration of the complexes. From the luminescence titration curves, the 

largest emission enhancement was observed for the perdeuterated complex 4g, while 4 

exhibits the smallest emission intensity, respectively. The luminescence intensity for 

complexes (4-4g) were also plotted as a function of increasing concentrations of DNA, 

with P/D = 0 -  100, as shown in Figure 5.16. The emission quantum yield, Orel (relative 

to the protiated complex 4) at P/D = 20 is also included in Figure 5.16.
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Figure 5.15: Luminescence Titration Curves fo r series of compounds (4-4g) in the  presence of DNA.
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Complex 4 4a 4b 4c 4d 4e 4f 4g

hghio hgd4 hgde hgdio dghio dgd4 dgde dgdio
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Figure 5.16: Intensity of emission for 4 and its dcuterated analogues (4a-4g), versus increasing P/D 
ratios. - 440nm, 1.̂  - 613nm. ° $rei, factor of increase relative to complex 4, at P/D = 20.

On examination of the data for complexes (4-4g) several observations were noted.

• The relative emission intensity increases on moving across the series of compounds, 

from 4 to 4g, as the extent of D-incorporation into these complexes is increased.

• The rate of enhancement is not uniform across the series.

• The largest increase in the relative emission intensity Orel was observed for 4f (red)

• A marked increase for complex 4b (orange) -  de-dppz complexes.

• The smallest effects are found for 4a (pink) and 4d (light green) -  d4-dppz complexes.

• Trend is similar to that observed in the absence of DNA, under acetonitrile conditions.

In the presence of DNA, the substantial increase in the intensity of the emission upon 

deuteration of the phen part of the dppz ligand {i.e. de-dppz) and the small effect observed 

on exchange of the phenazine protons {i.e. d4-dppz), confirms our hypothesis that the 

‘promoted’ electron is most likely to be located on the phen moiety of the dppz ligand.

191



5 .5 .2 -4  The Effect of bNA on the Enantlomers of Ru(phen)2dppz] *̂

Complexes

Steady-state luminescence studies were performed for A-4 and A-4 complexes in the 

presence of DNA. A plot of the relative luminescence intensity on increasing the DNA 

concentration is displayed in Figure 5.17. The relative emission quantum yields Orel were 

calculated for the A- and A- complexes, relative to the protiated complex 4. It was found 

that both enantiomers emit strongly over the range of binding ratios P/D = 0 - 1 7  where 

the curves are perfectly linear indicating that all the added Ru(II) complex is bound at 

constant yields. The plot shows that the A-4 (green line), displays the strongest emission 

when bound to DNA with a maximum emission point of P/D ~21. In contrast, the 

maximum emission point for A-4 was not so clear-cut, but the curve appears to change 

slope at similar P/D ratios of A-4 complex. It was found that the emission quantum yield 

for A-4 was six times greater than that of the corresponding A-4. Owing to the difference 

in their quantum yields, the emission of 4A may be considered negligible compared to A- 

4 in racemic mixtures.

300

Rac150

100
P/D Ratio

Figure 5.17: Emission titration o f A- and A-4 with CT-DNA. The DNA was added to  complex, [Ru] = 5n  
AA, in tr is  b u ffer  (pH 7.1) and equilibrated for 10 mins.
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Steady state luminescence studies were also performed for the enantiomers o f the 

deuterated complexes, 4a and 4d, in the presence o f DNA, under identical conditions. The 

relative quantum yields are compiled in Table 5.8, the values for complex 4 are included 

for the sake o f comparison.

Complex 4 4a 4b 4c 4d 4c 4f 4g
hghio hgd4 hgde hgdio dghio dgd4 dgde dgdio

frel 1.00 1.03 1.17 2.00 1.08 2.22 2.31 2.48

A Orel 1.80 2.40 2.25 * 1.21 * ♦ *

A Orel 0.27 1.55 * 0.92 2.68 * ♦ *

Table 5.8: A comparison of the emission intensity enhancement relative to the racemic and enantiomeric 
protiated complexes of Ru(II) complexes in the presence of DNA. “ Measured at Xex = 440nm, A,em = 
613nm. “’ Tris buffer (lOmM), [Ru] = 5nM. '  P/D = 20. * Not successfully resolved m  chromatography 
techniques

For the enantiomers of the protiated complex 4, the A- enantiomer displays the greater 

intensity o f emission (factor of 6) compared to the A-enantiomer. On D-incorporation into 

the complex 4, the emission quantum yield between the enantiomers is reduced (factor of 

2-3) for complexes 4a and 4d, respectively. Furthermore in the case o f the latter complex, 

the A-enantiomer displayed stronger emission enhancement. However these are only 

preliminary results and further studies is necessary to confirm and explain this unusual 

behaviour.
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5.5-3  Time Correlated Lifetime Measurements In the Presence of DNA

5.5.3-1 Introduction

Single photon counting (SPC) spectroscopy is a powerful technique in monitoring 

changes in the photophysical behaviour of Ru(II) polypyridyl complexes on binding to 

DNA. The emission lifetime decays of (i) racemic complexes 4 and 4a (ii) enantiomers 

of 4 and (iii) deuterated enantiomers of complexes of 4a and 4d, were investigated in the 

presence of increasing concentrations of DNA. As these Ru(II) complexes bind to DNA 

with at least two different orientations, they exhibit biexponential decays. All 

experiments containing DNA were performed in lOmM tris buffer and 50mM NaCl, with 

a pH of 7.1. The emission lifetimes were measured by excitation at Xex 337 nm and 

emission at X,em 610nm and were monitored over a P/D range of 0 to 140, respectively.

5 .5 .3 -2  Racemic [Ru(phen)2dppz]^  ̂ Complex in the presence of DNA.

The emission lifetimes of [Ru(phen)2 dppz] '̂  ̂ rac-4 and [Ru(phen)2 d4 -dppz]^'^ rac-4a, 

were monitored as a function of increasing concentrations of DNA. The results obtained 

are tabulated in Tables 5.9 (rac-4) and Table 5.10 (rac-4a), respectively. Also included 

are;

• Relative abundancy (ai and aj) - Normalised pre-exponential factor, ai reflects 

the proportion of i present

• Chi-squared (x^) - goodness of fit, where = 1 for perfect fit

• Intensity of emission, Icai - calculated according to Icau a  aixi + a i t ,
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Rac - [Ru(phen)2 <Ippz]^^ 4

P/D Ratio" a i X2 0.2 Icalc

1.36 260 ±8 50 911 ±9 50 1.049 5.86 *10''
2.00 341 ± 7 41 977 ± 11 59 1.009 7.16
2.72 248 ± 6 48 913±7 52 1.102 5.94
8.84 244 ± 6 51 932 ±7 49 1.072 5.81
17.04 215±5 54 950 ±6 46 1.119 5.53
29.24 252 ±8 54 978 ±8 46 1.193 5.86
59.84 205 ±7 49 956 ±8 51 1.116 5.88
70.04 187±6 42 948 ± 10 58 1.054 6.29

100 179 ±5 34 927 ± 10 66 1.193 6.73

>100 179 ±5 33 916110 67 1.046 6.73

Tabic 5.9 : Luminescence decay parameters or Rac-[Ru(phen)2 dppz] , 4 , in the presence of CT-DNA.

Rac - [Ru(phen)2 d 4 -dppz]^'^ 4a

P/D Ratio ® Xl « l t:2 Cl2 Icalc

1.36 257 ±9 44 936 + 8 56 1.015 6.37 *10“

2.00 278 ±9 44 957 ±7 56 1.098 6.58

2.72 271 ±8 46 964 ±6 54 1.026 6.46

8.84 290 ± 12 50 970 ±8 50 1.122 7.30

17.04 212±5 52 990 ±6 48 1.031 5.85

29.24 260 ± 10 45 1012 ±8 55 1.067 6.74

59.84 254 ± 18 39 1050± 12 61 1.084 7.40

70.04 246 ± 17 38 1011± 13 62 1.133 7.10

100 174 ±4 30 973 ± 9 70 1.001 7.33

>100 184 ±5 31 961111 69 1.026 7.20

DMA.

“ Mixing P/D ratio. The concentration of the metal complex was 5 nM. Normalized preexponential 
factors obtained from biexponential decay curves. ai reflects the proportion of component Oi in the 
luminescence at t  = 0 {e.g. directly afte r the illumination). ‘Soodness-of-fit parameter, = 1 for a 
perfect fit. Standard deviation for the lifetime decay constant. * Relative intensities at 610 nm 
calculated according to Icaic proportional to aixj + azxz
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On examination of the data, similar trends were observed for rac-4 and rac-4a 

complexes. In the presence of DNA two lifetimes were observed, which comprise a 

short-lived ti (sh) and a long-lived i2 (lo) lifetime component. In both cases, the longer- 

lived component, xj has a longer emission lifetime and higher relative abundancy. The 

magmtudes of the lifetimes do not vary significantly over the range of P/D concentrations 

investigated. However, there was a general trend found for these complexes on binding 

to DNA. The emission lifetime increased up to P/D ~ 29 (maximum emission point), 

whereby further additions of DNA resulted in a slight decrease in the emission lifetime. 

The relative abundances (ai and tt2), are approximately equal -50% at low P/D ratios. 

On reaching the maximvmi emission point there is a greater percentage of xi present, 

which increases on increasing additions of DNA to the complex solutions. The calculated 

intensity of emission, Icai was found to be greater by ca. 24% for rac-4a complex, 

attributed to the longer emission lifetime values of i 2  as a result of D-incorporation into 

the complex.

Interpretation of the data is difficult as the racemic compounds consist of a mixture of 

binding modes. Indeed, little attention has focused on the decays of these complexes.

5 .5 .3-3  Lumincscencc Lifetime Studies for Enantiomers of

[Ru(phen)2dpp2] *̂ 4.

Extensive research has focused on the elucidation of the nature of the binding modes of 

the A- and A-enantiomers of Ru(II) complexes in the presence of a wide range of DNA 

conformations. We wish to examine the emission lifetimes of the enantiomers, A-4 and 

A-4, as a function of increasing amounts of CT-DNA, under conditions as previously 

described.
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a. L  ̂ -  [Ru(phen)2dppz]^^ w ith  C T -D N A . 4A

P /D  Ratio® oti 1:2 Icalc

1.36 209 ±  15“* 60 770 ±  10 40 1.059 4.34 * 1 0 “

2.00 279 ±  11 43 922 ± 7 57 1.039 6.45

2.72 289 ±  10 38 940 ± 9 62 0.991 6.93

8.84 3 1 4 ±  10 42 955 ± 8 58 1.059 6.86

17.04 308 ±  10 40 950 ± 7 60 1.185 6.93

29.24 321 ± 9 24 969 ± 8 76 0.973 8.13

59.84 283 ± 8 43 984 ± 7 57 1.158 6.82

70.04 236 ± 7 41 966 ± 5 59 1.036 6.64

100 2 1 7 ± 9 42 957 ± 6 58 1.000 6.46

>100 195 ±  10 42 924 ± 8 58 1.012 6.18

b. A  -  [R u(phen)2dppz]^‘̂  w ith  C T -D N A . 4 A

P /D  Ratio" i:i‘‘ a i t2 tt2 Icalc

1.36 91 ± 4 73 445 ±  10 27 1.293 1.86 *10'*

2.00 1 1 9 ± 8 69 494 ± 2 1 31 1.129 2.35

2.72 1 1 8 ± 8 68 461 +  19 32 1.180 2.27

8.84 I1 5 ± 7 69 464 ±  20 31 1.168 2.22

17.04 90 ±  14 76 426 ±  14 24 1.098 1.70

29.24 89 ± 5 77 398 ± 2 2 23 1.128 1.60

59.84 79 ± 4 76 368 ±  16 24 1.127 1.48

70.04 66 ± 4 77 348 ±  14 23 1.028 1.31

100 58 ± 5 71 273 ± 1 1 29 1.046 1.11

Table 5.11: Luminescence decay parameters fo r enantiomers o f [Ru(phen)2 dppz]^*, 4A and 4A, in the 

presence of CT-DNA.

 ̂ Mixing P/D  ratio. The concentration of the metal complex was 5 nM. ‘  Normalized preexponential 
factors obtained from biexponential decay curves, ai re flec ts  the proportion of component /  in the  
luminescence at t  = 0  (e.ff. directly a fte r  the illumination).*' Soodness-of-fit parameter, = 1  fo r  a 
perfect f i t .  * Standard deviation fo r the lifetim e decay constant.  ̂ Relative intensities at 610 nm 

calculated according to Icaic proportional to a itj + 0 3 X2
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The lifetimes xi and i 2  do not significantly alter over the DNA-titration range monitored. 

The emission lifetimes o f  A-4 and A-4, were plotted as a function o f  increasing DNA  

concentrations, and are shown in Figure 5.18. They reveal distinct differences between 

the two enantiomers.

• The long-lived lifetime component, xa has a substantially longer lifetime, T2 = 969

ns (76%) for A-4 compared to T2 = 398 ns (23%) for the corresponding A-4 

complex.

•  The short-lived lifetime component, xi is also enhanced for A-4 although to a 

much lesser extent.

• There is general increase in ti and X2 at low P/D values up to P/D~ 29 (A-4) and 

P/D (A-4). At higher P/D values there is a decrease in both emission lifetimes, 

respectively
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Figure 5.18: The emission lifetime decay constants for enantiomers, 4A and 4A, complexes as a 
function of increasing DNA concentration. Where lamda-lo denotes the long-lived lifetime, x ifor the A 
-enantiomer and delta-sh corresponds to the short lived lifetime, for the A-complex.

For rac-4, A-4, and A-4, a plot o f  T2 , as a function o f  increasing DNA concentration, is 

shown in Figure 5.19. It displays that the emission lifetime o f  the racemic (blue) and A-4 

(red) complexes are very similar, while the emission from A-4 (green) is small. This 

confirms that the lifetime component o f  the racemic mixture corresponds mainly to 

contributions fi-om A-4 complex. Furthermore, this supports our conclusion from steady- 

state measurements (see Section 5.5.2-4) that the luminescence intensity is mainly 

attributed to contributions from A-DNA mixtures.
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Figure 5.19: The emission lifetime decay constant, t 2 , for rac-4, and the enantiomers, 4A (delta) and 
4A  (lamda), complexes as a function of increasing DNA concentration.

Relative Abundances'. For both complexes, at low P/D ratios, there is a greater abundance 

of the short-lived lifetime, ti, with values o f 60% (A-4) and 73% (A-4), respectively. At 

high P/D values, the most long-lived component, t i  has a substantially higher relative 

abundance for the A enantiomer while the short-lived lifetime T2 is present in a higher 

percentage for the A-complex.

Intensity o f  Emission'. The intensity of emission, Icai for 4-A and 4-A, was calculated and 

included in Table 5.11. Figure 5.20 displays a plot o f Icaic -^ ŝ- P/D ratio for both 

enantiomers over the range of DNA concentrations investigated. For A-4 the intensity of 

emission is significantly greater (factor o f 5), relative to the A-4 complex. Owing to the 

difference in the intensities of emission, contributions from the A-enantiomer are 

expected to be small compared to those o f the A-complex in racemic mixtures.
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Figure 5.20: The calculated relative intensity of emission, Icaic. for the enantiomers, 4A and 4A, 
complexes as a function of increasing DNA concentration.

Table 5.12 provides a comparison between the steady-state emission intensities and time- 

resolved data for A -4 and A-4 at P/D = 29, under which all the metal complex is 

expected to be bound.

A-enantiomer A-enantiomer A/A-enantiomer ratio

P/D Rl'’ calc' Rl̂ calc" RI** calc'̂

29.24 =100 =100 17 20 5.9 5.0

59.84 86 84 12 18 7.2 4.7

70.04 82 81 10 16 8.2 5.1

100 81 79 9 14 9.0 5.6

>100 73 71 8 13 9.1 5.4

av = 7.88 av = 5.16

Table 5.12: The relative intensities determined from steady-state and time-resolved measurements

b Relative intensities at 610 nm, determined from steady-state emission spectra, normalized (=100) to 
the CT-DNA complex (P/D = 29)
c Relative intensities at 610 nm, calculated from time-resolved data in Table 1, according to Icaic 
proportional to (xixi + otztz normalised as in footnote b.
d Calculated intensity ratio of A to A  enantiomers at 610 nm determined as in footnote c.

200



It can be seen that the quantum yields decrease at low binding ratios but the ratio between

the enantiomers are essentially the same. The relative quantum yield for the A-4

compared to the A-4 estimated from the luminescence titration has a value of 5.2 
(compared to 7.8).

On examination of the data, the lifetime components and pre-exponential factors 

correspond to A—4, attributed to the preferential emission of this enantiomer in the 

presence of DNA. This supports our results from steady-state measurements were higher 

luminescence intensities were observed for A-4/DNA mixtures, compared to A-DNA. 

This is attributed to a correspondingly higher intrinsic quantum yield of the bound A—4 

complex. In conclusion, there is good agreement in the data obtained from both steady- 

state and time-correlated studies.

5 .5 .3 -4  Deuterated [Ru(phen)2dppz]^* Complexes in the presence of

ONA.

The technique of H-D exchange of these Ru(II) complexes has been employed as it hoped 

that the increased excited state lifetime decays will provide us with a usefril tool to probe 

the nature of the binding modes with DNA. To this end, the emission lifetime decays as a 

function of increasing P/D values in the range 0 to 100 for (i) [Ru(phen)d4-dppz]^'^ - A-4a 

and A-4a; (ii) [Ru(phen)d6-dppz]^'^ - A-4d; and (iii) [Ru(d8-phen)dppz]^'^ - A-4d and 

A-4d complexes were investigated, under the conditions as previously stated. The results 

of these studies are tabulated in Tables 5.13 (4a), 5.14 (4d), and 5.15 (4b), respectively.

Lifetimes: In the presence of DNA, the value of the emission lifetimes increase on 

increasing the extent of deuteration into the complex in the order; 4 < 4a < 4b < 4d. 

Figure 5.21 displays plots of the emission lifetimes of the enantiomers of all four 

complexes as a flmction of increasing P/D ratios. As all the plots are relative, a direct 

comparison between the series of complexes can be made.
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a. A  -  [Ru(phen)2 d 4 -dppz]^‘̂  w ith  C T - D N A .  A  -  4a
P/D Ratio" a.

^2 « 2
T d
Acalc

1 .3 6 3 0 2  ±  1 3 “ 3 6 9 5 2  ± 8 6 4 1.031 7 . 1 8 * 1 0 ' '

2 . 0 0 3 4 3  ±  12 4 2 9 9 1  + 9 5 8 1 .019 7 . 1 9

2 . 7 2 3 3 1  ± 1 1 4 2 9 8 4  +  9 5 8 1 .048 7 .1 1

8 . 8 4 2 9 8  ± 9 4 3 9 7 4  +  6 5 7 1 .0 0 6 6 .8 3

1 7 .0 4 2 8 3  ± 8 4 3 9 8 9  +  6 5 7 1 .0 7 7 6 . 8 6

2 9 . 2 4 2 6 5  ± 7 4 4 9 9 7  +  6 5 6 1 .1 3 3 6 . 7 4

5 9 . 8 4 2 3 1 + 6 4 7 9 9 8  +  6 5 3 1 . 0 6 9 6 .3 8

7 0 . 0 4 2 1 7 ± 4 55 9 8 4  ± 6 4 5 1 .0 2 9 5 .6 2

1 0 0 1 9 4  +  4 6 0 9 4 8  ± 6 4 0 0 . 9 7 1 4 .9 5

> 1 0 0 1 7 9  ± 3 6 8 9 2 1  ± 7 3 2 1 .0 7 3 4 . 1 6

b. A - [Ru(phen)2tl4 -dppz]^^ w ith  C T - D N A A -4a

P/D Ratio* "ti a , ’’ ‘̂ 2 0.2 T ** ĉalc

1 .3 6 2 2 8 ± 11“ 4 3 9 0 0  ± 9 5 7 1 .1 1 3

O*

2 . 0 0 2 4 8  ± 7 4 2 9 3 0  +  6 5 8 1 .1 2 1 6 . 4 3

2 . 7 2 2 6 7  +  8 4 4 9 3 7  ± 6 5 6 1 .1 0 8 6 . 4 2

8 . 8 4 2 7 2  ± 8 4 5 9 4 2  +  6 5 5 1 .0 7 8 7 . 4 0

1 7 .0 4 2 2 9  ± 6 4 9 9 2 0  +  6 51 1 .0 3 5 5 .9 1

2 9 . 2 4 2 2 8  +  6 5 0 9 3 5  +  6 5 0 1 .1 1 2 5 . 8 2

5 9 . 8 4 2 1 3  +  5 53 9 6 6  +  6 4 7 1 .1 1 7 5 . 6 7

7 0 . 0 4 1 7 8 ± 4 61 9 5 2  ± 6 3 9 1 .1 4 7 4 . 8 0

1 0 0 154  ± 4 6 4 8 7 2  +  10 3 6 1 .0 2 3 4 . 1 3

> 1 0 0 153 ± 3 7 5 8 6 3  +  17 2 5 1 .0 4 3 3 . 3 0

Table 5.13: Luminescence decay parameters for enantiomers of [Ru(phen)2 d4 -d p pzf\ A-4a and A-4a, 
in the presence of CT-DNA.

 ̂ Mixing P/D ratio. The concentration of the metal complex was 5 |iM. ' Normalized preexponential 
factors obtained from biexponential decay curves, ai reflects the proportion of component a; in the 
luminescence at t = 0 (e.p. directly after the illumination).'* Soodness-of-fit parameter, = 1 for a 
perfect fit. * Standard deviation for the lifetime decay constant.  ̂Relative intensities at 610 nm 
calculated according to Icaic proportional to aiti + ajiz
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A -  [R u(d8-phen)2dppz]^^ w ith  C T-D N A . A-4c
P/D Ratio® a,*’ 0.2 ^calc ^

L36 346 ± 9“ 53 1148± 12 47 1.156 7.23 *10'*
2.00 382 ± 10 51 1216+11 49 1.136 7.91
2.72 354 ± 9 50 1167± 10 50 1.142 7.61
8.84 344 ± 8 49 1164 + 89 51 1.193 7.63
17.04 412± 15 43 1266+ 11 57 1.028 8.95
29.24 413±  15 43 1275 ± 12 57 1.093 9.04
59.84 372 ± 14 42 1259+ 12 58 1.090 8.87

70.04 345 ± 14 48 1219± 14 53 0.964 8.12

100 306 ± 10 53 1226 ± 13 48 1.018 7.50

>100 256 ± 9 57 1219+13 48 1.174 6.70

A - (Ru(d8-phen)2dppz]^^ w ith  C T-D N A . A -4 d  1

P/D Ratio* "Cl a . ” ■̂ 2 « 2 Icalc ^

1.36 336± lO** 58 1000 ± 17 42 1.068 6.15 *10''

2.00 348 ± 11 55 1106± 15 45 1.092 6.89

2.72 320 ± 10 53 1102± 13 47 1.047 6.88

8.84 306 ± 9 54 1142± 11 46 1.039 6.90

17.04 297 ± 9 54 1194± 12 46 1.075 7.09

29.24 291 ±8 55 1198112 45 1.098 6.99

59.84 325 ± II 55 1276 + 16 45 1.078 7.53

70.04 304 ± 19 51 1257 + 24 49 1.099 7.71

100 244 ± 7 64 1230 + 14 36 1.083 5.99

>100 239 ± 6 67 1218 + 13 33 1.176 5.61

Table 5.14: Luminescence decay parameters for enantiomers of [Ru(d8-phen)2dppz]^*, 4dA and 4dA, in 
the presence of CT-DNA.

 ̂ Mixing P/D ratio. The concentration of the metal complex was 5 |jAA. ' Normalized preexponential 
factors obtained from biexponential decay curves. ai reflects the proportion of component / in the 
luminescence at t = 0 (e.g. directly after the illumination).'* Soodness-of-fit parameter, = 1 for a 
perfect fit. * Standard deviation for the lifetime decay constant. * Relative intensities at 610 nm 
calculated according to leak proportional to aiti + azxz
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A - [Ru(phen)2d6-dppz]^  ̂with CT-DNA. A-4b
P/D Ratio“ Tl tti'’ 12 0-2 T ® ĉalc
1.36 388 ± 11*̂ 53 1045 ± 13 47 1.019 7.01 *10'*
2.00 382 + 10 50 1096± 11 50 1.058 7.39
2.72 375 + 10 48 1095+ 10 52 1.039 7.49
8.84 376 + 10 47 1116 + 9 53 0.987 7.68
17.04 424 + 11 40 1171+ 13 60 1.102 8.73

29.24 349 ± 9 42 1172+12 58 1.088 8.27

59.84 2 8 0 1 7 42 117319 58 1.003 7.93

70.04 242 + 7 49 115617 51 1.062 7.04

100 217 + 6 54 113917 46 1.128 6.41

>100 194 + 5 60 1121 1 7 40 1.103 5.64

Table 5.15: Luminescence decay parameters for enantiomers of [Ru(phen)2d6-dppz]^*, 4bA, in the 
presence of CT-DN/A.

** Mixing ? /b  ratio. The concentration of the metal complex was 5 nM. Normalized pre-exponential 
factors obtained from biexponential decay curves, a-, re flec ts the proportion of component Oi in the  
luminescence at t  = 0 {e.g. directly after the illumination).'^ Soodness-of-fit parameter, = 1 fo r  a 
perfect fit. ® Standard deviation for the lifetime decay constant.  ̂Relative intensities at 610 nm 
calculated according to I„|<. proportional to ajTi + azxz

Emission Lifetimes: For the A-complexes, there is a significant difference between the 

contributions of the two lifetimes, where %2 displays a greater emission lifetime. On D- 

incorporation into these complexes we observe that the A-complexes for 4a, 4b, and 4d, 

are similar. For the A-complexes, there is a much smaller difference between the 

contributions of the two lifetimes. However, D-incorporation into the complexes results 

in marked differences. Firstly, there is a significant difference between the values of the 

two lifetimes, with xj displaying the greater abimdance of the two lifetime components. 

Secondly, the difference between the enantiomers is not as apparent and the lifetime 

decays are almost equivalent for complexes 4a and 4d, as shown in Figure 5.21
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Figure 5.21; Lifetime decays of the enantiomers for Ru(II) complexes as a function of CT-DNA.
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Relative Abundance: At the maximum emission point, P/D = 29, we observe that there is 

a greater abundance of X2 for the A-complexes and of xi for the A-isomers. This reflects 

the enhanced lifetimes and emission intensities for the A—enantiomer of these complexes.

Intensity o f Emission: The intensity of emission for the deuterated complexes, 4a, 4b, and 

4d, were determined and found to be approximately equal for both enantiomers. This is 

in contrast to the parent complex 4, whereby the emission for the A-isomer was five times 

greater relative to the A-isomer.

5.5.3-5 Discussion

How do our values compare to the literature? Table 5.16, contains the experimental 

conditions employed and the reported values for 4 and its enantiomers in the presence of 

CT-DNA, according to Norden̂ ^̂  ̂and Barton^^*  ̂and their coworkers. Our recorded data 

(at approximately the same P/D values) has also been included. Our measured lifetimes 

are higher by ca. 43% and 82%, relative to those reported in the literature, and there are 

differences in the relative abundancies of the emission lifetimes, t i  and i 2 . A direct 

comparison is not feasible as different experimental conditions have been employed. The 

main discrepancies between these studies are the type of buffer (tris or phosphate) and the 

excitation and emission parameters, the latter should have little, if  any effect on the 

measured values. A more detailed study, possibly under identical conditions as these 

reported in the literature is required. These preliminary experiments provide some 

promising and interesting results and currently further studies are being undertaken in our 

laboratories.
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Barton'*** Our recorded data Tuite'"̂ ' Our recorded data
T| (ns) t 2  (ns) Ti (ns) 1 2  (ns) Ti (ns) T2  (ns) T, (ns) t 2  (ns)

Rac 93 (6 3 )* 5 1 2 (3 7 ) 2 0 5 (4 9 ) 956 (5 1 )* 252 (54) • 9 7 8 (4 6 )

1 A 97 (5 7 )* 473 (43) 283 (43) 794 (57) • 132 (74) • 794 (26) 321 (24) 969 ( 7 6 ) •

A 61 (43) 346(57) • 79  ( 7 6 ) • 262 (23) 37 (9 4 )* 2 6 2 (6 ) 89 (77) • 398 (23)

Conditions:

480nm 6 17nm 

P/D = 50

5mM Tris buffer, 50mM NaCl 

pH 8.5

Conditions:

êx 440nm 610nm 

P/D = 59

lOmM Tris buffer, 50mM

NaCl

pH 7.1

Conditions:

Xex 440nm ?^em>580nm 

P/D = 25

5mM Phosphate buffer 

pH 6.9

Conditions:

440nm 610nm 

P/D = 29

lOmM Tris buffer, 50mM

NaCl

pH 7.1

Table 5.16: A comparison of the reported and recorded data for the iifetime decay of 
[Ru(phen)2dppz]^* (4) in the presence of CT-DNA. Where • denotes the higher relative abundance 
lifetime present in the complex.

5.6 Concluding Remarks.

The interaction of the parent complex 4, with nucleic acids is much more complicated 

than the binding of a simple intercalator, and extensive research is needed to unravel the 

remaining mysteries. To this end, the present study involved a detailed investigation of 

the interactions of the racemic, protiated and deuterated, and enantiomeric complexes of 

[Ru(phen)2dppz]^^ 4 in the presence of CT-DNA.

A number of synthetic routes were attempted for the preparation of the enantiomerically 

pure complexes of 4. After much time and effort, the enantiomers of the parent protiated 

complex 4 and its deuterated analogues, 4a and 4d, were successfiilly separated, as 

determined by CD spectroscopy.

The intensity changes and shifts in the UV-Vis absorption band maxima for 4 are 

consistent with previous reported values and support an intercalative binding mode with 

the DNA helix. Similar effects were found for the diMedppz complex 8. In contrast, for 

the diFdppz complex 9 shifts to shorter wavelengths of the MLCT band were observed.
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Steady-state emission studies, reveal that [Ru(phen)2dppz]^  ̂ and related complexes are 

highly spectroscopic probes for DNA, behaving as molecular “light switches”. No 

detectable luminescence was observed for all three complexes in aqueous solution, 

however, its luminescence is switched on by interaction with DNA. This is in contrast to 

Barton et , who reported detectable emission for complex 8 in aqueous solution. 

Comparison o f the emission intensities of the three complexes show that 8 exhibits the 

strongest emission. Complex 9 is the weakest emitter, which is intrinsic to the complex 

and not necessarily caused by a weak interaction with the polynucleotide. It was noted 

that, upon binding, the magnitude of change observed for the absorption intensity (10- 

20%) is much less than that for emission intensity (60-150%). So the error is greater in 

the case o f the latter measurements.

For complex 4, the enhanced hypochromicity in the MLCT absorption band and the 

higher emission quantum yield of the A-enantiomer relative to the A-enantiomer, suggest 

that it is primarily responsible for the luminescence o f the racemic complex upon binding 

to DNA.

Time-correlated lifetime studies were performed for the racemic. A- and A-enantiomers 

o f 4 as a function of increasing concentrations of CT-DNA. Each o f the complexes 

displayed a biexponential luminescence decay upon binding to DNA, displaying a short 

(ti) and long (1 2) lifetime component, implying at least two binding modes upon 

interaction with DNA. Both the lifetime components and pre-exponential factors 

correspond to the 4A-enantiomer, attributed to the preferential emission by the 4A-isomer 

in the presence of right-handed double helical DNA. Furthermore, this supports our 

results from steady-state measurements that the higher luminescence intensity obtained 

for the 4A-DNA mixtures, compared to 4A-DNA, is attributed to a correspondingly 

higher intrinsic quantum yield of the bound A-complex.

208



A number o f interesting and promising preliminary results were obtained upon D- 

incorporation into the dppz ligand (i.e. d4-dppz — phenazine protons) and the ancillary 

phen ligands (i.e. dg-phen) of these systems. It was expected that the properties o f the 

deuterated enantiomeric complexes, 4a and 4d, would display similar results to the parent 

complex 4. This however was not found. For both complexes, the emission lifetime 

decays and pre-exponential factors of the A- and A-enantiomers display no preference, the 

enantiomers being essentially equal. At present, we can offer no explanation for this 

unusual observation, but have found it to be reproducible.
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6.0 Introduction
This chapter describes the procedures used during the course of this work in their 

most general forms. Exact conditions for each experiment are given within the 

section of this thesis where the results are reported.

6.1 Materials 

6.1-1 Reogents
Starting materials for synthetic work were obtained from Sigma or Fluka and used 

without further purification. Hydrated ruthenium trichloride was purchased from 

Johnson Matthey Materials Technology, UK, and used as received. SP Sephadex C-25 

and LH-20, in anhydrous forms were from Aldrich Chem. Co. Ltd.

6.1.1-1 Solutions for DNM Studies
High Molecular weight calf thymus DNA was obtained from Sigma and purified as 

follows. Approximately 1 gram of DNA was allowed to dissolve overnight in sterile 

water (500 ml) and then sodium dodecylsulphonate and NaCl added to make it 1% 

sodium dodecylsulphonate and IM NaCl. An equal volume of 

phenol/chloroform/isoamyalcohol (25;24;1) was added 0,5% w/v of 8- 

hydroxyquinoline. This mixture was saturated by standing over an aqueous 100 mM 

tris/HCl buffer (pH 7.1). The mixtitfe was shaken for 1 hour at 4°C, and separated by
>

centrifugation at 10,000 rpm. Protein impurities were trapped as a white film between 

the aqueous and organic layers. ITie aqueous DNA solution was removed, and the 

process repeated until it was protein free, usually 1 or 2 times. The DNA was then 

precipitated using two volumes of ice-cold ethanol and spooled onto a glass rod. It 

was re-dissolved in water to a final concaitration of about 3 x 10'  ̂M phosphate and 

dialysed extensively against water and then 10 mM phosphate buffer to remove low 

molecular weight DNA. The DNA was free of protein if the absorption ratio 

A260/A280 nm was greater than 1.9. The CT-DNA was stored at -20‘*C, in sterile 

Epindorf tubes to prevent bacterial growth‘ 1̂
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All the experiments involving the interaction of the complexes with DNA, were 

prepared directly in the cuvette using doubly distilled water, with 10 mM Tris Buffer 

(pH 7.1) and 50 mM NaCl. The DNA concentration per nucleotide was detemuned 

by spectrophotometrically using the molar absorption coefficient, 6600 M'^cm'^ at 

260 nm^ l̂ Metal complex stock solutions, prepared by dissolving the chloride salts in 

water, were kept in the dark to avoid photodegradation.

6.1-2 Solutions 

6.1.2-1 Solutions

Metal complex stock solutions, prepared by dissolving and sonicating the chloride 

salts in water and the ammonium hexafluorophosphate salts in acetonitrile were kept 

in the dark to avoid degradation, Experimental samples were freshly prepared before 

each experimait from stock solutions of accurately determined concentration using 

accurate calibrated micropipettes (Gilson P20, P200, and PI 000). Typically, 

concentrations ((1-6)* 10'  ̂ M) were low enough to avoid the necessity for re­

adsorption corrections. In experiments involving spectroscopy tiie nucleic acid 

concentrate was added stepwise in small volumes allowing time for equilibrium and 

corrections were made for the dilution of the sample.

6.1.2-2 Solvents
For spectroscopic measurements, all solvents were obtained from Aldrich and were 

of the hipest purity available. Deuterium (Dxide (D2O) in 99.9% isotopic purity and 

Deuterium Chloride (DCl) were obtained from Apollo Scientific Ltd., Derbyshire, 

UK.

6.1 .2-3  Buffers.
Tris Buffer; 10 M Tris Buffer (pH 7.1) was prepared by dissolving 1.21 g of Trizma 

base (tris[hydroxymethyl]amino methane, Sigma, 99.9%) in 80 ml water and adding 

1ml concentrated HCI, as specified in Maniatas^^l
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6.1 .2-4  Solution Degassing and Oxygenating.
Studies, as a function of the triplet-state quencher 0̂2, were performed both in the 
absence and the presence of DNA. The concentration of oxygen in a number of 

systems is tabulated in Table 6.1̂ '*̂ . The samples were oxygenated by bubbling water- 

saturated oxygen, through a syringe, into a septum-covered cuvette for a minimum of 

30 minutes. Whai degassing of samples was necessary, solutions were degassed on a 

high vacuum pump by a freeze-thaw-pump mechanism with at least four cycles to a 
pressure of ~ 4.5x10'^ mbar, prior to measurements. These were found to give 

reproducible results and were considered reliable.

[O2] mM/L
Degassed Aerated Oxgenated

Atmosphere 0.21atm02 latm O2

Water 0.00 0.27 1.27

Acetonitrile 0.00 1.90 9.10

CH2CI2 0.00 2.20 10.70

EtOH 0.00 2.10 9.92

MeOH 0.00 2.10 10.20

DMSO 0.00 0.46 2.20

THF 0.00 2.10 10.0

Pyridine 0.00 1.20 5.66

Table 6.1; Concentration o f O2 in various solvents a t 25°C

6.2 Experimental Apparatus and Methods
UV Absorption spectra, emission spectra and hfetimes were acquired at 

concentrations of samples in the range (3 x 10'® M -  5 x 10'  ̂ M), at ambient 

temperature, in 1 cm quartz cuvettes. The concentration of the Ru(II) complexes were 

determined spectroscopically using molar absorption of Ru(II) ion, e  = 21,800 M‘* 

cm'* at 373 nm*̂ ^
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6.2-1 Absorption (UV-vIs) Spectrocopy.
Absorption Spectra and optical density were recorded on a Caiy 4UV 

spectrophotometer or a Shimadzu UV-2401 PC UV-vis spectrophotometer in the 

range 100-900 nm. Data were stored, manipulated and analysed using the IBM 386. 

Solutions were measured in 1 cm curvette cells. Concentration of ruthenium 

complexes were in the order of ~10'^M so as achieve a maximum absorption in the 

range o f 0-2 in the visible range of the spectrum. Extinction coefficients are accurate 

to 5%.

The extinction coefficients e were calculated using the Beer-Lambert Law (1),

A = -log(l/Io) = E.c. l  (1)

The value o f e is usually reported at a wavelength of a maximum absorption peak and 

is denoted as 8max- In order to determine Smax for ligands and ruthenium(II) complexes 

synthesised here, solutions of known concentrations were prepared and their 

absorption spectra were obtained.

6.2-2 Steady State Emission and Excitation Spectroscopy.
Steady state emission and excitation spectra, and fluorescence intensity data were 

recorded using a Perkin-Elmer LS-50B luminescence spectrofluorimeter, with a 

150W Xenon lamp as the light source. Fluorescence was detected at right angles to 

excitation with a Hamamatsu R928 red-sensitive photomultipler. Spectra were not 

corrected for photomultipler response. All spectra were recorded in a 1cm cuvette 

with excitation and emission monochromators set to 6 nm slit-widths.

• Quantum Yields.
Quantum Yields o f fluorescence in various solvents were determined from 

fluorescence spectra recorded at 298 K using [Ru(bpy)3]̂ '" !(<!> = 0.042 for degassed 

and O = 0.028 for aerated) in aqueous solution as a standard*̂ ^̂ ’’̂ *’, and were 

calculated using equation Corrections were made for the refractive indices o f
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the solvents used, see Table 6,2. Spectra were uncorrected for variations in lamp 

intensity and photomultipler response

f n ^

J ' } .A',

Where I (sample) and I' (standard) are the integrated emission intensities, A and A' 

the absorbances at the excitation wavelength, and n and n' the refractive indices of the 

solvents, and Oem is the uncorrected emission quantum yield.

Solvent „2 0 Solvent ' ‘■D

CHjCN 1.34423 Pyridine 1.5100

DCM 1.4242 DMSO 1.4790

EtOH 1.3611 MeOH 1.3618

H2 O 1.33299 DMF 1.4310

Table 6.2; Refractive Indices of Solvents^®l

6.2-3 NMR Nuclcar Magnetic Resonance
The *H NMR spectra were recorded on a Bruker DPX 400 NMR spectrometer 

operating at 400.13 MHz for ^H NMR, 100.14 MHz for and 376.45 MHz for 

NMR, respectively. All measurements were carried out at room temperature, using 

CDCI2 and CD3CN as the solvents, with the chemical shifts being reported in ppm 

downfield from TMS.

6.2-4 Circular Dichroism (CD) Spectroscopy.
Circular Dichroism (CD) spectra were recorded in aqueous solution at concentrations 

of 1 -3  xlO’̂ M at Queen’s University, Belfast using a Jasco Spectrometer. All CD 

spectra are presented as As V5  A, (imi).
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6 .2 -5  Time Correlated Single Photon Counting (SPC)

The emission lifetimes were determined from dec^ s following single short pulsed- 

laser excitation, and also time-resolved single photon counting (SPC). The use o f  the 

two different techmques confirmed the reproducibility o f  the measurements and 

reliability o f  the data treatment. Under pulsed-laser excitation, the emission lifetimes 

were measured by excitation at 440 nm using a Nd:YAG laser (pulse duration 15 ns).

Time correlated single photon counting was used for the measurement o f  the 

luminescence decays in the absence and in the presence o f  DNA. The photomultipler 

triggers the excitation source and generates an electronic aid optical pulse 

simultaneously. The electronic pulse reaches the START input o f  the time-to- 

amplitude converter (TAC) and initiates the charging o f  the capacitor. The optical 

pulse excites the sample, which begins to luminesce. The system is fixed so that only 

one photon may be detected for each exciting event. The signal from the resuhing 

photon stops the charging in the TAC. The amplitude o f  the released pulse is 

proportionaJ to the charge in the capacitor, so that there is a time difference between 

the START and STOP puls^. A ‘count’ relating to this is subsequently stored in the 

data storage device. This is repeated until enough counts are present to represent a 

d e c ^  curve o f  the sample. All measurements were deconvoluted, whereby a time 

profile o f  the excitation pulse was also recorded (tiie sample being replaced by a hght 

scattering solution) and subtracted from the observed decay.

The data was fitted according to the equation

+ B̂  exp + B2 exp
 ̂ '̂ 1 y  ̂ '̂ 2 y

+ . 6.2

Where /  relates to the emission intensity. A  relates to the background, Bi and B2  

relates to the relative contribution from each emitting species to the process, and ti, 

T2 , are lifetimes o f each species.
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General Experimental Conditions for SPC spectroscopy.

In the studies presented in this thesis, analysis of the results revealed that in 

homogeneous solvents the dec^s of the excited states o f all the complexes were 

monoexponential in behaviour. In the presence of DNA, biexponential models were 

necessary to perform a satisfactory fit. All experiments were performed under the 

following standard conditions.

(i) instrumental instrument Edinburgh Analytical Instruments

hardware FLA -  900 Spectrophotometer

lamp nF 900 ns Flash Lamp

(ii) Lamp filling gas

gas pressure (lamp 

electrode gap 

EHT

Frequency (pulse rate)

intensity

time before first

measurement

99.999% nitrogen 

0.29 bar 

0.3 mm 

3.4 KHz 

20.0 KHz 

approx. 6.0 -1 0 .0  

at least cme hour

The electrode gap of 0.3 mm was essential since the gas pressure is 0.29 bar. An 

increase in the electrode gap gives a higher intensity but requires a much longer time 

to equilibrate the spark (misfiring and free runs are more likely to occur). An EHT of 

3.4 KHz was utilized for all experiments. It was observed that daily cleaning of the 

electrodes was essential. Dirty electrodes resulted in increased lifetime decay values 

(and a large deviation of the chi squared value, from 1). The frequency was chosen 

by the expected lifetime, 20.0 KHz was used for all compounds investigated.

(iii) monochromator

[Ru(L)3 ]̂  ̂ excitation 337 rnn

emission 590 nm

[Ru(phen)2L']̂ "‘ excitation 337 nm

emission 610 nm

218



The X,em was chosen so that it was situated close to the maximum wavelength in the 

emission band o f  each complex. Solutions o f  ruthenium complexes of optical density 

0,1 A at X = 440 nm were used for all o f  the experiments. Changing the excitation 

wavelength did not significantly affect the results, however 337nm was preferred 

since longer wavelengths required longer counting times.

(iv) recording mode gain 1023 channel i.e. 1-1023

The cell was thermostated at 25*̂ C ± 2®C during all the measurements, unless stated 

otherwise (e.g. temperature dependent studies for [Ru(bpy)s]^^ 1 and [Ru(phen)3]̂  ̂6 

complexes). The star^stop ratio (often called the F/D value) corresponds to a ratio o f  

the frequency {i.e. 20 KHz) to the counting rate. It has been proposed^*® ,̂ that a F/D 

value o f < 2% should be used. However, Edinburgh Instruments perform Ksperiments 

with F/D values o f up to 8%. Above this value there is a problem o f  pile-up (this will 

cause non-exponential fits, possibly one will see an additional lifetime). A  F/D value 

of ^ 4% should be sufficient in both mono- and bi-expoenential decays. For 

experiments using a double exponential, the F/D value i.e. counting rate/frequency 

could be as h i^  as 0.05, since the accuracy is not high enough to detect the 

difference. [Ru(bpy)s]^^ was used as a standard for single exponentials 

measurements, whereby an aerated aqueous solution, [Ru]= ~10‘^M at 25®C has a 

lifetime dec£^ x = 402 ± 4 ns. Our value o f  t  = 406 ±  4 ns agrees within 2 % o f  the 

reported value^“ l

For the determination o f  goodness o f  fit, usually two parameters are considered.

(i) Inspection o f the residuals is very informative and as such inspected carefully. 

Ideally, most o f  the points should be within three standard deviations (± 3a) which 

corresponds to a 99.9% confidence, (ii) The Chi square value is very useful. It is a 

normalised factor and a good fit will give a value o f approximately 1, Usually a range

temperature 

counting rate 

number o f counts 

cell

25°C ± l°C

approx. 200-250 per second

5000

1 cm fluorescence quartz cell

219



o f  1.0 —> 1.3 is considered acceptable. Typical profiles o f  an monoexponential and 

biexponential decay for [Ru(phen)2dppz]^’̂  complex 4 are displayed in Figure 6.1.

W12d02
0112d02F3
0112d02F3R

Fit Results
tI 160.66ns 
t 2  46.20ns 
t 3 510.48ns
X2 1.060

(/> 
-I—•
c
3
O
O

0

Figure 6.1: Decay Profile, o f  biexponential dccay in aqueous DNA solution f o r  [Ru(phen)2 dppz]2 . 4.

6.2-6 /IMcroanalysis.
Microanalysis was acquired from the microanalysis laboratory, University College 

Dublin.

6.2-7 Mass Spectrocopy.
Mass spectra were recorded on an Electron Spray M icromass LCT instrument.

220



6.2-8 Studies to Calculate the Extent of Protium-Deuterium 

Exchange into Ligands used in this Study.

The techniques of Electrospray Mass Spectroscopy (ES^-MS) and NMR 

Spectroscopy were used to spectroscopically identify and assess the isotopic purities 
incorporated into ligands.

Electrospray Mass Spectroscopy (ES^-MS): This method proved to be a very quick 
and effective method to accurately determine the amount of H-D exchange for the 

ligands used in this study. In ES' -̂mass spectroscopy, molecular weight information 

is obtained from the protonated ligand. For example for phen 3, Mr = 180.21 g/mol, 

the m/z peaks at 181 and 182 correspond to [hio-dppz-H^] and [hio-dppz-C*^] species, 

as illustrated in Figure 6.2(a). The corresponding mass spectrum for the perdeuterated 

dg-phen ligand 3a (Mr = 188.21 g/mol) is shown in Figure 6.2 (b), and display m/z 

peaks at 188 [dg-phen], 189 [dg-phen-tf^]; 190 [dg-phen-D^] and 191 [dg-phen-D^C* ]̂, 
respectively.

h g - P h e n  ( 3 )

P d / C .  D 2O

4 d ,  1 9 0 “C

M  r =  1 8 0 , 2 1  g / m o l

Figure 6.2; ES* - Mass spectra of (a) hs-phcn 3 (b) ds-phen 3a
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H NMR Spectroscopy: To calculate the extent of H-D exchange using *HNMR 

spectroscopy, protiated hio-dppz 2 was treated with Pd/C and D2O for 4 days (2 

cycles) at IPÔ C, yielding d„-dppz V  (where n = number of deuteriums present). 

Equal amounts of 2 and 2’ were weighed out accurately using an analytical balance, 

dissolved in 1ml deuteriochloroform (CDCI3) and sonicated for 5-10 mins. The *H 

NMR spectra were recorded and are shown in Figure 6.3. The percentage deuteration 

at each site in the dppz ligand may be estimated by comparing the relative peak 

heights (I) o f the protiated (2) and deuterated (2’) dppz ligands. From Figure 6.3, the 

amount of H-D exchange at resonance peak 59.69 ppm was calculated according to 

the difference in the peak heights, (I2 -  I2O, and equates to 95% exchange at this site. 

The removal of a signal from the spectrum suggests that complete deuteration has 
occurred at that particular proton position.

7.2

Figure 6.3; ‘H NMR spcctra (CDCI3) of (a) dppz 2 and (b) d„-dppz 2' (where n = number of 
deuteriums present).

These techniques proved to be reliable and accurate for determination of the extent of 

H-D exchange and agree within ±1% for the systems used in this study.
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6.3 Preparation of Ligands and Complexes used in this Study

6.3-1 Ligands

6.3.1-1 l,10-phenonthroline-5,6-dione (phendione) (12)
The following procedure is based on report by Paŵ *̂  ̂and it yields the product almost 
quantitatively.

An ice-cold mixture of concentrated H2 SO4 (40 ml) and HNO3 (20 ml) was added to 

1,10-phenanthroIine (4.0 g, 0.022 mol) and KBr (4.0 g, 0.034 mol). The resulting red 

mixture was heated at reflux (with two condensers) for four hours. The hot yellow 

solution was poured onto 500 ml of ice and carefully neutralised with 10 M NaOH 

until neutral to slightly acidic pH was achieved. The yellow solution was extracted 

with dicWoromethane, and dried with MgS0 4 . The filtered yellow solution was 

reduced to dryness. The crude extract was fiirtiier purified by crystallisation from 

methanol.

Yield = 3.8g, 81.2%

Infra-red (Nujol cm'*): 1675 (C=0)

UV-vis (EtOH, nm): 235 (4.76), 243 (4.77), 294 (4.15), 315(3.83), 357 (3.23)

NMR (CDCI3): 5ppm 9.12 (dd, 2,9 protons), 8.52 (dd, 4,7 protons), 57.60 (m, 3,8 

protons).
ES^-MS (MeOH) : Mr = 210.8g/mol, m/z = 211.9 (MHT)

Mp:257"C (lit.f"’>258‘'C)

Microanalysis:
C 12H6N 2O2 %CeKpt 68.57 %Hexpt2.86 %Ne p̂t 13.33

%Ctheor 68.45 %Htheor2.80 %N,heor 13.20
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6 .3 .1 -2  Dipyndo[3,2-d:2'3'-f]quinoxalfne (Dpq) (16)

This ligand was prepared via the method by Collins at

A mixture o f l,10-phenanthroline-5,6-dione (1.0 g, 4.8 mmol) and ethylenediamine 

(0.44 ml) in ethanol (350 ml) was stirred for two hours at 40°C, During this time the 

reaction mixture darkened in colour. Subsequaitly, it was stirred ovemigjit at room 

temperature. The resulting red-orange solution was reduced in volume (25 ml) to 

yield a yellow product. The crude product was left to stand for three hours, 90% 

methanol was added and a cream product was filtered. Recrystallisation from 

methanol yielded a white product.

Yield = 0.57g, 52%

UV-vis (CH2CI2, nm) : 218(sh), 235, 253, 299, 311(sh), 340.

'H NMR (de-DMSO) : 5ppm, 7.39 (3,8 protons), 8.61 (11,12 protons), 8.68 (4,7 

protons), 8.90 (2,9 protons).

ES^-MS (CH2CI2) : Mr = 232.2g/mol, m/z = 233 (MH"), 487 (2M + Na)

Mp: 254-255V(lit.f^*’ 250®C)

Microanalysis:

C 14H 8N 4 %Cexpt 7 2 .4 2  % H e x p t3 .4 4  % Nexpt 2 4 . 1 4

%Ctf,eor 7 2 .5 3  %Htheor 3 . 6 0  %Ntheor 2 4 . 1 9

6.3.1-3 Dlpyrido[ 3,2-a:2'3'-c]phenozine (Dppz) (2)

The complex was prepared following the method of Summers et 

l,10-phenanthroline-5,6-dione (0.5 g, 2.39 mmol) was dissolved in ethanol (20 ml) on 

heating. To the clear yellow solution was added 1,2-diaminobaizene (dab) (0.5 g, 

4.58 mmol) and the resultant solution was boiled over a water bath for 30 minutes. 

On cooling the resulting brown crystals were consequently collected and 

recrystallized from aqueous ethanol to give dppz as straw-like needles.
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Yield = 0,38g, 76%.

UV-vis (EtOHnm): 241(2.54), 268(4.67), 294(1.94), 342(0.62), 349(0.72), 366(1.01), 
358(0.88), 377(1.07)

'H NMR (400MHz, CDCI3): 8ppm; 9.69 (dd, 4,7 protons), 9.30 (dd, 2,9 protons), 8.40 

(m, 11,14 protons), 7.95 (m, 12,13 protons), 7.82 (m, 3,8 protons).

ES^-MS (MeOH) : Mr = 282.3g'mol, m/z = 283 (MH"), 305 (M + Na) 

Mp:251®C(lit.f'‘’  ̂ 250V )

Microanalysis:

C18H 10N 4.V2H2O % Cexpt 74.22 %Hexpt3.78 %Noxpt 19.24

%Ctheor 74.38 %Htheor3.70 %Ntheor 19.26

6 .3 .1 -4  12,13-Difluoro-dppz (diPdppz) (14)

This ligand was synthesised according to a two-step reaction, the first was a modified 

procedure from Vogel, Practical Orgmiic Syntibesis for die reduction of a nitro to 

an amino group.

2-Mmino-4,5”difluoroaniline

2-Nitro-4,5-difluoraniline (2 g, 11.36 mmol) was boiled gently in ethanol (200 ml) to 

produce a clear bright yellow solution. To this, tin(II) chloride (20 g) dissolved in 

concentrated HCI (60 ml) was added. The solution was refluxed at 100®C for 30 mins 

and a series of colour changes was observed, yellow->cream->white- 

grey->white-»cream-^pale yellow. The resulting solution was stirred at room 

temperature for a further 45 min, reduced in volume (50ml), and cooled overnight. 

The yellow solution was neutralised with 2 M NaOH to a slightly basic pH (8-9). The 

addition of ethanol resulted in the precipitation of NaCl, which was filtered off The 

filtered solution was reduced to dryness and the brown product was recrystallised 

from ethanol / diethyl ether.

Yield = 1.36g, 82%

UV-vis ( EtOH, n m ) : 207, 258(sh), 308, 465(sh)

‘H NMR (400MHz, CDCI3) : 5ppm; 6.53 (t, 3,6 protons), 5.31 (s, NH2).
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' 'c  NMR (400MHz, CDCI3) : 876.52ppm (t).

NMR (400MHz, CDCI3) : -5149.92ppm (t).

ES^-MS (EtOH): Mr = 144.1g/mol, m/z = 288 (2M)

12,13- Dif luorodipyridophenazine (diPdppz)

This desired 12,13-difluorodipyridophenazine was then prepared following slight 

modifications of the method of Summers et

l,10-phenanthroline-5,6-dione (120 mg, 0.57 mmol) in (10 ml) ethanol was stirred 

with slight heat to produce a clear yellow solution. To this 2-amino-4,5- 

difluoroaniline (120 mg, 0,83 mmol) in ethanol was added and the solution was boiled 

for 30 minutes, and then allowed to stir for an addition 15 minutes at room 

temperature. The resulting yellow solution was cooled to room temperature and then 

filtered to yield a cream product. Subsequent recrystallisation from aqueous ethanol 

gave 7,8-difluoro-(dppz) as a cream-white product.

Yield = 0.48g, 57%.

UV-vis (EtOHnm); 244(2.79), 287(4.97), 294(2.15), 342(1,01), 350(1.12), 359(1.85), 

367(1.55), 378(2.03).

'H NMR (CDCI3): 8ppm; 9,60 (dd, 4,7 protons), 9,31 (dd, 2,9 protons), 8,10 (t, 11,14 

protons), 7.82 (m, 3,8 protons).

NMR (400MHz, CDCb) : -5131,47ppm (t),

NMR (400MHz, CDCI3) : -5127.21ppm (t).

ES^-MS (EtOH); Mr = 318.8g/mol, m/z = 320 (MH^)

6 .3 .1 -5  7, 8 -  DiMethyl-dppz (dlMedppz) (13)

This was synthesised as above for Dppz (4) by substituting l,2-diamino-4,5- 

dimethylbenzene (DiMedab) for 1,2-diaminobenzene (dab)

Yield = 1.06g, 71%

UV-vis (EtOH, nm); 211(2,05), 241(1,80), 274(4.73), 365(1,10), 374(0,96), 

385(1,47),
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*H NMR (CDCI3) : 8 ppm; 9.64 (dd, 4,7 protons), 9.29 (d, 2,9 protons), 8 .12 (s, 11,14 

protons), 7.80 (m, 3,8 protons), 2,63 (CH3, s).

ES^-MS (EtOH); Mr = 3 10.3g/mol, m/z = 3 1 l(M lt), 338, 621 (2M), 643 (2M+ Na )̂ 
Microanalysis:

C20H14N4.2H2O %Cexp, 69.36 % axpt5.20 %N„p, 16.18

%Ctf,eor 77,01 %Htheor 5.29 %Nthcor 16.20

6.3.1-6 Methyl-dppz (Medppz) (21)
This ligand was isolated following the preparation according to Summers et 

replacing dab with mettyl-dianinobenzene (Medab)

Yield = 56%

UV-vis (EtOH, nm ): 210, 241, 276, 342, 351, 366, 379.

NMR (CD3CN): 5ppm; 9.70 and 9.62 (dd, 4,7 protons), 9.22 (d, 2,9 protons), 8.22 

(d, 12 proton), 7.89 (m, 11,14 protons), 6,53 (m, 3,8 protons), 3.05 (CH3, s).

ES^-MS (EtOH) ; Mr = 296.3g/mol, m/z = 297(MH^), 615 (2M + Na).

6.4 Preparation of Ru(II) Polypyridyl Complexes 

6.4-1 Synthesis of Precursor complexes of the type [Ru(L)2]Cl2
The two bis-complexes cis-[Ru(bpy)2]Cl2 and [Ru(phen)2]Cl2, were synthesised 

according to M^er et al̂ ^̂^

A solution of RUCI3.3 H2O (7.8 g, 29.8 mmol), 2,2’-bipyridine (9,36 g, 60.0 mmol) 

and LiCI (8.4 g, 2 mmol) were heated at reflux in reagent grade DMF (50 ml) for 

Shours, The reaction was stirred magietically and carried out in the presence of 

nitrogen throughout this period. After the reaction had cooled to room temperature, 

reagent grade acetone (250 ml) was added and the resultant mixture cooled to 0*̂ 0 

overnight. Filtering yielded a red-violet solution and a dark green-black
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microcrystalline product. The solid was washed with water until the filtrate was 
colourless and dried with diethyl ether.

-[Ru(phen)2]Cl2.2 H2 0  (25)

Yield =11.47g,58%.

UV-vis (CH2CI2, nm ); 231, 268, 356,473(sh), 543

NMR (400MHz, CDCI3): Sppm; 9.69 (dd, 4,7 protons), 9,30 (dd, 2,9 protons), 8.40 

(m, 11,14 protons), 7.95 (m, 12,13 protons), 7.82 (m, 3,8 protons).

ES^-MS (MeOH) ; Mr = 568.52g/mol, m/z = 496 (M + Cl), 532 (M + 2C1), 555 (M + 
2Cr + Na)

Thin Layer Chromatography (DMF/H2O (1:1)/1M NH4CI); Rf value = 0.78 

Microanalysis; RUC24H16N4CI2.2 H2O

%Cexpt 50.70 %Hexpt 3 .52  %Nexpt 9 .86

%Ctheor 49.85 %Htheor3.32 %N,heor 9.54

-[Ru(bpy)2lCl2.2 H2 0  (24)

Yield =13.64 g, 73.9%.

UV-vis (CH2CI2, nm ): 243, 299, 382, 556.

NMR (400MHz, CDCI3) ; Sppm; 9.69ppm (dd, 4,7 protons), 59.30ppm (dd, 2,9 

protons), 68.40ppm (m, 11,14 protons), 57.95ppm (m, 12,13 protons), 57.82ppm (m, 

3,8 protons).
ES"-MS (MeOH); Mr = 520,5g/mol, m/z = 448 (M + Cl), 484 (M + 2C1), 507 (M + 

2Cr + Na'")
Thin Layer Chromatography (DMF/H2O (1;1)/1M  N H 4CI): Rf value = 0.80 

Microanalysis: RUC20H16N4CI2.2 H2O

%Cexpt46.15 % axpt 3 .85 %Nexpt 10.77

%Ctheor46.93 %Htheor3.91 %N,heor 10.82
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6.4-2 CIS - [Ru(phen)2phendione](PF6)2.5H20 (26)
This complex was synthesised according to Goss and Abrunâ *̂ ^

[Ru(phen)2Cl2].2 H2 0  (0.502 g, 0.88 mmol) was heated at reflux under N2 with 1 .2  

molar equiv of l,10-phenanthroline-5,6-dione (0.21 g, 1.00 mmol) in thoroughly 

dearated 50/50 ethanol/water for a period of 3h. After this time, the reaction mixture 
was allowed to cool, and the complex was precipitated as a green solid by the addition 

of saturated aqueous NH4PF6. The complex was collected, washed with water, and 

dried with diethyl ether. Recrystallisation was achieved by acetrontrile/diethyl ether. 

The resulting black crystalline product was filtered and dried in vacuo for 24 hours.

Yield =0,746 g, 85%.

UV-vis (CH2CI2, nm): 230,264, 437

‘H NMR (400MHz, C D 3 C N ) :  5ppm; 8 . 6 6  and 8.57 (d, 4,7 protons,P), 8.47 (d, 4,7 

protons, p), 8.30 (d, 2,9 protons, P), 8.25 and 7.88 (d, 5,6 protons, P), 7,80 and 7.57 

(m, 3,8 protons, P), 7.47 (m, 3,8 protons, p). [where P = phen and p = phendione] 

ES^-MS (CH3CN) : Mr = I049.72g/mol, m/z = 335 (MR"), 254, 358 (MH^ + Na) 

Microanalysis:RuC36H22N6P2pi2.5H20

% Cexpt 4 1 . 1 8  % H exp t 3 . 0 5  % N ex p t 8 . 0 0

%Ctheor 4 1 . 2 6  % H th e o r 3 .1 5  % N theor 8 . 0 9

6.4-3 CIS -  [Ru(phen)3](PF6)2.iy2H20 (6)
The same procedure as described above^‘̂ \ for cis-[Ru(phen)2phendione](Pp6)2, gave 

this complex by using phen in place of phendione. Addition of a saturated NH4PF6 

solution precipitated the complex as a bright orange powder.

Yield =1.53 g, 93%.

UV-vis (H2O, nm): 223(101), 262(133), 420(19.6), 447(20.3)

‘H NMR (400MHz, CD3CN): 5ppm; 8.61 (dd, 4,7 protons), 8.27 (dd, 5,6 protons), 

8.05 (m, 2,9 protons), 7.64 (m, 3,8 protons).

ES^-MS (MeOH): Mr = 956.73g/mol, m/z = 321 (MH^), 787 (M-PPe )

Thin Layer Chromatography ( 1 0 H2 0 /3 MeCN/0 .1M K N O 3) :  Rf value = 0.69
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MicroanaIysis:RuC36H24N6P2Fi2.1 '/2H2O

% C e x p t  45.19 % H e x p t  2.92 g  y g

% C f te o r  45.29 % H th e o r  3.01 % N , h e o r  8.69

6 .4 -4  CIS - [Ru(bpy)3] KPF6)2.2HzO (1)

The same procedure as described above, for cis-[Ru(phen)2phaidione](PF6)2, gave 

this complex. Addition of a saturated NH4PF6 solution yielded the product as bright 

red.

Yield =1.67  g, 86%.

UV-vis (H2O, nm): 238(28.9), 250(25.2), 285(86.3), 323(63.4), 453(14.6)

'H NMR (400MHz, CD3CN): 5ppm; 8.42 (dt, 3,3’ protons), 8.76 (d, 5,5’protons), 

9.09 (dt, 4 ,4’ protons), 9.56 (d, 2,2’ protons).

ES^-MS (MeOH): Mr = 893.52g/raol, m/z = 285 (MlT)

Thin Layer Chromatography (IOH2O/3 MeCN/O.lM KNO3); Rf value = 0,75 

Microanalysis: RUC30H24N6P2F12.2 H2O

%Cexpt 40.31 %Hexpt 3 .13 %Nexpt 9.41

%Ctheor 40.42 %Hheor 3 .04  %Ntheor 9.45

6 .4 -5  cis -  [Ru(phendione)3](PF6)2 (22)

The compound was prepared according to a modified procedure by Gillard et al 

An ice-cold mixture o f concentrated H2SO4 ( 1 0  ml) and HNO3 (5 ml) was added to 

Ru(phen)3Cl2 (0.162 g, 0.025 mmol) and NaBr (0.301 g, 2.9 mmol). The resulting 

blue-green mixture was heated to reflux at lOÔ C for 3 hours. The solution was 

allowed to cool to room temperature, and the complex was precipitated by addition of 

NaPFg, The green product was collected, washed with diethyl ether and dried under 

vacuum.
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Yield = 0.21 Ig, 98%.

UV-vis (CH3CN, nm) : 343, 414

H NMR (400MHz, CD3CN): 5ppm; 8,62 (dd, 2,9 protons), 8.13 (dd, 4,7 protons), 

7.71 (dd, 3,8 protons).

ES^-MS (MeOH) : Mr = 1019.52g/mol, m/z = 367 (MH^)

Thin L ^ er Chromatography (IOH2O/3 MeCN/O.lM KNO3); Rf value = 0.58

6.4-6 [Ru(dppz)3](PF6)2 (15)
Yield = 0.035 g, 10%.

UV-vis (H2O, nm) : 208, 279, 361, 369, 433

‘H NMR (400MHz, DMSO): 5ppm; 8.73 (dd, 4,7 protons), 8.51 (dd, 11,14 protons), 

8,34 (d, 2,9 protons), 8.19 (dd, 12,13), 7,87 (dd, 3,8 protons).

ES^-MS (H2O) ; Mr = 1235.3g/mol, m/z = 475 (MfT)

Thin Layer Chromatography (IOH2O/ 3  MeCN/O.lM KNO3); Rf value = 0.72

6.4-7 CIS - [Ru(phcn)2dppz](PF6)2.1%H20 (4)
This complex was prepared according to the procedure devised by Barton et al ‘̂*1 

[Ru(phen)2dppz](PFe)2  was assembled by refluxing dppz (0.268 g, 1.36 mmol) in (20  

ml) 50% methanol. To this [Ru(phen)2Cl2].2H20 (0.25 g, 0,60 mmol) was added and 

the reaction mixture was refluxed at 110°C for lOhours. After this time the reaction 

was allowed to cool to room temperature, diluted with water (20 ml) and filtered to 

remove any impurities. The complex was then separated from insoluble impurities by 

precipitation with NH4PF6 . The brown-red solid was collected and washed with 

diethyl ether.

Yield =0.84g, 83%.

UV-vis (H2O, nm ); 220(sh), 263(115), 274(sh), 372(21.59), 440(19.5)

NMR (400MHz, CD3CN); 5ppm; 8.61 (dd, 4,7 protons), 8.27 (dd, 5,6 protons), 

8.05 (m, 2,9 protons), 7.64 (m, 3,8 protons).

ES^-MS (H2O); Mr = 1058.3g/mol, m /z = 372 (M tf )

Thin Layer Chromatograplty (10H20/3M eCN/0. IM KNO3). Rf value = 0.85
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Microanalysis:

RuC42H26NgP2Fi2.1‘/2H20 %C«p, 47.64 %Hexpt2.74 %Nexpt 10.59

47.50 %H,h.or2.85 %N*«  ̂ 10.51

6 .4 -8  IRu(phcn)2diMeppz] KPF6)z.3H20 (8)

This was prepared by a slight modification to that o f Barton by replacing dppz (2)

with diMedppz (13).

Yield = 0,84 g, 83%.

UV-vis (H2O, nm) ; 205, 220, 263, 284, 383(28.5), 442(21.0)

NMR (400MHz, CD3CN): 8ppm; 8.61 (dd, 4,7 protons), 58.27ppm (dd, 5,6 

protons), 58.05ppm (m, 2,9 protons), 57.64ppm (m, 3,8 protons).

ES^-MS (MeOH): Mr = 1113.91g/mol, m/z = 236, 387 (MFT)

Thin Layer Chromatography (1OH2O/3  MeCN/0. IM KNO3): Rf value = 0.53 

Microanalysis:

RuC44H30Ng.P2F12.3 H2O. %Cexpt 47.44 %Hexpt3.23 %Nexpt 10.06

%Ctheor 47.60 %H,heor3.06 %Ntheor 9.98

6 .4 -9  [Ru(phen)2dlFppz] ](PF6)z.2H20 (9)

This complex was prepared according to modifications o f the above method as 

devised by Barton and coworkers ‘̂*1

Yield =0.202 g, 48%.

UV-vis (H2O, nm ): 202, 264(117), 312(sh), 372(24,0), 439(22.6)

Ĥ NMR (400MHz, CD3CN): 58.61 ppm (dd, 4,7 protons), 68.27ppm (dd, 5,6 

protons), 58.05ppm (m, 2,9 protons), 57.64ppm (m, 3,8 protons),

ES^-MS (MeOH): Mr = 1103.3g/mol, m/z = 780 (M^), 923(M + PFe’)

Thin Layer Chromatography (10H20/3MeCN/0.1M KNO3): Rf value = 0.78 

Microanalysis:

RuC42H24NgF2P2Fi2.2 H2 0  %Cexpt 45.69 %Hexpt 2.53 %Nexpt 10.15

%Ctheor 45.58 %Htheor 2.41 %Ntheor 10.04
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6.4-10 [Ru(phen)2dpq](PF6)2-2H20 (7)
This was prepared by a slight modification to that o f Barton by replacing dppz (2) 

with dpq (16).

Yield = 0.202 g, 48%.

UV-vis (CH2CI2 , nm) ; 217, 235, 253, 299, 311(sh), 447

NMR (400MHz, CD3CN): 88.61ppm (dd, 4,7 protons), 88.27ppm (dd, 5,6 

protons), 68.05ppm (m, 2,9 protons), 57.64ppm (m, 3,8 protons).

ES^-MS (MeOH) ; Mr = 1017.3g/mol, m/z = 347 (M ^, 839 (M + PFe')

Thin Layer Chromatography (IOH2O/ 3  MeCN/0, IM  KNO3); Rf value = 0.63

6.5 Synthesis of Deuterated Ligands
The perdeuterated ligands described in this section were prepared according to slight 

modifications of the general experimental procedure. The partially deuterated ligands

6.5-1 da-phenanthrolinc (3a).
This complex was isolated following slight modifications o f the preparation according 

to Vos

1,10-Phenanthroline (phen) (2.31 g, 0.19 mol) was added to (20 ml) D2O (deuteration 

99.9%) and the reaction mixture was allowed to react in the presence o f H-D 

exchange catalyst Pd/C (10% Pd) (0.33 g) in a Teflon-coated steel high Pressure 

reactor at 190 ± 5°C for 2 days. The contents o f the reactor were collected, filtered 

and D2O was removed under vacuum to obtain the product. The Pd/C was washed 

with acetone to remove any product presait on its surface. One consecutive exchange 

cycle resulted in >80% purity, as evaluated by ES'^-MS. The procedure was repeated 

until the desired isotopic purities (> 90%) was achieved.
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Yield : 78%, 1.706g 

*H NMR (CDCI3); NMR silent,

ES^-MS (MeOH): Mr = 188,25g/moI; m /z=  189 (MH^ dg), 399 (2M+ Na).

UV- Vis (MeOH, Xnm); 239,264

TLC (3H20 / 10MeCN/0 .1M KNO3) : Rf = 0.78

6.5-2 dg-Bipyridine (5a).
Yield : 0.736 g, 35%,

ES^- MS (MeOH) ; Mr = 164,19g/mol; m/z =  165 (MH", dg).

TLC (3H20 / 10MeCN/0 .1M KNO3) ; Rf = 0.73

6 .5 -3  da- Dipyrido[ 3,2-d:2'3'-f]quinoxaline (Dpq) (16a).
Yield :0.162 g,21.5%

ES^-MS (CH2CI2) : Mr = 240,12g/mol; ra/z = 241(MH^, dg), 263(M  + Na). 503(2M  

+Na).

UV- Vis (CH2CI2, Xnm) :216, 225, 253, 340.

TL C (3H20 / 10MeCN/0 , l MK N 03):  R f=0.92

6.5-4  dio-0yrldo[3,2-a:2',3'-c]phenozinc (2c).

Yield : 0.066 g, 22%.

ES"-Mass Spectrum (M eOH): Mr = 292.10g/mol; m/z = 293 (MH^, dio), 356, 585, 

UV- Vis (MeOH, Xnm): 205, 241, 268, 349, 358, 366, 377.

TLC (3 H2O/I OMeCN/0.1M KNO3) ; Rf = 0.95

6 .5 -5  d6-phendione (12o).

Yield : 0.072 g, 52%.

ES^-MS (M eOH): Mr = 216.10g/mol; m/z = 217(MH^ dg),

UV- Vis (MeOH, Xnm) ; 205, 241, 268, 349, 358, 366, 377.

TLC (3H20/10MeCN/0.1M K N O 3 ): Rf = 0.95 

K B r; 2278 cm'  ̂ (v c -d  vibration)
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6 .5 -6  d4-l,2-Dioininobenzene (11a).
This ligand was prepared according to the following procedure.

1,2-Diaminobenzene (dab) (1.533 g, 14.1 mmol) was added to (10 ml) D2O 

(deuteration 99.9%) and sonicated for 10 minutes. DCl (15 ml) was added to the 

reaction mixture and allowed to react in a Teflon-coated steel high Pressure reactor at 

190 ± 5°C for 24 hours. The contents of the reactor were cooled, and D2 O/DCI was 

removed under vacuum to obtain a green product.

Yield ; 1.74 g, 22%

ES^- Mass Spectrum (MeOH); Mr = 108.19g/mol; m/z = 178, 180, 191 (M H\ d4  as 

DCI2  salt).

LTV- Vis (EtOH) : 206, 237, 280.

TLC (3 H2O /I OMeCN/0.1M KNO3) : Rf =  0.95

6.5-7  Dz-DiMediaminobenzene (18a)
This was prepared according to the procedure described above for preparation, with 

diaminobenzene in place of 1,2-dab 11.

Yield :0.289 g, 97%
ES^-MS (EtOH): Mr = 136.2g/mol; m/z = 205, 217(MH^ d2  as DCI2  salt), 261, 276, 

346.

UV- Vis (EtOH, Xnm) ; 284, 356, 373

TLC (3H2O/10MeCN/0.1M KNO3) : Rf = 0.84
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6.6 Synthesis of Portially Deuterated Ligands.

The partially deuterated used in this study were prepared according to a modified 

procedure devised by Summers et . The general procedure is given in Section 

6.3.1-3 for the protiated hm-dppz 2. The results are compiled in Table 6.3, 

respectively. For a full characterisation of the dppz series o f ligands see Chapter Two.

Ligand Yield 
(%. mg)

UV-vis Mass Spectrum  
(EtOH)

TLC ‘H NMR (CDCI3)

d4-dppz“

2a

56%, 25mg 271
360
379

Mr = 286 .309/mol 
287.10m/z (MH*)

Rf = 0,82 87.82ppm (H3 8 m)

89.30ppm (H29 dd) 
89.69ppm (H47 dd)

D2-diMedpp2 °

13a

76%, 39mg (EtOH)
210
242
272
365
385

Mr=312.2g/mol 
297.22m/z (M*) 
615.45m/2

Rf = 0.78 S7.78ppm (H3 8 m)

89,29ppm (Hzg dd) 
89,67ppm (H47 dt)

D2-diMedppz‘’

13

32%, 26m9 (EtOH)
210
242
263
366
374
385

Mr=312.20g/mol
313.05m/2 (MH*)
338.29m/2
493.88m/z
621.16m/z
643.13m/z

Rf = 0.79 87,80ppm (H3 8 m)

89.35ppm (H2,9 d) 
89.72ppm (H4,7 dd) 
S2.65ppm (CH3 s)

Ds-Medppz"

21a

57%, 48mg (EtOH)
204
264
359
367
378

AAr=338.87g/mol 
339.87m/z (M*)

Rf=0.80 87.82ppm (H3 8 m)

SS.lOppm (Hii,i4 t) 
S9.31ppm (His 
89.60ppm (H47 dd)

Table 6.3: Characterisation of some of the  partially ligands used in th is  study. “ DzO/Pd/C method, 
and *’ DjO/DCI procedure.
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6.7 Preparation of Deuteroted Ru(II) Complexes.
These Ru(II) complexes were prepared in an analogous manner to that for the parent 

fRu(phen)2dppz]^ complex 4. A full characterisation for each family of complexes 

has been carried out using UV-Vis, thin l ^ e r  chromatography, and NMR and Mass 

spectroscopy, respectively. The results are tabulated in Tables 6,5 - 6.8, as explained 

below.

Table No Parent Complex Series of Compounds

6,5 [Ru(phen)3]Cl2 6 -6 c

6.6 [Ru(bpy)3]Cl2 1 - I c
6.7 [Ru(phen)2dppz]Cl2 4 -4 g

6.8 [Ru(phen)2diMedppz]Cl2 8 -8 g
6.9 [Ru(phen)2dpq]Cl2 1 9Q

6.10 [Ru(phen)2diFdppz]Cl2 9 - 9 f

Table 6.4: Series of families synthesised in the present study.
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Table 6.5

Compound 
(os O" salts)

UV-vis
(H *0 »

Mass Spcctnm 
(H*0)

TLC
(lOMeCN/SHzO/
O.lMKNOa)

yield 
(%. mg)

‘H NMR (CDjCN)

[R u (p h e n )3f *

(6)

420

448

Mr= 641.73g/mol 
321.09tn/z (MH*)

Rf = 0.65 70%, 44mg phen; 87.64ppm (H3 ,a m) 
58.04ppm (Hj.9 d) 
58.28ppm (Hŝ 6 s) 
S8.62ppm (H4 .7  m)

[R u (p h e n )2 (d » -p h e n )]^ *

(6a)

420

448

Mr = 649.73g/mol 
325.00m/z (MH‘)

Rf = 0.45 40%, 23mg phen; 67.63ppm (Ha a m) 
88.04ppm (H2,9 d) 
58.27ppm (H5  6 s) 
S8.62ppm (H* 7  m)

[R u (d y p h e n )2 p h e n )f*

(6b)

421

448

Mr = 657.73g/mol 
329.86m/z (MH*)

Rf = 0.47 80%, 54m9 phen; 87.64ppm (Hja m) 
58.05ppm (Hj,9 d) 
58.27ppm (Hs,6 s) 
S8.62ppm ( H 4  7  m)

[R uC dg -  p h e n H ] ^

(6c)

422

447

Mr = 665.73g/mol 
333.05m/z (MH*)

Rf = 0.68 57%, 48mg phen; *H NMR silent

Table 6.6

Compound 
(os O' salts)

LW-vis
(HjO.X.)

Mass Spectrum 
(HjO)

TLC
(lOMeCN/SHzO/
O.IMKNO,)

yield 
(%. mg)

NMR (CbjCN)

[Ru(bpy)3r 431 Mr = 569.73g/mol 
285.2m/z (MH*)

Rf = 0.52 52%, 40m9 bpy; 87.64ppm (Ha^ m) 
S8.04ppm (Hj;9 d)

(1)
454 S8.28ppm (Hs,6 s )  

88.62ppni (H47 n\)
[Ru(bpy)2(d»-bpy)]^* 431 Mr = 577.73g/mol 

289.2m/z (MH*)
Rf = 0.59 48%, 39mg bpy; 87.63ppm (Hs a m) 

S8.04ppm (Hz,9 d)

(la )
454 58.27ppm (Hs,6 s )  

88.62ppm (H47 m)
[Ru(drbpy)2bpy)f*

(lb )

431

454

Mr = 585.73g/mol 
293.2m/z (MH*)

Rf = 0.56 65%, 57mg bpy; 87.64ppm (Ha a m) 
88.05ppm (Hz  ̂d) 
S8.27ppm (Hs,6 s) 
88.62ppm (H4 7 m)

[Rtt(d8 -  bpy),]^* 431 Mr = 593.73g/mol Rf = 0.54 61%, 43mg bpy; ‘H NMR silent

(Ic ) 454
297.2m/z (MH*)



Convound UV-vis (e) Moss Spectrum TLC Yield
[Ru(phen)i(dppz)]^*

4

263
(104.1)
373
(2 1 .8 )
439
(19.6)

«p = 371.91g/mol 

372.07m/z (M*)

Rf=0.71 74%, 116mg phen; S7.65ppm (Ha.a m) 
S8.04ppm (Hj,» d )  

58.24ppm (H2.9 d) 
S8.29ppm (Hb,6 s )  

S8.62ppm (H4.7 m)

dppz: 87.79ppm (H j^ m) 
58.13ppm (Hz,9 d) 
58.18ppm (H ij^3 d) 
68.49ppm (H iij4 d) 
S9.62ppm (H4y d)

[Ru(phen)2(d4-dppz)p*

4a

440 (14.35) Mr = 3 7 3 .9 1 9 /mol 
374.13m/z (M*)

Rf = 0.48 43%, 43mg phen; 57.68ppm (H3,a m) 
SS.OSppm (H2,9 d )  

S8.24ppm (H2 9 d )  

58.30ppm (Hs.6 s )  

58.66ppm (H4 7 m)

dppz: 87.71ppm (H3,s m) 
88.14ppm (H j^ d)

[Ru(i*en)2(<i«-dppz)f*

4b

440 (15.07) Mr = 374.91g/tnol 
375.20m/z (M*)

Rf = 0.75 53%, 42 mg phen; 67.67ppm ( H a j  m) 
S8.05ppm ( H j ,9 d )  

88.24ppm ( H z ,9 d )  

S8.29ppm ( H b ,6 s )  

88.65ppm (H4 7 m)

dppz:

68.17ppm (H ijj3 d )  

SB.SOppm ( H u j 4 d )  

89.67ppm (H 4  7 d d )

[Ru(phen)2(dio-dppz)]

4c

440 (14.18) Mr= 376.33g/mol 
283.12m/z 
377.10m/z (M)

Rf = 0.68 57%. 69 mg phen; S7.62ppm (H 3 .8  m) 
88.05ppm (H2,9 d) 
S8.25ppm (H2.9 d) 
58.30ppm ( H b ,6 s )  

S8.63ppm ( H 4 J  m)

dppz:

[Ru(ds-phen)2(dppz)f*

4d

440 (14.35) Mr= 379.22g/mol 
181.12m/z (phcn) 
253.06m/2 
380.22m/z (M*)

Rf = 0.71 58%. 48 mg phen; dppz; 57.80ppm (H3 8 m) 
S8.13ppm (H:^ d) 
88.16ppm ( H i 2,x3 d) 
88.50ppm ( H i i .14 d) 
69.67ppm (H 4 .7  d)

[Ru(ds-phen)2d4-dppz]

4e

440 (14.17) Mr =381.61g/mol
143.04m/z
208.04m/z
259.02tn/z
381.61m/z(M)

Rf = 0.69 84%, 54mg phen; dppz: 57.80ppm (H3.8 m) 
S8.13ppm (H:^ d)

89.67ppm (H4 7 d)
[Ru(dr-pben)2d(-dppz]

4 f

440 (14.12) Mr = 3 8 2 .199 /mol 
143.04m/z 
208.04m/z 
259.02m/z 
383.13m/z (M*)

Rf = 0.81 72%. 46 mg phen; dppz:

88.18ppm (Hi2J3 d) 
88.49ppm (Hiu4 d)

[Ru(d8-phen)2dio-dppz]

4g

440 (13.57) Mr = 384.91g/mol 
253.06m/z 
385.27m/z (M*)

Rf = 0.82 38%, 32mg phen; dppz:



Table
6.8

Compound UV-vis Mass Spectrum TIC
(Rf)

Yield ‘H NMR (CD3CN)

[Ru(phen)2diMedppz]^*

8

203
264
382
442

ttr=386.76g/m ol 

386.11m/z (M*)

0.79 39%,31mg phen; 87.67ppm (Ha s m) diAAedppz: 67.79ppm (Ha s m) 
88.04ppm (H j^ d) SS.llppm (H jg d) 
88.24ppm (Hz^ d) S8.49ppm (Hu m d) 
58.30ppm (H56 s) 59.64ppm (H * ,?  d) 
68.64ppm (H 4 7  m) 52.69ppm (C H a s)

[Ru(phen)j(da-<iiMedppz)f* — 

8a

203
263
383
425

Mr= 373.91g/mol 
387.00m/z (M*)

0.62 95%36mg phen; 57.66ppm (H j s m) diMedppz: 57.78ppm (Ha,s m) 
58.03ppm (H ;.; d) 68.10ppm (Hz^ d) 
58.22ppm (H2,9 d)
58.29ppm (Hs s s)
58.64ppm (H4.7 m) S9.64ppm (H4 7 d) 
52.69ppm (C H a s)

[Ru(phen)2dt-dimedH>zl̂ *

8b

204
222
263
383
442

Mr= 388.87g/mol 
379.20m/z («*)

0.61 48%32 mg phen; 67.67ppm (Ha,s m) diAAedppz:
38.05ppm (H2,9 d)
68.24ppm (Hz,9 d)
58.29ppm (Hb.6 s) 58.24ppm (Hu.m d) 
S8.6Sppm (H4 7 m)
S2.69ppm (C H a s)

[Ru(phen)2d8-diMedppz]̂ *

8c

221
263
383
444

Mr= 389.91g/moi 
390.20m/z (M)

0.71 48%, 32 mg phen; 87.62ppm (Ha s m) diAAedppz: 
58.05ppm (H2,9 d)
58.25ppm (Hz,9 d)
88.30ppm (H s ,6 s )
58.63ppm (H4.T m)

[Ru(d8-phen)2diMed|)pz]̂ *

8d

204
222
263
383
442

Mr= 393.76g/tnol 
253.03tn/z 
394.12m/z (M*)

0.71 58%.48 mg phen; dppz: S7.80ppm (Ha.a m) 
S8.13ppm ( H z,9 d)
S8.50ppm(Hii,i4 d)
69.67ppm (H47  d)
52.69ppm (CHas)

[Ru(d8-phen)2drdiMedppz]^* 262
284

M r =396.91g/mol 
397.03m/z(M)

0.34 >100%,27mg phen: diAAedppz:

8e 382
443 58.50ppm (H ii,i4 d) 

62.69ppm (C H a s)
[Ru(dg-phen)3drdiMedppz]**

8 f

220
262
383
442

M r = 394.76g/mol 
395.26m/z (M*)

0.74 45%, 17 mg phen; diAAedppz: S7.78ppm (Ha.s ni)
88.10ppm ( H j ^  dd) 
89.63ppm ( H 4,7 dd)
S2.68ppm (CHas)

[Ru(d8-phen)2dirdiMedppz]^^
8g

220 382 
262 432

M r = 397.75g/mol 
398.24rti/z (M*)

0.80 27%, 18mg phen; diAAedppz:



Table
6.9

Compound UV-vis Moss Spectrum 
(MeCN)

TLC
( R f )

yield
(%.

NMR (CD3CN)

[Ru(idi£n)2iipq] '̂^

7

222
254
423
446

Mr = 346.87g/mol 
191.05m/z 
233.17m/z (dfxj) 
347.30m/2 (M*- 
PF6*-)

0.66 87%,44mg phen; 87.65ppm m) 
68.04ppm (Hz,9 dd) 
58.14ppm (Hj gdd) 
58.29ppm (H5.6 s) 
58.63ppni (H4_7 d)

dpq; 87.79ppm (Ha  ̂m) 
68.14ppm (Hp  ̂d)

89.25ppm (Huj2 s) 

89.54ppm ( H 4  7 d )

[Ru(]dien)2ds-dpq]‘^

7b

222
262
422
447

Mp = 349.76g/tnol 
338.47m/z 
350.21m/2 (M*) 
360.46m/z

0.75 93%,34mg phen; 57.65ppm (H3 8 m) 
58.04ppm (Hj^ dd) 
58.14ppm (Hj^ dd) 
58.29ppm (Hs^ s) 
58.63ppm {H4 7 d)

dpq:

S9.25ppm (Hii,i2 s)

[Ru(i)lten)2di-<lpq]‘^

7c

204
222
262
422
447

Mr = 350.869/mol 
351.21m/z (M*) 
847.46m/z (M*+ 
PF6')

0.70 93%,17mg phen; 57.64ppm (Hj a m) 
S8.04ppm (Hj^ dd) 
SB.lSppm dd) 
58.28ppm (Hg,6 s) 
58.63ppm (H4 7 d)

dpq:

[Ru(dr]Aen)2dpq]^

7d

221
262
423
446

448

Mr=354.889/mol 
354.51m/z (M)

0.36 77%,71mg phen; dpq: 67.79ppm (Ha s m) 
S8.14ppm (Hj^ d)

69.25ppm (Hu.u s) 
S9.54ppm ( H 4 .7  d)

[Ru(d«-idia))2d«-dpq)]

7f

222
262
424
447

Mr=357.87g/mol 
358m/z (M*) 
860.86m/z (M*+ 
PF6*-)

0.65 29%,13mg phen; dpq:

89.25ppm (Hii iz s)

[Ru(ds-i^en)idir<lpq)1

7g

217
234
262
424
447

Mr=354.879/mol 
m/z (M*)

0.63 29%,17mg phen; dpq:



Table
6.9

Compound UV-vis Moss Spectrum 
(/MeCN)

TLC
(Rf)

Yield
(% .

NMR (CDjCN)

[Ru(l*ai)2dpq]’^

7

2 2 2

254
423
446

Mr = 346.879/mol 
191.05m/z 
233.17m/2 (dpq) 
347.30m/z (M*- 
PF6*-)

0 . 6 6 87%,44m9 phen; 87.65ppm (Hsje m) 
88.04ppm (Hj,9  dd) 
S8.14ppm (Hz,9  dd) 
S8.29ppm (H5 6  s) 
S8.63ppni (H4 .7 d)

dpq: S7.79ppm (Hâ  m) 
58.14ppm (Hẑ  d)

89.25pptn s) 
89.54ppm (H»7 d)

[R u({d> « i)2d c-dp q ]^*

7b

222
262
422
447

Mr = 349.76g/rBol 
338.47m/z 
350.21m/z (M*) 
360.46m/z

0.75 93%,34mg phen; 87.65ppm (H3  8  m) 
S8.04ppm dd) 
58.14ppm dd) 
58.29ppm (Ho;6 s) 
S8.63pptn Q-U 7  d)

dpq:

59.25ppm ( H u ,i2 s )

[R u(phen )2d« -dpq ]‘ ^

7c

204
222
262
422
447

Mr = 350.86g/tnol 
351.21m/z (M*) 
847.46m/z (M*+ 
PFs'-)

0.70 93%,17mg phen; 57.64ppm (Ha a m) 
68.04ppm (Hj ;9 dd) 
88.15ppm (H jj dd) 
88.28ppm 3) 
S8.63ppm (H4.7 d)

dpq:

[Ru(drl*e»)jdpqf"

7d

221
262
423
446

448

Mr=354.88g/mol 
354.51m/z (M)

0.36 77%,71mg phen; dpq: S7.79ppm (Ha s m) 
S8.14ppm (Hz5 d)

S9.25ppm ( H j i_i 2 s )  

89.54ppm (H47 d)

[R ii(d s -p b a t)2d«-< lpq)]

7 f

222
262
424
447

Mr=357.879/mol 
358m/2 (M*) 
860.86tn/z (M*+ 
PF6*-)

0.65 29%,13mg phen; dpq:

S9.25ppm (Hii,u s)

[R u (d rld ie n > 2 d rK lp q )]

7g

217
234
262
424
447

Mr=354.87g/mol 
tn/z (M‘)

0.63 29%,17mg phen; dpq:



Table
6.10

Con^xNjnd UV-vis Mass Spectrum TLC Yield NMR (CD3CN)

[Ru(phen)diFdppz)]^^

9

204
264
372 (9.7) 
440 (8.5)

Mr = 389.91g/mol
390.36m^z(M*)
398.92m/z

Rf=0.73 24%,13mg phen: S7.65ppm ( H j ,a  m) diFdppz: 87.79ppm (Haj m) 
58.04pptn (H2 ,9  d) 58.13ppm (Hz^ d) 
S8.24ppni (Hj^ d)
58.29ppni (Hb,6 3) 58.34ppm (Hĥ m t) 
88.62ppm (H 4 .7  tn) 89.62pptn (H4  7 d)

[Ru(i*en)2d2-diFdppz)f^

9a

225
234
276
372
442

Mr =390.70g/mDl 
259.12m/z 
335.15m^z 
391.10m/z(M*)

Rf=0.80 59%, 19n^ phen: S7.65ppm (Hj^ m) diFdppz: 87.80ppm (H3 .8  d) 
S8.04ppm (H{^ dd)
S8.22pprn (Hz^ dd) 58.34ppm (Hn̂ u t) 
58.30ppni ( H s ,6 3 )  59.62ppm (H4 ^d) 
58.65ppm (H4  7 in)

[Ru(phen)2d«-<liFdppz)]^^

9b

203
264
372 (1.9) 
439 (1.5)

Mr =392.88g/mol 
209.12m/z 
223.10WZ 
393.24m^z(NT)

Rf=0.32 70%, 21mg phen: 57.67ppm (H3 .8  m) diFdppz:
58.04ppm (H2 .9  dd)
58.22ppm (Hij, dd)
58.29pptn (Ha,6  s) 58.33ppm (Hu m t) 
S8.64ppm (H 4 .7  ti>)

[Ru(d8-idieii)2diFdppz)]^*

9d

203
265
371 (11.3) 
439 (8.6)

Mr = 397.98g/rool 
398.32m/z

Rf=0.75 58%, SOmg phen; diFdppz: 57.80ppm (Hâ g m)
88.14ppm (Hz^ dd) 
S8.33ppm (Huj4 t) 
58.62ppm(H4,7 dd)

[Ru(d«-phen)id<-di Fdppz)f *

9f

226
260
273
371 (9.6) 
^39  (7.4)

Mr -  400.9Ig/mol 
401.32m/z (M*)

Rf=0.68 64%, SOmg phen; diFdppz:

58.39ppm (Hu 4̂ t)
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chapter Seven



Chapter Seven ~ Possible Future Work

The aim o f the present study was to examine the photophysical properties o f  Ru(II) 

complexes, o f the form [Ru(phen)2dppz]^'' 4, both in the absence and in the presence of 

DNA. Three main research areas have been detailed below along with some future 

possible work.

Firstly, the effect o f protium-deuterium exchange on the excited state energies of 

complex 4 and its deuterated derivatives were investigated. It was postulated from this 

study that the excited state electron is located on the phen portion o f  the dppz ligand. 

This result was confirmed on examination o f [Ru(phen)2 diMedppz]^^ 8 complex and its 

deuterated analogues. The study was also extended to include the complex 

[Ru(phen)2 diFdppz]^^ 9, however, we were unsuccessful in preparing the complete 

series o f deuterated complexes. Therefore, a protium-deuterium exchange route for the 

perdeuteration o f  the fluorinated ligands; diPdab and diFdppz, would permit the 

completion of this series of complexes. Thus allowing a more detailed study o f the 

effect o f deuterium on the location o f the electron density in the excited state and on the 

nonradiative (k„.) d e c ^  processes.

Secondly, a systematic temperature dependent study o f the effect o f progressive ligand 

deuteration into [Ru(bpy>3 ]̂  ̂ 1 and [Ru(phen)3 ]̂ '" 6, was performed in degassed 

aqueous solutions in the range 4°C to 44®C. As expected the value o f the emission 

lifetime was found to decrease on moving to higher temperatures, while an increase was 

noted on increasing the extent of deuteration in these complexes. However, although 

uniform changes were noted for the bpy series (1-lc), these changes were found to vary 

for the corresponding phen series (6-6c). A more extensive study is needed which 

includes (i) a range of solvents (e.g. acetonitrile, methanol and ethanol) and (ii) related 

complexes such as [Ru(tap>3 l̂ "̂ , [Ru(dpq)3 ]̂  ̂ and [Ru(dppz)3]^^respectively.

Subsequently, to the best o f  our knowledge, temperature dependent studies for the 

parent complex 4, have not been previously studied and may provide useful information 

about the ^MLCT and higher lying ^MC and/or ^MLCT (4) excited states.
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Finally, the interactions of the enantiomers o f [Ru(phen)2dppz]^'^ 4 with CT-DNA were 

investigated. The introduction of deuterium into these systems provided a number of 

interesting and promising results. In contrast to the protiated parent complex there are 

no apparent difference in the emission lifetimes for the A- and A-enantiomers and the 

intensity of the emission is similar for the deuterated complexes; [Ru(phen)2d4-dppz]^"  ̂

4a and [Ru(d8-phai)2dppz]^^ 4d respectively. The resolution of the entire dppz family 

of complexes, 4-4g inclusive, provide an explanation for the unusual behaviour 

exhibited for the A- and A -enantiomers of 4a and 4d, in the presence of DNA. 

Furthermore, this study could be extended to include alternative ligands into these 

complexes. The [Ru(phen)2dpq]^^ series of complexes have been prepared (as detailed 

in Chapter Six), and already preliminary steady-state studies have been performed in 

our laboratories in the absence and presence of DNA.

245



Jipvendhi



Appendix

In order to study the photophysics of the complexes; [Ru(phen)3 l̂  ̂6 and fRu(bpy)3 l^  ̂1 

in deoxygenated water, the excited state lifetimes were examined as a function o f  the 

variation o f the temperature and the extent o f  deuteration o f  the complex. The variation 

o f lifetime (as detailed in Chapter Four) can be described by the equation

which contains a temperature independent (k) term and a temperature dependent term 

(k° exp( AE/RT)). The former temperature independent term is assumed to be equal to 

the radiative and nonradiative (k, + k^) transitions associated with the average ^MLCT 

state. The temperature dependent term(s) correspond to the thermally activated 

crossing to the ^MC and/or to a fourth ^MLCT state.

However, for complexes 1 and 6 , plots o f 1/ t  - v^ -  1/T for tiie range o f temperatures 

monitored did not give straight line plots making the evaluation o f parameters k, k“ and 

AE difficult. As a result of further discussion on this topic, it was suggested by Dr. 

Mike Lyons to plot Inl/x -vs -  1/T for complexes (1-lc) and (6-6c) respectively. Such a 

plot neglects the temperature independent (k) term and is hoped to give appropriate 

values for the activation energy AE (energy gap between the ^MLCT and ^MC states) 

for these Ru(II) complexes. These Arrhenius plots are shown in Figure 1, and also 

include; (i) a fitted line (y = mx + c) and, (ii) the correlation coefficient (R^).

For the sake o f clarity, the complexes will be discussed individually before a 

comparison between the two is made. The phen series o f complexes (6-6c), displ^ed 

in Figure 1(A), display straight line plots with good correlation coefficients. From the 

slope, the activation energies were calculated as 1867 cm'^ (6), 1895 cm'* (6a), 1911 

cm‘‘ (6b), and 1834 cm'* (6c), respectively.



[Ru(phen)3]2+ 6

r 13.9w

y = -2.687X + 22.899 
= 0.9926 

y = -2.7211x + 22.986 
R  ̂= 0.9916

V = -2.7439X + 23.043 
= 0.9864

y = -2.6338X + 22.647 
R̂  = 0.9911

♦  6

■ 6a 

▲ 6b 

•  6c

— Linear (6) 

^ — Linear (6a) 

— Linear (6b) 

— Linear (6c
3.3 3.4 3.5 3.6

in-(K-i)

[Ru(bpy)3]2+ 1
y = -0.8529x + 17.19 

= 0.9533

y = -0.7887X + 16.921 
= 0.9576

y = -0.8647x + 17.12 
R̂  = 0.9616

y = -0,9309x + 17.262 
R̂  = 0.9636

♦  1

■ la  

A 1b 

« 1c

— Linear (1) 

— Linear (la) 

^ — Linear (1b) 

^ — Linear (1c)

31 3.2 3.3 3,5 3.6

Figure 1: Plots of InlA as a function of 1/T for (A) [Ru(phen)3 ]̂ * 6 and its deuterated analogues 6a- 

6c (B) [Ru(bpy)3 ]̂ * 1 and its deuterated complexes l a - l c  in degassed aqueous solutions

For the corresponding bpy series of complexes (1-lc), the plots of Ini/x as a function of 

1/T are displayed in Figure 1(B) and are not as clear cut as the plots appear to be curved 

lines. This may account for the smaller correlation coefficients obtained for bpy, with 

an average value of R ,̂ R^v “  0.960 compared to 0.990 for the phen complexes. 

Furthermore, an activation energy AE of 594 cm‘̂  was obtained for complex 1, with 

values of 549 cm'^ (la), 603 cm’* (lb) and 648 cm'* (Ic), respectively. The data for 

complexes 1-lc was also fit for the range o f temperatures from 4®C to 24®C and for the 

temperatures from 24®C to 44®C, as illustrated in Figure 2. It is evident from the plots



that even over the small range of temperatures monitored that the nature of the excited 

state(s) depend very much on the temperature and this is shown by the differrait AE 

values of 789 cm'* (Figure 2(A)) and 473 cm'* (from Figure 2(B)), respectively.

14.4

143  -

142  -

13.9
3.3 35  

1/T (K-1)
36 373.4

14.6

14.5 -

14.4 -

g- 14.3 -

14.2 -

141  -

3.15 3.2 3.25 3.3 3.35 3,4
1/T(K-1)

Figure 2: Plots of In lA  -vs- 1/T for [Ru(bpy)3 ]̂ * series of con^lexes 1 - lc  for temperatures (A) 4°C 
to 24°C and (B) 24°C to 44°C in degassed aqueous solution. Where ♦protiated [Ru(bpy)3 ]̂ * 
complex 1, ■ complex la , ▲ complex lb , and ■ complex Ic .

In conclusion, the data obtained for the two completes studied has been summarised in 

Table A.

Variable [Ru(phcn)af* 6-6c [Ru(bpy)3f* 1 -lc
Plot of 1/ t  - vs -  1/T Curved Lines- Curved Lines - Parallel

Plot of In lA  -vs- 1/T Straight line plots Curved line plots

(Correlation Coeff.) = 0.990 

Better regression for phen 

complexes

= 0.960

AE (cm ') 6 1867 

6o 1895 

6b 1911 

6c 1834

1 594 

la  549 

lb  603 

Ic  648

Table A : A comparison of the data obtained from the plots for series of complexes 
[Ru(phen)3 ] *̂ 6-6c and [Ru(bpy)3]^* 1-lc.

It was observed that straight line plots with better correlation coefficients and larger AE 

values were obtained for the phen series of complexes which m ^ account for the larger



emission lifetime values for the protiatsd phen complex 6 and its deuterated analogues 

6a-6c under degassed aqueous conditions. However, it must be noted that these results 

and observations are only approximations. Indeed, it has been shown previously that 

parameters k*’ and AE display significant covariance and are not reliable. Furthermore, 

it is difficult to make any direct comparisons to values reported in the literature, due to 

differing conditions, which include solvent, temperature range, and evaluation of 

different parameters (i.e. k, k“ , AE, and k®’exp(AE/RT)) being studied.


