
„  Library
Thesis

r \ r i \  Copyright
Déclara tion 

Form

Thesis Details: This section to be completed in BLOCK CAPITALS

Author
Surname C H-ftN f W

Author
Firstname

Title

of: VjW Cc/M f O a MQï

Degree Year

*\ 0 o s <h °l °l (o X

This thesis is made available on the understanding that the reader will not 
publish in any form either the whole or any part of it without the written 
permission of the copyright holder.

The copyright of the thesis belongs to the author. Readers must sign their 
name to indicate that they accept these conditions, and give their 
permanent home address.

Reader Signature

Reader Name
(print in block letters)

Permanent Address
(print in block letters)

Date

CLAW 6ERGtIIVJ •

XL, i g & E c U f f t r U i  f o i Q P

/  u __________________________

I I ?

ID Number

Other Dates 
accessed



PREPARATION, CHARACTERISATION AND PROPERTIES 
OF RUTHENIUM COMPOUNDS CONTAINING PYRIDYL- 1,2,4-TRIAZOLES

by

Barbara E Buchanan BSc (Hons)

A Thesis presented to Dublin City University for 
the degree of Doctor m  Philosophy

Supervisor Dr J G Vos

School of Chemical Sciences 
Dublin City University

Ap r 1 1 19 8 9



To my parents



A C K N O W L E D G E M E N T S

First and foremost I would like to acknowledge my 
supervisor Dr Han Vos for his continuous help, 
encouragement and advice during the course of this work

I would like to express my gratitude to Ronald Hage from 
the Gorleaus Laboratories in Leiden for solving the crystal 
structure of [Ru(bpy)2 (3MePyrtr)](PF 5 ) 4 H 2 O during my stay 
in Leiden, and also for his help in the interpretation of 
some of the COSY n m r spectra I also wish to thank Jaap 
Haasnoot and Jan Reedijk for their help during my stay in 
The Netherlands

Many thanks to all my fellow postgrads for their friendship 
and assistance during these last few years In particular, 
I would like to acknowledge Andrew Kelly and Robert Forster 
for their help with the electrochemistry,

I wish to thank the t e c h n i c i a n s  Teresa Me Donald, Ita
Kinehan, Mick Burke, Peig Ward and Maurice Burke for their 
help and advice during the e x p e r i m e n t a l  stage of this 
thesis

I would like to acknowledge Professor A Pratt and other 
mem b e r s  of staff for the use of the facilities of the 
chemistry department at Dublin City University

Many thanks to the following in Trinity College Dublin, the 
c h e m i s t r y  department for the use of the Time Correlated
Single Photon Counting apparatus (TCSPC), Dr John Kelly
for his useful discussions on the lifetime results, Dr 
Wilheim van der Putten and Dr Martin Murphy for showing me 
the use of the TCSPC appara t u s ,  and special thanks to 
M a r t i n  Feeney for his continuous help during my work at
TCD



Sincere thanks to Bernie Creaven, Dr Connor Long and Dr 
Alan Howie for their time and p a t i e n c e  m  solving the 
crystal structure of [R u (b p y )2 (3M e P T )C 1]PF 5

I wish to express my gratitude to the Department of
Education for the maintenance grant which I received over
the period of my research

For Dorothea, many thanks for her help with the secretarial 
work

Last but not least I wish to express my gratitude to my
family for their support and encouragement and for "putting 
u p ” with me during the past few months of writing this
thesis Sincere thanks to Tom Tynan for his assistance in 
the preparation of this manuscript



This thesis has not been submitted as an exercise for a 
d e g r e e  at t h i s  or a n y  o t h e r  U n i v e r s i t y  Except as
otherwise indicated, this work has been carried out by the 
autho r a lone

Barbara E Buchanan



CONTENTS
Page

CHAPTER 1 General Introduction on fRu(b p v )3 1 1

1 1 Application and Uses of Ruthenium 2
1 2 Photophysical Properties of

[Ru(bpy)3 ]2+ 4
References 13

CHAPTER 2 Exp e rimental . 15

2 1 Synthe sis 16
2 1 1  Ligand Preparation 16
2 1 2  Preparation of Complexes of the Type Cis-

[Ru(bpy)2 (L -L ')]n+ 18
2 1 3  Preparation of Complexes of the Type Cis-

[Ru(bpy) 2 (L-L')C1]PF6 22
2 1 4  Preparation of Mononuclear and Dinuclear

Complexes Containing Asymmetric Bridging 
Ligands 23

2 2 Instrumentation 27
2 2 1 Absorption and Emission Spectroscopy 27
2 2 2 pKa Measurement 27
2 2 3 Electrochemical Measurements 27
2 2 4 High Performance Liquid Chromatography

(H P L C ) 28
2 2 5 Semi-Preparative HPLC 28
2 2 6 Emission Quantum Yield Determination 29
2 2 7 Photochemistry Experimental 29
2 2 8 N m r Spectroscopy 30
2 2 9  X - R a y C r y s t a l l o g r a p h y  30

(a) [Ru(b p y )2 (3MePyrtr)](PF 5 ) 4 H 20 30
(b) [Ru(bpy) 2 (3MePT)Cl]PF 5 31



2 2 10 Time Correlated Single Photon Counting
(TCSPC) Method of Lifetime Measurements 32

2 2 10 1 General Theory of TCSPC 35
2 2 1 0 2  Data Analysis 36
2 2 10 3 Evaluating the Success of the Fit 37
2 2 10 4 Standards for TCSPC 38

References 41

CHAPTER 3 P r e p a r a ¿i_o_n_̂ __ Characteri s_ali_QH_a n d Photo -
Physical Properties of Ruthenium Compounds 
Containing: Chelating and Monodentate 
Asymmetric P v n d v l t n a z o l e  ligands. 4 3

3 0 Introduction 44

Section 1 
Preparation and Characterisation of 
Cis-[Ru(bpy) 2 (L-L')]n+ Complexes
Containing Asymmetric Bidentate Ligands 63

3 1 1  Preparation of Complexes of the type
[Ru(bpy)2 (L-L')]n+ 64

3 1 2  N m r Spectra 69
3 1 3  Crystal Structure of B 1 s (2,2'-blpyr 1 d in e )

Ruthenium-3-Methyl-5-(pyridin-2-yl)- 
1 , 2 , 4 - t n a z o l e  Hexafluorophosphate 77

3 1 4  Electronic Spectra and Redox Properties 82
3 1 5  Conclusion 91

Section 2
Synthesis of Complexes Containing Mono- 
dentate Pyr i d y 1trlazo1e Ligands With a 
View to Preparing Intermediates Formed 
in Photochemical Reactions 93



3 2 1

3 2 2 
3 2 3

3 2 4

3 2 5 
3 2 6

3 3 1 
3 3 2

3 3 2 1

3 3 2 2

3 3 2 3

3 3 2 4

3 3 2 5

3 3 2 6

3 3 3

3 3 3 1

Preparation of Complexes of the Type 
[Ru(b p y )2 (L "L ')C1]+
1H N ra r Spectra of the Free Ligands 

N m r Spectra of the Monodentate 
Coordinated Ligands
Crystal Structure of bis (2,2'b îpyrldine)- 
Chlo r o - Ruthenium *(3-Methyl-l-(pyridin-2-yl) 
- 1, 2 ,4(triazole) Hexafluorophosphate 
Electronic Spectra and Redox Properties 
Cone luslon

Section 3 
Photolysis of Compounds Containing 
Chelating and Monodentate Pyridyl- 
Triazole Ligands

Introduction to Photolysis 
Photolysis of a Model Compound 
[Ru(bpy)2 (viz)2 ]2+
Photolysis of [Ru(bpy) 2 (P T ))2+ in 
A c e t o m t r i l e
Photolysis of [R u (bpy)2 (P T )]2+ in 
A c e t o m t n l e - L i C l
Photolysis of [Ru(bpy)2 (P T )]2+ in 
Methanol -LiCl
Photolysis of [Ru(bpy)2 (4MePyrtr)]2+ 
in A c e t o m t n  le
Photolysis of [Ru(bpy)2(4MePyrtr)j2+ 
in A c e t o m t r i l e  *LiCl
Photochemical Stability of Compounds 
Containing the Chelating Ligands PT, 3BrPT, 
3MePT, and 4MePyrtr
Photolysis of Compounds Containing 
Monodentate Coordinated Pyridyltriazole 
Ligands
Photolysis of [Ru(bpy)2 (PT)Cl]+ m  
A c e t o m t r i l e

94
98

99

109
115
123

125

126 

127 

132 

134 

137 

143 

145

149

150 

150



3 3 3 2 

3 2 4

CHAPTER 4

4 0 
4 1 
4 2

4 3

4 4

CHAPTER 5

5 0 
5 1

5 1 1 
5 1 2 
5 2 
5 2 1 
5 2 2

5 2 3

Photolysis of [Ru(bpy)2 (PT)C1]+ in
A c e t o n i t n l e - L i C l
Conclusion
References

Acid-Base Chemistry of Ruthenium Compounds 
Containing Pvridvl-1 .2.4-tnazoles.

Int roduction
Acid-Base Chemistry of the Free Ligands 
Acid-Base Chemistry of Ruthenium Compounds 
m  the Ground State
Excited State Properties Including Lifetime
and Quantum Yield Measurements
Conclusion
References

Synthesis and Characterisation of 
Mono-nuclear and Dinuclear Compounds 
Containing Asymmetric Potential 
Bridging,..Ligands ,

Int ro due tion
Preparation of Mononuclear and Dinuclear 
Compounds containing Asymmetric Potential 
Bridging Ligands
Preparation of Mononuclear Compounds 
Preparation of Dinuclear Compounds 
*H N m r Spectra
*H N m r Spectra of the Free Ligands
*H N m r Spectra of Mononuclear Compounds
Containing l,3-Bis(pyndin-2-yl)
-1,2,4- t n a z o l e
*H N m r Spectra of Mononuclear Compounds
Containing l,3-Bis(pyridin-2-yl)
“1 ,2 , 4 - t n a z o l e

152
156
158

164

164
174

178

184
196
198

201

202

215
215
220

222
222

224

230



5 2 4

5 3 
5 3 1

5 3 2

5 3 3

5 4

CHAPTER 6

6 0

APPENDIX

^H N m r Spectra of D m u c l e a r  Compounds 
Containing 1 ,3*Bis(pyndin-2-yl)
-1,2,4- triazole
Electronic Spectra and Electrochemistry 
Mononuclear Complexes Containing 1,3-Bis
- (pyridin- 2 -yl) - 1 , 2 , 4 - t n a z o l e  
M o nonuc1ear Complexes Containing 1,3-Bis
- ( p y n d m - 2 -yl) - 1 , 2 , 4 - t n a z o l e
D m u c  1 e a r Comp lexes Containing 1,3-Bis
- ( p y n d i n  - 2 -yl) - 1 , 2 ,4 -triazole 
Conelusion
References

CONCLUSION

Conclusion

233
242

242

248

252
261
264

268

269

Tables of Crystal Structure Data 
List of Publications

273
276



PREPARATION, CHARACTERISATION AND PROPERTIES OF RUTHENIUM 
COMPOUNDS CONTAINING PYRIDYL- 1,2,4-TRIAZOLES

BARBARA BUCHANAN

The synthesis and characterisation of ruthenium compounds 
of the type [Ru(bpy)2 (L -L ’)]n + , where L-L' are a series of 
c h e l a t i n g  p y n d y l t r i a z o l e  ligands, are re p o r t e d  For 
3 - ( p y n d i n - 2 - y l )  -1,2,4-tnazole, * H n m r and HPLC studies
show that two isomers have been formed m  the ratio 1 1
upon coordination to a Ru(bpy ) 2  moiety These isomers have 
been s e p a r a t e d  using s e m i - p r e p a r a t i v e  HPLC techniques 
Isomer 1 and isomer 2 were characterised using spectro­
photometry, electrochemistry and *H n m r The pKa values 
of the isomers are different (pKa isomer 1 = 5 95, pKa
of isomer 2 is 4 07) The information obtained on the 
isomers suggests that in isomer 1 coordination to ruthenium 
is via the p y r i d i n e  ring and the N^ * n i t r o g e n  of the 
t r i a z o l e  ring, while isomer 2 is c o o r d i n a t e d  via the 
pyridine ring and N 2 ' nitrogen of the triazole ring For 
[R u ( b p y ) 2 (3M e P y r t r )]P F 5 , where 3 M e P y r t r  = 3 - m e thyl-5- 
( p y r 1 d 1 n - 2 - y 1) - 1 , 2 , 4 - t r 1 a z o 1 e two coordination mode are 
also possible However, *H n m r reveals the presence of 
one isomer only, indicating that the methyl group provides 
steric h i n d r a n c e  for c o o r d i n a t i o n  The X- r a y  crystal 
structure of this compound shows that coordination of the 
ligand takes place via the N ^ ' atom of the triazole ring

The possibility of forming monovalent species of the type 
[ R u (b p y  ) 2 (L * L ' ) C 1 ] + w h e r e  L-L' takes up m o n o d e n t a t e  
coordination, was studied with a view to preparing mono- 
denate intermediates analogous to those which are formed 
d u r i n g  the p h o t o l y s i s  of the com p l e x  c o n t a i n i n g  the 
chelating ligand Correlation spectroscopy n m r of the 
t h e r m a l l y  p r o d u c e d  m o n o d e n t a t e  c o m p l e x e s  suggests that 
coordination takes place via the triazole ring, N^' for PT, 
3BrPT and 3MePT and N* ' for 4MePyrtr The x-ray crystal 
s t r u c t u r e  of [ R u ( b p y ) 2 ( 3 M e P T ) C 1 ] + c o n f i r m s  the N ^ ’ 
coordination mode It seems unlikely that the coordination 
mode for the photochemica 1 ly produced monodentate-chloro 
s p e c i e s  is the same, as this w o u l d  p r o b a b l y  m e a n  
irreversible ligand loss

I n v e s t i g a t i o n s  into the f o r m a t i o n  of m o n o n u c l e a r  and 
d m u c l e a r  complexes containing asymmetric bridging ligands 
were car r i e d  out using the ligands 1 , 3 - b 1 s (py r 1 d in - 2 - y 1 ) 
- 1 , 2 , 4 - t n a z o l e  (bptn) and 3 , 5 - b 1 s ( py r 1 din - 2 - y 1 ) - 1 , 2 , 4- 
tr i a z o l e  (Hbpt) For bptn only, the f o r mation of the 
m o n o n u c l e a r  complex was possible, suggesting that steric 
l i m i t a t i o n s  of the ligand prevent the formation of the 
d m u c l e a r  comp lex Both mono - and d 1 - nuc 1 ea r comp lexes 
w e r e  f o r m e d  c o n t a i n i n g  bpt" The c o m p l e x e s  w e r e
c h a r a c t e r i s e d  u s i n g  c o r r e l a t i o n  s p e c t r o s c o p y ,  
spectrophotometry and electrochemistry
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CHAPTER 1 

Introduction on [Ru(bpy) 3 ]2+
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1 1 Applications and Uses of Ruthenium,.

Ruthenium is a rare metal with a natural abundance in the 
earths crust of ca 10"^ p p m  [1] It is a second row 
transition metal occurring in group VIIIA of the periodic 
table, under iron and above osmium, has seven stable 
isotopes and the electronic configuration [Kr](4d )^ (5s )*

The principle use of ruthenium is for hardening alloys with 
p a l l a d i u m  and p l a t i n u m  A l l o y s  w i t h  p l a t i n u m  (12% 
ruthenium) find applications as electrical contacts, and 
both platinum and palladium alloys are used for jewellry 
a nd f o u n t a i n  p e n  nibs [1] More recently, labelled 
compounds contai n i n g  ruthenium isotopes are reported to 
have a number of potential applications in nuclear medicine 
[2] For example, the radioactive isotope ruthenium-97 was 
r e c o g n i s e d  as a p o t e n t i a l  r a d i o n u c l i d e  ( r a d i o a c t i v e  
isotope) for nuclear medicine by Subramanian et al [3] m  
1970

The usefulness of radio1 abe11ed ruthenium (III) chloride as 
a p o t e n t i a l  s u b c u t a n e o u s  tumour l o c a l i s i n g  agent was 
i n v e s t i g a t e d  by Tanaba and Yamamoto m  1975 [4] Their
results showed that the cancer cells were stained more 
i n t e n s e l y  w i t h  " r u t h e n i u m  red" t h a n  normal cells, 
indicating a possible preferential uptake of ruthenium [2 ]

One of the most spectacular advances m  synthetic organic 
c h e m i s t r y  in r e c e n t  y e a r s  is t h e  s y n t h e s i s  of 
enantiomer pure molecules via chiral catalysts [5-8] To 
date much of this work has been carried out by Noyori et 
al [5-7] in Japan using new mononuclear Ru(II) complexes 
c o n t a i n i n g  a x i a l l y  d i s s y m m e t r i c  ( R ) -  o r  
( S ) - 2 , 2 ' - b l s ( d l p h e ny 1 p ho s p h i no ) - 1 , 1 ' - b m a p h t  hy 1 [(R)- or
(S)-BINAP] and its derivatives These complexes exhibit 
very high catalytic activity and enantioselectivity m  the

2



h y d r o g e n a t i o n  of a wide range of s u b s t r a t e s  including 
enamides and a-amino ketones [7] These catalysts are also 
recovered from reactions in high yields

R u t h e n i u m  c o m p o u n d s  can be stable in nine different 
oxidation states [Ru(0) to Ru(VIII)] Most of the current 
research involves the oxidation states (III) and (II) The 
chemistry of these two oxidation states is both interesting 
and diverse R u t h e n i u m  (III) shows an e x t e n s i v e  c o ­
ordination chemistry, forming many stable cationic, neutral 
and anionic monomeric species [8 , 9] The photochemistry
and p h o t o p h y s i c s  of Ru(II) species have been studied
e x t e n s i v e l y  over the past few decades and continues to

0 +expand, and in particular that of [Ru(bpy) 3 ]z , where bpy = 
2 , 2 ' - b l p y r l d i n e  [1, 8-10] Carbonyl and organometa 111 c
chemistry of Ru(II) is also developing very rapidly

[Ru(bpy)3 ]2+ was first prepared in 1936 [11] and since its
use as a sensitiser was first proposed m  1971 by Demas and 
A d a m s o n  [12] , [R u (b p y ) 3 ]  ̂+ has b e e n  the subject of
e x t ensive i n v e s t i g a t i o n s  [8-10, 13, 14] The compound

o ■[ R u ( b p y ) 3 ] p o s s e s s e s  a unique c o m b i n a t i o n  of p h o t o ­
chemistry, e l e c t r o c h e m i s t r y  and chemical stability To 
date, a vast number of compounds containing ruthenium have 
b e e n  p r e p a r e d  [1, 8 ] The Ru( I I ) * po lypy ridine type
c o m p l e x e s  f i n d  t h e i r  m o s t  e x t e n s i v e  and i n t e r e s t i n g  
applications as [15],

(I) Photolumine s cent compounds

(II) Excited stated reactants in electron and energy 
transfer processes

(III) Excited state products m  electron transfer 
c h e m i l u m m e s c e n c e  and electrochemi lumine s cenc e

3



R u 2+ is a d ̂  system and the polypyridyl ligands such as 
2,2' - b i p y r i d i n e  (bpy) , 4,4* - d i m e t h y l  • 2,2' - b i p y n d m e
(Me 2 bpy ) i and 1 , 10 * p h e n a n t h r o l i n e  (phen) , etc , are 
visually colourless molecules, possessing a donor orbitals 
localised on the nitrogen atoms and the tt and tt*  acceptor 
orbitals mo re or less delocalised on aromatic rings For 
the d^ configuration a number of complexes of R u 2+ and 0s2+ 
do luminesce [16, 17] Moreover, the significance of d^
emitters is enhanced by the availability of two distinct 
energy level schemes [18]

(1)a localised "d-d" type emitter in which the ligands are 
a small perturbation upon the metal levels

(2 )an emitter in which delocalised levels characteristic of 
the ligand or with mixed d - tt character emit

9 +1 2 Pho t ophvs i c a 1 Properties of T R u f b p v ^ l^

9 +The p h o t o p h y s l c a  1 p r o p e r t i e s  of [ R u ( b p y ) 3 ] may be 
e x p l a i n e d  with the aid of Figure 1 1 The absorption
spectrum of [Ru(bpy>3 ]2+ exhibits an intense (G~14,600 dm^ 
mol " ̂  c m “ l) absorption band at 452 nm (1) assigned to a 
meta 1 -t o - 1 igand charge tr a n s f e r  (MLCT) transition [9], 
which is singlet in character Intersystem crossing (ISC) 
occurs (2 ) from the singlet state to four closely spaced
^MLCT states [19] The efficiency with which the lower 
JMLCT states are populated following direct absorption into 
the higher singlet state is known to be - 1 [2 0 ]

T h e  c a t i o n  e m i t s  s t r o n g l y  at 298 K, w i t h  a b r o a d
structureless orange-y e 1 low emission (3 ) occurring at 610 
nm in water [21] At 77 K, in glassy solution the emission 
s p e c t r u m  is well resolved into the different vibrational 
components with the maximum emission wavelength found at

4



580 nm Deactivation from the ^MLCT state to the ground- 
state may also occur via n o n -r adìative decay (4) If the 
energy difference, A E , between the 3MLCT state and the d-d 
level is small then thermal population of the d-d level may 
a l s o  occur (5 ), f o l l o w e d  by t h e r m a l  or p h o t o c h e m i c a l  
deactivation to ground state (6 )

R u  ( g r o u n d  state)

Figure 1 1 Representation of the excited state properties
of (Ru(b p y )3 ] 2 +

Figure 1 1 may be summarised by the following scheme

hi?
Ground State ................> ^MLCT (1)

ISC
JMLCT  > 3m l c t  (2)

3 KrMLCT  > Ground State + hu
(Emi s sion) (3)

5



il J.JMLCT  > Ground State + Heat (4)

3MLCT  > dd (5)
< ...............

dd  > Ground State or
Photochemistry (6 )

9 +[Ru(bpy)3 ] is a very stable species in solution at room 
temperature and has a relatively long lived JMLCT state of 
620 ns m  degassed water [9] An important advantage of 
MLCT excited states is the presence of two distinct redox 
sites, l e an oxidising site on the metal and a reductive 
site on the ligands

[Ru(bpy>3 ]2+ is one of the few transition metal complexes 
that luminesces strongly in solution at room temperature 
and also exhibits a powerful photosensitisation capacity 
for e l e c t r o n -  and energy- tr a n s f e r  p r o c e s s e s  These
properties have resulted in the species being considered in 
the role of p h o t o c a t a  1 ysts for the vi s l b 1 e - 1 1 ght p h o t o ­
induced d e c o m p o s i t i o n  of water into di-hydrogen and di- 
oxygen As water is transparent to visible and near uv
light (A > 185 nm) the addition of a sensitizer, such as,

9 +[Ru(bpy)3 ] is necessary so that excitation energy/solar 
energy can be transmitted to the aqueous medium in order to 
generate H 2 and

The photod 1 ssoc 1 a t 1 on of water can be considered m  terms 
of two half cell reactions

H 20 + e' ........ > OH" + 1/2 H 2 (7)

H 20 ........> 2H+ + 1/2 0 2 + 2 e ' (8 )

6



T h u s  g e n e r a t i o n  of a m o l e c u l e  of h y d r o g e n  or oxygen
involves mul t i -electron transfer (2e" for H 2 and 4 e “ for
O 2 ) Redox potentials for the above processes are 0 0 V
for (7) and 1 23 V f o r  ( 8 ) ( v e r s u s  N o r m a l  Hydro g e n
Electrode) at pH = 0 Therefore, the redox properties of
[ R u ( b p y ) 3 ] m u s t  be > 1 23 V f o r  o x i d a t i o n  to
[ R u (b p y )3 ] ,  and < 0 00 V for reduction to [Ru(bpy)3 ]+

9 +From Figure 1 2, which shows the structure of [Ru(bpy)3 ]^ 
a l o n g  w i t h  the g r o u n d  s t a t e  r e d o x  p r o p e r t i e s  in 
a c e t o m t n l e ,  it is evident that [Ru(bpy) 3 ]2+ complies with 
this criteria

E V vs SCE
F i g u r e  1 2 S t r u c t u r e  and cycl i c  v o l t a m m o g r a m  of the
o x i d a t i o n  and r e d u c t i o n  p o t e n t i a l s  of [ R u ( b p y ) 3 ]2+ in 
a c e t o m t n l e / 0  1 M NEt^ClC^

7



F i g u r e  1 3 s hows the f r e e  e n e r g y  d i a g r a m  for the
d e a c t i v a t i o n  of the l u m i n e s c e n t  e x c i t e d  s t a t e  of 
[ R u ( b p y > 3 ] 2+ to the grou n d  state via [ R u ( b p y > 3 ]+ and 
[ R u ( b p y ) 3 ]^+ C o m p a r i n g  the redox p o t e n t i a l s  for the 
ground state and the exc i t e d  state in Figure 1 3, it
follows that [Ru(bpy)3 ]2+ is a better reductant and also a 
better oxidant m  its excited state [9, 22]

2 +
R u  (bpy) 3

'  {  J
fluibpy)* I  R u ( b p y ) j +

r  /
- I 2 6 « V %  -# ■  +. /  126

Figure 1 3 Free energy diagram for the deactivation of the 
luminescent excited state of [Ru(bpy) 3 ]2+ to the ground 
state via [Ru(bpy)3 ]+ or [Ru(bpy> 3 ]^+

Several redox schemes can be env i s a g e d invo I v m g  some of 
the ground and excited states m  Figure 1 3 to achieve one 
or mo re of the above processes

(a) P h o t o r e d u c t i o n  of water either with [Ru(bpy)3 ]+ , or 
with a suitable a c c e p t o r  r elay reduced in an oxidative 
quenching step

cat
2A' + 2H20 ...... > 2A + 2 OH ~ + 2H20 (9)

A = [Ru(bpy)3 ]+ ) or other reduced acceptors such as Eu^+ 
(Europium) or M V + (methyl viologen)

8



(b) P h o t o o x i d a t i o n  of water either with [Ru(bpy>3 ]3+ or 
with some suitable oxidised donor produced in a reductive 
quenching step

cat
4D+ + 2H20 ....... > 4D + 4H+ + 0 2 (10)

The i d e a l  system m  w h i c h  H 2 and 0 2 can be obtai n e d
s i m u l t a n e o u s l y  has been achieved by Kalyanasundaram and
Gratzel [17] and a s c h e m a t i c  diagram of this system is
presented m  Figure'̂ 1 4 Low yields of H 2 and 0 2 have been

9 +p r o d u c e d  upon v î s i b 1 e - 1 ight irradiation of [Ru(bpy)3 ] , 
[MV]+ , colloidal Ru02 , colloidal platinum and water

Figure 1 4 S i m u l t a n e o u s  c a t a l y t i c  photodecomposition of
water to H 2 and 0 2

In general, systems for the light induced H 2 evolution from 
water have a sensitiser such as [ R u (b p y )3 ]2+ , an electron 
acceptor relay (capable of carrying out reaction (3)), an 
e l e c t r o n  donor to r e g e n e r a t e  the s e n s i t i s e r  from its 
ox i d i s e d  state and a redox c a t a l y s t  (see Figure 1 4) 
Similarly, systems for light i n d u c e d  0 2 evolution from 
w a t e r  i n v a r i a b l y  u t i l i s e  an a c c e p t o r  w h i c h  d e compo s e s / 
disproportlonates upon photoreduction and a redox catalyst 
to facilitate [Ru(bpy)3 ]^+ oxidation of water (see Figure 
1 4) M u l 1 1 -e 1ection processes such as shown m  equations

9



(9 ) and ( 1 0 ) are g r o s s l y  inefficient m  the absence of 
redox catalysts [9] Further information on p h o t o m d u c e d  
w ater splitting reactions may be found in references [1 , 
8]

The excited state of Ru(II) polypyridine complexes may be 
c h a n g e d  g r a d u a l l y  or "tuned" by j u d i c i o u s  choice and 
c o m b i n a t i o n  of t h e  l i g a n d s  In the m a j o r i t y  of
R u ( I I )  - p o l y p y r i d i n e  c o m plexes the lowest l u m i n e s c e n t  
excited state is a ^MLCT (or a cluster of ^MLCT levels) 
For systematic use of these complexes in luminescence and 
c h e m i l u m i n e s c e n c e  e x p e r i m e n t s  and m  energy trans f e r  
p r o c e s s e s  it is important to have a series of complexes 
covering a broad range of excited state energies This can 
be done b y ,

(I) C h a n g i n g  the t y p e  of l i g a n d  i n v o l v e d  in the 
formation of the MLCT excited state

(II) C ontrolling the amount of negative charge on the 
metal by changing the nature of the ligand

(III) Changing the solvent interaction

The p a r a m e t e r s  to be taken into c o n s i d e r a t i o n  are the 
reduction potential of the free ligand, the a donor ability 
of the ligand (which is related to the pKa of the free 
ligand) , the tt donor and acceptor properties of the ligand 
and solvent p a r a m e t e r s  w hich govern the comp 1 e x -so 1vent 
interactions (dielectric constant)

Large changes in the excited state energy can be obtained 
by c hanging the ligand in v o l v e d  in the MLCT transition 
while substitution on the ligand aromatic rings offers the 
o p p o r t u n i t y  to carry out a fine tuning The r e f o r e ,
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structural variation of ligands is expected to give rise to 
v a r i a t i o n s  in the p h o t o c h e m i c a l  and p h o t o p h y s 1 ca 1 

p r o p e r t i e s  of [ R u ( L - L ) 3 ] 2+ c o m p l e x e s ,  as well as the 
photoredox ability

One of the features about [ R u ( b p y > 3 ] 2+ is that it is 
surrounded by three s y m m e t n c a l  bidentate ligands A wide 
variety of complexes of the type [Ru(L -L)n (L '-L ')3 .n ]m+ (n 
= 0-3, m = 2), w h e r e  L-L and L '-L' are d i f f e r e n t
s y m m e t r i c a l  c h e l a t i n g  ligands, have been s y n t h e s i s e d 
[23-31] Complexes of the type [R u (b p y )n (L -L ')3 .n ]m+ ( n = 
0-3, m = 1, 2) have also been synthesised where L-L' is an
asymmetric chelating ligand [1, 8 , 32-34] Our interest
lies in the replacement of one of the pyridine rings of 
[ R u ( b p y > 3 ] 2+ with a five m e m b e r e d  1 , 2 , 4 - t riazole ring 
V a r i a t i o n s  of this p y n d y l - 1 , 2 , 4 - triazole ligand include 
the introduction of a methyl substituent at different sites 
on the triazole ring, and m o d i f i c a t i o n  of the pyridyl- 
triazole bond This w o r k  i ncludes the p r e p a r a t i o n  of 
c o m pounds c o n t a i n i n g  c h e l a t i n g  and monodentate pyridyl- 
t n a z o l e  ligands, and the investigation of the electronic, 
electrochemical and photophysical properties of the series 
of compounds c o n t a i n i n g  p y r 1 d y 1 - 1 , 2 ,4-t r 1 a z o 1 e ligands 
( C h a p t e r  3) The c r y s t a l  s t r u c t u r e  of [ R u ( b p y ) 2 ' 
( 3 M e P y r t r ) ]+ where 3MePyrtr is 3 -methy1 - 5-(p y rldin-2-y 1)- 
1 , 2 , 4 - t r 1 a z o 1 e has been d e t e r m i n e d  and is presented in 
Cha p t e r  3 C o m pounds c o n t a i n i n g  m o n o d e n t a t e  pyridyl- 
t n a z o l e  ligands have also been prepared in an attempt to 
prepare i n t e r m e d i a t e s  a nalogos to those formed in the 
p h o t o c h e m i c a l  reactions of the c h e l a t i n g  ligand The 
crystal structure of [Ru(bpy)2 (3MePT)Cl](PF6 ) there 3Me PT 
is 3 - m e t h y l  - 1 - ( p y r i d i n -  2 - y l ) - l , 2 , 4 - t r i a z o l e  is also 
presented in Chapter 3

The acid-base properties of [Ru(bpy) 2 (HPyrtr)]2+ (isomers 1 
and 2) and [R u (bpy)2 (H3MePyrtr)]2+ are investigated and the
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excited state lifetimes and quantum yields of these cations 
have been m e a s u r e d  in both acidic and basic solutions 
(Chapter 4) The work concludes with the preparation of 
m o n o n u c l e a r  compounds and the a t t e m p t e d  preparation of 
d i n u c l e a r  compounds c o n t a i n i n g  a s y m m e t r i c  p o t e n t i a l l y  
bridging ligands (Chapter 5)
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2 1 Svnthesls

2 1 1  Ligand _ Prenarat_i_an_^

The following five ligands were kindly donated by R Hage 
from Leiden University and were prepared using literature 
methods

(1) 3- ( P y n d in-2-yl) -1H-1 , 2 , 4 - t n a z o l e  (HPyrtr)
M P 158 - 1 6 0 °C (lit [1] 1 6 4 - 1 6 5 ° C )  1 H N m r ,
[(CD3 )2 SO], 14 62 (s, N-H), 8 70 (1H, d, H 6 ), 8 27 (1H, s,
H 5 ’), 8 09 (1H, d, H 3 ), 7 98 (1H, t, H 4 ) and 7 51 (1H, t,
H 5 ) 1 3 C, (CDC13 ), 154 8 (C3 '), 151 8 (C 5 ' ) , 146 6 (C 2 ) ,
137 8 (C4 ), 125 0 (C5 ) and 121 9 (C3 ) p p m

(2) 4 -Methy 1 - 3 - ( p y n d i n  - 2 - y 1) - 4H -1 , 2 , 4 - t r lazo le (4MePyrtr)
M P 96 - 99°C (lit [2] 104 -105°C) *H N m r , [(CD3 )2 SO],
8 6 6 (1H, d, H 6 ), 8 62 (1H, S, H 5 ), 8 11 (1H, d, H 3 ), 7 95
(1H, t, H 4 ), 7 47 (1H, t, H 5 ) and 3 99 (1H, s, CH3 ) 13C
(CDC 13 ), 33 4 (CH3 ), 122 8 (C3 ), 124 2 (C5 ), 137 4 (C4 ),
147 2 (C5 ), 147 5 (C2 ), 149 0 (C6 ) and 151 1 (C3 ) p p m

(3) 3 -Methyl-5-(pyridin-2-yl)-1H-1,2,4-triazole(H3MePyrtr)
M P 1 6 3 -  1 6 5 ° C  (lit [3] 165 - 1 6 6 ° C )  1 H N m r ,
[(CD3 )2 SO] 14 2 (s, N-H), 8 83 (1 H, d, H 6 ), 8 02 (1 H, d,
H 3 ), 7 90 (1 H, t, H 4 ), 7 43 (1 H, t, H 5 ) and 2 36 (3 H, s,
C H 3 ) 1 3 C ,( C D C 1 3 ) , 13 0 (C H 3 ) , 121 6 (C3 ), 124 3 (C5 ),
1 37 3 (C4 ), 147 5 (C 2 ), 149 2 (C 6 ), 1 56 5 (C3 '), and
158 5 (C -* ' ) p p m

(4) 1 - M e t h y 1 - 3 - (pyrldin-2-y 1)-1,2,4- 1 riazole (IMePyrtr)
M P 51 -54°C (lit [4] 4 7 - 4 8 ° C ) *H N m r , [(CD3 ) 2 SO]
8 66 (1H, d, H 6 ), 8 61 (1H, s, H 5 ), 8 16 (1H, d, H 3 ), 7 91
(1H, t, H 4 ), 7 43 (1H, t, H 5 ) and 3 97 (3H, s, CH3 ) 13C ,
(C DC 13 ) 36 1 (CH3 ), 121 4 (C3 ), 123 8 (C4 ), 136 9 (C4 ),
145 8 (C 5 ') , 149 5, (C6 ), 149 7 (C2 ), and 161 2(C3 ’) p p m
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(5) 3 f5-Bis(pyridin-2-yl)-l,2,4-triazole (bpt)
P r e p a r e d  a c c o r d i n g  to l i t e r a t u r e  me t h o d s ,  [5] M P 
178- 180°C (lit [5]) 1H N m r , [(CD 3 ) 2 SO] 8 67 (2H, d,
H 6 ), 8 15 (2H, d, H 3 ), 8 00 (2H, t, H 4 ), 7 52 (2 H , t, H 5 )
1 3 C (C D C 1 3 ) 1 58 9 (C3 '), 149 7 (C6 ), 147 7 (C2 ), 137 4
(C4 ), 124 6 (C5 ) and 122 1 (C3 ) p p m

The following set of ligands were prepared using the Ullman 
C o n d e n s a t i o n  reaction [6 ] This reaction involves the
synthesis of biaryls by copper-indueed coupling of aryl 
halides The purpose of this r e a c t i o n s  is to vary the 
nature of the pyr 1 d y 1tr 1 azo1e bond, that is, to form a C-N 
bond

(6 ) 1 -(Pyridin-2-y 1)-1,2,4- 1 riazole (PT)
A m i x t u r e  of 1 , 2 , 4 -1rlazo1e (3 35g, 0 05 mole), 2-bromo-
p y n d i n e  (11 25g, 0 05 mole), anhydrous potassium carbonate 
(7g), and copper(II) oxide (0 25g) in pyridine (10cm^) was 
heated under reflux for 24 hours The cooled mixture was 
e x t r a c t e d  t h r e e  t i m e s  with c h l o r o f o r m  (40cm^) The 
solvents were removed from the combined filtrates, and the 
residues thus obtained were absorbed on alumina and eluted 
with c h l o r o f o r m  MP 90-93°C (lit [6 ] 92-94°C)
N m r , [(CD3 )2 SO] 9 37 (1H, s, H 3 '), 8 53 (1H, d, H 6 ),
8 30 ( 1H, s, H 5 '), 8 06 ( 1H , t ,H4 ) , 7 8 6 ( 1H, d, H 3 ) and
7 47 (1H, s, H 5 ) 1 3 C, 112 9 (C3 ), 123 6 (C5 ), 140 2 (C 3 ’),
148 7 (C6 ) , 153 0 (C3 ') p p m

(7) 3 - Bromo - 1 - (py n d i n  - 2 - y 1) - 1 t 2 , 4 - t riazo 1 e (3BrPT)
3 -Bromo ■ 1 , 2 , 4 -triazole was prepared as described in the 
literature [7] This was mixed with 2 -b r o m o - pyridine under 
the re a c t i o n  conditions d e s c r i b e d  above M P 107 5-
1 0 8 5 0 C 1H N m r , [(CD 3 ) 2 SO] 9 21 (1H, s, H 3 ' ) ,
8 5 4 ( 1H , d, H 6 ), 8 16 (1H, t, H 4 ), 7 90 ( 1H, d, H 3 ), and
7 55 ( 1H, q, H 5 ) p p m  13C (C D C 13 ) 112 8 (C3 ), 124 0
(C5 ), 140 2 (G5 ') , 143 8 (C3 ‘) , 148 5 (C6 )
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(8 ) 3 -M e t h y 1 - 1 -(pyridine-2-y 1)- 1,2,4- 1 riazo1e . (3MePT)
3 - M e t h y 1 - 1 , 2 , 4 - t r i a z o 1 e was prepared according to 
literature [7 ] and treated with 2 - br o m o -pyridine as above. 
M P .86 -87°C. N.m.r., [(CD3)2SO]: 2.21 (3H, s, CH3 ), 8.89
(1H, s, H5 ’), 8.29 (1H, d, H6), 7.83 (1H, d, H3), 7.67 (1H, 
t, H4 ) , 7.21 (1H, q, H 5) p.p.m..

(9) 1 -(Pyridin-2-y 1) pyrazole. (PNP)
P yrazole was m ixed with 2 - br o m o -pyridine and treated as 
above. M.P. 38-40°C (lit. [6] 38-40°C). N.m.r.,
[(CD3)2SO]: 8.60 (1H, d, H3 '), 8.44 (1H, d, H6), 7.8 - 7.90 
(3H, m, H3 , H4 , H5 '), 7.30 (1H, m, H 5), 6.54 (1H, s, H4 ' ) .
13 C ; CDC13 108.1 (C4 '), 119.3 (C3), 121.8 (C5), 126.9 (C4 ), 
139.3 (C5 ’) , 142.1 (C3 '), 148.2 (C6) and 150.8 (C2) p.p.m.

(10) 1 ,3 - Bis(pyridin-2 -yl)- 1,2,4-triazole. (bptn)
3 - ( p y r i d i n - 2 - y 1) - 1 H - 1 , 2 , 4 - t r i a z o 1 e and 2 - b r o m o -pyridine 
were mixed together under the reaction conditions described 
above. M.P. 128-131°C. *H N.m.r., [(CD3 )2SO]: (see
Figure 5.4 Chapter 5 for structure) 9.48 (1H, s, H^), 8.70
(1H, d, H6 , A), 8.57 (1H, d, H6 , B), 7.46 - 7.54 (m, H 5 ,
s), 7.92 - 8.01 (m, H4 , s) and 8.08 - 8.19 (m, H3 ,) . 13C;
153.8 (C3 ), 143.13 (C5), 148.83 (C2 , A and B) , 122.11 (C3 ,
A), 113.0 (C3 , B), 137.23 (C4 , A), 140.24 (C4 , B), 124.58
(C5 , A), 1 23.74 (C5 ,B), 149.82 (C6 , A), 140.74 (C6 , B) . 
Ring A is the pyridine ring which is bound via the carbon 
atom of the triazole while ring B is bound to the triazole 
via the nitrogen atom of the triazole ring.

2.1.2 Preparation of Complexes of the Type 
Cis - fRufbPvlo d - L 1 ) 1 n± .

( L * L ‘) = HPyrtr, H3MePyrtr, lMePyrtr, 4MePyrtr, PNP, PT , 
3BrPT, 3MePT: n = 2. (L-Lf) = Py r t r - and 3MePyrtr: n = 1. 
Hydrated ruthenium trichloride was obtained as a loan from
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Johnson Matthey and used without further purification The 
complex cis-[Ru(bpy) 2 Cl 2 ] 2 H 2 O was prepared as described in 
the literature [8 ] All other reactants were reagent grade 
and used as received

[Ru(b p y )2 (HPyrtr)](PF6 ) 2 (1)
The cis - complex [Ru(bpy)2Cl2l 2 H 2 0 (520 mg, 1 mmo 1) was
heated under reflux in w a t e r -m e t h a n o 1 (50 50 cm^) m  the
p r e s e n c e  of an e x c e s s  of 3 - ( p y r i d i n - 2 * y l ) * l H - l , 2 , 4 -
triazole ligand (343 mg, 1 2 mmol) for 4 hours In order
to ensure complete protonation of the bound ligand, 1 - 2

drops c o n c e n t r a t e d  h y d r o c h l o r i c  acid were added during
heating The solvent was removed by rotary evaporation and
the remaining residue was dissolved in water (5 cm^) and
added d ropwise to an aqueous s o l u t i o n  of N H 4 PF 5 The
r e s ulting p r e c i p i t a t e  was c o l l e c t e d  by f i l t r a t i o n  and
p u r i f i e d  by column chromatography, using neutral alumina
with ethanol as eluent Further purification was carried
out by recrysta11 1 sation from acidic ( 2M HC1) mixtures of
a c etone-water [9] Yield 680 mg (80%) Found C, 38 0,
H, 2 9, N, 13 1, C 27H22Fl2N 8p 2Ru requires C, 38 2, H, 2 6 ,

*N, 13 9% Two isomers were obtained and were separated
using semi preparative HPLC

[Ru(bpy)2 (Pyrtr)]PF6 3H20 (2)
This compound was prepared as for (1) but no concentrated
hydrochloric acid was added during the ref lux and 1M NaOH 
(2 cm^) was added to the recrysta 11 1 sation mixture Yield 
577 mg  ( 6 8 %) F o u n d  C, 42 3, H, 3 1, N, 14 8

c 27h 27f 6n 8°3PRu requires C, 42 8 , H, 3 6 , N, 14 8 %

[Ru(bpy)2 (H3MePyrtr)] (PF^ ) 2 H 20 (3)
This compound was prepared as for (1) Yield 828 mg (94%) 
Found C, 38 5, H, 3 1, N, 12 6 , C 2 gH 2 £ F 1 2 NgO P 2Ru requires 
C, 38 2, H, 3 1, N, 12 7% !H N m r , [ C D 3 ) 2 SO]
Pyridyltria 2 ole ligand, 2 40 ( CH 3 ) , 8 24 (H^), 8 08 (H^),
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7 41 (H-*) , 7 63 ( )  Bipyridyl ligands, 8 53-8 62 (H^),
7 95-8 03 (H4 ), 7 31-7 38 (H5 ), 7 57-7 73 (H6 ) p p m

[Ru(bpy) 2 (3MePyrtr)]PF^ 4 H 2 O (4)
This compound was prepared as for (2) Yield 583 mg (70%) 
Found C, 42 7, H, 3 3, N, 14 4, C 2 8 H 3 1 ̂ N g C ^ P R u  requires
C, 42 6 , H, 3 9, N, 14 2% 1H N m r , [(CD 3 ) 2 SO]
Pyridyltriazole ligand, 2 20 (CH3 ), 8 02 (H^), 7 99 (H4 ),
7 23 ( )  , 7 67 (H^) Bipyridyl ligands, 8 6 8 - 8 79 (H^),
8 06-8 09 (H4 ), 7 40-7 60 (H5 ), 7 81-7 93 (H6 ) p p m

[Ru(bpy)2(lMePyrtr)] ( P F g ^  (5)
This compound was prepared as for (2) except no NaOH was 
added to the recrysta 11 1 sation mixture Yield 634mg (72%) 
Found C, 38 4, H, 2 8 , N, 12 7, C 2 8 ^ 2 6 ^ 12^80P2Ru requires 
C, 38 1, H, 3 0, N, 12 7% 1H N m r , [(CD3 )2 SO] P y n d y l -
t n a z o l e  ligands, 3 97 (CH3 ), 8 73 (H5 '), 8 36 (H3 ), 8 10
(H4 ), 7 46 (H5 ), 7 58 (H6 ) Bipyridyl ligands, 8 79 - 8 84
(H3 ), 8 11-8 17 (H4 ), 7 50-7 55 (H5 ), 7 74-7 87 (H6 ) p p m

[Ru(bpy) 2 <4 MePyrtr)] (PFg ) 2 (6 )
This compound was prepared as for (5) Yield 800 mg (70%) 
Found C, 38 7, H, 2 8 , N, 12 5, C 2 8^24^ 12^8^2Ru requires
C, 39 0, H, 2 8 , N, 13 07, JH N m r , [(CD3 )2 SO] Pyridyl-
triazole ligand, 4 19 (CH3 ) 8 88 (H 3 ' ) , 8 43 (H3 ), 8 09
(H4 ), 7 44 (H5 ), 7 65 (H6 ) Bipyridyl ligands, 8 72-8 85
(H3 ), 8 12-8 20 (H4 ), 7 51-7 58 (H5 ), 7 76-7 83 (H6 ) p p m

[Ru(bpy) 2 (PNP) ] (PF6 ) 2 (7)
This compound was prepared as for (5) Yield 800 mg (95%) 
Found C, 39 6 H, 2 7 N, 11 7 C 28H 23F 12N 7p 2Ru requires
C, 39 6 , H, 2 7, N, 11 6 % 1H N m r , [(CD3 )2 SO] P y n d y l -
triazole ligand, 9 35 (H3 ') 6 94 (H4 ), 8 45 (H5 ), 8 45
(H3 ), 8 20 (H4 ), 7 40 (H^), 7 91 (H^), Bipyridyl ligands,
8 75 - 8 85 (H3 ), 8 13 - 8 25 (H4 ), 7 50- 7 62 (H5 ), 7 70-7 86

(H& ) p p m
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[Ru(bpy)2 (PT)j(PF6 ) 2 (8 )
This compound was prepared as for (5) Yield 708 mg (85%) 
Found C, 37 8 , H, 2 3, N, 13 1% C 2 7 H 2 2F 12N 8P ZRu requires
C, 38 7, H, 2 6 , N, 13 4% 2H N m r , f(CD3 )2 SO] P y n d y l -
triazole ligand, 9 99 (H3 ), 8 39 (H^ ), 8 59 (H3 ), 8 19
(H4 ), 7 53 (H^), 7 97 (H^) B i p y n d y l  ligands 8 75- 8 85
(H3 ), 8 20-8 30 (H4 ), 7 55-7 65 (H5 ), 8 05-8 20 (H6 ) p p m

[Ru(bpy)2 (3BrPT) ] (PF6 ) 2 (9)
This compound was prepared as for (5) Yield 780 mg (84%) 
Found C, 34 8 , H, 2 2, N, 12 0, Br, 7 8 C 2 7 H 2 2 BrF12N 8P 2Ru 
requires C, 35 1, H, 2 5, N, 12 1, Br, 7 6% N m r ,
[(CD3 )2 SO] P y r i d y l t n a z o l e  ligand, 10 18 (H5 ' ) , 8 52 (H3 ), 
8 31 (H4 ), 7 48 (H5 ), 7 71 (H6 ) B i p y n d y l  ligands, 8 77 -
8 86 (H3 ), 8 09- 8 34 (H4 ), 7 50- 7 63 (H5 ), 7 65 - 8 09 (H6 )
p p m

[Ru(bpy) 2 (3MePX)](PF6 ) 2 (10)
This compound was prepared as for (5) Yield 750 mg (87%) 
Found C, 39 0, H, 2 8 , N, 13 2, C 2 8**24F 12^8p 2Ru re(lu:Lres
C, 38 9, H, 2 8 , N, 13 0% XH N m r , [(CD3 )2SO] Pyridyl-
t n a z o l e  ligand, 1 81 (CH3 ), 10 05 (H^ ' ) , 8 62 (H3), 8 31
(H4 ), 7 51 (H5), 7 79 (H6), B i p y n d y l  ligands, 8 85 - 8 89
(H3 ), 8 20-8 38 (H4 ), 7 57-7 66 (H5), 7 90-8 24 (H6) p p m

2 1 3  Preparation of Complexes of the Type 
Cis - fRufbpvOo f L-L 1 )CllPFfi.

( L -1>') = PT, 3 B r P T , 3 M e P T , 4MePyrtr

[Ru(bpy)2 (PT)Cl](PF6 ) (11)
The cis - c o mplex [ R u ( b p y ) 2 C l 2 ] 2 H 2 O (520 mg, 1 mmo 1) was 
heated under reflux in ethanol H 2 O (63 30 cm^) Small 
aliquots of l-(pyridin-2-yl)-lH-lt2 f4-triazole dissolved in
ethanol were added over a period of 10 m inutes. The
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mixture was refluxed for a further 20 minutes The solvent 
was removed on the rotary evaporator, and the remaining
residue was dissolved m  5 cm^ of methanol - diethyl ether 
(3 1) Purification took place by column chromatography
using neutral alumina and m e thano1 -ether (3 1) containing 
1 % acetone as eluent The dark red fraction later found to 
be the m o n o d e n t a t e  spe c i e s  eluted first, the orange 
f r a c t i o n  of the b i d e n t a t e  s p e c i e s  was removed with 
m e t h a n o l  F r a c t i o n  1 was p r e c i p i t a t e d  by addition to 
aqueous NH 4 PF 5 , filtered and dried o v e r m g t h  under vacuum 
Yield 396 mg (52%) Found C, 43 8 , H, 3 0, N, 14 6 , Cl,
4 7 > C 2 7 H 2 2 C 1 F 6N 8PRu requires C, 43 8 , H, 3 0, N, 15 1, Cl, 
4 8% N m r , [(CD3 )2 SO] P y r i d y l t n a z o l e  ligand, 8 02
(H3 ’), 9 62 (H5 '), 8 6 6 (H3 ), 8 15 (H4 ), 8 03 (H5 ), 10 03 
(H^) B i p y n d i n e  ligands, 8 48 8 8 6 (H3 ), 7 84 - 8 15 (H4 ),
7 27-7 6 6 (H5 ), 7 80-8 69 (H6 ) p p m

[Ru(bpy)2 (3BrPX)Cl] (PF6 ) (12)
This compound was prepared as for (11) using (270 mg, 1 2 
mmol) of 3-bromo-1 -(pyrid in - 2-y 1)-1 H - 1,2,4- 1 rlazo1e Yield 
311 mg (38%) Found C, 39 5, H, 2 6 , N, 13 4, Br, 9 7,
Cl, 4 3% C 2 7 H 2 i B r C l F 6N 8PRu requires C, 39 6 , H, 2 6 , N,
13 7, Br, 8 7, Cl, 3 6 % N m r , [ ( C D 3 ) 2 SO]
P y r i d y l t n a z o l e  ligand, 10 36 (H^'), 8 60 (H3 ), 8 17 (H4 ),
7 90 (H5 ), 10 06 (H6 ) Bipyridine ligands, 8 48-9 10 (H3 ), 
7 81-7 98 (H4 ), 7 25-7 80 (H5 ), 7 80-8 26 (H6 )

[Ru(bpy)2 (3MePT)Cl](PF6 ) (13)
This compound was prepared as for (11) using (192 mg,
1 2 mmol) of 3 - methyl - 1 - ( p y ndin-2-y, ) - 1H - 1 ,2 , 4 - t n a z o l e
Yield 347 mg (46%) N m r , [(CD3 )2 SO] P y r i d y l t n a z o l e
ligand, 1 20 (CH3 ) , 9 07 (H5 ') , 8 6 6 (H3 ), 7 90 (H4 ), 8 18
(H^), 10 12 (H^) B i p y n d i n e  ligands, 8 58 - 8 73 (H3 ),
7 92-8 18 (H4 ), 7 28-7 70 (H5 ), 7 78-8 90 (H6 ) p p m
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[Ru(bpy) 2 (4MePyrtr)Cl](PF 5 ) H 20 (14)
The com p l e x  cis- [ R u ( b p y ) 2 C 12 ] 2 H 2 O (520 mg, 1 mmol) was 
heated under reflux in acetone - ethanol (50 50 cmJ ) The 
ligand 4 - m e t h y 1 - 1 - ( py r 1 d 1 n -2-y 1)-1,2,4- 1 r 1 azo 1 e (190 mg,
1 2 mmol) was dissolved m  acetone ( 5  cm^) and added to the
r e a c t i o n  mixture over a period of 1 0 minutes and heated
under reflux for 35 min The solvent was removed by rotary 
e v a p o r a t i o n  and the r e m a i n i n g  r e s i d u e  d i s s o l v e d  in
me thano 1 - die thy 1 ether (3 1) and purified using alumina and 
m e t h a n o 1 - d 1 e t hy 1 e t h e r (3 1) c o n t a i n i n g  1% acetone as
e l u e n t  A d a r k  red f r a c t i o n  later found to be the 
m o n o d e n t a t e  species eluted first and the solvent was 
removed by rotary evaporation, the residue dissolved m  5
cm^ water and precipitated by addition to aqueous NH 4 PF 5 

Yield 527 mg (80%) Found C, 43 3, H, 3 2, N, 14 1, Cl, 
4 4, C28H 26clF6N 8OPRu requires C, 43 5, H, 3 1, N, 14 5, 
Cl, 4 6 % N m r , [(CD3 )2 SO] Pyr 1 d y 1tr 1 a z o 1e ligand,
4 39 (CH 3 ), 9 2 (H3 '), 8 83 (H3 ), 7 31 (H4 ), 8 09 (H5 ),
10 05 (H^) Bipyridine ligands, 8 52-8 86 (H3 ), 8 03-8 28
(H4 ), 7 45-7 6 8 (H5 ), 7 79-8 01 (H6 ) p p m

2 1 4  Preparation of Mononuclear and Dinuclear Ruthenium
Complexes Containing Asymmetric Bridging Ligands.

Monomeric complexes of the type [Ru(L-L) 2 (L 1 -L ' ’)]n+ (n = 1 
or 2 ) were p repared along with the dim e r i c  analogues 
[(L - L ) 2 Ru(L'-L")Ru(L-L)2 ]n+ (n = 3 or 4), where L ' - L “  =
1 , 3 * b i s ( p y n d i n - 2 - y )  - 1  , 2  , 4 • t r i a z o l e  ( b p t n )  or 
3 , 5 - b i s ( P y n d i n - 2 * y l ) - l , 2 , 4 ' t r i a z o l e  (Hbpt) L-L = 
2 , 2 ' b i p y n d m e  (bpy) , 4 , 4 ,-dimethyl-2,2'bipyridine (Me2 bpy) 
or 1 , 1 0 - ph e n t h r o  1 m e  (phen) [ Ru (Me 2 bpy ) 2 C 1 2 ] 2 H 2 O and
[R u (phe n )2 C 1 2 ] 2 H 2 O were prepared according to literature 
methods [8 ]
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[Ru(bpy) 2 (bptn)] (PF^ ) 2 (15)
[ Ru ( b p y ) 2 C 1 2 1 2 H 2 O ( 520 mg, 1 mmol) was r efluxed in 
ethanol/water (60 3 0 cm3 ) in the presence of bptn (268 mg, 
1 2 mmol) for 6h After solvent evaporation the residue
was dissolved m  a minimum amount of ethanol and purified 
by column chromatography using neutral alumina and ethanol 
as eluent Yield 1 6 g (90%) Found C, 41 5, H, 2 9, N,
13 1% C 3 2 H 2 5 F 1 2 N 9 P 2RU requires C, 41 5, H, 2 7, N, 13 6 %

[Ru(Me2 bpy) 2 (bptn)] (PF5 )2 2 H 2 0 (16)
T h i s  c o m p o u n d  w a s  p r e p a r e d  as f o r  (15) u s i n g
[ Ru (Me 2 b p y ) 2 C 12 ] 2 H 2 O (575 mg, 1 mmol) and bptn (268 mg,
I 2 mmol) Yield 1 57g (89%) Found C, 42 5, H, 3 7, N,
II 8 % C 3 5 H 3 9 F 2 2 N 9 0 2 P 2 Ru requires C,' 42 4, H, 3 4, N,
12 3%

[Ru(phen) 2 (bptn)]PFö (17)
T h i s  c o m p o u n d  w a s  p r e p a r e d  as f o r  ( 1 5 )  u s i n g
[Ru(phen) 2 C l 2 l 2H20 (567 mg, 1 mmol) and bptn (268 mg,
1 2 mmol) Yield 1 39g (81%) Found C, 44 4, H, 2 6 , N,
12 5% C 3 5 H 2 5 F i2 ^ 9 P2Ru requires C, 44 4, H, 2 5, N, 12 9%

[Ru(bpy) 2 (bpt)]PFfc H 2 O (18)
This compound was prepared as for [5] Yield 1 19 g (70%)

N m r , [ ( C Ü 3 ) 2 SO] Bpt' ligand, ru t h en 1 um - b o und
pyridine ring, 8 44 (H3 ), 8 23 (H4 ), 7 41 (H5 ), 7 66 (H6 )
Free pyridine ring of bpt, 7 20 (H3 ), 7 90 - 8 20 (H4 ),
7 27 (H^), 8 23 (H^) Bipyridine ligands, 8 70-8 85 (H3 ),
7 90 - 8 20 (H4 ), 7 40 - 7 60 (H5 ), 7 90 - 8 20 (H6 )

[Ru(Me2 bpy) 2 (bpt)]PF 5 (19)
The cis-complex [Ru(Me2 bpy)2 CI 2 ] 2 H 2 O (575 mg, 1 mmol) was 
periodically added to a boiling mixture of Hbpt (267 mg, 
1 2 mmol) in 60 cm3 ethanol/water (2 1) for 6 h The hot
s o l u t i o n  was fi l t e r e d  and the f i l t r a t e  e v a p o r a t e d  to 
dryness, after which the residue was dissolved in a minimum

24



2

amount of ethanol This solution was purified by column 
chromatography using neutral alumina and ethanol as eluent 
Further purification took place using Sephadex C25 and 0 1M 
NaCl as eluent (to remove any traces of the dimer which may 
have formed) The p u r i f i e d  m i x t u r e  was evapor a t e d  to 
dryness after w hich the compound was extracted from the 
NaCl residue by addition of ethanol The NaCl was removed 
by filtration, and then the filtrate was precipitated by
adding an excess of aqueous NH 4 P F 5 to the solution After 
f i l t r a t i o n  the co m p o u n d  was recrysta 1 1 1 sed from water/ 
acetone (1 1) Yield 1 13 g (78%) Found C, 49 6 , H,
3 7, N, 14 0% C 3 5 H 3 2 F 5 N 9 PRU requires C, 51 6 , H, 3 8 , N,
15 0%

[(Ru(Me 2 bpy) 2 )2 (l>pt)] (PF6 ) 3 (20)
The ligand Hbpt (110 mg, lmmol) was added over a period of
1 0 minutes to a boiling mixture of cis-
[ R u ( M e 2 b p y ) 2 C 1 2 ] 2 H 2 O ( 6 30 mg, 2 2 mmol) in 1 0 0  c m 3

ethanol/water (2 1) for 8 h The hot solution was filtered
and e v a p o r a t e d  to dryness, after which the residue was
d i s s o l v e d  in a m i n i m u m  amount of ethanol The liquid 
residue was purified by column chromatography using neutral 
alumina and ethanol as eluent After solvent evaporation 
the l i q u i d  r e s i d u e  was added d ropwise to an aqueous 
s o l u t i o n  of N H 4 P F 5 to yield the des i r e d  p r e c i p i t a t e  
Further purification took place by recrysta 111 sation from 
water/acetone (1 1) Yield 455 mg (24%) Found C, 39 8 , 
H, 3 3, N, 9 8 % C5qh 56f ^8N 13p3R u 2 requires C, 45 1, H, 3 5, 
N, 11 4%

[Ru(phen) 2 (bpt)]PF6 H 20 (21)
T h i s  c o m p o u n d  w a s  p r e p a r e d  as f o r  ( 1 8 )  u s i n g  
cis - [Ru(phen) 2 C 12 ] 2^2^ (567 mg, 1 mmol) of and Hbpt (267
mg, 1 2 mmol) Yield 306 mg (77%) Found C, 51 0, H, 
3 0, N , 14 7% C 3 5 H 2 6 F 5 N 9OPRU requires C, 51 0, H, 3 0, N,
14 8 %
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[(Ru(phen) 2 )2 (bpt)] (PF 6 )3
This compound was prepared as for (20) using Hbpt (110 mg, 
1 mmol) and [Ru(phe n )2 C 12 ] 2H 2 O (635 mg, 2 2 mmol) Yield 
3 6 8  mg ( 2 2 % )  F o u n d  C, 46 5, H, 3 0, N, 11 7%
C60h 4 8* 12^13p3R u 2 requires C, 46 7, H, 2 7, N, 11 2%

[(bpy)2Ru(bpt)Ru(Me2bpy)2] (PF6>3 4 ^ 0  (23)
The m o n o m e r  [Ru(bpy)2 (bpt)]PF^ H 2 O ( 18) (926 mg, 1 mmol)
was heated under refluxed with [Ru(Me2 b p y )2 C 12 ] 2 H 2 O (690 
mg, 1 2 mmol) in ethano1 -water (120 60 cm3 ) for 8 h The 
hot solution was filtered and evaporated to dryness, after 
w h i c h  the residue was d i s s o l v e d  m  a small amount of 
ethanol This liquid residue was p u r i f i e d  by column 
chromatography using neutral alumina and ethanol as eluent 
After evaporation of ethanol the compound was precipitated 
in aqueous N H 4 P F 5 Fur t h e r  p u r ification took place by 
recrysta 11 1 sation from acetone *water (1 1) Yield 1 41 g 
( 8 5 % )  F o u n d  C, 41 6 , H, 3 1 8 ,  N, 11 2%
C 5 6h 6 2f 18n 1304p3R u 2 requires C, 41 7, H, 3 4, N, 11 3%

[(b p y )2 Ru(bpt)Ru(phen) 2 ](PFg ) 3  (24)
T h i s  c o m p o u n d  w a s  p r e p a r e d  as f o r  ( 2 3 )  u s i n g
[ R u (  b p y  ) 2 ( b p t  ) ] P F 5 ( 1 8 )  ( 9 2 6  m g ,  1 m m o l )  a n d
[ R u (p h e n ) 2 C 1 2 ] 2 H 2 O ( 680 mg, 1 2 mmol) Y ield 726 mg
(40%) Found C, 39 9, H, 2 6 8 , N, 11 7% C 5 6H 4 0 F 1 8N 1 3 P 3 R u 2 

requires C,43 9, H,2 61, N,ll 9%

[(phen)2Ru(bpt)Ru(Me2bpy)2](PF6)3 2H 20 (25)
T h i s  c o m p o u n d  w a s  p r e p a r e d  as f o r  ( 2 3 )  u s i n g
[ R u (p h e n ) 2 ( bpt ) ] P F 5 2 H 2 O ( 1 8 ) ( 84 6 mg, 1 mmol) and
[ Ru (Me 2 b p y ) 2 C 1 2 ] 2H 2 O (690 mg, 1 2 mmol) Yield 1 20 g
( 7 0 % )  F o u n d  C, 44 7, H, 3 2 7 ,  N, 1 0 , 9  %
C60H 56F 18n 13°2PRu2 requires C,44 3, H, 3 2, N, 11 2%
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2 2 Instrumentation

2 2 1 Absorption and Emission Spectra

Uv/vis spectra were obtained using either a Hewlett Packard 
8452A Diode Array Spectrometer or a Shimadzu UV24 detector 
A b s o r p t i o n  c o -e f f l c i ents are a ccurate to 5% Emission 
spectra were obtained on a P e r k m - E l m e r  LS-5 lumine s c enc e 
spectrometer equipped with a red sensitive Hamamatsu R 928 
photomultiplier tube An emission slit width of 10 nm was 
used at room temperature and 2 5 nm at 77 K and the results 
obtained were not corrected for photomultiplier response

2 2 2 pK 3 Measurement

Sample measurements were carried out in a Br 1 1 1 o n -Robinson 
(BR) buffer (0 04M boric acid, 0 04 M acetic acid, and 
0 04M p h o s p h o r i c  acid) The pH of the solutions was 
a d j u s t e d  using 2 M NaOH L u minesc e n c e  titrations were 
carried out using an appropriate isosbestic point as the 
e x c i t a t i o n  w a v e l e n g t h  To f a c i l i t a t e  d i s s o l u t i o n  of 
samples in aqueous solutions the dichloride salt was used 
to determine pKa values

2 2 3 Electrochemical Measurements

(1 ) Electrochemical measurements were carried out with an 
EG&G Par 174A polarographic analyzer and an EG&G Par 175 
universal programmer A saturated calomel electrode (SCE) 
was used as the reference electrode Measurements were 
carried out in dried spectroscopic grade CH 3 CN and with 0 1 
mol dm J NEt 4 C 1 0 4 as a supporting electrolyte Both glassy 
c a r b o n  a n d  p l a t i n u m  e l e c t r o d e s  were used as w o r k i n g  
electrodes The scan rate used was 100 mV/sec
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(2) Differential Pulse Voltametrv (DP¥)

DPV was carried out using a Metrohm 626 Polarecord A 
saturated potassium calomel electrode was used as reference 
e l e c t r o d e  P l a t i n u m  e l e c t r o d e s  were used as w o rking 
electrodes The scan rate used was 5 mV/sec

2 2 4 High Performance Li_quid Chromatography (HPL_C_1

HPLC was carried out using a Waters 990 Photodiode array 
HPLC system in conjunction with a NEC APC III computer, a 
Waters pump model 6000 A, a 20pl injector loop and a ji- 
Partisil SCX radial PAK cartridge, with detection at 280nm 
The chromatography was carried out using a c e t o n i t n l e  water 
(80 20), containing either 0 08 M L 1 CIO 4 or 0 02 M HCIO 4 as 
a mobile phase The flow rate used was 2 0-3 0 ml/min

2 2 5 Semi-Preparative HPLC

S e m 1 -p r e p a r a 1 1 ve HPLC was car r i e d  out using an Applied 
C h r o m a t o g r a p h y  Services pump (model RR/066) and detector 
(model 750/11 uv/vis), a 1 ml injection loop and a Magnum 9 
Partisil cation ex c h a n g e  column (10 mm / 25 cm) The
mobile phase was a c e t o n 1 t r 1 1 e -w a t e r  (80 2 0 ) containing
0 078 M L 1 CIO4 , the flow rate used was 5 2 ml/min

2 2 6 Emission Quantum Yield Determination

A c o m p a r a t i v e  t e c h n i q u e  using the f l u o r e s c e n t  standard 
[Ru(bpy)3 ]2 + was chosen This method is based on the fact 
that if two substances, a sample and a standard are studied 
in the same apparatus, and using the same incident light 
intensity, the quantum yield of the sample is related to
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that of the standard as follows

Qs am ~ ^ s am ^ ^ s t d X ^  X Qgtd 
^sam ^std P

Where Q values are quantum yields, F values are the areas 
under the fluorescent spectra, A values are the absorbances 
of the samples at the respective excitation wavelengths and 
the P value is the relative photon yield of the radiation 
source at the excitation wavelength

For each measurement the instrument settings remained fixed 
at the optimum setting with excitation slit width 1 0 nm and 
emission slit width 5 nm The spectra were not corrected 
for photomultiplier response As samples and standard emit 
in the same region it is assumed that correction factors

o iare similar for both The quantum yield for [Ru(bpy)3 ] 
m  deaerated water is 0 042 Each sample was degassed with 
n i t r o g e n  before use The area under each spectrum was 
measured using a Spectrophys i c s  SP4270 integrator

2 2 7 Photochemistry Experimental

P h o t o c h e m i c a l  experiments were carried out using a high 
pressure 250 W mercury lamp The sample was placed in a 
cuvette (path length 1 cm3 ) The light was focussed onto 
the sample cell by means of two glass lenses, the glass 
lenses also prevented any ultra-violet light from reaching 
the sample A transparent water bath was places infront of 
the sample cell to prevent sample degradation by heating

2 2 8 — H N.m.r. Measurements

Proton n m r spectra were obtained either on a JEOL JNM-FX 
200-MHz or on a Bruker 300-MHz spectrometer Measurements

29



were carried out in acetone-d^ unless otherwise indicated 
The peak p o s itions are relative to TMS For the COSY 
experiments 256 FID's of eight scans each, consisting of IK 
data points, were accumulated After digital filtering
(sine-bell squared), the FID was zero filled to 512 W in 
the Fl dimension Acquisition parameters were FI = ± 500
Hz, F2 = 1000 Hz and tl/2 = 0 001 sec the recycle delay
was 1 5 s N m r measurements were carried out in Leiden
University, Leiden, The Netherlands

2 2 9 X-Rav-Crvstallographv

(a) rRuibpv^o OMePvrtr)] (PFfr) 2ii

X-Ray Data Collection

A red octahedra1ly-shaped crystal (dimensions 0 5x0 3x0 3 
mm) of b i s ( 2 , 2 ' - b i p y r i d i n e )  r u t h e m u m * 3 -  methyl - 5 - (pyridin 
- 2 -y 1 ) - 1 , 2 , 4 - 1 rlazo 1 e hexafluoro phosphate tetra hydrate, 
[R u (C g H 7 N 4 )(C 1 q H g N 2 ) 2 1P F 6 4 h 2^ was selected to determine 
the m o l e c u l a r  s t r u c t u r e  The d i f f r a c t i o n  data were 
c o l l e c t e d  at room t e m p e r a t u r e  on an Enraf-Nonius CAD-4 
a u t o m a t i c  four circle diffractometer with graphite mono* 
chromated MoKa radiation (A= 0 71073 A) To measure any
d e t e r i o r a t i o n  of the crystal the i n t e n s i t y  data were 
c h e c k e d  e v e r y  90 m i n u t e s  u s i n g  s e l e c t e d  i n t e n s i t y  
standards The data were corrected for Lorentz and p o l a r ­
isation effects No correction for absorption has been 
applied Atomic scattering factors for neutral atoms were 
taken from the literature [10] Details of crystal data 
and intensity collection are given m  Chapter 3 Table 3 4

Solution and refinement of the Structure

The s t r u c t u r e  was solved m  space group P 3^21 Using
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standard Patterson techniques the position of the ruthenium 
atom was obtained The positions of the P, F, 0, N, and C 
atoms were found using Fourier synthesis and successive 
cycles of least - squares refinement, based on 4288 unique 
re f l e c t i o n s  (with l>2cr(I)) The function minimised was 
[w ( |Fo|- |Fc|)2] with w=l/a2F All non-hydrogen atoms were 
given i n d i v i d u a l  a n i s o t r o p i c  thermal parameters in the 
refinement A difference fourier map yielded the positions 
of all h y d r o g e n  atoms, except for those of two water 
m o l e c u l e s  The phosphorus atoms are located at special 
positions, ((x,x,o) and (o ,x, 1 / 6 )) on a two fold axis 
R e l i a b i l i t y  i n d i c e s  R = [ | F 0 | - | F C | ] / | F 0 | and R w =
[w( | F 0 | - | F c | ) 2/w | F 0 | 2] 1/2 have the values 0 036 and 0 049 
respectively

(b) f R u ( b p 2 (3 MePT)Cll(PFft)

X-Ray Data Collection

The cry s t a l  s t r ucture of b î s (2 ,2' - b î p y r î d în e ) -ch 1o r o - 
r u t h e n l um • cis *3 - m e t h y l  ■ 1- (p y r i d i n - 2 - y l )  -1 ,2 , 4 - t n a z o l e  
hexafluorophosphate has been determined The diffraction 
data were collected at room temperature on a Nicolet P3/R3 
Diffractometer with graphite monochromated MoKa radiation 
(A= 0 7 1069Â) I n t e n s i t y  data were collected for 4465
i nten s i t i e s  a v e r a g i n g  over e q u i v a l e n t  r e f l e c t i o n s  and 
rejecting systematic absences (those values with intensity 
< 3 standard deviation) reduces this to 3648 Intensities
were c o r r e c t e d  for Lorentz and polarisation effects and 
converted to structure amplitudes Details of crystal data 
and intensity collection are given in Chapter 3 Table 3 11

A p p r o x i m a t e  u n i t  c e l l p a r a m e t e r s  were o b t a i n e d  from 
o s c i l l a t i o n  and W e i s s e n b e r g  photographs taken about the 
needle axis of a single crystal Atomic scattering factors 
were taken from literature [1 0 ]
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S o l u t i o n  and R ef in ement of The Stru ct ure

The structure was solved in space group P The position of 
the r u t h e n i u m  atom was o b t a i n e d  using a program called 
MULTAN [11] The positions of the C, N and Cl at oms were 
found using MULT A N  and the structure was refined using 
s u c c e s s i v e  weighted fourier transforms, a program called 
S H E L X  [12] The r u t h e n i u m  atom was set a n i s o t r o p i c
followed by the C, N and Cl atoms The P F 5 anion cannot be 
refined due to disorder Due to program limitations the 
positions of the hydrogen a toms could not be located

2 2 10 Time Correlated Single Photon Counting (TCSPC)
Method of Determining Lifetime Measurements.

Lifetime measurements were carried out m  Trinity College 
Dublin (TCD) using the technique of Time Correlated Single 
Photon Counting (TCSPC) [13] A schematic diagram of the 
apparatus is shown in Figure 2 1 The Applied Photophysics 
(AP) apparatus used consisted of

(1) AP gated n a n o s e c o n d  f l a s h l a m p  h o u s i n g  with glass 
flashlamp was used as the excitation source Nitrogen was 
u s e d  as the filler gas at a p r e s s u r e  200 mbar The 
e x c i t a t i o n  wavelength was 354 nm The lamp profile was 
taken using a milk/water scatter solution

(2) Start Photomultiplier (START PM) - Type 1P28

(3) AP model 435 gated lamp control unit (used to provide 
high vol t a g e  source across the 1 a m p ' s electrodes and to 
provide the heating and pulse supply for the thyraton (EEV 
F2530)

(4) AP high radiance monochromator bla 2 ed at 500 nm
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(5) Sample Compartment containing a cut off filter which 
ensured that only light with a wavelength longer than 600 
nm was de t e c t e d  All samples were degassed with argon 
before measurement

( 6 ) AP m o d e l  906 cool e d  PM h o u s i n g  c o n t a i n i n g  a red 
sensitive Philips XP2233B PM tube (STOP PM)

(7) Ortec model 437A constant fraction d e s c n m i n a t o r s  used 
in the constant fraction mode (two modules one used on the 
START and one on the STOP channels used to provide logic 
pulses to the TAC and to discriminate against non-photon 
events)

(8 ) Ortec model 4 25A variable nanosecond delay (used to 
delay signals and to provide timing calibrations)

(9) An Ortec model 457 tim e -to - amp 1i tude converter (TAC)

(10) C a n b e r r a  S e r i e s  30 m u l t i c h a n n e l  a n a l y s e r  (MCA) 
operated in the pu l s e -h e i g h t -analys i s (PHA) mode

(11) Apple II microcomputer - data was transferred via a 
R S 2 3 2 C  i n t e r f a c e  to the A pple II and after suitable 
manipulation was stored on floppy disc

(12) DEC- 2060 computer - due to the limited memory of the 
Apple II, it was not suitable for processing the data so 
data was t r a n s f e r r e d  from the Apple to TCD's mainframe 
DE C - 2 0 6 0  using ano t h e r  RS232C interface Deconvolution 
analysis and high resolution plotting were performed on the 
m a i n f r a m e  u s i n g  SINGLE FOR and DOUB L E  FOR p r o g r a m m e s  
written in FORTRAN [13]
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2 2 10 1 General Theory of TCSPC

When the flash lamp pulses (usually in the range 10-200 
KHz), the pulse of radiation is detected by the START PM 
which sends a signal to the start channel of the TAC This 
i n i tiates the c harging of a capacitor Light from the 
source also passes through a monochromator or filters and 
excites the sample, w h i c h  s u b s e q u e n t l y  fluoresces An 
aperture has been adjusted so that at most one photon is 
detected at the high gain PM, the STOP PM for each exciting 
event The signal resulting from this photon stops the 
c harging ramp in the TAC, w hich puts out a pulse, the 
a m p l i t u d e  of which is proportional to the charge in the 
capacitor, and hence the time difference between the START 
and STOP pulses R e p e t i t i v e  lamp p u l s i n g  and photon 
c o l l e c t i o n  results e v e n t u a l l y  in a histogram of counts 
being retained in the memory of the MCA This is a direct 
analogue of the fluorescence decay function, that is, the 
experimentally observed decay

2 2 10 2 Data Analysis

In order to obtain the true fluorescence decay profile of 
the sample, two experimental decay profiles are measured 
(a) that of the scattered excitation function distorted by
t h e  m e a s u r i n g  s y s t e m  a n d  (b) t h a t  of the s a m p l e
flu o r e s c e n c e ,  also d i s t o r t e d  by the m e a s u r i n g  system 
Various factors cause this instrumental distortion These 
include the fact that the pulse is not instantaneous (l e
not a delta pulse) the time resolution of the STOP PM
the delay and distortion of signals passing along coaxial 
cables and through various electronic devices Therefore 
the experimentally observed decay I(t) is a convolution of 
the true decay G(t) and the measured excitation function 
P(t)
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I (t ) = G (t )® P (t )

(where ® is the convolution operator) [17] G(t) can thus 
be determined by deconvoluting the experimentally observed 
d e c a y  I(t) and the e x c i t a t i o n  p r o f i l e  P(t) T h i s
expression only holds if both the observed decay and the 
o b s e r v e d  e x c i t a t i o n  fu n c t i o n  have the same d i s t o r t i o n  
f unc tion

The d e c o n v o l u t i o n  t e c h n i q u e  a v a i l a b l e  in TCD was the 
n o n - l i n e a r  l e a s t  s q u a r e s  i t e r a t i v e  c o n v o l u t i o n  A
c o m p a r i s o n  of the various t e c h n i q u e s  are d e s c r i b e d  m  
detail by McKinnon et al [15] and O'Connor et al [16] 
Both groups show that the iterative convolution method is 
the most s u c c e s s f u l  and reliable of the d e c o n v o l u t i o n  
methods tested In this procedure the emission is assumed 
to follow an exponential of the type

G (t ) = Z a - L e ' ^ i

where a 1 is the pre - exponent la 1 factor which is a function 
of t h e  s p e c t r a l  r e s p o n s e  of t h e  d e t e c t o r ,  t h e  
concentration, emission and absorbtion properties of each 
c o m ponent l in the sample, and t x is the f l u o r e s c e n t  
lifetime of each component l in the samp 1 e

The programmes SINGLE FOR and DOUBLE FOR use the Marquardt 
a l o g r i t h m  [17] and m a n y  of the r outines d e s c r i b e d  in 
B e v i n g t o n  [18] The basic p r o c e d u r e  for use of these 
programmes is as follows

Initial guesses are suggested for each a x and x lt and these 
are used to create a calculated decay G'(t) This is then 
convoluted with the measured excitation function, E(t), to 
yield a calculated distorted decay function D'(t) This 
distorted decay function, D'(t), is then compared with the 
experimentally observed decay function, D(t), and the sum

36



of s q u a r e s  of the r e s i d u a l s ,  X ̂  > b e t w e e n  t h e m  is 
d e t e r m i n e d  Small changes are then made to a x and T 1} 
either singly or together, and the process repeated and a 
new evaluated When the difference in x^ between D(t)
and D ’ (t) r e a c h e s  an a c c e p t a b l e  level, or when the 
d i f f e r e n c e  between the latest x^ an(* the previous X  ̂ 1 s
less t h a n  a p r e - s e t  l e v e l ,  t h e n  the s e a r c h  routine 
terminates and the values of a-L and r x are output

2 2 10 3 Evaluating the Success of the Fit

After deconvolution the success of the fit obtained must be 
evaluated This is carried out by doing several tests

(1) Graphical comparison of observed and calculated curves 
As this c o m p a r i s o n  is a subjective one, it may display 
differences if the fit is poor However if the fit "looks 
good" small discrepancies or small non-random oscillations 
may not show up

(2) x^ ideal value for x  ̂ 1S one Values above one
indicate a poor fit and values b elow one indicate bad 
s t a t i s t i c s  Since a c c e p t a b l e  values of x  ̂ s o m etimes 
obtai n e d  are s y m p t o m a t i c  of poor fits, it is usual to 
inspect a plot of weighted residuals

(3) P l o t of the w e i g h t e d  r e s iduals R e s i d u a l s  from 
successful fits should be randomly distributed about zero 
for a good fit

(4) The a u t o -corre1at i on function For a successful fit 
values obtained should be randomly scattered about zero

(5) Durbin-Watson Parameter DW This parameter has been 
s u g g e s t e d  to be more sensitive than x^ at spotting n o n ­
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random variations in the residuals Values of DW greater 
than 1 65 and 1 75 are indicative of a good fit for single 
and double exponential fits respectively Details of these 
parameters and functions can be found in an article by by 
O'Connor et al [16], and books by Demas [19] and Bevington 
[18]

2 2 10 4 Standards For TCSPC

Before sample measurements were carried out on the system 
it was n e c e s s a r y  to check the a c c u r a c y  of the TCSPC 
a p p a r a t u s ,  u s i n g  s t a n d a r d  c o m p o u n d s  of k n o w n  decay
characteristics The ideal standard should have a lifetime 
similar to that of the sample under investigation In our 
case standards acceptable should have a lifetime in the 
10-150  ns region A l t h o u g h  many s t a n d a r d s  have been 
p u b l i s h e d  in the l i t e r a t u r e  [16, 2 0 , 2 1 ], many are
u n s u i t a b l e  for our p u r p o s e s  for some or all of the 
following reasons

(1) Their fluorescent lifetime is too low (2-3 ns) to be
measured accurately by the TCSPC apparatus

(2) They absorb at wavelengths where the nitrogen lamps
spectral output is weak

(3) T h e y  e m i t  at w a v e l e n g t h s  s i m i l a r  to that of the
strongest nitrogen emission

(4) They are d i f f i c u l t  to obta i n  in pure form Both
a n t h r a c e n e  and 1 - c y c 1 o n a p h t h a  1 ene w ould be suitable 
s t a n d a r d s  Their lifetimes are about 5 ns and 19 ns
depending on the solvent However, anthracene is difficult 
to p u r i f y  and 1 - c y c 1 o na ph t h a 1 e n e emits at 345 nm , very
close to the em i s s i o n  w a v e l e n g t h  of the nitrogen lamp
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Therefore, quinine sulphate and [Ru(bpy)3 ]^+ were chosen as 
standards Quinine sulphate is not an ideal standard, as 
in recent years, it has been suggested that it follows a 
double e x p o n e n t i a l  decay that is strongly dependant on 
t e m p e r a t u r e  and e m i s s i o n  w a v e l e n g t h  [22] The value
o b t a i n e d  on the TCD a p p a r a t u s  for a single exponential 
decay of quinine sulphate in degassed 0 1 N H 2 SO4 was 20 5 
ns , this agrees well with literature values [20, 21] A
double exponential decay was also analysed and a better fit 
was o b t a i n e d  t h a n  for the s i n g l e  e x p o n e n t i a l  decay 
analysis The lifetimes obtained were 14 ns and 25 ns in a 
ratio 1 1 The lifetime o b t a i n e d  for [ R u ( b p y > 3 ]^+ in
d egassed w ater was 575 ns , again m  good agreement with 
literature values

A n o t h e r  m e t h o d  of ch e c k i n g  the a c c u r a c y  of the TCSPC 
apparatus involved determining the quenching rate constant 
K q , b o t h  by l i f e t i m e  m e a s u r e m e n t s  and f l u o r e s c e n t  
m e a s u r e m e n t s  For each experiment 100 cm 3 of a 10 " 4 M 
a q u e o u s  s o l u t i o n  of [ R u ( b p y ) 3 ] ^ + was p r e p a r e d  The 
quenching agent, methyl viologen (MV^+ ), was added to the 
ruthenium solution in aliquots An emission spectrum and 
lifetime measurement were performed after each addition 
Samples were not degassed prior to measurement

Stern-Volmer analysis is required to determine Kq This
involves plotting I0/I or z0/z against the concentration of 

9 +[ M V ] I 0 and t 0 are the e m i s s i o n  intensity and the 
lifetime of the unquenched species respectively while I0

and x q are the e m i s s i o n  i n t e n s i t y  and lifetime of the 
quenched species respectively The quenching constant is
obtained from the graph using the following equation

Kq = alone
I0 or x o (2)

For the lifetime experiment the results obtained show that
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the l ifetime of * [Ru ( b p y ) 3 ] decays exponentially with 
increasing [MV^*] Hence, the Stern-Volmer plot is linear 
for low concentrations of [MV^*], that is concentrations up 
to 3 5 mM After this concentration a double exponential 
analysis is required This effect has also been observed by 
K a l y a n a s u n d a r a m  [23] m  his l ifetime quenching studies 
u s i n g  c h l o r i d e  1 0 ns as the q u e n c h i n g  a g e n t  W i t h  
increasing Cl" concentration, the MLCT state decays rapidly 
and a bis substitutional product is formed In our case, 
perhaps the TCSPC a p p a r a t u s  is more sensitive than the 
f l u o r i m e t e r  and a substitutional product which may have 
been formed is observed as the second lifetime Further 
investigations into this behaviour are required
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C HA PT ER 3

Properties of Ruthenium Compounds Containing 
Chelating or Monodentate Asymmetric 

P y r i d y l t n a z o l e  Ligands
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3 0 Introduction

Our interest m  r u t h e n i u m  (II) c o m p o u n d s  of the type 
[R u (bpy)2 (L -L ') ] , where L-L' is an asymmetric bidentate
ligand, has arisen from the investigations of the unique

2 4*photochemical and photophysical properties of [Ru(bpy)3 ]z 
[1-5] (see Cha p t e r  1) In the literature, most of the 
research in the ruthenium field has been concerned with the 
formation of ruthenium complexes that contain symmetrical 
bidentate aromatic nitrogen donor ligands, with particular 
emphasis on [Ru(bpy)3 ]^+ [1-16] In recent years there has
been increasing interest in mixed ligand complexes of the 
type [Ru(L-L)n (L'-L1)3 .n ]2+ [1, 3, 7, 9, 11, 17-29] (where
n = 0, 1, 2 or 3, and L-L and L 1 -L ' both diff e r e n t
s y m m e t r i c a l  b i d e n t a t e  l i g a n d s )  O u r  w o r k  involves
replacing a bipyridine ligand with a p y r 1 d y 1 tr 1 azo 1 e ligand 
w i t h  the a i m  of i n v e s t i g a t i n g  the p h o t o c h e m i c a l  and 
photophysical properties of the compounds synthesised

By v a r y i n g  the n a t u r e  of the b i d e n t a t e  ligands, the 
infl u e n c e  of the ligand structure on the electronic and 
e l e c t r o c h e m i c a l  properties of the Ru(II) complex may be 
i n v e s t i g a t e d  Systematic variations of the ligands may 
lead to a d e t a i l e d  und e r s t a n d i n g  of the effects of the 
ligand in the com p l e x  and hence, by p r o p e r  choice of 
ligands certain desired properties such as luminescence, 
lifetimes and redox p r o p e r t i e s  of the com p l e x  may be 
o b t a i n e d  The e l e c t r o n i c ,  r e d o x  and excited state
properties of the complex will m  general be affected by 
the a and 7T properties of the ligand The lowest energy 
a b s o r p t i o n  m a x i m a  of c o m p o u n d s  of  t h e  t y p e  
[Ru(bpy)2 (L -L ' ) ] have been assigned to MLCT bands The 
position of this band in [Ru(bpy)2 (L‘L ’)]^+ complexes can 
be taken as a measure for the tt acceptor capacity of the 
ligand [21] However, the a donor p r o p e r t i e s  of the 
ligands also influences the band position
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The effect of successively replacing a bipyridine ligand of
[Ru(bpy)3 ]2+ with a phenanthroline (phen) ligand has been
investigated by Crosby et al [7] to form complexes of the
type [Ru(bpy)n (phen) 3 _n ]2 + , (phen = 1,10-phenthro1i n e , n =
0, 1, 2, or 3) The Ru(II) complexes exhibit a progressive
shift to higher ener g y  in the a b s o r p t i o n  and emission
spectra on the r eplacement of a bpy ligand with a phen
ligand As both the absorption and emission spectra of
these complexes yield single peak MLCT bands, it has been
s u g g e s t e d  that the c o u p l i n g  b e t w e e n  the two dissimilar
ligands was strong [7] Luminescence decay data provided
no evidence for multiple emission at 77K, and the observed
s p e c t r a l  p r o p e r t i e s  of the m i x e d  l i g a n d  c o m p l e x e s
represented an average or combination of the properties of
[Ru(bpy)3 ]2+ and [ R u (p h e n )3 ]2+ Similarly, the properties

9 +of complexes of the type [ R u (b p y )n (Me 2 b p y )3 -n ]z also 
represent an average of the spectral, electrochemical and 
lifetime results of [Ru(bpy)3 ]2+ and [Ru(Me2 bpy)3 ]2+ [19]
Other m ixed ligand systems that f o l l o w  this beha v i o u r  
include [R u (bpy)n (DMC H )3 .n ]2+ where DMCH is 5 , 8 -dimethy1 - 
dibenzo- 1 , 10-phenanthroline [20], [Ru(bpy) 2 (OAF)]2+ where 
DAF is 4,5-diazafluorene [6], and [Ru(b p y )n (taphen)3 . n ] 2 + 
where taphen is dlpyr 1 d o -p y r 1 dazine [13] (see Figure 3 1 
for ligand structures)

Meyer et al [17] have investigated the photophysical and 
p h o t o c h e m i c a l  p r o p e r t i e s  of the series of t n s - c h e l a t e  
c o m p l e x e s  [ E u  ( b p  y ) n ( b p y z  ) 3 - n ] 2 +  [ 1 4 ,  1 7 ]  ,
[Ru(bpy)n (bpym)3 .n ]2+ [17] and [R u (bpym)n (bpy z )3 .n ]2+ [17]
where bpyz = 2 , 2 ' - bipyrazine and bpym = 2 , 2 ' - b lpy r lmi d ine
(see Figure 3 1) For the m 1 x e d -c h e 1 ates con t a i n i n g
d i f f e r e n t  c h r o m o p h o n c  ligands, no evidence was obtained 
for m u l t i p l e  e m i ssions either from emission or lifetime 
measurements [17]
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5,8-dimethyl-dibenzo- 
1,10-phenanthrolme 

(DMCH)

N N

4,5-diazafluorene 
(DAF)

dipyndo-pyndazme 
{taphene)

N N

Bipyrazine
(bpyz)

•N N
M
■N N

Bipyrimidme
(bpym)

N N

2, (2-pyrzdyl Jquinolme 2,3-bis (2-pyridyl Jquinoxalme iso-biquinoline
(BL) (ibiq)

Figure 3 1 Structure and abbreviations of ligands cited m  
text
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From trends in the e m i s s i o n  m a x i m a  and electrochemical 
m e a s u r e m e n t s  it has been concluded, that in the mixed 
chelates the lowest lying emitting charge transfer states 
are based on Ru(III)(bpz) or R u (III)(bpym) chromophores 
From electrochemical measurements, the relative ordering of 
the rr* l e v e l s  in the free and c o m p l e x e d  chelates is 
TT*(bpyz) < 7r*(bpym) < rr*(bpy) The lower n * energy levels 
for the bpyz and bpym ligands lead to changes in the ground 
and exc i t e d  state redox p o t e n t i a l s  as a consequence of 
changes m  electronic structure [28]

In contrast to the type of system where individual ligand 
identity is lost, the series of compounds
[Ru(bpy)3 (blq ) 3  - n ] 2+ (biq = 2,2'-b 1 quino1ine and n = 1 or
2) were i n v e s t i g a t e d  [24, 29] , where the m ixed ligand
c o m p l e x e s  r e t a i n  t h e  i n d e p e n d e n t  c h a r g e - t r a n s f e r  
transitions of both ligands in the visible region of the 
absorption spectra Some complexes for which this behaviour 
has been observed are listed in Table 3 1 The intensities 
of the bands are weighted in accordance to the proportion 
of ligand present in the species This behaviour is also 
observed for the [R u (phe n )n (blq)3 .n ] 2 + (n = 1 or 2 ) series
of mixed-ligand complexes studied [24]

Examination of the reduction potentials of the free ligands
shows that the biq ligand is most easily reduced while bpy

icis the hardest to reduce [29] This indicate that the tt 
level m  the complexes containing biq will be at lower 
e n e r g y  than in pure bpy or phen ligands Hence the 
a b s o r p t i o n  m a x i m u m  of [R u (p h e n )3 ] 2 + is found at higher 
energy than that of [Ru(biq)3 ]2 + and is found at slightly 
higher energy than that of [Ru(bpy)3 ]2 + (see Table 3 1) 
However, dual emission is not observed for the mixed ligand 
compounds in Table 3 1
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Table 3.1 Absorption Bands of Several Complexes where Two 

MLCT bands are Observed m  the Absorption spectrum a

C ompound Abso rption 

^max nm

Maxima 

(log€)

ref

[R u (bpy)3 ] 2 + 453 (4 14) 1 0

[Ru(bpy)2 (biq)]2+ 527(3 91) 440(3 83) 30

[Ru(bpy)(biq) 2 ] 2 + 546(3 8 6 ) 480(3 70) 30

[ R u (b 1 q )3 ] 2 + 524(3 95) - 30

[ R u (phe n )3 ] 2 + - 445 (4 30) 31

[Ru(phen) 2 (biq) ] 2 + 523(3 97) 439 (3 98) 24

[Ru(phe n ) (biq)2 ] 2 + 551(3 93) 478 (3 81) 24

[R u (bpy)2 (p q ) ] 2 + 4 7 6 s h 452 (4 0 2 ) 24

[ R u (bpy)(p q ) 2  1 2 + 480(4 04) 4 5 5 sh 24

[Ru(p q )3 ] 2 + 488 - - 9

[Ru(phen)2 (pq)]2+ 4 7 6 s h 442 (4 1 1 ) 24

[Ru(phen)(pq) 2 ]2+ 4 80 sh 453 (4 07) 24

a measured in methanol at room temperature
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A slight variation of the biq ligand yields 2-(2-p y r 1 d y 1) 
quinoline (pq) (Figure 3 1) From comparison of the t n s
complexes [Ru(bpy)3 ]2+ (Amax = 454 n m ) , [Ru(pq)3 ]2+ (Amax =
485 nm) and [Ru(biq)3 ]2+ (Amax = 523 nm) , it is apparent
that the benzo substituent on the 2 ,2 ’-b l p y n d i n e  produces 
a red shift in energy of the lowest lying triplet state and 
the red shift for the biq complex is greater than that for 
the pq c o m p l e x  [30] I n d e p e n d e n t  c h a r g e  - t r a n s f e r
transitions, that can be ascribed to individual ligands, 
are o b s e r v e d  in the absorption spectra of the series of 
compounds [R u (bpy)n (p q )3 . n ] 2 + [24] and [Ru(p h e n )n (p q )3 _n ]2+ 
[35] The room t emp erature emission spectra of the mixed 
ligand complexes of [R u (b p y )n (p q ) 3 _n ] 2 + are all quite 
similar to that of [Ru(pq)3 ]2+ suggesting that mixing of 
the ligand emitting states occurs and both the initial 
e x c i t e d  stat e s  of pq and bpy rap i d l y convert to the 
e m i t t i n g  s t a t e  of pq a l o n e  S i m i l a r l y ,  for the
[R u (p h e n )n (p q ) 3 .n ] 2+ [33] system, results suggest that
energy transfer occurs from the absorption state associated 
with phenanthro 1 ine to the emitting state associated with 
p y r 1 dyIquino1ine These results suggest that even m  the 
p r e s e n c e  of m t e r l i g a n d  energy transfer independent MLCT 
bands are observed in the absorption spectra of the mixed 
ligand compounds [8 , 9]

Recently, Rillema et al [34] investigated the series of 
c o m pounds [ R u (b p y )n (B L )3 .n ]n + , where BL is 2,3-bis(2* 
pyr 1 d y 1)quinoxa1ine The absorption spectra obtained for 
t h e s e  c o m p o u n d s  s h o w  a d i s t i n c t i o n  b e t w e e n  the MLCT 
t r a n s i t i o n  i n v olving two different ligands, with the dn
 > 7T (BL) transitions occurring at lower energy than the
dn - - - > tt*  (bpy) transitions The absorption maxima for the 
[Ru(bpy)n (BL) 3 .n ]n+ series are 451 nm (4 14) for n = 0, 517 
nm (3 92) and 426 nm (3 93) for n = 1, 512 nm (3 98) and
462 nm (3 91) for n = 2, and 499 nm (4 14) for n = 3 (log 6  

values follow m  parenthesis) The electrochemical data
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indicate that the complexes [Ru(b p y )n (B L )3 . n ] 2 + containing 
BL are poor reductants relative to [Ru(bpy) 3 ]2+ due to the 
low energy n* orbitals of BL but are good oxidants due to
en h a n c e d  drr(Ru) --- > n (BL) i n t e r a c t i o n  The emission
maxima for the series [Ru(bpy)n (B L )3 .n ]n+ are found at 714, 
7 3 4  and 760 nm for n = 0 , 1 and 2 respectively compared to
610 nm for [ R u ( b p y ) 3 ] 2+ [10] B o t h  the r e d u c t i o n
p o t e n t i a l s  and emission spectra suggest that emission is 
from the n (BL) ligand The successive replacement of BL 
with a bpy ligand also results m  a decrease in lifetime of 
the complexes [34]

A n o t h e r  example of a system e x h i b i t i n g  m u l t i p l e  MLCT
t r a n s i t i o n s  in t h e  a b s o r p t i o n  s p e c t r u m  is the
[R u (bpy ) 2 ( 1 'b 1 q ) ] 2 + sys t e m , where l-biq = 2 , 2 1 - b i *
1 soquino 1 m e  , studied by B a l z a m  et al [14] However, the
mixed ligand complexes exhibit only one emission band which

9 +is p r a c t i c a l l y  the same as that of [Ru(bpy) 3 ) This
suggests that the e mitting states of the m ixed ligand
complexes are essentially Ru ---> bpy CT in nature The
s p e c t r o s c o p i c  r e s u l t s  show that in the m ixed ligand
complexes the coupling between excited states involving bpy
and excited states involving i-biq are too weak to effect
the energy levels in a substantial way but strong enough to
allow fast rad 1 at 1 onless deactivation of the upper excited
states to the lowest one The reduction potentials of free
bpy and i-biq are almost equal (-2 22 and -2 20 V vs S C
E respectively [29]) The first reduction potential of 

7 +[Ru(bpy)3 ]z , which is known to correspond to the reduction 
of one bpy l i g a n d ,  is less n e g a t i v e  t h a n  t h a t of 
[R u ( 1  -b 1 q ) 3 ] 2+ [14] This i n d i c a t e s  that for the co-
ordinated ligands the 77 levels of bpy lie at lower energy 
than that of i-biq and hence the i-biq ligand is not 
involved in the energy states that are responsible for the 
reduction and emission process
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Another variation on the [Ru(bpy)3 ]2+ complex is to replace 
one of the p y r i d y l  groups in 2 ,2 ' - b i p y r i d i n e  with a 
suitable five membered heterocyclic ring such as imidazole, 
t h i a z o l e  , p y r a z o l e  or t r i a z o l e  Haga [11, 25] has
investigated the b n m i d a z o l e  ( b n m H 2 ) and bibenzimidazole 
( b i b z i m H 2 ) c o m p l e x e s  of R u ( b p y ) 2 The s pectral and
e l e c t r o c h e m i c a l  data show a d e p e n d e n c e  on the a donor 
p r o p e r t y  of  b i i m H 2 a n d  b l b z i m H  2 B o t h  t h e
[Ru ( bpy ) 2 (b 1 imH 2 )]2+ and [Ru (b p y ) 2 ( b lb z 1111H 2 ) ] 2 + complexes

9 +a b s o r b  and emit at l o w e r  e nergies than [ R u ( b p y ) 3 ]^ 
i n d i c a t i n g  that the b i i m H 2 and b i b z i m H 2 ligands are 
stronger tt donors than bpy A stronger 7T donor increases 
the electron density on the metal, resulting in a decrease 
of the MLCT band energies The deprotonated forms of the 
c o o r d i n a t e d  ligands are s u g gested to have a stronger tt 

donor capacity than the protonated forms, as deprotonation 
results in a shift to lower energy of the MCLT absorption 
bands The em i s s i o n  spectra of these compounds exhibit 
only one band, r e d u c t i o n  and emission are suggested to 
involve bpy orbitals The emission lifetimes are shorter 
than that of * [Ru(bpy)3 ]2+

From the brief discussion above it can be concluded that 
variation of the nature of the ligand will induce changes 
in the e l e c t r o n i c  and electrochemical properties of the 
complex, and also m  the excited state properties Even if 
the s u b s t i t u t e d  ligand plays no acti v e  role m  these 
properties its tt acceptor/n donor properties will have an 
effect on the drr level of ruthenium by either destabilizing 
or stabilizing it Ligands which do not take part in the 
absor p t i o n ,  em i s s i o n  and e l e c t r o c h e m i c a l  processes are 
called spectator ligands An example would be the b n m H 2 

and b i b z i m H 2 ligands d i s c u s s e d  above The luminactive 
ligand, the ligand that a c t i v e l y  takes part in these 
p r o c e s s e s ,  w o u l d  be the bpy ligand in the complexes 
[Ru ( bpy ) 2 ( b n m H 2 ] 2 + and [Ru(bpy) 2 (bibzimH 2 ]2+
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The d i s c u s s i o n  up until now has been concerned with the 
v a r i a t i o n  of s y m metric c h e l a t i n g  ligands to change the 
properties of the complex It is only relatively recently 
t h a t  studies on r u t h e n i u m  c o m p l e x e s  have ex t e n d e d  to 
ligands which are substantially different from bipyridine 
A number of complexes of the type [Ru(b p y )2 (L "L ') ] have 
been p r e p a r e d  where L-L' is a b i d e n t a t e  m  t ro gen - dono r 
ligand c o n t a i n i n g  two c h e m i c a l l y  different coordination 
sites For ligand structures and abbreviations discussed 
in this text see Figure 3 2 The effects of the nature of 
the asymmetric bidentate ligand on the spectral, electro­
chemical and photophysical properties of the complexes have 
been examined [1, 3, 10, 21, 22, 23, 25, 27, 35]

H a g a , along with the investigations of the
[R u (bpy)2 (b 1 imH 2 )]2+ and [Ru(b p y )2 (b 1 bzimH 2 ]2+ cations has
s t u d i e d  t h e  p r o p e r t i e s  of c o m p l e x e s  of the type
[R u (b p y ) 2 (L ‘L ' ) ]2 + where L-L* is the asymmetric ligand
2 - ( 2 - p y r i d y l ) b e n z - i m i d a z o l e  ( P b z i m H )  o r
2 - ( 2 - p y r 1 d y 1 ) 1 m 1 d a z o 1 e (PimH) [11] The absorption and
emission data for these complexes are listed in Table 3 2
T h e  f o r m a t i o n  of  [ R u ( b p y ) 2 ( P b z i m H ) ] 2+ a n d
[R u (b p y ) 2 (PimH)]2+ is the equivalent of replacing one of
the pyridine rings of [Ru(bpy)3 ]2+ by a benzlmidazo1e and
i m i d a z o l e  grouping respectively In comparison with the
c o m pounds [ Ru ( b py ) 2 ( b 1 1 mH 2 ) ] 2 + and [Ru (bpy ) 2 (b lbz imH 2 ] 2 +
the compounds containing the asymmetric ligands PimH and
PbzimH absorb at slightly higher energies Both complexes

9 +exhibit lower energy absorp t i o n  bands than [Ru(bpy>3 ] 
indicating that these ligands are weaker tt acceptors than 
bpy The emission spectra of compounds containing PimH , 
PbzimH, b n m H 2 , bibzimH 2 and imH 2 exhibit only one band, 
closely resembling that of [Ru(bpy) 3 ]2+ [16, 38]

o
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2-{2-Pyr idyl) imidazole 2-( 2-pyndyl ) thiazole
(PimH) (Pth)

pyrazole 
(pz )

H
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2- { 2-pyndyl-l, 2, 4-triazole 
(Pytrz)

bumidazole bibenziraidazole

(bibzimi^ )
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2- ( 2-pyndy 1 ) benzimidazole 
{PbzimH)

1- ( 2-pyndyl ) -3 , 5- 
dimethy1-pyrazole 

(Me^PNP)

4-phenyl— L, 2,4-tnazole 
(Phtrz)

Î  f
W H H ^ N  H
T  T  Y T
N N N— N N N

4-Methyl-l, 2, 4-tnazole 4-Allyl-l, 2 ,4-tnazole 1- ( 2-pyridyl ) -pyrazole
(Metrz) (Altrz) <PNP)

Figure 3 2 Structure and abbreviations of ligands cited



Table 3.2 Ab sorption and emission maxima for selected 
compound s

Compound Ab s 0 rp tion 
^max (n m )

Emis s 1 on 
^max (n m )

ref

[R u (bpy)3 ] 2 + ’a 453 610 1 0

[R u (b p y )2 (blbzimH 2 )]2+ *a 473 656 24
[Ru(bpy)(bibzimH 2 )2 Ì2+,a 4 6 3 640 24
[Ru(bpy)2 (PiniH) ] 2 + ,a 460 633 24
[Ru(bpy)2 (PbzimH ) ] 2 + » a 458 630 24

[R u (Pythz)3 ]2+ >b 462 590 2 2

[Ru(bpy)(Pythz) 2 ] 2 + * ̂ 458 597 2 2

[Ru(bpy)2 (Pythz ) ] 2 + > b 452 598 2 2

[Ru(Me 2 PNP)3 ] 2+ > a 382 - 1 0

[R u (b p y ) (Me 2 P N P )2 ]2+ »a 435 604 1 0

[Ru(bpy)2 (Me2 PNP)]2 + ,a 450 602 1 0

[Ru(bpy)2 (phtrz)2 ]2 + >c 468 645 36
[Ru(bpy) 2 (Metrz) 2 ] 2 + ’c 473 660 36
[Ru(bpy)2 (Htrz)2 ]2+,c 470 660 36
[Ru(bpy)2 (trz)2 ]d 544 - 36
[Ru(bpy)2 (Hpz)2 ]2+,c 470 6 2 7 a 37
[Ru(bpy)2 (pz)21d 581 37

a measured in acetonitrile b measured m  ethanol/water 
measured in acetone d measured in DMF

The first two reduction potentials for each compound are
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due to stepwise reductions at the bpy ligands The metal 
based oxidation potentials of these complexes are observed 
at lower p o t ential than that of [Ru(bpy) 3 ]2+ while the 
o x i d a t i o n  p o t e n t i a l s  of the d e p r o t o n a t e d  forms are 
considerably lower Again, these results suggest that bpy 
is the luminactive ligand while imidazole and benzimidazole 
ligands act as spectator ligands The emission properties 
and redox potentials of complexes containing imidazole of 
b e n z i m i d a z o l e  l i g a n d s  can t h e r e f o r e  be tuned by the 
deprotonation of the coordinated ligands [25]

9 +The emission lifetimes of the complexes [ Ru ( b p y )2 (PimH)]z 
and [Ru(bpy)2 (PbzimH) ] 2+ are shorter than [Ru(bpy)3 ]2+ but 
longer than those of the corresponding imidazole complexes 
[ Ru ( bpy ) 2 ( b 1 imH 2 ] 2 + and [ Ru ( bpy ) 2 ( b 1 b z imH 2 ) ] 2 + discussed 
previously, indicating that the emission lifetimes decrease 
with increasing number of imidazole of benzimidazole rings 
in the ligands Haga has suggested that this decrease may 
be a t t r i b u t e d  to a rapid d e a c t i v a t i o n  of the excited 
states, in which the excitation energy may be vibratlona 1 ly 
dissipated to the solvent medium through the N-H bond of 
the imidazole or benzimidazole ligand [1 1 ]

The replacement of a pyridine ring with a thiazole ring is
not expected to yield much change in the properties of the
com p l e x  as thiazole is clo s e l y  akin to pyridine in its
a r o m a t i c i t y  and general chemistry [36] Fitzpatrick and

9 +G o o d w i n  [22] p r e p a r e d  three c o m p l e x e s  [ R u ( L -L 1 ) 3  ] ,
[R u (bpy)(L -L ' )2 ]2+ and [R u (b p y )2 (L -L ' ) ] 2+ so as to examine 
the effect of successive replacement of 2 , 2 ' - bipyridine by 
(L - L ' ) = 2 -(2-pyridyl)-thiazole For these compound s , the
absorption maxima decreases only slightly to lower energies 
as the number of coordinated thiazole molecules increases, 
this is p r o b a b l y  a s s o c i a t e d  with a slightly greater tt- 
acceptor capacity of the thiazole ring The spectral and 
e l e c t r o c h e m i c a l  p r o p e r t i e s  of c o m p l e x e s  c o n t a i n i n g
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2 -( 2 -pyridyl)-pyrazole show that this ligand has reduced 
n - a c c e p t o r  c apacity co m p a r e d  with 2 - ( 2 - py r 1 dy 1 ) thia z o 1 e 
[2 2 ]

Steel et al [10] have i n v e s t i g a t e d  the absorption and
9 +e m i s s i o n  p r o p e r t i e s  of compounds [Ru(bpy)n (Me2 PNP)3 -n ] 

where M e 2 PNP = 1 - ( 2 - pyr 1 d y 1)-3,5 - dimethy1 pyrazole The
results obtained, m  Table 3 2, show that as the number of 
M e 2 PNP ligands increases the energy of the MLCT absorption 
band increases and the absorption maximum of the complex 
[ R u ( M e 2 P N P ) 3 ] 2 + is at very high ener g y  3 82 nm The 
e m i s s i o n  m a x i m a  f o r  [ R u ( b p y ) 2 ( M e 2 P N p )j a n d
[R u (b p y ) (Me 2 P N P ) 2 ] 2 + are found at similar energies but 
s l i g h t l y  higher than that of [Ru(bpy) 3 ]2+ The complex 
[Ru(Me2 P N P )3 ] 2 + has no emission at room temperature This 
suggests that the M e 2 ?NP ligand acts as a spectator ligand
and the M L C T  band o b s e r v e d  is a dn (Ru) ----> n*(bpy)
t rans 1 1 ion

The first examples of ruthenium triazole complexes were 
re p o r t e d  in 1983 by Vos et al [36] Examples of such 
ligands are 1 , 2 ,4 -triazole (Htrz) , 4 - ph e n y 1 -1,2,4-1 r 1 azo1e
(Phtrz), 4 - methy1 - 1 ,2 , 4 - tr 1 azo1e (Metrz) and 4 - a 1ly1 - 1 , 2 , 4 - 
tr i a z o l e  (Altrz) The tt acceptor capabilities of these 
monodentate coordination ligands have been assessed The 
a b s o r p t i o n  and e m i s s i o n  m a x i m a  of these compounds are 
presented in Table 3 2 The position of the lowest dTr(Ru) 
--> rr*(bpy) CT a b s o r p t i o n  in the c a t i o n i c  triazole 
c o m p l e x e s  is v e r y  c l o s e  to t h a t  o b s e r v e d  in the 
corresponding pyrazole complex [37], but is found at lower 
energy than for the corresponding pyridine comp lex This 
suggests that m  this type of complex, the 1,2,4 t n a z o l e s  
have similar tt acceptor capabilities to pyrazoles, but are 
weaker tt acceptors than pyridine The emission maxima for 
the triazole complexes are observed at lower energy than 
for [ R u ( b p y ) 3 ]2 + The maximum for the Phtrz complex is
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f o u n d  at s l i g h t l y  h i g h e r  e n e r g y  than for the other 
compounds This suggests a somewhat more efficient back 
d o n a t i o n  from the metal to the triazole ligand in this 
complex

Chapter 3 of this work reports the synthesis, character­
isation and photochemical properties of
c 1 s -[R u (b p y )2 (L -L ')]n+ (n = 1 or 2) complexes where L-L' is
a series of pyridyl - 1 , 2 , 4 - t n a z o l e s  , or 1 -(p y r i d m -2-y 1)-
p y r a z o l e  The results obtained are compared with those
reported for similar systems As discussed m  Chapter 1
our aim is to study the photochemistry of the compounds
p r e p a r e d  and to i n v e s t i g a t e  the n a t u r e  of possible
intermediates This is of particular interest as m  the
i n v e s t i g a t i o n s  of the p h o t o c h e m i c a l  d e c o m p o s i t i o n  of
[ R u ( b p y ) 3 ]2+ intermediates containing monodentate ligands
have been proposed [36, 40-44] The possibility of forming
monovalent species analogous to monodentate bipyridyl and
monodentate bipyrazine during the photolysis of ruthenium
p y n d y l  triazole compounds and their possible isolation and
characterisation may help us to increase our knowledge of

9 +the e x c i t e d  s t a t e  p r o p e r t i e s  of [ R u ( b p y ) 3 ]z The
9 +photochemistry of [Ru(bpy)3 ] has been investigated by a 

number of groups and a generally accepted model in which 
the photoinduced ligand loss is pictured to occur from an 
upper "dd" state, clo s e l y  loc a t e d  to the 3MLCT excited 
state has been proposed by Kalyanasundaram [40] This "dd"

( “3state represents a major deactivation pathway for the JMLCT 
state at room temperature (see Figure 1 1, Chapter 1) and
has been used to explain the ph o t o 1 a b i 1 lty of these type of 
c o m p o u n d s  Our idea was that the i n t r o d u c t i o n  of an 
a s ymme trie b i d e n t a t e  ligand may f a c i l i t a t e  monodentate 
coordination under photolysis conditions

Investigations of the photochemistry of [Ru(bpy)3 ]2+ m  0 1 
M HC1 at 95°C by Van Houten and Watts [41], showed that
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photolysis resulted m  the disappearance of the absorption 
band at 450 nm and the appearance of a shoulder at 500 nm 
A n a l y s i s  of the p h o t o l y s e d  s o l u t i o n  by f l u o r e s c e n c e  
spectroscopy clearly showed the presence of free protonated 
2 ,2 ' - b i p y r i d i n e  , p r o v i d i n g  c o n c l u s i v e  e v i d e n c e  for 
labilization of the bipyridine ligand The authors suggest 
from the absorption at 500 nm m  the uv spectrum and the 
a p p e a r a n c e  of u n c o m p l e x e d  l i g a n d  that at least two 
reactions occur (1 ) displacement of one end of the bpy 
ligand by water or perhaps Cl", followed by protonation of 
the open end of bpy, and (2 ) subsequent reaction of the 
resulting complex leading to displacement of the bound end 
of the monodentate Hbpy+ ligand and releasing free ligand 
into solution

H

(1 )

Investigations into the nature of the photoproduct obtained
from photolysis of [Ru(bpy)3 ]2+ m  1M HC1 were carried out
by Van Hout e n  and Watts [42] By c o m p a r i s o n  with the
p h o t o l y s i s  of t h e  c o r r e s p o n d i n g  i n d i u m  c o m p l e x  

9 +[Ir(bpy)3 ] m  1M HC1 where a monodentate bpy compound was 
isolated [43] it was observed that the ruthenium photolysis
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showed similar characteristics From these results, van 
Houten and Watts suggested that the product being formed is 
[R u (b p y ) 2 (b p y ) C 1 ] + It was also s u g g e s t e d  that the 
p h o t o p r o d u c t  formed on p h o t o l y s i s  of [ R u ( b p y ) 3 ] is 
[ Ru ( b p y ) 2 (bpy)OH]+ which converts to [Ru(bpy)2 (b p y )H 20 ] 2 + 
by treatment with acid [43] The proposed intermediate for 
this r e a c t i o n  is s h o w n  in e q u a t i o n  1 However, no
substantial evidence for this as sump tion was obtained

The photolysis of [Ru(bpy)3 ]2+ m  chlorinated solvents such 
as C H 2 C I 2 was studied by M e y e r  and c o w orkers [45] and 
results showed that [Ru(b p y )2 C 12 ] was formed as the final 
product The authors p r o p o s e d  that the m e c h a n i s m  for 
p h o t o l y s i s  involved thermal activation population of the 
d-d excited state, leading to cleavage of an Ru-N bond, 
with f o r m a t i o n  of a five c o o r d i n a t e d  species In the 
absence of coordinating 1 0 ns, chelate ring closure occurs 
with the reformation of [Ru(bpy)3 ]2+ [45] Upon photolysis
in a c e t o n 1 t r 1 1 e , the loss of a bpy ligand from the 
[R u (b p y ) 3 ]C 1 2 com p l e x  yields the formation of only one 
photoproduct [R u (b p y )2 (CH 3 C N )C 1]+ [46]

Tachiyashiki et al [44] have studied the photolysis of the 
t n s  complex [ Ru (phe n ) 3 ] 2 + in HC1 solutions They found 
that the spectral changes upon photolysis were very similar 
to t h o s e  o b t a i n e d  by v a n  H o u t e n  a n d  W a t t s  for the 
p h o t o l y s i s  of [Ru(bpy) 3 ]2+ in HC1 solutions [42] From 
this c o m p a r i s o n ,  and f r o m  c o m p a r i s o n s  w i t h  thermal 
substitution reactions of [M(bpy>3 ]2+ (M = V, Ni and Fe) 
for which the reactions are widely accepted to proceed via 
a monodentate intermediate [47, 48] it was suggested that
the p h o t o l y s i s  of [ R u (p h e n ) 3  ] 2 + p r o c e e d e d  thr o u g h  an 
i n t e r m e d i a t e  c o n t a i n i n g  a m o n o d e n t a t e  p h e n  ligand 
Equation 2 was considered for the reaction mechanism

In this scheme a protonation (path (2)) of the nitrogen
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a t o m  of the m o n o d e n t a t e  p h e n a n t h r o 1 1 n e ligand in the 
intermediate competes with a chelate ring closure of the 
l i g a n d  ( p a t h  (1)) T h u s  w i t h  the i ncrease m  acid
c o n c e n t r a t i o n ,  the r i n g  c l o s u r e  is s u p p r e s s e d  more 
efficiently In contrast with the [Ru(bpy) 3 ]2+ system [41] 
w h e r e  s p e c t r a l  e v i d e n c e  of m o n o d e n t a t e  f o r m a t i o n  was 
o b s e r v e d ,  t h e r e  is no direct e v i d e n c e  that the phen 
m o n o d e n t a t e  i n t e r m e d i a t e  exists However, the authors 
believe that the monodentate intermediate exists at least 
for a very short period of time

(2 )

Extensive studies on various p o l y p y n d y l  complexes m  the 
pr e s e n c e  of d i f ferent coordinating ligands and solvents 
[36] have shown that photodecomposition occurs essentially 
in  s o l v e n t s  t h a t  p r o m o t e  l o n - p a i r  f o r m a t i o n  
[ Ru ( L - L ) 3 ] 2 + [X* ] 2 (X = Cl", SCN') , and that the relative 
e f f i c i e n c y  of ligand loss in t n s  complexes follows the 
order bpym > bpz > bpy The mechanism of photoanation of
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[R u (b p z )3 ] 2 * , by a n a l o g y  to that of [R u (b p y ) 3 ] 2 + , is 
b e l i e v e d  to be d i s s o c i a t i v e ,  r e s u l t i n g  in a five- 
c o o r d i n a t e d  i n t e r m e d i a t e  with an e n d - b o n d e d  bipyrazine 
ligand [36] Complexes in non-aqueous solution associate 
with their counterions in lon-pairs Thus, as soon as the 
f 1 v e -c o o r d 1 nate i n t e r m e d i a t e  is formed, anation results 
f r o m  the Cl" a s s o c i a t e d  in the l o n - p a i r  The only 
monodentate bipyridyl intermediate that has been isolated 
and seen spectroscopically is [ I r (b p y )2 (b p y )C 1]+ [41, 49]
The monodentate bipyridyl intermediate containing ruthenium 
is considered un stable, and it was suggested that in the

9 +case of [Ru(bpz)3 ]z , the build up of monodentate bipyrazyl
complex is not seen spectroscopically because of its rapid

9 +r e f o r m a t i o n  to [ R u  ( b p z  ) 3 ] i o r  c o n v e r s i o n  to 
[Ru(bpz) 2 (CH3 CN)Cl]+ [18]

Also the photoreact 1 vity of ruthenium (II) complexes of the 
type [R u (bpy)2 (L )(L ')]n+ where L and L* are any monodentate 
ligand, has been noted since the publication of a series of 
papers by Bosnich, Dwyer and co-workers [50] As expected, 
the photo react 1 0 ns usually involve loss of the monodentate 
ligands according to reactions 3 and 4

[Ru(bpy) 2 (L)(L ')]n+ + S ........> [Ru(bpy) 2 (L)S]m+ + L' (3)

[Ru(b p y )2 (L)S]m+ + S ....... > [Ru(bpy)2 S 2 ]1+ + L (4)

Depending on the solvent dielectric constant, S may be a 
solvent molecule, a counter ion, added anions, or residual 
water in the solvent [49, 46, 48] These reactions have
proven to be of some synthetic utility [49]

Chapter 3 has been divided into three sections, each deals
with d i f f e r e n t  aspects of compounds containing pyridyl- 
t n a z o l e  ligands The first section looks at the effect of 
coordinating a series of chelating pyridy 1 - 1 ,2 ,4-1 riazo 1 es
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to the R u ( b p y ) 2  moiety The coordination modes for the 
ligands, except the HPyrtr ligand, have been determined by 

n m r s p e c t r o s c o p y  The mode of c o o r d i n a t i o n  of 
[ Ru ( bp y ) 2 ( 3 MePy r t r ) ] + is confirmed by the X-ray crystal 
c r y s t a l l o g r a p h y  The e l e c t r o n i c  and e l e c t r o c h e m i c a l  
properties of the compounds are examined and compared to 
[Ru(bpy)3 ]2+ In the last two sections of Chapter 3 the 
possibility of the formation, by thermal and photochemical 
means, of c o m p l e x e s  c o n t a i n i n g  p y r 1 d y 1 t r 1 a z o 1 e ligands 
coordinated in a monodentate mode are investigated The 
c o o r d i n a t i o n  modes of the monodentate compounds produced 
thermally have been determined using n m r spectroscopy 
a n d  t h e  c o o r d i n a t i o n  m o d e  of  t h e  c o m p o u n d  
[R u ( b p y  ) 2 ( 3 M e P T )C 1 ] P F 5 is c o n firmed by X -ray crystal 
crystallography
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C ha pt er 3

Section 1

Preparation and Characterisation of 
C 1 s - [Ru(bpy)2 (L -L ')]+ Complexes Containing Asymmetric

Bidentate Ligands
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3 1 1  Preparation of Complexes of the Type
fRu(bpy)2 (L-L'11^+

The re a c t i o n  of cis [R u (b p y ) 2 C 1 2 ] 2 H 2 O with equi m o l a r  
amounts of L - L 1 yielded a series of compounds of the type 
c i s - [Ru(bpy)2 (L 'L ')]n+ (n = 1 or 2)

L-L
cis[Ru(bpy ) 2 C 12 ] > cis[Ru(bpyl) 2 (L"L')] n +

N

N

N

Ru

N

CI

CI

HL
Acetone-
Water

N

N

N

Ru

n+

N

Trz

N

All compounds were isolated as bivalent cations with PF^ 
c o u n t e r  1 0 ns For the ligands H P y r t r  and H 3 M e P y r t r
deprotonat 1 on occurs easily, therefore, m  order to ensure 
complete protonation the two complexes were recrysta 1 1 1 sed 
from acidic a c e t o n e / w a t e r  m i x t u r e s  The d e p r o t o n a t e d  
complexes were i s o l a t e d  as monovalent cations with PF 5 " 
counter 1 0 ns All compounds prepared were analysed for 
their purity using the HPLC system described m  Chapter 2

The structures and numbering scheme for the ligands are
p r e s e n t e d  m  Figure 3 3 For three of the chelating
l i g a n d s  H P y r t r ,  H 3 M e P y r t r  a n d  I M e P y r t r ,  d i f f e r e n t
coordination modes are possible (Figure 3 3) Coordination
of ruthenium to the t n a z o l e  ring may occur either via the 
0 ' A 1N A or nitrogen atoms of the t n a z o l e  ring
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Figure 3 3 Structures and abbreviations of pyridyl- 
t n a z o l e  ligands



The mode of coordination is anticipated to be affected by 
the position of the methyl substituent present on the ring 
The c o o r d i n a t i o n  mode may also have an effect on the 
e l e c t r o n i c  proper t i e s  of the ligand ( 1  e n - a c c e p t o r  
properties) because of the localised nature of the double 
bond in 1,2,4-tn a z o l e s  As [Ru(bpy) 2 (HPyrtr)]2+ contains 
no methyl substituents on the triazole ring it is likely 
that there is an equal possibility of coordination via both 
sites The *H n m r spectrum of this compound indicates 
the presence of two isomers The HPLC system developed was 
capable of separating a mixture of the two isomers into two 
individual components Figure 3 4 (a) shows the separation
of the two isomers of complex [R u (b p y )2 (HPyrtr)]2+ and with 
use of the diode array detection system, the corresponding 
uv/vis spectra of each isomer was obtained Deprotonat 1 on 
of the sample occurs when the sample is in the mobile 
phase, and this facilitates elution of the isomers since 
singly charged species elute before doubly charged species 
The uv/vis spectra of the deprotonated isomers are quite 
similar, so for this reason, the chromatogram presented m  
Figure 3 4 (a) was obtained using the acidic mobile phase
a c e t o m t n l e  water (80 20) containing 0 04 M HCIO 4 The 
uv/vis spectra of the protonated isomers are less similar 
to each other than those of the deprotonated isomers

Adaptions of this procedure using s e m i -preparat 1 ve HPLC led 
to the isolation of the individual isomers in milligram 
quant 1 1 1 e s

As [Ru(b p y )2 (HPyrtr)]2+ is composed of two isomers, a pKa 
value is found for each one I s o m e r  2 and [Ru(bpy) 2 - 
(H3 M e P y r t r )]2+ act as rather strong acids, the pKa 's for 
each complex is 4 07 + 0 2 and 4 85 + 0 2 , respectively,
while the pKa for isomer 1 is 5 95 + 0 2 The acid-base
b e h a v i o u r  of these two complexes and their corresponding 
ligands will be discussed m  more detail in Chapter 4
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For [Ru(bpy) 2 (H3MePyrtr)]2+ two coordination sites are also 
possible as the three nitrogens in the triazole ring are 
unsubstituted But as the methyl group is situated on the 
3 ' carbon of the triazole ring it is anticipated that it

A  Iwill provide s t e n c  hindrance for coordination at the N H 
atom and coordination via the N* ' atom will be favoured 
Figure 3 4 (b) shows a chromatogram of this complex along
w i t h  the u v / v i s  s p e c t r u m ,  the p r e s e n c e  of one peak
indicates that one isomer only has been formed The X-ray
c r y s t a l  s t r u c t u r e  of a salt of the comples has been
d e t e r m i n e d  w hich co n f i r m s  that steric hindrance of the 
m e t h y l  group does take place and c o o r d i n a t i o n  of the

1 ttriazole ring to ruthenium is via the N 1 atom

Two coordination modes are also possible at the triazole 
ring [Ru(bpy)2 (IMePyrtr) ] 2+ But, due to the presence of
the methyl group at N*' p o s i t i o n  it is e xpected that 
coordination will occur at the N* of the pyridine ring and 
at the N 4 ' of the triazole ring This is confirmed by 
n m r spectroscopy

For [Ru(bpy)2 (4MePyrtr)]2 + , only one coordination mode is 
p o s s i b l e  for the triazole ring As the N 4 • position is 
substituted with a methyl group then coordination of the 
4MePyrtr ligand must take place via the of the pyridine

9 1ring and the N z of the triazole ring

For complexes where the pyr 1 d y 1tr 1 a z o 1e bond is a C-N bond 
1 e [ R u  ( b p y ) 2 ( P T ) ] 2 + , [ [ R u  ( b p y ) 2 ( 3 B r P I  ) ] 2 + ,
[R u (bpy)2 (3MePT)]2+ and [Ru(bpy)2 (PNP ) ]2 + , the formation of 
only one isomer is possible for bidentate coordination (see 
Figure 3 3)

Because of the presence of two b i p y n d y l  ligands and one 
p y r 1 dy 1 1 r 1 a z o 1 e ligand in these complexes, neither uv- 
visible spectroscopy nor the electrochemical properties of
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the c o m plexes can be used to identify unambiguously in 
w h i c h  m a n n e r  the t n a z o l e  ring is c o o r d i n a t e d  to the 
central ruthenium atom n m r spectroscopy has been
t h e  t e c h n i q u e  u s e d  [2 1 ] to a s c e r t a i n  the m o d e  of 
coordination for these pyridyltriazole ligands

3 1 2  -̂ H N.m.r. Spectra^

The resonances for the free and the coordinated ligands can 
be found in Chapter 2, Experimental The n m r spectra 
confirm cis-geometry for all complexes [32, 33]

For each pyridyltriazole ligand, coordination to ruthenium 
in a b i d entate mode results in the protons of the
pyridine ring to be shifted upfield, and the protons of 
the pyridine ring to be shifted downfield This is similar 
b e h a v i o u r  as that o b s e r v e d  for other bivalent pyridyl- 
t r i a z o l e  c o m p l e x e s  [21, 51] The r e s o n a n c e s  of the
t n a z o l e  pro tons/me thy 1 substituents are also anticipated 
to be affected by the presence of the metal

For the ligands H3MePyrtr and IMePyrtr (see Figure 3 3), 
the resonances of the methyl groups on the t n a z o l e  rings 
are expected to be influenced by coordination mode of the 
ligand If a neighboring nitrogen atom is coordinated to 
ruthenium, these groups will be affected not only by a 
change in electron density but also by the presence of the 
s h i e l d i n g  cone of a b i p y n d y l  ring C o m p a r i s o n  with
l i t e r a t u r e  data suggests that upon coordination through 

', the CH 3 group on the C ^ ' position in 3Mepyrtr and the 
H group on the C^' position in IMePyrtr are shielded In

1 I 0 Ithe case of coordination at N A m  3MePyrtr the CJ methyl
substituent should be found at lower field than that of the

9 1free ligand For IMePyrtr c o o rdination via should
result in a shift to higher field of the CH 3 resonance
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while the H on the C^* position should be found at higher
field than the free ligand This effect was clearly shown
by Steel et al [10] for the c o m p l e x  [Ru (b p y ) 2 (L - L 1 ) ] 2 +
w h e r e  L - L ’ = 3 , 5 - d i m e t h y l - l - ( p y r i d m - 2 - y l ) p y r a z o l e
R e l a t i v e  to the free ligand, a shift of - 0 72 p p m was
observed for the methyl group on the 3' position close to
the c o o r d i n a t i n g  N 2 , while the methyl group on the 5'
position was shifted downfield by +0 26 p p m Taking the
above into account and as the position of the CH 3 group of
H3MePyrtr is shifted downfield by +0 04 p p m with respect
to that of the free ligand to 2 4 p p m  Therefore, it
seams likely that the t n a z o l e  ring m  3MePyrtr is bound
through the N 2 ' atom Similarly, as the resonance of the
coordinated and free IMePyrtr ligand are the same, it seams
that in IMePyrtr, ruthenium is bound via the atom As
e x p e c t e d ,  the t n a z o l e  ring in 4 M e P y r t r  is bound to

9 1ruthenium via the atom

Deprotona 1 1 on of [ R u (bpy)2 (H3Me p y r t r )]2+ causes the methyl 
resonance to shift u p f i e l d  to 2 2 0 p p m  along with ao
slight shift upfield for the protons on the p y r 1 dy 1 tr 1 az o 1 e 
ligand These shifts can be attributed to an increase m  
electron density in the triazole ring [2 1 ]

The n m r spectra of [Ru ( b p y )2 (H P y r t r )]2+ confirm the
p r e s e n c e  of two i s o m e r s  as s e e n  w i t h  H P L C  It is 
anticipated that the mode of coordination of each isomer 
may be distinguished by n m r spectra of the pure isomers 
The two modes of coordination are shown m  Figure 3 5 (a)
and (b) while Figure 3 6 presents the n m r spectra of
the deprotonated forms of the two isomers The n m r 
data for the p r o t o n a t e d  and deprotonated forms of each 
isomer are listed m  Table 3 3
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Figure 3 5 Possible coordination modes for the two isomers 
of [Ru(bpy)2 (HPyrtr)]2+

Coordination of the HPyrtr ligand to ruthenium results m  a 
slight shift upfield for the protons of the pyridyl-
triazole ligands of both isomers There is a dramatic 
shift u p f i e l d  for the protons of the protonated and
deprotonated isomers indicating that these protons are m  
the s h i e l d i n g  cone of a p y r i d i n e  ring of a b i p y n d i n e

C 1ligand The singlets also shift upfield suggesting
that they are being shielded to some extent

The s h i f t  of the s i n g l e t  u p o n  p r o t o n a t i o n  and
deprotonation may yield information about the coordination 
mode for each isomer Deprotonation of each isomer has a 
strong influence on the resonance of the ' singlet and 
appreciable shifts in the bpy protons are also observed 
U p o n  d e p r o t o n a 1 1 on of [ R u (b p y ) 2 (H 3M e P y r t r ) ] 2 + s i milar 
shifts are observed The shift in the resonance positions, 
can be explained by the increased electron density m  the 
t r i a z o l e  r i n g  [36] , w h i c h  p r o b a b l y  also effects the 
electron density m  the p y n d y l  ring of the pyr 1 dy 1 1 r 1 azo 1 e 
1 igand
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Table 3 3 Correlation Spectroscopy Oata for the Protonated and Oeprotonated forms of the two isomers of [Ru(bpy)2(HPyrtr)] 

(Solvent acetone - d6 , 300 MHz) (ppm)

Compound Pyridyl-Triazole Ligands Bipyridine Ligands

H H' H5 H6

[Ru(bpy)2(MPyrtr)]^+ (la) 8 78 8 45 8 17 7 54 7 89 8 73-8 89 8 10-8 17 7 47-7 67 8 02-8 33

(2a) 8 68 8 46 8 17 7 48 7 93 8 72-8 82 8 13-8 17 8 47-8 59 8 01-8 20

[Ru(bpy)2(Pyrtr)] (lb) 7 91 8 02 7 91 7 24 *7 72 8 63-8 82 8 03-8 20 7 39-7 63 7 69-7 99

(2b) 8 45 8 32 8 09 7 41 7 80 8 63-8 77 8 02-8 16 7 40-7 56 7 88-8 08

d = Protonateo form of Isomers 1 and 2 

b = Deprotonated form of Isomers 1 and 2



The difference between the singlet proton resonances for 
the isomers in the p r o t o n a t e d  form is 0 1 p p m  (see 
Table 3 3) The resonance of isomer 1 is found at higher 
field than that of isomer 2 By c o m p a r i s o n  with the 
compounds containing 4MePyrtr and IMePyrtr, information on 
the effect of the d i f f e r e n t  c o o r d i n a t i o n  modes of the 
t riazole ring (N2 ' or ' ) on the resonance of the 5' 
proton can be examined (see Figure 3 7) For the complex 
[ Ru ( b p y ) 2 (4M e P y r t r )]2 + , the 4MePyrtr ligand is bound to

Of C fruthenium via and H 3 is found at 8 88 p p m , while
for [R u (b p y ) 2  (IMePyrtr)]2 + , the IMePyrtr ligand is bound 
via the ' of the triazole ring and ' is found at 8 73 
p p m  The difference between the two coordination modes
being 0 15 p p m This suggests that for coordination via 

of the triazole ring the H-* * atom is shielded to a
g r e a t e r  e x t e n t  by a bpy group than the atom if

9 ic o o r d i n a t i o n  takes place via N z The resonance of the
c o m p o u n d  c o n t a i n i n g  the 4 M e P y r t r  ligand is found at 
s l i g h t l y  higher p p m  than that containing the IMePyrtr
ligand This may suggest that isomer 1 may be bound to

9 1ruthenium via the atom and isomer 2 may be bound via
A  »the atom

For the deprotonated isomers on the other hand, quite a
large d i f f e r e n c e  exists bet w e e n  the singlet resonances 
(0 54 p p m ), this shift is observed in Figure 3 6 (a) and 
(b) The H-* of isomer 1 has the highest p p m  value of 
7 91 p p m  while the ' resonance for isomer 2 is found
at 8 45 p p m This difference in p p m between the two
i s o m e r s  is i m p o r t a n t  as it r e f l e c t s  the e f f e c t  of 
coordination at different nitrogens m  the triazole ring

With this in mind, our results obtained for the resonances 
of the atoms for isomer 1 and is ome r 2 suggests that
the 5 ’ proton of isomer 1 is shielded more than that of 
isomer 2 This suggests that coordination of the triazole
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A Iring to ruthenium in isomer 1 may be via the position,
Figure 3 5 (a), and coordination mode of isomer 2 may be
via the N 2 ' site, Figure 3 5 (b)

(a) (b)

Figure 3 7 Proposed structures of (a)
[R u (b p y ) 2 (^M e P y r t r  ) ] 2 + and (b) [ R u ( b p y ) 2 ( IMePyrtr) ] 2 + 
showing the effect of coordination mode on the position of
the ' atom in relation to the bpy groups

The spectra of the p r o t o n a t e d  isomers are difficult to 
interpret because the 5* proton resonance will also depend
on the location of N-H proton It is expected that uv/vis
s p e c t r a ,  e m i s s i o n  s p e c t r a ,  e l e c t r o c h e m i s t r y  and pK a 
measurements will support the suggested coordinated modes 
for the two isomers

For the three ligands c o n t a i n i n g  a C-N py r 1 dy 11 r 1 a zo 1 e 
bo n d ,  o n l y  one i s o m e r  is p o s s i b l e  for b i d e n t a t e  c o ­
o r d i n a t i o n  The s t r u c t u r e s  in Figu r e  3 3 shows that
c o o r d i n a t i o n  to ruthenium is via the of the pyridine

1ring and the of the t n a z o l e  ring As expected, all
the n m r spectra of these complexes indicate the presence 
of only one isomer In comparison with the free ligands, 
coordination to ruthenium results m  the ' and/or the
protons being shifted downfield The n m r spectra of
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the free and c h e l a t i n g  ligands PT , 3MePT, 3BrPT and 
4MePyrtr are described in more detail m  Section 2 of this 
chapter as a c o m p a r i s o n  with compounds containing these 
ligands in a monodentate coordinated mode

The assignment of the singlet resonances for the ligand PT 
is not straight forward From the n m r spectra of the
free and bound ligand it is not possible to unambiguously 
assign which singlet resonances at 9 37 and 8 30 p p m are

O I Cldue to which proton, the H J or H J proton In order to
ascertain which resonance belongs to which proton, it is 
necessary to compare n m r spectrum of the ligand PT with
that of the ligand 1 , 3 - b l s ( p y r i d i n - 2 - y 1) - 1 , 2 , 4 - 1 n a z o  le
(bptn) (see Chapter 5 Figure 5 4 (a) for the structure)
This ligand is similar to the ligand PT but has a pyridine 
ring substituent on the 3' carbon on the triazole ring
The r e s o n a n c e  for the r e m a i n i n g  proton, , on the
triazole ring is found at 9 48 p p m A singlet at 9 37 
p p m  is also observed in the n m r spectrum of P T ,

C Iindicating that this resonance belongs to the proton
Q Iwhile that at 8 30 p p m belongs to the H J proton The

coordination of PT to Ru(bpy ) 2  results in a shift upfield
C Ifor the H J proton due to the s h i e l d i n g  effect of the

O Ib i p y n d y l  ring while the r e s o n a n c e  for the proton
remains relatively unchanged

The m e t h y l  r e s o n a n c e s  of [R u (b p y ) 2 (4 M e P y r t r  ) ] 2 + and 
[Ru(bpy)3 (3MePT)]2+ are also affected by their position on 
the triazole ring with respect to the bpy groups The 
m e t h y l  s u b s t i t u e n t  of [ R u (b p y ) 2 (4 M e p y r t r  ) ] 2 + shifts 
downfield by 0 2 0 p p m as it is not under the influence 
of the s h i e l d i n g  effects of bpy groups The methyl
substituent of the 3MePT compound, on the other hand shifts 
upfield by 0 04 p p m As this methyl group on the other 
hand may be lying adjacent to a pyridine ring of one of the 
b i p y n d y l  ligands, this substituent is slightly shielded by
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the aromatic ring and the signal shifted upfield

So, from this discussion, it is clear that  ̂H n m r is a 
useful technique m  determining the coordination modes for 
the p y r 1 d y 1 - 1 , 2 , 4 - 1 rlazo1es Unfortunately, for the two 
isomers of [R u (b p y ) 2 (H P y r t r ) ] 2 + it is not p ossible to 
unambiguously assign the coordination mode for each isomer

3 1 3  Crystal Structure of B 1 s ( 2 . 2 1 -b 1 p v r 1 d 1 n e )
Ruthenium- 3 - Methvl-5 - ( p v n d i n  - 2 - v 1) - 1 . 2 , 4 - t n a z o l e  

Hexafluorophosphate Tetrahydrate

A projection of the structure of [R u (bpy)2 (3MePyrtr)]+ as 
obtained from X-ray techniques is presented m  Figure 3 8 

For reasons of clarity, all P, F, 0 and H atoms have been 
o m i t t e d  A s u m m a r y  of c r y s t a l  data and col l e c t i o n
intensities is presented in Table 3 4 while the relevant 
bond lengths and angles are listed m  Table 3 5 The 
r u t h e n i u m  atom is s i x  - c 0 0 rd ina t ed by one py ridy 1 1 r lazo le 
and two b i p y n d i n e  m o l e c u l e s  The r u t he n 1 um - n 1 1 r o g e n 
distances of 2 06- 2 09 A are in the normal range for this 
type of compound, although the Ru-N(51) (pyridine ring of 
the p y r 1 d y 1 t r 1 azo 1 e l i g a n d )  is s o m e w h a t  longer than 
e xpected at 2 086 A [52 - 58 ] The r u t h e n 1 u m -t r 1 azo 1 e
d istance for [R u (b p y ) 2 (P r t r z ) 2  ] 2 + (Prtrz = 4-propene- 
4H - 1 , 2 ,4 - t n a z o l e )  are 2 095 and 2 083 A [54], slightly 
longer than the value of 2 050 A obtained for the Ru-N(trz) 
bond length in our structure The reason for our shorter 
bond length may be due to the n e g a t i v e  charge on the 
tr i a z o l e  ring of 3MePyrtr" m a k i n g  the t n a z o l e  ring a 
better a donor

77



Figure 3 8 X-Ray crystal structure of the cation 
[R u (b p y )2 (3MePyrtr)]+ showing atom labeling
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T a b l e  3 4 S u m m a r y  of Cry s t a l  Data and C o l l e c t i o n  of 
Intensities of B 1 s ( 2 , 2 ' - b lpy r 1 d in e ) Rut h e m  um 3-Methyl-5- 
( p y r i d i n - 2 - y l ) - l  , 2 , 4 - t r i a z o l e  H e x a f l u o r o p h o s p h a t e  
T e t rahyd ra t e

Formula ^u^28^31^8^^*6^4
Mr 789 64
Space group P 3| 2 1

a 90°
fi 90°
7 120°
a-b,A 13 760 (6 )
c, A 30 503 (9)
V,A3 5003
Z 6

Dobs flotation), Mg m - 3 1 55
^calc » ^8 m  ̂ 1 57
/u (MoKa), cm“* 5 84
0 range, deg 2-30
data collection range h,-19 to 19, k,0 to 19, 1 0 to 43
no of indep reflections 7867
no of sign refl (I>2a(I)) 4288

*000 2279
R 0 036
Rv 0 049
Rint 0 0 1 0
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Table 3 5 Selected Bond Distances (A) av6 AvyAGcr (o) o 
B l s (2 ,2' -b l p y r i d l n e )R u t h e n l u m ♦3 - M e t h y 1 - 5 - ( py r l d i n 2 y 1) - 
1 ,2 ,4 -triazole Hexafluorophosphate Tetrahydrate

Bond distances (A)

Ru - N(i) 2 050 (5) C(3) - N(4) 1 349 (3)
Ru - N(51) 2 086 (4) N(4) - C(5) 1 334 (7)
Ru - NOl) 2 055 (4) C(5) - C(52) 1 456 (8 )
Ru - N(ll') 2 042 (5) C(52) - N(51) 1 357 (7)
Ru - N( 21) 2 060 (A) N(51) - C(56) 1 327 (7)
Ru - N( 21 1 ) 2 056 (4) C(56) - C(55) 1 417 (9)
N<1 ) - C(5) 1 349 (7) C(55) - C(54) 1 36 I:d
N(l) - N(2) 1 374 (6) C(54) - C(53) 1 367 (9)
N(2) - C(3) 1 317 (7) C(53) - C(52) 1 357 (9)
C (3) - C (31) 1 493 (8 )

Bond angles (deg) C( 12 1) - C (13 ') - H(13 ') 129 5 (4)
N O ) - Ru - N(51) 78 0 (2) C (13 ') - C(14') - H(14 ') 124 6 (5)
N O ) - Ru - N(ll) 96 1 (2) C( 14 1 ) - C(15') - H(15 ') 118 9 (5)
N O ) - Ru - N(21') 96 5 (5) C O D - c ( 16 ') - H (16 ') 119 8 (5)
N O ) - Ru - N O D 87 4 (2) C(22) - C(23) - H( 23) 128 2 (5)
N( 51) - Ru - N O D 95 0 (2) C(23) - C(24) - H( 24) 132 6 (5)
N(51) - Ru - N(21) 95 9 (2) C(24) - C(25 ) - H( 25) 118 7 (4)
N(51) - Ru - N(211) 90 9 (2) C(25) - C(26) - H( 26) 122 3 (4)
N(ll) - Ru - N(ll') 79 4 (2) C(22 1) - C( 23 ' ) - H(23') 125 7 (5)
N(ll) - Ru - N( 21) 90 5 (2) C(23 *) - C(241) - H(24') 108 5 (4)
N(ll') - Ru - H(21) 98 0 (2) C(24') - C(25 ') - H(251) 129 6 (5)

N(21) - Ru - N(21') 78 7 (2) C(25 1) - C(26') - H(26' ) 116 2 (5)
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F o r  o u r  s t r u c t u r e ,  the R u - N  b o n d  l e n g t h s  for the
p y r id y 1t r íaz o 1e ligand are 2 086 Á for Ru-N(pyr) and 2 050 
Á for Ru-N(trz) R e c e n t l y ,  the crystal s t r u c t u r e  of
[Ru(b p y )2 (b p t )]+ [52] (see Chapter 5) has been determined
[52], where bpt' is 3 ,5 -b is -(p y r idin - 2 -y 1 )- 1 ,2 ,4,-1 r ia z o 1 e , 
which exhibits similar Ru-N(pyr) and Ru-N(trz) bond lengths 
to our s t r u c t u r e  T h e  r u t h e n i u m *  p y r i d i n e  b o n d  in
[Ru(bpy)2 (bpt)]+ is slightly longer than normal at 2 11 Á 
and has been explained by diminished n b a c k b o n d m g  in the 
system due to the negative charge on the bpt" ligand The 
ru t h e n i u m  - t r ía zo le bond length is 2 03 A The slightly 
longer bond length obtained for the ruthenium-pyridine bond 
in our structure may also be attributed to diminished n 
b a c k b o n d m g  activity in the 3MePyrtr" ligand

The bite angles for the bpy ligands of 78 8 and 79 2° of
the bpt" complex are v e r y  similar to those of 78 7 and
79 4° for the bpy ligands m  our complex The p y n d y l -  
triazole bite angles for both c o m p l e x e s  are also very 
similar, 7 7 9 ° for the b p t ’ com p l e x  and 80 0° for the 
3 M e P y r t  r ' c o m p l e x  T h e s e  a n g l e s  are c o m p a r a b l e  to 
chelating angles observed normally for similar structures 
[52-58]

For [Ru(bpy)2 (3MePyrtr)] + , four water molecules have been 
found near N(4 ' ) of the t n a z o l e  ring These water
m o l e c u l e s  give rise to an e x t e n s i v e  h y d r o g e n -bo nding 
n e t w o r k ,  i n t e r m o l e c u l a r  d i s t a n c e s  of about 2 8 Á are
ob s e r v e d  between the oxyg e n  atoms (see Table I in the 
Appendix) One oxygen atom (0(1)) is located near N4 of
the t n a z o l e  ring and linked to 0(3) 0(3) is located near
another oxygen atom (0(4)) and finally 0(4) is linked with 
the last water m o l e c u l e  (0 (2 )), w h i c h  is in its turn 
c o n n e c t e d  to N2 of t h e  t n a z o l e  r i n g  of a n o t h e r
[Ru(bpy) 2 (3MePyrtr)]PF^ group The [R u (b p y )2 (3MePyrtr)]PF^ 
g r o u p s  in the lattice are all linked by these water
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molecules This is quite interesting as this might suggest 
similar ex t e n d e d  h y d r o g e n  bonding in " hyd ro gen - bond ing " 
solvents, something which would effect the photophysical 
p r o p e r t i e s  of the r u t h e n i u m  c o m p o u n d s  A s i m i l a r  
phenomenon has been observed in the molecular structure of 
[ R u ( b p y ) 2 C l 2 l 3 5H 2 0 where w a t e r  m o l e c u l e s  bridge the 
Ru(bpy) 2 Cl 2 moieties via the chlorides [53]

3 1 4  Electron!c_S4)ectra and Redox Properties

The e l e c t r o n i c  and e l e c t r o c h e m i c a l  p r o p e r t i e s  of the 
complexes are listed in Table 3 6 As for other ruthenium 
compounds the a b s o r p t i o n  bands of lowest energy can be 
assigned to dn ---> n* MLCT bands The position of these 
bands is determined by both a and n effects of the ligands 
[59] w hich in turn may be a f f e c t e d  by the presence of 
substituents on the triazole ring The bands below 300 nm 
have been assigned to b i p y n d i n e  [25] and L-L' intraligand 
7T ---> 7T* transitions [2, 4] For the divalent cations
w h e r e  the p y r îd y 1 1 r îa z o 1e bond is C-C in nature i e 
[Ru(bpy)2 (HPyrtr ) ] 2 + (isomers 1 and 2),
[R u (b p y ) 2 (H 3 M e P y r t r ) ] 2 + t [ R u ( b p y ) 2 ( 4 M e P y r t r )  ] 2+ and 
[ R u ( b p y ) 2 ( I M e P y r t r ) ] 2 + (Table 3 6 ) the lowest energy
absorption band is found at slightly higher energy than the 
MLCT band of [Ru(bpy)3 ]2+ For the bivalent cations where 
t h e  p y r i d y l t r i a z o l e  b o n d  is a C - N  b o n d  1 e 
[Ru(bpy) 2 (PT)]2 + ( [Ru(bpy> 2 (3 BrPT)]2 + , [Ru(bpy) 2 (3MePT)]2+
and [Ru(bpy ) 2 (PNP) ] 2+ (Table 3 6 ) the MLCT bands are found 
at higher energies than compounds containing a C-C p y ridyl­
triazole bond and hence at higher energy than the MLCT band 
of [R u (bpy)3 ] 2  +

The absorption, emission and electrochemical studies are 
expected to yield information leading to determination of 
structural differences m  the [Ru(bpy)2 (HPyrtr)]2+ isomers
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Table 3 6 Electronic and Electrochemical Data for Complexes [Ru(bpy)z(L~L')]
n+

Absorption c Emission (nm) d Redox Potentials e

Compound A  Max (log f ) 300K 77K Ru Ligand Based Ref

[Ru(bpy)2(HPyrtr)]2+ (la) 452 (4 05) 615 590 1 20 -1 47 -1 72f 9

(2a) 444 (4 11) 625 575 1 10 -1 49 -1 73f 9

[Ru(bpy)2(Pyrtr)]+ (lb ) 488 (3 97) 670 609 0 90 -1 51 -1 78f g
(2b) 484 (4 04) 670 608 0 83 -1 48 -1 74 f g

[Ru(bpy)2(H3MePyrtr) ] ^ (3) 444 (4 03) 600 587 1 20 -1 55 -1 81 21

[Ru(bpy)2(3MePyrtr)]+ (4) 476 (3 93) 660 610 0 79 -1 50 -1 72 21

[Ru(bpy)2(4MePyrtr)]2+ (5) 440 (4 16) 600 584 1 21 -1 42 -1 64 21

[Ru(bpy)2(lMePyrtr)]2+ (6) 452 (4 03) 600 585 1 20 -1 42 -1 64 21

[Ru(bpy)2(PT)]2+ (7) 420 (4 03) - 560 1 35 -1 42 -1 63 q
[Ru(bpy)2(3BrPT)]2+ (8) 420 (4 06) - 553 1 42 -1 35 -1 59 g
[Ru(bpy)2(3MePT)]2+ (9) 433 (4 00) 590 520 1 36 -1 36 -1 56 g
[Ru(bpy)2(PNP)]2+ (10) 450 (3 97) 609 572 1 26 -1 40 -1 59 g
[Ru(bpy)3]2+ 452 (4 11) 608 582 1 22 -1 36 -1 53 î

a Pro tona ted b L)epro tona ted
e

Measured in CH3CN 3 - 1 -IA m a x  m  nm, e in dm mol cm Spectra at room temperature 

n h e  = s c e  + 0  2415V ^77K in Ethanol, A m a x  in nm ' measured in l h 3l n witn u in N t t ^ n u ^  volts vs s e e  

potentials at approximately -2 2V for isomers, measurements carried out in Leiden University ^This work

in CH 3CN, 

Reduction



The absorption spectra of\ the protonated and deprotonated 
forms of the two isomers are illustrated in Figures 3 9 and
3 1 0 , while the emission l/ow temperature are illustrated in
Figure 3 11 From Figure 3 9, 3 10 and 3 11 and Table 3 6 , 
it is observed that only slight differences exist between 
the absorption and emission maxima for the protonated and 
deprotonated forms of the two isomers The emission maxima 
at room temperature and at low temperature for isomer 1 are 
found at high e r  energy than those of isomer 2 This 
suggests that the dn orbitals of ruthenium are stabilized 
in this instance, suggesting that this isomer of the ligand 
is a better n acceptor This would suggest that isomer 1 
would have the structure (a) in Figure 3 5, and as isomer 2 
emits at lower energy indicating that the dn orbitals of 
ruthenium are destabilized by the better a donor properties 
of the ligand in configuration (b) Figure 3 5

It is interesting that the only one oxidation potential is 
observed for the mixture of the isomers when the oxidation 
potentials of each isomer separately differ by 100 mV The 
potential of 1 20 V observed for the mixture is the same as 
that obtained for isomer 1 The oxidation potential for 
isomer 2 is 1 10 V, 100 mV lower than isomer 1 suggesting
that the HPyrtr ligand in isomer 2 is a better a donor
The structure in Figure 3 5 (b) is considered a better a

donor than the structure m  Figure 3 5 (a) because of the
p r e s e n c e  of a n i t r o g e n  a d j a c e n t  to the c o o r d i n a t i n g  
nitrogen These results support the evidence obtained from 
the n m r spectra that suggests that isomer 2 may be
coordinated to ruthenium via the N 2 ' atom of the triazole 
ring, l e Figure 3 5 (b) and isomer 1 via the * atom of
the triazole ring, Figure 3 5 (a)
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Wavelength {nm)

Figure 3 9 Absorption spectra in acetonitrile of (a) 
p r o t o n a t e d  and (b) the deprotonated form of isomer 
[ R u (b p y ) 2 ( H P y r t r ) ]2+

400 500 600 

Wavelength (nm)
700

Figure 3 10 Absorption spectra m  acetonitrile of (a) 
p r o t o n a t e d  and (b) the deprotonated form of isomer 
[Ru(bpy) 2 (HPyrtr) ] 2 +

the 
1 of

the 
2 of
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Figure 3 11 Emission spectra at low temperature m  ethanol 
of the protonated ( 1 ) and d e p rotonated (2 ) form of (a) 
isomer 1 and (b) isomer 2 of [R u (b p y ) 2 (H P y r t r )]2+
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The first two r e v e r s i b l e  r e d u c t i o n  p o t e n t i a l s  for the 
isomers are the bpy based reductions while the irreversible 
p o t e n t i a l s  f o u n d  at a p p r o x i m a t e l y  -2 2 V vs s e e
(me a s u r e m e n t s  car r i e d  out in L e i d e n  University) may be 
a t t r i b u t e d  to the r e d u c t i o n  p o t e n t i a l s  of the pyridyl- 
triazole ligands This indicates that the n levels for 
the p y n d y l t r i a z o l e  ligands are at higher energy than those 
of b i p y n d i n e  and hence the py r 1 dy 1 1 r 1 a 2 o 1 e ligands act as 
spectator ligands m  the two isomers

Examination of t h e ~ p K a results (see Chapter 4) where the
pKa of isomer 1 is 5 95 + 0 1, and the pKa of isomer 2 is
4 07 + 0 1, suggests that as isomer 2 is more acidic hence
a better a donor towards ruthenium A pKa of 4 87 is found
for [ R u (bpy)2 (H3MePyrtr)]2+ , where the triazole ring of the

9 13MePyrtr ligand is coordinated to ruthenium via the 
Allowing a slight increase m  pKa for the methyl sub­
stituted pyr 1 dlytr 1 a z o 1e , this pKa reasonably close to that 
of isomer 2 This suggests that isomer 2 may have the same
coordination mode as that of [R u (b p y )2 (H3MePyrtr) ] ,  that 

9 1is via the atom of the triazole ring and hence, isomer
1 is c o o r d i n a t e d  via N ̂ of the triazole ring On the 
basis of these results and m  c o n j u n c t i o n  with the 
n m r results obtained, it is concluded that isomer 1 has 
structure (a) in Figure 3 5 and isomer 2 has structure (b) 
The proposed structures for the two isomers are shown in 
Figure 3 12

Figure 3 12 Proposed structures for the two isomers of 
[R u (b p y )2 (Pyrtr) ] +
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D e p r o t o n a 1 1 on of [ Ru ( b p y ) 2 (H 3 M e P y r t r )]2+ and [Ru(bpy)2 _ 
(HPyrtr) ] 2+ (isomers 1 and 2) to form the m o n o v a l e n t  
c o m plexes [Ru(bpy)2 (3 MePyrtr)]+ and [Ru(bpy) 2 (Pyrtr)]+ is 
accompanied by a shift to lower energy for the MLCT band 
( 1  e to appr o x  475 nm) Sim i l a r  b e h a v i o u r  has been 
o b s e r v e d  for c o m plexes of the type [R u (bpy)2 L 2 1 n + [36]
where L = 1 , 2 ,4-1 r 1 a 2 0 1e or pyrazole The lowest energy
a b s o r p t i o n  f o r  t h e  d e p r o t o n a t e d  n e u t r a l  s p e c i e s  
[R u (b p y )2 (trz)2 ] H 2 O shifts considerably to lower energy, 
w i t h  an  a b s o r p t i o n  m a x i m u m  s i m i l a r  to t h a t  of 
[R u (b p y )2 C 12 ] The shift to lower energy for the MLCT band 
for these complexes has been explained by the increase m  
the n-donor properties of the deprotonated ligands For 
the compounds [R u (b p y )2 (H P y r t r )]2+ and [Ru(bpy)2 (Pyrtr) ] + 
the addition of a methyl substituent on the 3' carbon of 
the t n a z o l e  produces very little effect in both the 
a b s o r p t i o n  and emission spectra On the other hand, in 
c o m p a r i s o n  w i t h  the d e p r o t o n a t e d  c ompound [ R u ( b p y ) 2 - 
(Pyrtr)] + , the addition of a methyl substituent on any of 
the free n i t rogens on the t n a z o l e  ring to form either 
[R u ( bpy ) 2 ( 1M e P y r t r )] 2+ or [ R u (b p y ) 2 (4 M e P y r t r  ) ] 2+ will 
produce the same shift to higher energy as protonation of 
the [ Ru ( b p y ) 2 (P y r tr ) ] + does (see Table 3 6 ) Similar
b e h a v i o u r  h a s  b e e n  o b s e r v e d  w i t h  t h e  n e u t r a l  
[Ru(bpy)2 (trz)2 ] on the addition of the methyl substituent 
to form [R u (b p y ) 2 (M e t r z )2 ](PF ^ ) 2  H 2 O a shift to higher 
energy is observed (470 nm and 473 nm respectively) [36]

From Table 3 6 , the reduction potentials indicate that all 
the p y n d y l t n a z o l e  ligands which contain a carbon-carbon 
linking bond, and the p y n d y  I p y r a z o l e  ligand are less 
e f f i c i e n t  n a c c eptors than b i p y n d m e  This is also 
evident from the R u ^ ^  reduction potentials In general, 
these p o t e n t i a l s  become less n e g a t i v e  w i t h  i n c r e a s i n g 
7T-acceptor a b i lities of the ligands [25] The redox 
p o t e n t i a l s  of all p y r 1 d y 1 1 r 1 azo 1 e ligands (measurements
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carried out in Leiden University) are more negative than 
that of bipyridine indicating that the ligand reductions 
are b i p y r i d i n e  based The electrochemical data of the 
c o m p l e x e s  c o n t a i n i n g  p y r i d y l t r i a z o l e s  w i t h  a 
carbon-nitrogen linking bond, compounds 7, 8 and 9 in Table 
3 6 , show that this type of ligand possibly has better n 
a c c e p t o r  properties than bpy as the oxidation potentials 
are higher than that of [Ru(bpy)3 ]2 + , m  particular that of 
[ R u ( b p y ) 2 ( 3 B r P T ) ] 2 + whose oxidation potential is 1 42 V 
The reduction potentials of these free ligands are found at 
less negative potentials than those of bpy However, the 
reduction potentials of these compounds are approximately 
the same as those obtained for [Ru(bpy) 3 ]2+ suggesting that 
bpy is the active ligand and the p y r 1 d y 1 tr 1 a z o 1 e ligand is 
the s p e c t a t o r  All c o m pounds emit in fluid at room 
t e m p e r a t u r e ,  with the exception of [Ru( b p y ) 2 ( F T ) ] 2+ and 
[Ru(bpy)2 (3BrPT)]2+ The electrochemical results indicate 
that the absorption and emission processes arise from the 
b i p y r i d i n e  l i g a n d s  and not from the p y r 1 d y 1 1 r 1 a z 0 1 e 
ligands

A l l  c o m p o u n d s  i n c l u d i n g  [ R u ( b p y ) 2 ( P T ) ] 2+ a n d  
[Ru(bpy)2 (3BrPT)]2+ emit at low temperature (77K) For all 
c o m p o u n d s ,  the e m i s s i o n  b a n d s  s h a r p e n  and e x h i b i t
vibrational structure at 77 K It is well known that the 
intensity of emission depends, among other things, on the 
energy difference between the deactivating antibonding d-d 
o r b i t a l  and the em i t t i n g  ^ l CT state [4, 32, 52] In
[Ru(bpy) 3 ]2+ the energy of this d-d orbital is about 4000
c m “ * h i g h e r  than that of the 3 mlCT band T h erefore,
t h e r m a l  p o p u l a t i o n  of this level is p o s s i b l e  at room 
temperature [82] Possible explanations for the absence of 
e m i s s i o n  at  r o o m  t e m p e r a t u r e  f o r  c o m p o u n d s  
[R u (b p y ) 2 (F T ) ] 2+ and [R u (b p y ) 2 (3BrPT ) ] 2 + are (1) the 
energy difference between the ^mlCT level and the d-d level 
is smaller Hence, the population of the d-d level at room
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temperature would be more efficient and therefore emission
weaker or (2) deactivating PT and 3 B rPT ligand states are

9 +involved m  the emission process As [Ru(b p y )2 (3MePT)]
emits at room temperature and low temperature it is evident
t h a t  the m e t h y l  s u b s t i t u e n t ,  an e l e c t r o n  d o n a t i n g
s u b s t i t u e n t  on the t n a z o l e  ring is required before the

9 +species emits at room temperature The [Ru(bpy)2 (3MePT)]z 
compound is a weak emitter relative to compounds containing 
a C-C p y r 1 d y 1 1 r 1 a z o 1 e bond For the low t e m p e r a t u r e  
studies it was observed, by comparison of concentration 
with emission intensities, that the emission intensities of 
the three compounds varied in order of decreasing emission 
i n t e n s i t y ,  ( [ R u (b p y ) 2 (3M e P T ) ] 2+ > [ R u (b p y ) 2 (P T ) ] 2 + >
[Ru(bpy) 2 (3BrPT)]2+)

The three compounds containing the PT type ligands, differ 
from the other compounds by the nature of the pyridyl- 
t riazole bond However, the p y r 1 d y 1p y r a z o 1e ligand in 
[ R u ( b p y ) 2  ( P N P ) ]2 + , see Table 3 6 , co n t a i n s  a carbon
n i t r o g e n  b o n d  also As this c o m p o u n d  emits at room 
temperature and at low temperature the presence of a C-N 
bond m  the chelating ring cannot be the main reason for 
absence of emission at room temperature

For all c o m p o u n d s  the e m i s s i o n  i n t e n s i t i e s  at low 
t emperature are stronger than those at room temperature, 
because the d-d level is not as thermally accessible as it 
is at room temperature and hence K r becomes more pronounced 
(see Figure 1 1, Chapter 1) A shift to higher energy at
77 K compared to the energy at room temperature is observed 
for all species Deprotonation of complexes [Ru(bpy) 2 " 
(HPyrt r )]2+ (isomers 1 and 2) and [Ru(b p y )2 (H3MePyrtr ) ] 2 + 
also has a strong effect on the emission spectra The 
shift of emission energy to lower energy upon deprotonation 
of the c o m p o u n d s  [ R u (b p y ) 2 (H P y r t r  ) ] 2 + and [ R u ( b p y ) 2 ~ 
(H3MePyrtr)]2+ is consistent with the shift to lower energy
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m  the a b s o r p t i o n  spectra It is interesting that the 
c o m p o u n d s  [ R u ( b p y ) 2 ( P y r t r ) ] + ( i s o m e r  1 and 2) and 
[ R u ( b p y ) 2 (3 MePyrtr)]+ , containing deprotonated ligands do 
emit at room temperature This is unusual m  the respect 
that most complexes of the type [ Ru (b p y ) 2 ( L ) X] + have a 
rather weak emission [1 ]

3 1 5 Cpncly.s.rgn,,

From the n m r spectra of these series of compounds
containing pyr 1 d y 1 tr 1 a zo 1 e ligands the coordination mode of 
the l i g a n d s  to the R u ( b p y ) 2  m o i e t y  were d e t e r m i n e d  
However, the analysis of the *H n m r spectra of the two 
protonated isomers of [Ru(bpy)2 (HPyrtr ) ] 2 + was inconclusive 
in respect to structural determination The *H n m r data 
of the d e p r o t o n a t e d  isomers along with studies of the 
electronic, e l e c t r o c h e m i c a l  and acid-base properties of 
e a c h  i s o m e r  lead to the f o l l o w i n g  s t r u c t u r e s  being 
s u g g e s t e d  For isomer 1 c o o r d i n a t i o n  to the pyridyl- 
t n a z o l e  ligand is via N* of the pyridine ring and ' of 
the t n a z o l e  ligand For isomer 2 coordination takes place 
via the N* of the pyridine ring and N 2 ' of the triazole 
ring * H n m r a n a l y s i s  of [ R u ( b p y ) 2 ( 3 M e P y r t r )  ] +
i n d i c a t e d  that c o o r d i n a t i o n  of the py r 1 dy 1 1 r 1 a z o 1 e ring 
takes place via the N * ' atom, this was confirmed by crystal 
structure determination

The electronic and electrochemical data presented indicates 
that the p y r i d y  1 * 1 , 2 , 4  • t n a z o l e s  w i t h  the p o s s i b l e  
e x c e p t i o n  of PT , 3BrPT and 3MePT are weaker n-acceptors 
than bpy The compounds [Ru(b p y )2 (H P y r t r )]2+ (isomers 1 
and 2), [R u (b p y ) 2 (H 3M e P y r t r )]2 + , [ Ru (b p y ) 2 (4MePy r t r ) ] 2+ ,
[Ru(bpy)2 (IMePyrtr)]2+ and [R u (b p y ) 2 (P N P )]2+ described have 
similar excited state properties as [Ru(bpy) 3 ]2+ whereas 
the compounds containing the ligands PT, 3 BrPT and 3 MePT
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O ia r e  w e a k e r  e m i t t e r s  t h a n  [ R u ( b p y ) 3 ] F o r
[ Ru ( b p y ) 2 ( PT ) ] 2+ and [R u (bpy)2 (3BrPT)]2+ no emission was 
d e t e c t e d  at r o o m  t e m p e r a t u r e  As the c o r r e s p o n d i n g  
c o m p o u n d  c o n t a i n i n g  p y r i d y l p y r a z o l e  (PNP) emits, the 
presence of a pyridylpyrazole C-N bond cannot be the reason 
for this behaviour The strong emission observed for the 
deprotonated compounds, [Ru(bpy)2 (Pyrtr)]+ (isomers 1 and 
2 ) and [R u (b p y ) 2 (3 M e P y r t r ) ] + , is unu s u a l  as e m i s s i o n  
o b s e r v e d  f r o m  r u t h e n i u m  c o m p o u n d s  of t h e  t y p e  
[Ru( bpy)2 (L )X]+ where L is a monodentate ligand and X is a 
halide or C N ‘ [1] are rather weak

The v a r i a t i o n  of the absorption and emission properties 
with the nature of L-L* is small and further investigations 
are r e q u i r e d  in o r d e r  to d i f f e r e n t i a t e  between the 
electronic properties of the ligands
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Chapter 3 

Section 2

Synthesis of Complexes Containing Monodentate Pyridyl- 
t n a z o l e  Ligands with a View to Preparing Intermediates 

formed m  Photochemical Reactions
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3 2 1 Preparation of Complexes of the Tyjie 
F R u (b p v ) ) C 1 1 —

As already pointed out in the introduction, the purpose of 
these investigations is to prepare compounds which can be 
used as model compounds for intermediates proposed in the 
p h o t o c h e m i c a l  d e c o m p o s i t i o n  of r u t h e n i u m  p o l y p y n d y l  
c o m p o u n d s  A t t e m p t s  have been made to p r e p a r e  such 
compounds [R u (bpy)2 (L -L 1 )C 1]+ , in which L-L' a potentially 
b i d e n t a t e  ligand acts as a m o n o d e n t a t e  ligand, using 
thermal methods The a p p r o a c h  was to utilize the well 
known s t a bility of the c o m p o u n d  [R u (b p y ) 2 ($ ) C 1 ]+ (S = 
solvent) m  solvent mixtures containing little or no water 
This species is formed as in reaction (4)

[R u (bpy)2 C 12 3 + S ---- > [R u (b p y )2 (S )C 1]+ + Cl" (4)

This a p p r o a c h  has also been used s u c c e s s f u l l y  in the 
p r e p a r a t i o n  of compounds of the type [ Ru ( b p y ) 2 ( L) C 1 ] + , 
where L is a monodentate nitrogen donor such as pyridine or 
lmida z ole [ 1 , 59]

Upon reflux in reaction mixtures free of water, reaction 
(5) will take place, in w h i c h  the second chloride will 
remain bound to the metal center

[Ru(bpy)2 (S)Cl]+ + L-L' ---- > [R u (b p y )2 (L -L ')C 1]+ + S (5)

For the reactions carried out with the ligands P T , 3BrPT, 
3MePT and 4MePyrtr, a high yield for the product containing 
the monodentate ligand may not be obtained as a by-product 
containing the chelating ligand may also be formed In 
the presence of water however, the chloride will be removed 
and is subsequently replaced by the second chelating ring 
of the p y r 1 d y 1 t r 1 a z o 1e ligand The bi v a l e n t  compound 
containing the chelated ligand is obtained as the product
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of reactions (6 ) and (7)

[Ru(bpy)2 (L -L ')C 1 ]+ + H 2 O ----->
[ R u (b p y ) 2 (L -L ’) ( H 2 O ) ] 2 + + Cl" (6)

[Ru(bpy) 2 (L-L') (H2 0 ) ]2+ ---->
[Ru(bpy) 2 (L-L')]2+ + H 20 (7)

R e a c t i o n s  of the cis ■ c o m p l e x  [ Ru ( b p y ) 2 C 1 2 ] 2 H 2 O with 
equimolar amounts of L-L* m  ethanol/water (where L - L ’ = 
P T , 3BrPT, or 3MePT) or ethano 1 / ace t o n e  (where L-L' = 
4MePyrtr) for short reflux times of up to 30 mins yielded a 
series of monovalent cations (see reactions (4) and (5))

The reactions were followed by uv/vis spectroscopy and also 
by HPLC Figure 3 13 shows the progress of the reaction of
[R u (bpy)2 C 12 ] with 4MePyrtr followed by uv/vis spectroscopy 
while Figure 3 14 shows a sample chromatogram taken two
m i n u t e s  a f t e r  r e f l u x  c o m m e n c e d ,  with uv/vis spectra 
c o r r e s p o n d i n g  to [ [ R u ( b p y ) 2 ( 4 M e P y r t r ) C l ] + ( p e a k  1, 
a b s o r p t i o n  m a x i m u m  500 nm) O ther compounds m  this 
c h r o m a t o g r a m  include [R u (b p y )2 C 1 2 ] (peak 2 , absorption 
maximum 530 nm) , [Ru(bpy)2 (CH 3 C N ) C 1]+ (peak 3, absorption 
m a x i m u m  4 7 5 nm) and [ R u ( b p y ) 2 ( 4M e P y r t r ) ] 2 + (peak 4, 
a b s o r p t i o n  m a x i m u m  420 nm) , t aken during the reaction 
F r o m  F i g u r e  3 14, it is o b s e r v e d  t h a t  the d e s i r e d
monodentate-chlor 1 de compound has been formed and also that 
the compound containing the chelating ligand (peak 4) is 
rapidly formed In our investigations it was found that, 
as expected, shorter reflux times did yield smaller amounts 
of compounds containing the bidentate ligands However, 
for very short reflux times rather large amounts of the 
starting material [Ru(b p y )2 C 12 ] were obtained Compounds 
were purified using column chromatography Pure compounds 
containing the ligands P T , 3 B r P T , 3MePT and 4MePyrtr in a
monodentate coordination mode were obtained

95



300 400 500
Wavelength (nm)

600 700

Figure 3 13 R e a c t i o n  of [R u (b p y ) 2 C 1 2 ] with 4MePyrtr m  
ethanol acetone (70 30) , 1 = at reflux, 2 = 2 m m  reflux 
and 3 = 25 min reflux

W avelength (nm)

TIME

F i g u r e  3 14 S a m p l e  c h r o m a t o g r a m  of the r e a c t i o n  of
[ R u (b p y ) 2 C 1 2 ] with 4 M e P y r t r  in eth a n o l  acetone (70 30) 
taken after 2 m m  reflux Flow rate 3 0 m l / m m ,  detection 
wavelength 280 nm
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R e p e a t e d  a t t e m p t s  to p r e p a r e  s i m i l a r  c o m p o u n d s  with 
l MePyrtr and PNP (see Figure 3 3 for ligand structures) 
always resulted m  the formation of compounds containing 
the chelating ligands The presence of a methyl group in 
lMePyrtr eliminates the possibility of coordination via the 
N * ' nitrogen Monodentate coordination via the 2 1 nitrogen 
or the nitrogen on the pyridine ring is expected to result 
in c o n v e r s i o n  to t h e  b i d e n t a t e  s p e c i e s  H e n c e ,
coordination via the 4' nitrogen might be favoured for the 
l i g a n d  lMePyrtr As m o n o d e n t a t e  c o o r d i n a t i o n  is not 
o b t a i n e d  for [ R u (b p y ) 2 (1M e P y r t r )C 1 ] + then it might be 
possible that the coordination site for the ligand 4MePyrtr 
is via the 1 ' nitrogen

As the two nitrogens in PNP are in close proximity to one 
another, it is a n t i c i p a t e d  that the f o r m a t i o n  of any 
monodentate species would result in rapid ring closure to 
form the bivalent c o m p o u n d  [ R u (b p y )2 (P N P ) ] 2+ As the 
monovalent species [Ru(b p y )2 (P N P )C 1 ]+ was not observed it 
is t h e refore u n l i k e l y  that monodentate coordination for
L-L* = PT, 3BrPT and 3MePT w o u l d  take place via the
n i t r o g e n  on the p y r i d i n e  ring or the N 2, atom on the
t n a z o l e  ring

T h e  r e s u l t s  o b t a i n e d  for a b s o r p t i o n  and e m i s s i o n  
s p e c t r o s c o p y  of the m o n o v a l e n t  c o m p l e x e s  prepared were 
a m b iguous concerning the "ring" of coordination Proton 
n m r data for these monovalent complexes is expected to 
yield more definite information

The compounds ob t a i n e d  have been characterised using ^H 
n m r spectroscopy to establish the nature of coordination 
of the L-L* ligands The results of these studies are
reported below
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3 2 2 — H N.m.r spectra of the free Ligands.

The resonances for the free ligands, PT , 3MePT, 3BrPT and 
4MePyrtr are given in Table 3 7 The atom numbering scheme 
for the ligands is shown in Figure 3 3

As shown in Section 1 of this Chapter, it is possible to 
assign the H 3 ' and ' resonances for the free ligand PT by 
comparison with the *H n m r data for the ligand bptn

T a b l e  3.7 N m r R e s o n a n c e s  of the free ligands
( p p m )  Solvent [(CD3 )2 SO] (200 MHz)

Ligand CH 3 '

4MePyrt r 3 99 - 8 62 8 1 1 7 95 7 47 8 66

PT - 8 30 9 37 7 86 8 06 7 47 8 53
3 BrPT - - 9 21 7 90 8 16 7 55 8 54
3MePT 2 21 - 8 89 7 21 7 67 7 83 8 29
bpy - - - 8 54 7 98 7 46 8 78

The resonance of the proton of PT is found at higher
field than the resonance of the H^' proton due to shielding 
effects of the pyridine ligand The proton n m r spectra 
of the ligands 3BrPT and 3MePT contain only one singlet 
The singlets for 3BrPT and 3MePT are found at 9 21 and 8 89 
p p m  respectively, at very similar values to that of the
H p r o t o n  of PT Therefore, it was concluded that the
proton singlets of 3BrPT and 3MePT can be attributed to the 
p r e s e n c e  of a p r o t o n  in the tr i a z o l e  ring This
indicates that the bromo and methyl substituents are bound 
to the triazole ring via the 3' carbon atom as shown in 
Figure 3 3 The position of the methyl substituent on the 
triazole ring has been confirmed by the crystal structure 
of [Ru (b p y )2 (3MePT)C1 ] ( PF^ ) , which will be discussed later
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on m  the text

For the free ligands, the position of the singlet of
the triazole ring is affected by the nature of the methyl

C Iand bromo substituents In comparison with the H J proton
3 *of the ligand PX, the presence of a b r o m o - group on the H

p o s i t i o n  causes a slight shift u p f i e l d  by 0 16 p p m
w h e r e a s ,  the p r e s e n c e  of a m e t h y l  group shifts the 
resonance upfield by 0 48 p p m  The proton n m r data
for 4MePyrtr show the singlet at 8 62 p p m , and the
methyl singlet at 3 99 p p m

3 2 3 - H N m.r. Spectra of the Monodentate Coordinated 
Ligands,

The c o o r d i n a t i o n  mode of the m o n o d e n t a t e  c o o r d i n a t e d  
ligands is by no means easily established As there are 
three nitrogens available for coordination, that is, one
from the pyridine ring and two from the triazole ring, 
three different coordination isomers can be expected for
the ligands 4MePyrtr, P T , 3 B r PT and 3Me PT The :H n m r
spectra of all monovalent species suggest the presence of 
one isomer only The proton n m r spectra confirm cis 
geometry for all monovalent complexes [32, 33, 60], and the 

n m r data for the monovalent and bivalent complexes 
containing the ligands 4MePyrtr, P T , 3BrPT and 3MePT are 
listed in Table 3 8

T h e  c o r r e l a t i o n  - s p e c t r o s c o p y  ( C O S Y )  n m r of 
[R u (b p y ) 2 (P T )C 1]+ (10 15 - 7 21 p p m )  in Figure 3 15
represents a typical n m r for the monovalent species 
studied The pyridy1triazo1e protons have been assigned as 
s h o w n  m  Figure 3 15 The ' and ' s inglets are
a s s i g n e d  at 9 62 and 8 02 r e s p e c t i v e l y ,  as no other
coup ling to these signals is observed
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Table 3 8 Correlation spectroscopy data for monovalent and bivalent complexes containing the ligands 4MePyrtr, PT, 38rPT and 3MePT 

(Solvent acetone -d^, 300 MHz) (ppm)

Compound Pyridine-triazole ligand Bipyridme ligands

H5' 3 1
ir H3 H4 H5 H6 H3 H4 H5 H<

[Ru(bpy)2(4MePyrtr)Cl ]+ (11) 4 39a 9 20 8 83 8 09 7 31 10 05 8 52-8

<

86 8 03-8 28 7 45--7 68 7 79--8 01

[Ru(bpy)2(PT)Cl]+ (12) 9 62 8 02 8 66 8 15 8 03 10 03 8 48-8 66 7 48-8 15 7 27-■7 66 7 80--8 69

\

[Ru(bpy)2(3BrPT)Cl]+ (13) 10 36 - 8 60 8 17 7 90 10 06 8 48-9 10 7 81-7 98 7 25--7 80 7 80-■8 26

[Ru(bpy)2(3MePT)Cl]+ (14) 9 07 1 20b 8 66 8 18 7 90 10 12 8 58-8 73 7 92-8 18 7 28-•7 70 7 78--8 90

[Ru(bpy)2(4MePyrtr)]2+ (5) 4 19a 8 88 8 43 8 09 7 44 7 i55 8 72-8 85 8 12-8 20 7 51-*7 58 7 76--7 83

[Ru(bpy)2(PT)]2+ (7) 10 19 8 35 8 57 8 18 7 47 7 i57 8 78-8 82 8 17-8 19 7 47-■7 89 7 69*-8 08

[Ru(bpy)2(3BrPT)]2+ (8) 10 18 - 8 52 8 31 7 48 7 71 8 77-8 86 8 09-8 34 7 50-•7 63 7 65--8 09

[Ru(bpy)2(3MePT)]2+ (9) 10 05 1 81b 8 62 8 31 7 51 7 79 8 85-8 89 8

CO1oC
X

I 38 7 57--7 66 7 90--8 24

a CH3 group on the 4' Nitrogen on the triazole ring

b CH3 group on 5' carbon on the triazole ring
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F i g u r e  3 15 The c o r r e l a t i o n  two - d i m e n s i o n a l  n m r

spectrum of [Ru(bpy)2 (P T )C 1 ] + from 7 21 to 10 15 p p m , m  
[(CD3 )2 S0] (300 MHz)

The n m r spectra of complexes of the type
[ R u ( b p y ) 2 (L-L' ) C 1 ] + where L-L* = PT , 3 B rP T , 3 M e P T and
4MePyrtr are currently under investigation
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Figu r e  3 16 The c o r r e l a t i o n  t w o - d i m e n s i o n a l  
n m r spectra of [ R u ( b p y ) 2 ( P T ) C l ] + , 7 20 to 
8 90 p p m m  [(CD 3 ) 2 SO], (300 MHz)



Figu r e  3 17 The c o r r e l a t i o n  t w o - d i m e n s i o n a l
n m r s pect ra  of [ R u ( b p y ) 2 ( P T ) ] ,  7 38 to 
8 91 p p m m  [ ( C D 3 )2 SO], (300 MHz)



Figure 3 16 shows an e x p a n s i o n  of the COSY spectra of
[ Ru ( bpy) 2 ( PT ) C 1 ] + in the region 7 20 to 8 87 p p m ,  and 
Figure 3 17 shows the COSY n m r of [Ru(b p y )2 (P T )]2+

One of the first noticeable features about the *H n m r 
data in Table 3 8 is that the doublets of the monovalent 
c o m plexes appear at significantly lower field ( m  region 
1 0 03 - 1 0 1 2 p p m ) t h a n  the H ̂  d o u b l e t s  of the
corresponding bidentate species ( m  the region 7 44 - 7 53
p p m )  A smaller shift downfield of the H 3 doublet of 
the pyridine rings is also observed This data is a clear 
indication that the pyridine rings of the pyr 1 dy 1 tr 1 azo 1 e 
ligand for the monovalent complexes are not m  the same 
environment as those of the corresponding bivalent cations 
As the pyridine ring of the latter is bound to the metal 
center it is therefore likely that the large shift m  the 

protons m  the monodentate coordination of L-L' is due 
to the fact that coordination is via the triazole ring A 
probable explanation for this large shift downfield is that 
the proton of the rotating pyridine ring is not rigidly
located above the plane of an ar o m a t i c  ring and hence 
resonates at lower frequency than the H 1̂ protons observed 
in [Ru(bpy)3 ]2+ [61, 62] The x-ray crystal structure of
[Ru(bpy)2 (3MePT)C1]+ shows that the plane of the pyridine 
ring of the p y r 1 d y 1 1 r 1 a z o 1 e ligand lies at an angle of 
12 5° to the plane of the triazole ring (vide infra) At 
the same time, if this is true, then the positions in the 
n m r spectra of any protons present on the triazole ring 
should be quite similar to those in the analogous bivalent 
species, and the positions of the pyridine ring protons 
s h o u l d  be q u i t e  d i f f e r e n t  to those m  the analogous 
bivalent comp lex

T h e  and pro t o n s  of the t riazole ring of the
monovalent complex [R u (b p y )2 (P T )C 1 ]+ are both shifted upon 
coordination The ' proton has shifted downfield by 0 25

103



p p m  in comparison with the free ligand, while the H J 
p r o t o n  has shifted u p f i e l d  by a p p r o x i m a t e l y  the same

o tamount The upfield shift of is due to the magnetic
anisotropic effect of a pyridine ring of a bpy ligand [63]

C fFor bidentate coordination of this ligand the proton
experiences a large shift downfield of 0 82 p p m ,  while 
the ' proton experiences a smaller one 0 05 p p m

The ' protons of the ligands 3MePT, 3BrPT and 4MePyrtr 
all appe a r  at lower field upon monodentate coordination 
w i t h  r e s p e c t  to the resona n c e s  of the free ligands 
Coordination of the 3MePT ligand to ruthenium, either in 
bidentate or monodentate form results in a shift upfield of 
the methyl resonance Coordination of the 4MePyrtr ligand, 
on the other hand, results in a shift downfield of the 
m e t h y l  r e s o n a n c e  The m e t h y l  g r o u p  s h i f t  for the 
monovalent complex is further downfield than that for the 
bi v a l e n t  complex As there are so man y  effects which 
d e t e r m i n e  the p o s i t i o n  of the proton resonances on the 
triazole ring, it is difficult to unambiguously decide what 
factors are causing the v a r y i n g  shifts in the triazole 
ring For example, the effects include, the inductive 
effects of the bromine substituent on the triazole ring, 
the p r e s e n c e  of a chlorine atom bound to ruthenium, the 
m a g n e t i c  a n i s o t r o p i c  effect which includes the relative 
o r i e n t a t i o n  of the b o u n d  l i g a n d ,  and Van Der Waals 
interaction Thus, since several effects are operative, it 
is difficult to quantify relative shifts of the 3'and 4' 
methyl protons of the triazole rings The orientation of 
the ligand is p a r t i c u l a r l y  important when analysing the 
monovalent spectra, as the ligand is not as rigid as it is 
when it is acting as a chelating ligand

Figure 3 16 represents the COSY n m r of [Ru(bpy) 2 (p T )Cl]+ 
in the region 7 2 - 8 87 p p m From this expansion it is
possible to assign every proton of the b i p y n d i n e  ligands

3 ’
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As can be seen from Figure 3 18 all b i p y n d y l  protons are 
in different environments so sixteen different signals are 
ob s e rved The ass 1 gnment s made are s hown m  Table 3 9

Figure 3 18 Representation of a b i s -b i pyridy1 octrahedral
comp lex

Nov as can be seen from Figure 3 18 the H 1̂ protons lie
above a pyridine ring of the adjacent ligand while the 
protons do not, it should be possible to distinguish which 

proton lies above the chlorine atom and which lies over 
the t n a z o l e  ring These two ' protons will be shielded
in comparison to the protons and hence the two doublets
are observed at higher field than the other protons The 

n m r data for the pyridine rings of [ R u (bpy)2 (P T )C1 ] + 
are presented m  Table 3 9

Table 3 9 COSY n m r data for the R u ( b p y ) 2  ~ moiety m  the
complex [Ru(bpy)2 (PT)Cl] + ( p p m )

H* H*
Ring b 8 86 8 15 7 6 6 8 69
Ring c 8 48 8 08 7 51 8 03
Ring d 8 64 7 96 7 39 8 15
Ring e 8 50 7 84 7 29 7 80
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The proton which appears furthest downfield will be that 
which is under the influence of the inductive effect of the 
chlorine atom, this is attributed to ring b [60, 62] This
dou b l e t  appears at 8 69 p p m ,  m  comparison to the
doublet of [Ru(bpy)3 ]2+ which is found at 8 07 p p m In 
order to d e t ermine the p y r i d i n e  ring w h i c h  ring b is 
a t t a c h e d  to, it is n e c e s s a r y  to compare the proton
resonances with the n m r spectrum of [Ru(bpy) 2 CI 2 ] [60]
In this spectrum, the signal at 7 80 p p m has been 
a s s i g n e d  to the p r o t o n  of a pyridine ring (ring e),
which is attached to the pyridine ring that lies over the 
c h l o r i n e  a t o m  ( r i n g  b) H e n c e ,  r i n g  b and e must 
co n s t i t u t e  one b i p y n d y l  group while ring c and d the 
other, see Figure 3 18 As the resonance of the H^ proton 
of ring c is found at a similar value to that of the H^
protons in [Ru(bpy)3 ]2+ [63] , it was concluded that this
ring lies over the pyridine ring of the py r idy 1 1 r lazo 1 e 
ligand This indicates that the H^ proton on ring d lies
over the t n a z o l e  ring of the py r 1 dy 11 r 1 a z o 1 e ligand From
these results, it is concluded that COSY techniques are 
very useful as it has allowed the assignment of all the 
protons in the molecule

For the complex, [R u (b p y )2 (P T )]2+ , the assignments for the 
p y r 1 dy 1 1 r 1 a z o 1 e are shown m  Figure 3 17 One of the
singlet proton resonances, at 10 03 p p m , of the t n a z o l e  
ring does not appear on this diagram As coordination of 
the monodentate ligands takes place via the t n a z o l e  ring, 
a c l o s e r  l o o k  at the n m r s p e c t r a  may y ield more 
i n f o r m a t i o n  on the site of coordination on the triazole 
r i n g  In c o m p a r i s o n  w i t h  F i g u r e  3 16, the obvious
d i f f e r e n c e ,  as discussed before, is the position of the 
pyridine ring H^ protons Those of the monodentate species 
occur at much lower field than those of the bidentate 
species, the difference being 2 36 p p m ,  the difference 
between the H^ protons is 0 56 p p m , the H^ protons is
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0 05 p p m  and lastly, the protons 0 09 p p m This 
suggests that monodentate coordination takes place at 4' 
nitrogen on the t n a z o l e  ring If coordination was via the 
2 ' n i t r o g e n  then such a large shift in the proton
r e s o n a n c e  w ould not be expected This shift of the 
protons to lower field indicates that the proton is not in 
the vicinity of any other ligands

From Figure 3 17 it is not possible to unambiguously assign 
all the protons of the b i p y r i d y l  ligands As the 
protons are sensitive to the nature of the ligand L-L', all 
of them exist in sufficiently different environments The 
frequencies for the protons are listed in Table 3 10
The , and protons signals overlap with the proton
signals in the same positions of other rings

Table 3.10 N m r r e s o n a n c e s  for the Protons of
[Ru(bpy) 2 (PT)]2+ ( p p m )

B O D E  
H 6 7 69 7 89 7 72 8 08

Assignments of the rings is more complicated than for the 
m o n o d e n t a t e  complex due to the absence of the chlorine 
atom These protons cannot be unambiguously assigned to 
a particular pyridine ring as the resonance values are too 
slmi 1 a r

Similar n m r behaviour is observed for the other two
s u b s t i t u t e d  ligands 3MePT and 3BrPT For the mono and 
bivalent cations containing the ligand 3MePT the shift m  
the C H 3 resonance is from 1 20 to 1 81 p p m 1 e 0 61 
p p m  downfield, and the shift of the 1 singlet is from 
9 07 to 10 05, 1 e 0 98 p p m downfield As the shifts 
here are large, the coordination site for the monodentate
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species must be close to the methyl group and the 5 f proton 
on the t n a z o l e  ring From this evidence, it is likely 
t h a t  m o n o d e n t a t e  c o o r d i n a t i o n  takes place via the 4* 
nitrogen on the t n a z o l e  ring If coordination takes place 
vi a  the 2 ' n i t r o g e n ,  t h e n  s u c h  large shifts in the 
resona n c e s  of the C H 3 and H^' wo u l d  not be expec t e d  
C o o r d i n a t i o n  via the 4 f n i t r o g e n  on the t n a z o l e  is 
c o n f i r m e d  b y  t h e  x - r a y  c r y s t a l  s t r u c t u r e  of 
[Ru(bpy)2 (3MePT)C 1](PF 5 ) which will be discussed at a later 
stage

From the n m r data of [R u (b p y )2 (3BrP T )C 1 ] + the
doublet of the pyridy1t n a z o l e  ligand has shifted from 7 48 
in the chelating mode to 10 06 p p m This is accompanied 
by a shift downfield of the ' proton of the t n a z o l e  ring 
from 10 18 to 10 39 p p m For the ligands PT and 3MePT, 
a shift in the opposite direction is observed for the 
proton A possible explanation for this behaviour may be
that the inductive effect of the bromine substituent will
cause the ’ proton to resonate at lower field [60]

T h e  c o m p o u n d s  [ R u ( b p y ) 2 ( 4 M e P y r t r ) C l ] + a n d  
[R u (b p y ) 2 (4 M e P y r t r ) ] 2 + exhibit similar behaviour as the 
o t h e r  t h r e e  l i g a n d s  M o n o d e n t a t e  c o o r d i n a t i o n  is
anticipated to be via the 1 ' nitrogen as there is a shift 
in the ' proton resonance of 0 32 p p m , and a smaller 
shift in the methyl resonance 0 2 0 p p m , in comparison to 
the b i d e n t a t e  an a l o g u e  In c o m p a r i s o n  with the free 
ligand, where the ' proton is at 8 62 p p m , monodentate 
coordination is accompanied by a large shift downfield to 
9 20 p p m while bidentate coordination causes a downfield 
shift to 8 88 p p m A large shift downfield to 10 05
p p m  of the protons of the pyridine ring of 4MePyrtr
is observed This is similar behaviour to that observed 
for the p y r i d i n e  r i n g s  in PT, 3 B r PT and 3 Me PT upon
monodentate coordination and suggests that coordination of
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1 Ithe t r i a z o l e  ring to r u t h e n i u m  is v i a  N 1 It is
0 9anticipated the if coordination is via N z then this shift 

w o u l d  not be as l a r g e  As the i n d u c t i v e  effect of
ruthenium deshields ring protons and the proton of the
monovalent complex has a large shift downfield compared to 
that of the bivalent complex, it suggests that coordination 
of ruthenium to the triazole is closer to the 5' carbon 
Therefore monodentate coordination may take place via the 
1 1 nitrogen atom

I n  c o n c l u s i o n ,  f r o m  t h e   ̂H n m r e v i d e n c e  t h e
p y r i d y 1 1 r i a z o  1 e l i g a n d s  c o n t a i n i n g  a c a r b o n -n i t r o g e n

A Ilinking bond are likely to be coordinated via the atom
for the m o n o d e n t a t e  c o m p l e x  and the ligand 4MePyrtr is 
likely to be c o o r d i n a t e d  at the atom These are
interesting results, as it means that conversion from the 
monovalent complex to the bivalent comp lex involves loss of 
monodentate ligand, reorientation of the ligand in solution 
and s u b s e q u e n t  c o o r d i n a t i o n  via the n i t r o g e n  of the 
pyridine ring and the N 2 ' atom of the triazole ring One
would expect monodentate coordination to be either via the 
n i t r o g e n  of the py r i d i n e  ring or 2 * n i t r o g e n  of the
triazole ring, and subsequent bidentate coordination as a 
r e s u l t  of the l i g a n d  s w i n g i n g  a r o u n d  to f o r m  the 
coordination bond

3 2 4 Crystal Structure of B 1 s (2 . 2 * - bipvrldine)ch1oro 
ruthenlum- 3 -M e t h v 1 -1 -(pvridin-2-v l ) -1 .2. 4 - 
t n a z o l e  Hexaf luorophosphate .

The structure of the cation in [R u (b p y )2 (3MePT)C 1 ] (P F $ ) is 
illustrated in Figure 3 19 A summary of the crystal data
and collection intensities is presented in Table 3 11 The 
relevant bond lengths and angles are listed in Table 3 12
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C27

Figure 3 19 X-Ray crystal structure of the
[Ru(bpy)2 (3MePT)C 1]+ cation, showing the atom labelling
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T a b l e  3 11 S u m m a r y  of C r y s t a l  D a t a  and C o l l e c t i o n
I n t e n s i t i e s  of B i s (2,2' - b i p y r i d i n e ) c h l o r o *  r u t h e n i u m - 3 • 
methyl -1 - ( p y n d m - 2 - y l )  - 1 ,2 ,4 -t n a z o l e  Hexafluorophosphate

Formula 
Cell Type 
Space Group 
Mr 
a

A
v
a, À
b, A
c, À 
V, À3
Dobs/ (by flotation), Mg m-3 
Dealer Mg m-3 
^(MoKor) , cm-1 
Data collection Range

\

0 range (o )
No. of Indep. Reflections 
No of Single Reflections 
Fooo 
R
Rw

R u C28H24N8C1PF6
T n c l i m c
P
753.75 
89 88°
117 22°
111 08°
8.599(12)
13.503(16)
16.526(16)
1561 37 
1.66 
1.60
0.71069 À
h, 0 to 11: k,-17 to 17
1, -21 to 21 
0 - 5 0
4465
3648 or 2252 
755.99 
0.0750 
0.0750
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Table 3 12
Selected Bond Distances (A) and angles (°) of
cis - (5-Methyl - (l-pyridm2-yl) -1 ,2 ,4 - triazole)bis (2 ,2 - bipyr- 
ldine)-chloro-ruthenium hexaflouorphosphate

Bond Distances

Ru - N (1 ) 2 061(8)
Ru * N (2) 2 029(8)
Ru - N (3) 2 008(11)
Ru - N (4) 2 057(8)
Ru - N (5) 2 13 6 (8 )
Ru - Cl 2 410(4)

P y n d y l t r i a z o l e ring

N(5) - C ( 2 1 ) 1 360(24)
N(5) - C ( 23 ) 1 343(23)
C ( 2 1 ) - C ( 2 2 ) 1 652(22)
C ( 2 1 ) - N(7) 1 313(20)
C ( 2 3 ) - N ( 6 ) 1 346(19)
N ( 6 ) - N ( 7 ) 1 356(24)
N ( 6 ) - C ( 24 ) 1 450(15)
C ( 24 ) - C ( 2 5 ) 1 264(13)
C ( 24 ) * N (8 ) 1 400(10)
C ( 2 5 ) - C ( 2 6 ) 1 351(11)
C ( 2 6 ) - C ( 2 8 ) 1 405(10)
C ( 2 7 ) - C ( 2 8 ) 1 342(13)
C ( 2 7 ) - N ( 8 ) 1 425(11)

Bond Angles (A)

N ( 1 ) - Ru - Cl 86 6(3)
N(2) - Ru - Cl 88 7(3)
N(3) - Ru - Cl 173 7(3)
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N(4) - Ru - Cl 94 8 (2)
N (5) - Ru - Cl 88 6(3)
N (1) - Ru - N(2) 78 7(4)
N(l) - Ru - N(3) 99 8(4)
N(l) - Ru - N(4) 177 4(4)
N(l) - Ru - N ( 5 ) 97 2(3)
N(2) - Ru - N(3) 89 2(4)
N( 2 ) - Ru - N (4 ) 98 7(4)
N(2) - Ru - N (5 ) 173 4(4)
N (3 ) - Ru - N(4) 79 7(4)
N (3 ) - Ru - N ( 5 ) 93 9(4)
N(4) - Ru - N ( 5 ) 85 3(4)

P y r i d y l t n a z o l e  ligand

C (2 1) - N ( 5 ) - Ru 135 2 (8 )
C (23) - N ( 5 ) - Ru 119 9(7)
C ( 2 1) - N ( 5 ) - C (23) 104 8(9)
C ( 22 > ■ C ( 2 1 ) - N(5) 1 2 2 5(10)
C ( 22 ) • C ( 2 1) - N(7) 124 1 (1 1 )
N(5) • C ( 21 ) - N(7) 113 4(11)
C ( 21) - N(7) - N( 6 ) 103 3(9)
N(5) - C (23 ) - N ( 6 ) 107 3(9)
C (23) - N ( 6 ) - N (7 ) 1 1 1 2(9)
C ( 2 3 ) - N ( 6 ) - C (24 ) 125 0(9)
N(7) - N ( 6 ) - C (24 ) 123 7(9)
N (6 ) • C (24 ) - C (25 ) 115 4(11)
N ( 6 ) • C (24 ) - N ( 8 ) 115 8 (1 1 )
C (25) - C (24 ) - N ( 8 ) 128 7(13)
C ( 24 ) ■ N ( 8 ) - C (27 ) 113 4(13)
N ( 8 ) - C (27 ) - C (28) 119 6(15)
C (27 ) - C ( 2 8 ) i O ro o> 119 9(15)
C ( 2 8 ) • C (26 ) - C ( 2 5 ) 1 2 1 5(15)
C (26) • C ( 2 5 ) - C (24 ) 116 5(14)
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Th e  r u t h e n i u m  a t o m  is c o o r d i n a t e d  by two b i p y n d i n e  
molecules, one pyridy1trlazole and one chlorine atom As 
can be seen from the structure in Figure 3 19 the site of

A Icoordination of the pyridy 1 triazo 1 e ligand is via the 
atom of the triazole ring This is in agreement with the 
interpretation of the COSY n m r data The ruthenium - 
nitrogen bond distances of the bipyridyl ligands range from 
2 03 to 2 06 A , av<5 agree well with the values obtained by 
Rillema et al for [Ru(bpy)3 ]2+ [55] The Ru-(N^) bond is
rather long at 2 14 A The R u -N (triazo1e ) bond length in 
the complex [Ru(bpy)2 (3MePyrtr)]+ (see Section 3 13), where 
the p y r 1 d y 1 1 r 1 a z o 1 e ligand is coordinated via both the 
pyridine and the triazole ring is much shorter at 2 050 A 

This increase m  bond length may be attributed to the weak 
tt acceptor properties of the py r 1 dy 11 r 1 a zo 1 e ligand The 
p yridy 1 tr 1 azo 1 e coordinated in a monodentate fashion is a 
weak e r  tt a cceptor than that coordinated in a bidentate 
fashion and hence has a longer bond The Ru-N(trz) bond 
length in [ Ru ( b p y ) 2 ( b p t ) ] + is 2 03 A [52], considerably 
shorter than our value of 2 14 A,  again indicating that the 
chelating ligands are better tt acceptor ligands than the 
monodentate coordinated ligands

The bond length of the Ru-Cl bond, 2 41 A,  is similar to
the bond distance of 2 43 A obtained by Eggleston et al 
for [Ru(bpy)2 C 12] [53]

The bite angles of the two b i p y n d i n e  ligands are 78 7° and 
79 6 ° which is in agreement with other b i p y n d i n e  compounds 
[ 52, 55] The bond angles between the pyridine ring and
the t r i a z o l e  ring of 3MePT, 1 e N ( 7 ) - N ( 6 ) - C ( 2 4 ) and
N ( 6 ) - C (24)-N (8) are 123 and 115° respectively compared to
the same py r 1 dy 1 1 r 1 a zo 1 e angles of 1 2 2  and 117° obtained
for the free pyridine ring and the coordinated triazole 
ring of bp t ‘ in [Ru(bpy) 2 (bpt)]+ [52] The bond lengths 
and bond angles of the triazole ring are in good agreement
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with those obtained in reference [64]

In the crystalline state, the plane of the pyridine ring in 
the pyridy1trlazo1e ligand lies at an angle of 12 5° to the 
plane of the t n a z o l e  ligand

3 2 5 Electronic Spectra and Redox Properties L

The e l e c t r o n i c  and e l e c t r o c h e m i c a l  p r o p e r t i e s  of the
[Ru(bpy)2 (L -L ’)C 1]+ complexes are listed m  Table 3 13
As in s i m i l a r  R u ( I I )  c o m p o u n d s ,  the l o w e s t  e n e r g y
a b s o r p t i o n  b a n d  has been a s s i g n e d  to dn(Ru) ---> t t*

9 +(ligand) transition [65] In comparison with [Ru(bpy)3 ]^ 
the compounds c o n t a i n i n g  m o n o d e n t a t e  ligands absorb at 
lower energy, but they absorb at higher energy than the 
neutral species [Ru(bpy)2 C 12 ] 2 H 2 O [6 6 , 67] This suggests 
that the energy of the absorption maximum decreases as the 
n u m b e r  of c h l o r i n e  a t o m s  c o o r d i n a t e d  to r u t h e n i u m  
increases This suggests that the n donor ability of the 
c hlorine ligand lowers the e n e r g y  of the MLCT excited 
states by increasing the negative charge on the metal

In comparison with the lowest energy absorption maxima for 
the b ivalent compounds containing the chelating ligands 
4MePyrtr, PT, 3 B rPT and 3MePT (Table 3 6 ), the absorption 
maxima for the compounds containing the monodentate ligands 
are found at much lower energy, see Table 3 13 The
p resence of the c hlorine atom, along with the pyridyl- 
t n a z o l e  coordinated m  a monodentate mode stabilize the dn 
orbitals of Ru(II) resulting in lower energy absorption 
maxima The ligand L-L' in its monodentate coordination 
form is not as good a tt a c c e p t o r  as in its b i d e n t a t e 
coordination form This is as expected as in the complexes 
[ Ru ( bpy) 2 (L ‘ L ' ) ] 2+ , it is easier for the charge from the 
metal to delocalise over the chelating ligand
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Table 3 13 Electronic and Electrochemical Data for Complexes [Ru(bpy)3 (L-L')C1]*

Compound Absorption* Emission (nm)fl Redox Potentials1
Max A  MaxA  max(logé) JOOK 7 7 K Ru3 * * 2 * Ligand Based

[Ru(bpy)2 (AMePyrtr)Cl]* (11) 500(3 96) 710 655 0 66 -1 34

[Ru(bPy)2 (PT)C1]* (12) 500(3 97) 710 653 0 76 -1 53

[Ru{bpy)2 (3MePT)Cl] * (13) 502(3 97) 660 656 0 79 -1 45 -1 57

[Ru(bpy)2 (3BrPT)Cl]* (14) 466(3 96) - 655 0 66 -1 45 -1 55

[Ru(bpy)a Cl2 ] [1] 553(3 95)d - 705- 0 32 -1 67

[Ru(bpy)3]3 * [1] 452(4 11) 606 562 1 22 -1 36 -1 53

* measured in CH3CN, max in (nn), E in dm3 mol" 1 cm-1
8 Spectra at room temperature were measured in CH3 CN at 77K in Ethanol c measured in CH3 CN with
0 1M TEAP volts vs S C E, n h e = S C E + 0  2415V 0 measured in DMF
1 measured in methanol/ethanol



From Figure 3 20 and Table 3 13 it is observed that little 
d i f f e r e n c e  e x i s t s  b e t w e e n  the a b s o r p t i o n  and low 
t e m p e r a t u r e  e m i s s i o n  m a x i m a  f o r  t h e  c o m p o u n d s  
[ R u ( b p y ) 2 ( 4 M e P y r t r ) C 1] + , [ R u ( b p y ) 2 ( P I ) C 1] + a n d  
[R u ( b p y  ) 2 (3M e P y r t r ) C 1] + The m o n o v a l e n t  c o m p o u n d
containing the 3BrPT ligand however, absorbs at slightly 
higher energy

By c o m p a r i s o n  with sim i l a r  c ompound s containing ligands 
coordinated in a monodentate mode and a chlorine atom, the 
ring of coordination of our compounds may by deduced The 

n m r s p e c t r a  of our c o m pounds suggest that c o ­
ordination takes place via the t n a z o l e  ring The compound 
[ R u (b p y ) 2 (Pht r z ) C 1 ] + w h e r e  P h t r z  = phenyl -triazole , 
c o o r d i n a t e d  to ruthenium via the triazole ring, has its 
a b s o r p t i o n  maximum in acetonitrile at 495 nm [6 8 ] The 
a b s o r p t i o n  m a x i m u m  of the imidazole compound [Ru(bpy)2 - 
(mim)Cl]+ where mim = N-methyl * imidazole is at 512 nm in 
acetonitrile [69] Compounds where coordination occurs via 
the p y r i d i n e  ring i n c l u d e  [ R u ( b p y ) 2 ( 4 , 4 ' - b p y ) C l ] + , 
[Ru(bpy)2 (py)Cl] + and [Ru(bpy) 2 (4v p y )C 1 ] + where 4,4' -bpy = 
4,4' - b i p y n d i n e  , py = pyridine and 4vpy = 4 -vinylpyrldine 
The absorption maxima of these compounds are found at 490 
nm m  acetonitrile [70], 505 nm in dichloromethane [71] and 
500 nm in acetonitrile [6 8 ] respectively As can be seen 
from these results quite a difference exists between the 
absorption maxima of the compounds containing the ligands 
4,4* -bpy, py and 4vpy, w here c o o r d i n a t e d  to ruth e n i u m 
occurs via a pyridine ring A difference of only 17 nm 
exists between the c o m p o u n d s  contai n i n g  Phtrz and mim 
This indicates that the ring of coordination cannot be 
d i s t i n g u i s h e d  by the uv/vis spectra T h e r e f o r e ,  no 
conclusive evidence concerning the ring of coordination of 
our p y r 1 d y 1 1 r 1 a z o 1 e s to ruthenium was obtained from the 
uv/vis spectra
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Wavelength (nm)

Figure 3 20 Absorption spectra m  a c e t o n i t n l e  and low 
temperature emission spectra m  ethanol of complexes of the 
type [ R u (bpy)2 (L *L ’ )C 1]+ where L-L' = (a) P T , (b) 3BrPT,
(c) 3MePT and (d) 4MePyrtr
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The p r e s e n c e  of e 1 e c t r o n -d o n a 1 1 ng meth y l  and electron-
w i t h d r a w i n g  bromine have no p r o m i n e n t  effects on the
a b s o r p t i o n  and e m i s s i o n  p r o p e r t i e s  of the complexes,
h o w e v e r  s o m e  d i f f e r e n c e s  do e x i s t  The c o m p o u n d
[Ru(bpy)2 (3BrPT)C1]+ absorbs at slightly higher energy than
t h e  o t h e r  m o n o d e n t a t e  c o m p o u n d s  N e i t h e r
[ R u ( b p y ) 2 ( 3 B r P T ) C l ] + n o r  t h e  b i v a l e n t  c o m p o u n d s
[ R u (b p y ) 2 (3B r P T ) ] 2 + and [R u (b p y ) 2 (P T ) ] 2+ emit at room
temperature This absence of emission may explained by the
fact that more efficient population of the d-d level is
possible at room temperature than at low temperature, or
that deactivating 3BrPT or PT states are involved in the
em i s s i o n  process The c o m p l e x e s  containing the methyl
substituted ligands are the stronger emitters, determined
f r o m  a c o n c e n t r a t i o n  p o i n t  of v i e w  The c o m p o u n d
[ R u (b p y ) 2 ( 4 M e P y r t r  ) C 1 ] + is a s t r o n g e r  e m i t t e r  than
[ R u (b p y ) 2 (3 M e P T )C 1] + , (similar behaviour is observed for

9 +the chelating ligand analogues [ Ru ( b p y )2 (4MePyrtr) ] z and 
[Ru(bpy)2 (3MePT)]2+)

All m o n o v a l e n t  complexes are weaker emitters than their 
corresponding bivalent complexes All compounds containing 
m o n o d e n t a t e  p y r i d y l t r i a z o l e  l i g a n d s  emit at low 
temperature, see Table 3 13

The presence of a chlorine atom bound to ruthenium in the 
co m p o u n d  containing a monodentate ligand is reflected in 
the o x i d a t i o n  p o t e n t i a l s  The o x i d a t i o n  p o t e n t i a l  of 
[Ru(bpy)2 C 12 ] is found at 0 32 V (see Table 3 13) and that 
of [R u (bpy)3 ] 2+ is found at 1 22 V (see Table 3 6 ) The 
o x i d a t i o n  p o t e n t i a l s  of o u r  c o m p o u n d s  c o n t a i n i n g  
m o n o d e n t a t e  l i g a n d s  a n d  one c h l o r i n e  atom bound to
ruthenium are found approximately half way between those of 
[Ru(b p y )2 C 12 ] and [Ru(bpy) 3 ]2+

For the monovalent compounds containing 4 , 4 ' -bpy and PY the
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o x i d a t i o n  p o t e n t i a l s  are 0 79 V [70] and 0 80 V [72] 
r e s p e c t i v e l y  The o x i d a t i o n  p o t e n t i a l  of the compound 
co n t a i n i n g  v m y l i m i d a z o l e  is 0 67 V [73] These values 
s u g g e s t  that the r e s u l t s  o b t a i n e d  for the o x i d a t i o n  
potentials may be more diagnostic in ascertaining the ring 
of coordination than the uv/vis results

In comparison with the bivalent compounds containing the 
chelating pyridy 1 triazo 1 e ligands, the oxidation potentials 
of the compounds containing the monodentate pyridy 1 triazo 1 e 
l i g a n d s  a r e  f o u n d  at l o w e r  p o t e n t i a l  F o r  m a n y  
[Ru(bpy) 2 ^ 2 1 compounds reported m  literature, a linear 
relationship exists between the energy of the lowest MLCT 
band and A E ^ / 2  [34, 74] ^ ^ 1 / 2  1S t îe difference between
the R u I I / / ; t I 1  oxidation potential, and the R u 1 1 ^ 1 reduction 
potential These relationships also hold for the compounds 
reported here (see Table 3 14 and Figure 3 21) indicating 
emission from the same ^MLCT level as is observed for other 
ruthenium polypyridyl complexes [74, 75] Figure 3 21 also 
includes the bivalent c o m p l e x e s  re p o r t e d  in Chapter 3 
section 1 , and other m o n o v a l e n t  complexes found in the 
literature
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Table 3 14 Absorption and emission energies as a function of }  2

Compound 4Ew 2  <V)c Absorption Emission
Energy (V) Energy (V)

[Ru(bpy)2 (HPyrtr)]2 (la) 2 67 2 74 2 11
[Ru(bpy)2 (HPyrtr)]2 (2a) 2 59 2 79 2 06
[Ru(bpy)2 (Pyrtr)]* (lb) 2 41 2 54 2 09
[Ru(bpy)2 (Pyrtr)]* (2b) 2 31 2 56 2 01
[Ru(bpy), (H3MePyrtr)]: (3) 2 75 2 79 2 11
[Ru(bpy)2 (3MePyrtr)]2 (A) 2 29 2 60 2 03
[Ru(bpy)2 (4MePyrtr)J2 (5) 2 63 2 81 2 12
[Ru(bpy)2 (PT)]2* (7) 2 77 2 95 2 21
[Ru(bpy)2 {3BrPT)]2 * (0) 2 77 2 95 2 24
[Ru(bpy),(3MePT)]2* (9) 2 72 2 86 2 38
[Ru(bpy)2 (PNP)]2 * (10) 2 66 2 75 2 17
[Ru(bpv)- (4MePyrtr)Cl] (11) 2 00 2 44 1 89
[Ru(bpy)2 (PT)C1]* (12) 2 23 2 48 1 89
[Ru(bpy)2 (3BrPT>Cl] (13) 2 24 2 54 1 89
[Ru(bpy)2 (3MePT)Cl] (14) 2 31 2 47 1 88
(Ru(bpy)a]2 (15) 2 58 2 74 2 13
[Ru(bpy)2 (PY)Cl] (16) 2 27 2 45 1 88

a = Protonated forms of isomers 1 and 2 b = Deprotonated form is isomers 1 and 2
c AEt , -> = Oxidation potential minus the first reduction potential
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Figure 3 21 Plots of AE^/2 vs absorption (a) and emission 
(b) energies for compounds of the type [R u (b p y ) 2 (L -L ')]n+ 
and [R u (b p y )2 (L ’L 1)C 1]+ , and [Ru(bpy)3 ]2+ Absorption 
spectra and values for A E ^ / 2  were obtained at room 
temperature in a c e t o m t n l e  Emission maxima were obtained 
at 77 K m  ethanol
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3 2 6 C o n c l u s i o n .

T h e  m o n o v a l e n t  c a t i o n s  [ R u ( b p y )  2 ( 4 M e P y r t  r ) C 1] + , 
[ R u ( b p y ) 2 ( P T ) C l ]  + , [ R u ( b p y  ) 2 ( 3 B r P T  ) C 1 ] + a n d
[ Ru ( b p y ) 2 ( 3 Me P T ) C 1 ] + , containing monodentate coordinated 
p y r 1 d y 1 - 1 ,2 ,4-t r 1 azo 1 e ligands have been prepared 
n m r spectra reveal that coordination of the ligands to 
the central metal atom is via the triazole ring However, 
the exact site of c o o r d i n a t i o n  could not be determined 
u n a m b i g u o u s l y  f r o m  the n m r spectra The crystal 
s t r u c t u r e  of the compound [Ru (b p y )2 (3MePT)C 1]+ confirmed 
that coordination is via the triazole ring and the site of 
c o o r d i n a t i o n  is t h r o u g h  the a t o m  Due to the
s i m i l a r i t y  bet w e e n  the n m r spectra of the compounds 
containing the PT and 3BrPT ligands it was concluded that 
the site of coordination for these ligands is also via the 

' of the triazole ring As the resonances of the protons 
in the p y r 1 d y 1 1 r 1 azo 1 e ring of [R u (b p y ) 2 (4 M e P y t r )C 1] + 
exhibit similar behaviour to those of the other ligands it 
is suggested that the coordination mode of this ligand is 
v i a  the N^* of the t r i a z o l e  ring To con f i r m  this 
s u g g e s t i o n ,  x - r a y  crystal s t r u c t u r e  d e t e r m i n a t i o n  is 
required

O f  t h e  f o u r  m o n o v a l e n t  c o m p o u n d s  p r e p a r e d ,  
[Ru(bpy)2 (4 MePyrtr)Cl]+ has the lowest oxidation potential 
a n d  a b s o r b s  at t h e  l o w e s t  e n e r g y  The c o m p o u n d
[ Ru ( bp y ) 2 ( 3 B r PT ) C 1 ] + , on the other hand has the highest 
oxidation potential and absorbs at the highest energy The 
absorption and oxidation potentials for [Ru(b p y )2 (P T )C 1]+ 
and [Ru(b p y )2 (3MePT)C 1]+ are very similar These results 
suggest that the p y r i d y l t r i a z o l e  ligand containing the 
bromo s u b s t i t u e n t  is a s t r o n g e r  tt acceptor relative to 
4MePyrtr, PT and 3MePT, while 4MePyrtr is the weakest tt 

a c c e p t o r  T h e  r e s u l t s  a l s o  s u g g e s t  t h a t  the
p y r i d y l t r i a z o l e  l i g a n d  c o n t a i n i n g  a c a r b o n - c a r b 0 n
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connecting bond, 1 e 4MePyrtr is a weaker t t acceptor than 
the ligands which contain a carbon-nitrogen bond

The monovalent complexes are unstable m  comparison with 
the bivalent analogues Decomposition of the monovalent 
complexes occurs in the presence of water A more detailed 
analysis of the photochemical stability of these complexes 
will be presented in the following section
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C h a p t e r  3

Section 3

Photolysis of Compounds Containing Chelating and 
Monodentate P y r 1 d y 1trlazo1e Ligands
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3 3 1 Introdu c t i o n _ t o  Photolysis

As is observed in Section 2, monovalent c omplexes can be 
formed thermally from the reaction of [R u (bpy)2 C 1 2 ] with 
ligand (L -L '), by loss of a chlorine ion and replacement of 
that ch l o r i n e  with a p y r i d y l t n a z o l e  ligand, coordinated 
via the triazole ring Of particular interest would be, to 
see if similar m o n o d e n t a t e  species could be p r o d u c e d  
p h o t o c h e m i c a 1ly As only small quantities of monovalent 
species may be p r o d u c e d  p h o t o c h e m 1 ca 1 1 y , c o n v e n t i o n a l  
m e t h o d s  for synthetic and p h o t o c h e m i c a l  studies, using 
spectroscopic or electrochemical techniques would be of no 
use as these methods are not sensitive to small amounts of 
" i m p u r i t i e s "  P r o b l e m s  are also e n c o u n t e r e d  in the 
p h o t o c h e m i c a l  s t u d i e s  of c o m p o u n d s  of t h e  t y p e  
[ Ru ( b p y ) 2 ( L - L ' ) ] n+ , where the simultaneous formation of 
more than one reaction product can hinder the spectroscopic 
study of the reaction

A t e c h n i q u e  which is ideally suited to investigate such 
c o m p l i c a t e d  s y s t e m s  is H i g h  P e r f o r m a n c e  L i q u i d
Chromatography (HPLC) Only few applications of HPLC m
ruthenium chemistry have been reported, these only dealing
with [ R u ( b p y ) 3 ] 2+ type compounds [75-79] A literature 
search in the area of [R u (b p y ) 2 (L -L ')]n+ c o m pounds in 
connection with HPLC studies proved futile An HPLC system 
suitable for the separation of species with a different 
charge, and separation of species of similar charge was 
developed [80] The system developed consisted of an SCX 
cation exchange column similar to the one reported by 
O ' L o u g h l m  for the s e p a r a t i o n  of d i f f e r e n t  tris (bpy) 
compounds of different transition metals [77]

For the HPLC system developed, see Chapter 2 Experimental, 
all the singly charged species elute in general, before the 
doubly charged species The peaks of the doubly charged
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cations are not as sharp as those of the singly charged 
species For the bivalent complexes a certain amount o f 
tailing is o b s e r v e d  This tailing may be reduced by 
increasing the flow rate and/or increasing the lithium p e r ­
chlorate concentration m  the mobile phase However, if 
the lithium salt concentration is increased problems occur 
as some of the peaks due to the 1+ species coalesce One 
m e t h o d  of increasing the elution time of the 2 + species 
without interfering with the elution time of the 1 + species 
was to increase the flow rate after all the 1 + species have 
eluted So, for example, a flow rate of 2 0 ml/min was 
maintained for 3 0 min, then the flow rate is changed to 
4 0 m l / m m  over a two minute interval In this manner, 
shorter retention times and sharper peaks were obtained for 
the 2+ species This procedure was not necessary for many 
of the p h o t o l y s e d  samples as the retention times of the 
doubly charged complexes were within 10-15 min

3 3 2 Photolysis of a Model Compound
JRy(bpyl2(v1.s)2l̂ :t

The photolysis of [ R u (bpy)2 (v i z ) 2  ] ̂ + where viz = bisvinyl- 
lmidazole, was i n v e s t i g a t e d  as a m odel syst e m  for the 
p y r 1 d y 1 1 r 1 azo 1 e compounds and also to develop a suitable 
HPLC system to foll o w  the photochemical reactions To 
examine the spectroscopic properties of photoproducts such 
as [Ru(bpy)2 (L )C 1]+ and [Ru(bpy) 2 (L)(CH 3 C N)]2+ (where L = 
viz or other N-donor ligands) which may be produced during 
photolysis, [Ru(bpy)2 (v i z )2 ] was photolysed in CH 3 CN/O 01 
M LiCl When the photolysis of the b 1 s -(vinyllmidazo1e ) 
compound is followed by uv/vis spectroscopy, no isosbestic 
points are o b s e r v e d  and a compl i c a t e d  reaction path is 
therefore expected This is confirmed by the HPLC results 
(Figure 3 22), which show the formation of at least five 
different species during the photolysis
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0-8mm O-Cmm O-Qmin

TIME

0-8min 0-0 min

Figure 3 22 Chromatograms taken during the photolysis of 
[R u (bpy) 2 (v i z )2 ](PF 6 )2 in CH 3 CN/O 01 M LiCl Irradiation 
times A, 0 sec , B, 20 sec , C, 130 sec , d, 350 sec , E, 
1,200 sec Flow rate 1 5 ml/min Detection wavelength 
2 8 0 nm

Figure 3 23 Diagramatic representation of product formation 
during the photolysis of (R u (b p y )2 (v i z )2 ](P F 5 ) 2  in 
CH 3 CN/O 01 M LiCl, as measured from peak area
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The peaks were assigned using a photodiode array detector, 
c o m p a r i s o n  with literature values [36, 81], and also by
injection of standards where possible

From the results obtained, it can be concluded that during 
t h e  p h o t o l y s i s  of [ R u ( b p y ) 2 (viz ) 2 ]  ̂+ , the s p e c i e s  
[Ru(b p y )2 (v i z )C 1 ] 2+ , (retention time 2 87 min , absorption 
ma x i m a  515 and 360 nm , peak 2), [Ru ( bpy) 2 (vi z ) (CH 3 C N ) ] + , 
(retention time 3 88 min , absorption maximum 455 n m , peak 
3) and [ Ru ( b p y ) 2 ( C H 3 CN ) C 1 ] + (reten t i o n  time 3 60 m m  , 
absorption maxima 475 and 340 nm.peak 4) are formed The 
nature of the products was confirmed by comparison of the 
absorption spectra obtained with those of authentic samples 
[46] and by a d d i t i o n a l  p h o t o c h e m i c a l  e x p e r i m e n t s  of 
[ Ru ( bp y ) 2 (viz ) 2 ] 2 + and [ Ru ( b p y ) 2 (vi z ) C 1 ] + m  a c e t o m t n l e  
where the product [R u (b p y )2 (v i z )(CH 3 C N )]2+ appears to be 
formed [81] The chromatograms m  Figure 3 22 suggest that 
during the first part of the photolysis [Ru(bpy)2 (v i z )C 1]+ 
and [Ru(bpy)2 (v i z )(CH 3 C N )]2+ are formed in parallel as in 
reac 1 1 0 ns 8 and 9,

CH 3 CN
[Ru(bpy>2(viz)2]2+ .......>

hv

[Ru(bpy) 2 (viz)(CH3 CN)]2+ + viz (8 )

Cl'
[Ru(bpy)2 (v i z )2 ]2+ ....... >

hv

[Ru(bpy)2 (viz)Cl]+ + viz (9)

Upon further photolysis [Ru(b p y )2 (CH 3 C N )C 1]+ (peak 4), is 
formed as the m a m  product Figure 3 23 is a diagrammatic 
r e p r e s e n t a t i o n  of pro d u c t  f o r m a t i o n  and shows that two 
minor products were obtained with retention times of 4 29 
and 5 14 m i n  ( p e a k s  5 and 6 ) The nature of these
products, that have their lowest absorption maxima at 495 
and 445 nm respectively, is at present unknown However,
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t h e r e  is a p o s s i b i l i t y  t h a t  d u r i n g  the ph o t o l y s i s ,  
photo 1 somer 1 sation may occur resulting in the formation of 
trans species This would involve cleavage of a ruthenium 

p y r i d i n e  bond (of a bipyridine ligand) and subsequent 
rearrangement to form a trans Ru(bpy ) 2  complex

The presence of a small amount of water in the photolysis 
solvent may result m  the f o r m a t i o n  of a q u a n t i t y  of 
trans - [R u (b p y ) 2 (H 2 O ) 2 1 Substitution of one or more of
the w ater m o l e c u l e s  may occur upon i n j e c t i o n  into the 
mobile phase to yield trans- [Ru(bpy)2 (H 2 O )(CH 3 C N )]2+ and/or 
trans - [R u (b p y ) 2 (CH 3 C N )2 ] The most obvious difference 
between the cis- and trans- complexes concerns the energy 
of the absorption maxima The trans- complexes absorb at 
s l i g h t l y  l o w e r  e n e r g y  that the cis- complexes The 
w a v e l e n g t h s  of m a x i m u m  a b s o r b a n c e  of the trans species 
[ R u ( b p y ) 2 ( C H 3 C N ) 2 ] 2 + , [ R u ( b p y ) 2 ( H 2 0 ) ( C H 3 C N ) ] 2+ and 
[Ru(bpy)2 (H2 O ) 2 ]2+ are 440, 465, and 495 nm respectively,
the former two are measured m  a c e t o n i t n l e  and the latter 
1 n C F 3 COOH [82] The a b s o r p t i o n  maxima values for the 
corresponding cis compounds are 425, 445 and 480 nm Rapid 
ligand exchange of water for solvent is believed to occur 
[82] for [Ru(bpy)2 (H2 0)(CH 3 CN)]2+

In order to examine the possibility of trans- species being 
formed, tr a n s - [Ru(b p y )2 (H 2 0) 2 ]2+ was prepared by photolysis 
of [Ru(bpy)2 (CO 3 ) ] m  1M HCIO 4 [83] The product obtained 
was filtered and injected on the HPLC system where several 
p e a k s  w e r e  o b t a i n e d  This suggests that either the 
p h o t o l y s i s  p r o d u c t  was i m p u r e  or r a p i d  d e g r a d a t i o n  
o c c u r r e d  The p h o t o l y s i s  product was re f l u x e d  in the 
presence of a c e t o n i t n l e  in the hope of yielding the trans- 
[R u (b p y ) 2 (C H 3 CN) 2 ]2+ product However, isolation of the 
product and analysis on the HPLC resulted in a m u l t 1 tude of 
peaks
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From these results, it is not en t i r e l y  clear what is 
h a p p e n i n g  concerning the formation of trans products but 
the p o s s i b i l i t y  of formation during photolysis reactions 
must not be e l i m i n a t e d  The peaks 5 and 6 whi ch were 
o b t a i n e d  during the photol y s i s  of [Ru( bpy) 2 (viz ) 2 ] m  
CH 3 CN/L 1 CI have their lowest absorption maxima at 495 and 
445 nm respectively These absorption maxima correspond 
quite well with those obtained for trans- [Ru(b p y )2 (H2 0) 2 ] 
a n d  t r a n s  - [ R u ( b p y ) 2 (C H 3 C N ) 2  ] 2 + H o w e v e r ,  f u r t h e r  
experiments are required to establish the nature of these 
photolysis products

T h e  r e s u l t s  of t h e  p h o t o l y s i s  e x p e r i m e n t  of 
[Ru(bpy)2 (viz) 2 ] m  CH 3 CN/L 1 CI clearly show that HPLC is 
ideally suited for such studies, as intermediates formed 
during the photolysis may be detected and their relative 
amounts quantified, whereas the detection of these species 
using spectroscopic techniques would be difficult

Compounds containing the chelating and monodentate ligands 
were p h o t o l y s e d  in C H 3 CN and C H 3 CN/O 01 M LiCl The 
photolysis reactions were followed by uv/vis spectroscopy 
and H P L C  T h e  p h o t o l y s i s  of complexes of the type 
[ R u ( b p y > 2 (L-L' ) ] 2+ w h e r e  L - L 1 = PX , 3 B r P T , 3MePT and
4MePyrtr will be discussed first, followed by a discussion 
on the photolysis of their monovalent analogues As the 
reactions for the compounds containing PT type ligands are 
v e r y  similar, the results ob t a i n e d  for the complexes 
[R u ( b p y ) 2 (PT ) ] 2 + and [R u (b p y  ) 2 (P T )C 1 ] + are taken as 
r e p r e s e n t a t i v e  samples for the PT type ligands The 
photolysis of these two compound s in both solvent systems 
will be discussed in detail followed by a general reaction 
scheme for the compounds containing the ligands 3BrPT and 
3MePT The p h o t o l y s i s  of the m o n o v a l e n t  and bivalent 
species containing the ligand 4MePyrtr is also discussed in 
detail
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3 3 2 1 Photolysis of f R u C b p v W P T )  1—  in A c e t o n i t r i l e

The uv/vis spectra of [Ru(bpy)2 (PT)]2+ taken at different 
intervals during the p h o t o l y s i s  in C H 3 CN are shown in 
Figure 3 24 Chromatograms taken at different intervals
during the same photolysis are shown in Figure 3 25 From 
the uv/vis spectra an isosbestic point is observed in the 
initial stages of the reaction This was an indication 
that i n i t i a l l y  only one p h o t o p r o d u c t  is formed The 
chromatograms obtained clearly show that small amounts of 
other p h o t o p r o d u c t s  which are undetected by uv/vis have 
been formed at this stage The formation of these products 
is observed at a later stage of the photolysis by uv/vis 
spectra as the isosbestic point shifts slightly, however, 
the exact nature of these products cannot be determined 
spectrophotometr 1 ca 1 1 y due to the small quantities formed

The major product which is formed at the completion of this 
p h o t o l y s i s  is t h e  b i s - a c e t o n i t r i l e  c o m p l e x ,
[ Ru ( bpy) 2 ( CH 3 C N ) 2 ] 2 + (retention time 10 4 m m  , absorption 
maximum 425 nm , peak 4, Figure 3 25) The second major 
product, peak 1 , is free ligand, this peak i n c r e a s e d  
steadily with a corresponding increase m  intensity of peak 
4 The assignment of peak 1 was confirmed by injection of 
ligand s tandard Two other products were also formed, 
p e a k s  2 and 3 ( r e t e n t i o n  t i m e s  2 97 and 6 44 m i n
res p e c t i v e l y )  The uv/vis spectra of peak 2 absorption
maximum = 475 nm , corresponds to the [R u (bpy)2 (CH 3 C N )C 1] +
complex, i n j e c t i o n  of the acetonitr 1 1 e -c h 1 oride standard 
confirmed this, however, the presence of chlorine 1 0 ns in 
the solution is unaccounted for The absorption maximum 
for peak 3 is at 440 nm This is one of the products 
formed at the initial stage of the reaction, along with 
peak 4, the [Ru(bpy)2 (CH3 CN) 2 ]2+ complex Peak 3 increases 
to its m a x i m u m  i n t e n s i t y  after 900 s, and subsequently 
decreases m  intensity
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Wavelength (nm)

Figure 3 24 Uv/vis spectra of [R u (b p y )2 (P T ) ] 2 + taken during 
a photolysis reaction m  C H 3 CN with respect to time, T = 0 
to T = 9,480 sec

TIME

Figure 3 25 Chromatograms taken during the photolysis of 
[R u (bpy) 2 (PT)]2+ m  CH3 CN Irradiation times A, 900 sec , 
B, 4,740 sec , C, 9,480 Flow rate 2 0 m l / m m  detection 
wavelength 280 nm
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After 900 s both peaks 1 and 4 increase, that is, there was 
m o r e  free l i g a n d  in s o l u t i o n ,  and more of the b i s • 
a c e tonitrile complex formed As the shape of peak 3 is 
broad and has a certain amount of tailing, it suggests that 
this peak is that of a 2 + species, the low absorption 
m a x i m u m  at 4 45nm p o s s i b l y  suggests the presence of the 
species [Ru(bpy)2 (PT)(CH 3 CN)]2+ A second possibility of 
t h e  n a t u r e  of t h i s  p e a k  is t h a t  of the t r a n s  ■
[R u (b p y ) 2 (C H 3 C N ) 2 ] 2+ w hich absorbs at 445 nm in ac e t o ­
nitrile However, this possibility has been ruled out as 
the HPLC chromatograms show that at one stage during the 
photolysis the decrease of this peak corresponds with the 
increase of the ligand This would suggest a reaction 
scheme for the photolysis in acetonitrile as shown below

Reaction Scheme
CH 3 CN

[Ru(bpy) 2 (PT)]2+  > [Ru(bpy) 2 (PT)(CH 3 C N ) ]2+  >
hv

[Ru(bpy)2 (CH3 C N)2 ]2+ + PT (10)

3 3 2 2 Photolysis of fRn(h p v 1o (P T 11 in Acetonitrile - 
LiCl

The complex [Ru(bpy)2 (PT)]2+ was also photolysed in CH 3 CN/ 
0 01M LiCl The chloride anions were added in order to 
shift the reaction e q u i l i b r i u m  towards conditions more 
favourable for the formation of the complex [Ru(b p y )2 (P T )- 
C l ] + O b s e r v a t i o n  of the uv/vis spectra (Figure 3 26) 
d u r i n g  p h o t o l y s i s  i m m e d i a t e l y  shows that a d i f f e r e n t  
reaction occurs in this solvent system As with the system 
above, an isosbestic point is clearly defined at 455 nm in 
the initial stage of the p h o t o l y s i s  which subsequently 
shifts as species are formed which absorb at 475 and 550 
nm
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Figure 3 26 Uv/vis spectra of [R u (b p y ) 2 (F T ) ] 2 + taken during 
a photolysis reaction m  C H 3 CN/O 01 M LiCl with respect to 
time, T = 0 to T = 10,000 sec

jIkX j

0 K  7 min

TIME

0 12 6 mm

Figure 3 27 Chromatograms taken during the photolysis of 
[Ru(bpy)2 (PT)]2+ m  CH 3 CN/O 01 M LiCl Irradiation times 
a 200 sec , B, 780 sec , C, 2,700 sec , D, 10,000 sec 
Flow rate 3 0 ml/min Detection wavelength 280 nm
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The chromatograms in Figure 3 27, which were taken during 
the photolysis along with a diagrammatic representation of 
pro d u c t  f o r m a t i o n  in Figu r e  3 28 give a more complete
picture of what is actually happening The sample photo- 
lyses quickly in this solvent system as seen at T = 0 about 
4% of the [Ru(bpy)2 (CH3 CIOCI] + has formed (retention time 
2 12 m m  , peak 3) The intensity of this peak increases 
as the reaction proceeds However, the rate of increase 
slows down after 1200 s as the C H 3 CN is lost from the 
b 1 s - ( b 1 p y r 1 d y 1 ) a c e t o m t r i l e  c h l o r i d e  c o m p l e x  to form 
[Ru (b p y ) 2 C 12 ] (peak - 2  retention time 1 6 6 m m )  At the end 
of the photolysis, when all the starting material has been 
p h o t o l y s e d ,  [ R u ( b p y ) 2 (C H 3 C N )C 1 ] + is the m a i n  product 
c o m p r i s i n g  of 73% of the t o t a l  c h r o m a t o g r a m  ar e a ,  
[Ru(bpy)2 C 12 ] is present at 11% The remaining 16 is due 
to free ligand The b 1 s -a c e t 0 n 1 1 r 1 1e complex (peak 5, 
retention time 7 00 m m ,  absorption maximum 425 nm ) was 
also formed and it reached its maximum intensity after 1 2 0 0  

s, and then subsequently decayed as peaks 2 and 3 formed

F i g u r e  3 28 D i a g r a m m a t i c  r e p r e s e n t a t i o n  of p r o d u c t
f o r m a t i o n  during the p h o t o l y s i s  of [ R u ( b p y ) 2 (PT)]2+ in 
C H 3 CN/O 01 M LiCl as m e a s u r e d  from peak area from the 
chromatograms
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A m inor product is o b s e r v e d  at 1200 s but subsequently 
disappears (4 37 min , peak 4, absorption maximum 44 0 nm) 
This peak has a similar absorption maximum and retention 
time as peak 3 in Figure 3 25 This suggests that peak 4 
i n  t h i s  p h o t o l y s i s  is d u e  to  t h e  c o m p l e x  
[Ru(bpy) 2 (PT)(CH3 CN)]2+

3 3 2 3 Photolysis of fRufbpv) t (PT)1 —  in Methanol - LiCl

Interestingly, the monovalent complex [Ru(b p y )2 (P T )C 1 j+ was 
not formed under the reaction conditions described above 
In o r d e r  to m a k e  c o n d i t i o n s  more f a v o u r a b l e  for the 
production of this species, the photolysis was carried, out 
m  methanol/0 01M LiCl As methanol is not as good a c o ­
ordinating solvent as a c e t o m t n l e  , this system may favour 
the formation of [Ru(b p y )2 (P T )C 1]+ Problems were incurred 
u s i n g  this s y s t e m  as i n j e c t i o n  of m e t h a n o l  into an 
acetonitr 1 1 e/water mobile phase produced a large negative 
peak, due to refractive index changes when the methanol 
passes through the detector This negative peak masked the 
peaks in the region between 1 0 to 2 5 min , no advantage 
was gained by slowing the flow rate down to 1 0 m l / m m  By 
way of blanking this negative peak, the solvent composition 
of the mobile phase was varied, wit h o u t  c hanging the 
overall solvent polarity, to CH 3 CN H 2 O MeOH in the ratios 
70 20 10 containing 0 08 M L 1 CIO 4 This proved to be more 
successful, as some i n f o r m a t i o n  c o n c e r n i n g  the species 
which elute in that area was obtained The photolysis of 
[R u (b p y ) 2 (P T ) ] 2+ m  M e O H / L i C l  was m o n i t o r e d  using this 
mobi l e  phase The uv/vis spectra obtained during the 
p h o t o l y s i s  is shown in Figure 3 29 The d e c r e a s e  in
a b s o r b a n c e  of the starting material is observed, with a 
corresponding increase in the absorbance of a species at 
5 00 nm
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Figure 3 29 Uv/vis spectra of [R u (b p y )2 (P T )]2+ taken during 
a photolysis reaction m  methanol/0 01 M LiCl with respect 
to time, T = 0 to T = 4,080
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Figure 3 30 Chromatograms taken during the photolysis of 
[Ru(bpy)2 (P T ) ]2+ in methanol/0 01 M LiCl Irradiation time 
4,080 sec Flow rate 1 0 ml/min Detection 
wavelength 280 nm

138



This suggests that the species [Ru ( bpy ) 2 ( PT) C 1 ] + may be 
produced It must also be remembered, however, that there 
is a strong possibility of [Ru(b p y )2 (MeOH)C 1]+ forming in 
solution, this species absorbs m  the region of 500 nm 
T h i s  v a l u e  was o b t a i n e d  by st i r r i n g  [ R u (b p y ) 2 C 1 2 ] in 
methanol and following the reaction by uv/vis spectroscopy 
Injection of the sample onto the HPLC yielded a peak for 
the [ R u (b p y ) 2 (C H 3 C N )C 1 ]+ species indicating that ligand 
exchange with the mobi l e  phase occurs So, [Ru(bpy) 2 - 
(MeOH)Cl]+ will be observed as [Ru(b p y )2 (CH 3 C N )C 1]+ under 
the HPLC condit i o n s  As this ligand ex c h a n g e  process 
occurs, [Ru(bpy)2 (MeOH)C1]+ and [Ru(b p y )2 (P T )C 1]+ complexes 
can be eluted separately

Sample chromatograms from this reaction are presented in 
Figure 3 30 Photolysis proceeds at a slower rate in this 
solvent system, due to a combination of polarity and the 
different coordinating abilities of methanol compared with 
acetonitrile As is observed a negative peak produced by
the different solvent fronts still masks some information
in the 4 25 to 4 75 min region The flow rate has also 
been reduced to 1 0 ml/min However, the main feature is 
that m  Figure 3 30, at T = 6120 s the monovalent complex 
[Ru(bpy)2 (PT)C1]+ has been produced (absorption maximum 500 
nm , r e t e n t i o n  time 4 94 min, p e a k  1) From the HPLC
c h r o m a t o g r a m s ,  a p e a k  c o r r e s p o n d i n g  to t h e  
[ R u (b p y ) 2 (C H 3 C N )C 1 ]+ is observed (absorption maximum 475 
and 340 n m , r e t e n t i o n  time 5 59 min, p e a k  2) This
indicates that the [R u (b p y ) 2 (MeOH)C 1]+ species has been 
produced on photolysis and that ligand exchange occurs with 
the a c e t o n i t r i l e  in the m o b i l e  p h a s e  The product 
[R u (b p y ) 2  (CH 3 C N )C 1 ]+ is detected as the major product of
the r e a c t i o n  along with peak 1 , the [R u (b p y ) 2 (P T )C 1 ] + 
com p l e x  Both peaks incre a s e  s t e a d i l y  t h r o u g h o u t  the
reaction The bis-methanol complex is also formed which is
de t e c t e d  as the bis- a c e t o n i t r i l e  complex due to ligand
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exchange (retention time 8 69 m m ,  peak 5), and its maximum 
intensity is at the initial stage of the photolysis, and 
then it slow l y  d e c r e a s e s  m  intensity The [Ru(bpy) 2 ~ 
(PT)(MeOH)]2+ complex, detected as [Ru(bpy)2 (P T )(CH 3 C N ) ]2+ , 
is o b s e r v e d  as a minor product (retention time 9 4 min, 
peak 6 ) Two other minor products are formed during the 
reaction (retention times 6 54 and 7 46 min, peaks 3 and 4 
r e s p e c t i v e l y ) ,  the id e n t i t y  of which is u n k n o w n  No 
[R u (b p y )2 C 1 2 1 w a s observed in the chromatograms, unless it 
was masked by the negative peak

It must be noted that the chromatography of the MeOH/LiCl 
system needs to be improved on as separation of the m o n o ­
valent species is not complete, and also for quantitative 
analysis the negative peak must be eliminated For our 
p u r poses, this syst e m  suffices in the respect that the 
f o r m a t i o n  of [R u (b p y )2 (P T )C 1 ] + is observed qualitatively 
though not q u a n t i t a t i v e l y  As many other products are 
formed during the photolysis, isolation of the [Ru(bpy)2 ~ 
( P T ) C 1 ] + m o n o v a l e n t  species would be d i f f i c u l t  if the 
photolysis were carried out on a quantitative scale It is 
anticipated that if Sephadex LH-20 or Sephadex C-25 were 
used, separation of species of different charge would be 
possible but separation between species of the same charge 
w o u l d  be  d i f f i c u l t ,  1 e s e p a r a t i o n  b e t w e e n  
[R u (b p y ) 2 (P T ) C 1 ] + and [R u ( b p y ) 2  ( C H 3 C N )C 1 ]+ would be 
difficult Another point to note is that Sephadex LH-20 
and C-25 both require aqueous or polar organic mobile 
phas e s  This w ould more than likely cause s t a b i l i t y  
p r o b l e m s  for the s e p a r a t i o n  of the [ R u (b p y ) 2 (P T )C 1] + 
m o n o v a l e n t  c o m p l e x  p r o d u c e d  by p h o t o l y s i s ,  t h e  
[ Ru ( b p y ) 2 (P T )C 1 ] + monovalent complex produced thermally, 
decomposes in aqueous or polar organic solvents to yield 
the bivalent complex [R u (b p y )2 (P T )]2+ It is expected that 
the species produced photochemica 1 ly would exhibit similar 
behaviour
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(1) A cetom tn le

[Ru(bpy)2(L -L ’)]2+ ---------> [Ru(bpy)2(L -L ’)(CH3CN )]2+
manor product

[Ru(bpy)2 (CH3 CN )2]2+  +  L -L ’
major product

(2) A cetonitrile/L iC l

[Ru(bpy)2(L -L ’)]2+ ---------> [Ru(bpy)2(CH 3CN)Cl]+ +  L -L ’
major product

[Ru(bpy)2Clj] 
minor product

[Ru(bpy)2(L -L ’)(CH jCN )]2+ ---------> [R u(bpy)2 (CH S C N )2]2+  + L -L ’
minor product m inor product

(3) M ethanol/LiCl

[Ru(bpy)2(L -L ’)]2+ --------> [Ru(bpy)2(MeOH)Cl]+ + L -L ’

+  [Ru(bpy)2 (L -L ’)Cl]+  

major products

[Ru(bpy)2(L -L ’)(M eOH)]2+ +  [Ru(bpy)2(MeOH)]2+ +  L -L ' 

minor products

Figure 3 31 Schematic reaction scheme for compounds 
containing chelating PT type ligands m  CH 3 CN, CH 3 CN/O 01 M 
LiCl and Me OH/0 01 M LiCl
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The schematic diagram presented m  Figure 3 31 is a summary 
of the re a c t i o n  p r o d u c t s  for the photolysis of samples 
where (L-L') = P T , 3BrPT and 3MePT As can be seen from
this reaction scheme, the same type of photoproducts are 
f o r m e d  in the s a m e  s o l v e n t  f r o m  d i f f e r e n t  start i n g  
materials The exact percentage yields are not identical 
for each sample, but the same overall m ajor and minor 
products are formed in each reaction However, the rates 
at which these photoproducts are formed vary according to 
the s tarting m a t e r i a l  and on the solvent This is in 
agreement with the results obtained for the photolysis of 
[ R u ( b p z ) 3 ] [ 4 0 ]  where d e c o m p o s i t i o n  of the start i n g  
material occurs more readily when chloride anions are added 
to the a c e t o m t n l e  rather than in pure acetonitrile As 
expected, the d e c o m p o s i t i o n  of all starting m a t e r i a l s  
occurs at a slower rate when the solvent e m p l o y e d  is 
me thano 1

As the reaction schemes for the photolysis of [Ru(bpy) 2 ‘ 
( 3 B r P T ) ] 2+ and [R u (b p y ) 2 (3 M e P T )] 2 + m  acetonitrile and 
a c e t o n 1 1 r 1 1 e / L 1 C 1 are v e r y  similar, a detailed analysis 
will not be given For the p h o t o l y s i s  of [ R u ( b p y ) 2 ‘ 
( 3 B r P T ) ] 2+ in acetonitrile, the uv/vis spectra show that 
the a b s o r b a n c e  of the lowest energy ML C T band (420 nm 
broad) of the starting material decreases as the absorption 
maximum shifts to 425 nm This is in agreement with the 
HPLC results obtained showing that [ R u (b p y )2 (CH 3 C N ) 2  ] 2+ is 
formed as the main product A similar shift from 435 nm to 
425 nm is observed m  the uv/vis spectra of the photolysis 
of [ R u (b p y )2 (3M e P T )]2+ m  acetonitrile Again, the HPLC 
results confirm that [ R u (b p y )2 (CH 3 C N )2 32+ is formed as the 
major product

P h o t o l y s i s  m  a c e t o m t n l e / L i C l  results m  a shift m  
a b s o r p t i o n  m a x i m a  from 420 to 475 nm for [ R u ( b p y ) 2 ' 
( 3 B r P T ) ] 2 +  and 435 to 475 nm for [ Ru ( bpy)2 (3MePT)]2+ The
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HPLC results obtained show that [Ru(bpy)2 (CH 3 C N )C 1]+ is the 
m a j o r  photoproduct formed for both complexes, see Figure 
3 31 As with the photolysis reactions of [R u (b p y )2 (P T )] 
in acetonitrile and acetonitr 1 1e/LiC1, evidence suggesting 
the presence of a bivalent species containing a monodentate 
py r 1 dy 1 1 r 1 a z o 1 e ligand and an acetonitrile molecule was 
obtained However, no evidence for the formation of the 
m o n o dentate-chloro complex was obtained in these reactions

Indeed, as for [R u (bpy)2 (P T )]2+ , the monovalent complexes 
[ Ru ( b p y ) 2 (3BrPT)C 1]+ and [R u (bpy)2 (3MePT)C 1]+ were formed 
upon p h o t o l y s i s  of [R u (b p y ) 2 (3B r P T ) ] 2 + and [Ru(bpy)2 _ 
( 3 M e P T ) ] 2 + in methanol/LiCl The uv/vis spectra of the 
p h o t o l y s i s  of [R u (b p y ) 2 (3B r P T ) ] ^ + shows a d e c r e a s e  in 
a b s o r b a n c e  at 420 nm with a c o r r e s p o n d i n g  increase in 
absorbance at 500 nm As the photolysis proceeds a slight 
sh o u l d e r  at 530 n m , c o r r e s p o n d i n g  to [ R u (b p y ) 2 C 1 2 ] 1S 
f o rme d

The a b s o r b a n c e  shifts for [ R u (bp y ) 2 (3 M e P T )]  ̂+ are very 
similar, from 435 nm to 500 nm with a shoulder at 530 nm 
As with [R u (bpy)2 (P T )]2+ , the HPLC of these compounds needs 
impr o v e m e n t ,  but the des i r e d  m o n o d e n t a t e  p roducts are 
observed, each with an absorption maximum at 500 nm

3 3 2 4 Pho tolysis of fRu ( bp v ) o i4MeP vrt r ) 1 in 
A c e t o n i t r i l e .

The p h o t o l y s i s  of the title complex in a c e t o n i t r i l e  
produced some interesting results The uv/vis spectra as a 
function of photolysis time is shown m  Figure 3 32 and the 
chromatograms as a function of photolysis time are shown in 
F i g u r e  3 33 W h e n  all the s t a r t i n g  m a t e r i a l  was
decomposed, two products were formed
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Figure 3 32 Uv/vis spectra of [Ru(b p y )2 (4MePyrtr)](PF 5 ) 2  

taken during a photolysis reaction in CH 3 CN with respect to 
time, T = 0 to T = 5,820 sec

A B C D

0-15min (MOmin

TIME

2

0 - 1 0 m m 0-10min

Figure 3 33 Chromatograms taken during the photolysis of 
[Ru(bpy) 2 (4MePyrtr)] (PF6 ) 2 m  CH 3 CN Irradiation times, A, 
180 sec , B, 1,080 sec , C, 3,600 sec , D , 5,820 sec Flow 
rate 3 5 m l / m m  Detection wavelength 280 nm
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The first, the major product, peak 2, has a retention time 
of 3 05 min and its maximum absorbance at 445 nm The 
second product, peak 3, the [ Ru ( bpy)2 (CH 3 C N )2 ]2+ complex,
has a retention time of 6 82 min and its maximum absorbance
at 425 nm Peak 2 was assigned as the [Ru(bpy)2 (4MePyrtr)- 
(CH3 CN)] 2 + complex on the following basis In the initial 
stages of the reaction, the intensity of peak 2 increases 
sha r p l y  At this stage the intensity of peaks 1 and 3 
( p e a k  1 = lig a n d ,  r e t e n t i o n  time = 1 65 m m )  remain
relatively constant However if the reaction is allowed to 
proceed when all the starting material has been photolysed 
then the intensity of peak 2 decreases and simultaneously 
both peak 1 and 3 increase It was therefore concluded 
that ligand was released while the b 1 s - a c e t o m t r 1 1 e complex 
was formed This suggests that peak 2 is the [Ru(bpy)2 ~ 
(4MePyrtr)(CH 3 C N )]^+ complex In addition, the broad shape 
of peak 2 indicates that it is a doubly charged species

F r o m  t h e s e  r e s u l t s  it is o b s e r v e d  t h a t  t h e  
[R u (bpy ) 2 ( 4 M e P y r t r ) ( C H 3 C N )] 2 + complex is formed more 
r e a d i l y  t h a n  in t h e  p h o t o l y s i s  of the c o m p l e x e s
[ R u ( b p y )  2 (PT) ] 2 + , [ R u ( b p y ) 2 ( 3 B r P T ) ] 2+ and [ R u ( b p y ) 2 -
(3MePT)]2+ As the 4MePyrtr ligand is able to coordinate 
in a monodentate fashion to the central metal atom to form 
the ligand - acetonitrile complex as a major product, it 
m i g h t  be p o s s i b l e  to f o r m  the m o n o d e n t a t e  chloride 
[Ru(bpy)2 (4MePyrtr)C 1 ] + species if the photolysis solvent 
was acetonitrile/LiCl

3 3 2 5 Photolysis of fRu(b p v 1t (4MePvrtr) 1 m
A c e t o m t n l e - L i C l  .

Figure 3 34 shows the uv/vis spectra of the photolysis of 
[Ru(bpy)2 (4MePyrtr) ] as a function of time
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Figure 3 34 Uv/vis spectra of [R u (b p y )2 (4MePyrtr)](PF ^ ) 2  

undergoing a photolysis reaction m  CH 3 CN/O 01 M LiCl with 
respect to time, T = 0 sec to T = 3,300 sec

TIME

Figure 3 35 Chromatograms taken during the photolysis of 
[Ru(bpy)2 (4MePyrtr) ] (PF6 ) 2 in CH 3 CN/O 01M LiCl Irradiation 
times, A, 170 sec , B, 540 sec , C, 1,200 , D , 2,310 sec 
Flow rate 3 5 ml/min Detection wavelength 280 nm
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Figure 3 3 5 shows a sample of the c h r o m a t o g r a m s  taken
during the photolysis The uv/vis spectra do not show a 
clear isosbestic point suggesting a c omplex reaction As 
the time increases, the shoulder at 497 nm increases in 
a b s o r b a n c e  This su g g e s t s  that the monovalent species 
[Ru(bpy) 2 (4 MePyrtr)Cl]+ may be formed The chromatograms 
show that the p h o t o l y s i s  is c omplex, as five reaction 
products are formed As the reaction is complex, a graph 
of r elative p e r c e n t a g e  areas of the c h r o m a t o g r a m s  vs 
photolysis time is plotted to give a clearer view of what 
is happening (Figure 3 36) At the initial stages of the 
re a c t i o n  (up to T = 170s), the first product is peak 3
w hich has a r e t e n t i o n  time at 3 1 2  m m  and a m a x i m u m
a b s o r b a n c e  at 44 5 nm This is the same species as was 
p r o d u c e d  as the m a j o r  p r o d u c t  for the p h o t o l y s i s  of 
[Ru ( bpy ) 2 ( 4MePy r t r ) ] 2 + m  a c e t o m t r i l e  and is assumed to be 
[ Ru ( bpy ) 2 ( 4Me Py r t r ) ( CH 3 CN) ] This complex reaches its
m a x i m u m  i n t ensity at 540 s, after which it subsequently 
d e c r e a s e s  in i n t e n s i t y  As this p e a k  d e c reases the 
formation of other complexes is observed

F i g u r e  3 36 D i a g r a m m a t i c  r e p r e s e n t a t i o n  of p r oduct
formation during the photolysis of [R u (b p y )2 (4MePyrtr ) ] 2 + 
in C H 3 CN- 0 01 M LiCl as m e a s u r e d  from peak area of 
chromatograms
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The desired monovalent complex, [Ru(b p y ) 2 (4MePyrtr)C1]+ is 
formed (peak 1, retention time 1 30 min, absorption maxima 
500 nm and 340 nm) The absorption spectrum of this peak 
obtained from the diode array detection system is shown m  
Figure 3 37 Peak 1 reaches its maximum intensity at 1200 
s comp rising of 30% of the total integration area at the 
end of the r e a c t i o n ,  30% of the area is due to the 
[Ru ( bpy)2 (CH3 CN)C1 ] + (peak 2) complex and the remainder is
due to peaks 3 and 4 Peak 4 is due to the complex
[Ru(b p y )2 (CH 3 C N )2 ]2+ , with a retention time of 7 01 min and
a b s o r b a n c e  at 4 2 5 ' n m  If the r e a c t i o n  is allowed to 
proceed, then, as peaks 1 and 3 d e c o m p o s e ,  the major
product formed is [R u (b p y )2 (CH 3 C N )C 1]+ (peak 2, retention 
time 1 95 m m ,  absorption maximum 475 nm) Also, towards 
t h e  e n d  of the r e a c t i o n ,  a s m a l l  a m o u n t  of the 
[Ru(bpy)2 C 12 ] complex (retention time 1 65 min, absorption 
m a x i m u m  5 3 0 nm) s t a r t s  to f o r m  S e p a r a t i o n  of the 
p h o t o l y s i s  p r o d u c t s  on a p r e p a r a t i v e  scale was not 
attempted due to the reasons discussed earlier

Figure 3 37 A b s o r p t i o n  s p e c t r u m  (from HPLC photo diode
a rray detector) of [ Ru (b p y ) 2 (4 M e P y r t r )C 1 ] + formed photo- 
chemically from the photolysis of [R u (b p y )2 (4 M e P y rt r ) ] 2 + in 
a c e t o n i t n l e - L i C l
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3 3 2 6 Photochemical Stability of Compounds Containing 
the Chelating Ligands P T . 3BrPT. 3MePT and 
4 M e P v r t r .

It is anticipated that the rate of product decomposition 
will lead to a better understanding of the excited state 
properties of compounds containing pyridyltriazole ligands 
However, a more d e t a i l e d  i n v e s t i g a t i o n  is necessary in 
o r d e r  to a c c u r a t e l y  d e t e r m i n e  the s t a b i l i t i e s  of the 
c o m pounds p h o t o l y s e d  Factors such as q u a n t u m  yield, 
irradiation wavelength and light intensity (related to the 
lifetime of the lamp and decreases with time), must also be 
cons 1 de red

These is no marked difference in the photolysis rates of 
the compounds containing the PT type ligands, whereas it is 
obvious that the compound containing 4MePyrtr decomposes at 
a faster rate Observation of the uv/vis spectra of the
p h o t o l y s i s  of [Ru(b p y )2 (P T )]2+ and [R u (b p y )2 (4MePyrtr)]2+
in acetonitr 1 1e/LiC1 (Figures 3 27 and 3 34 respectively) 
and the diag r amma tic representation of these photolysis 
(Figures 3 29 and 3 36 respectively) show that the compound 
c o n t a i n i n g  the PT l i g a n d  is m o r e  s t a b l e  t h a n  tha t  
containing the 4MePyrtr ligand These results show that
even though the concentration of [Ru(bpy)2 (4 MePyrtr)]2+ is 
app r o x i m a t e l y  three times higher than that of [Ru(bpy)2 - 
(PT)]2 + , the starting material of the former compound has 
d e c o m p o s e d  w i t h i n  1500 sec, while that of the latter 
d e c o m p o s e d  at a p p r o x i m a t e l y  7000 sec Our pho t o l y s i s
r e s u l t s  o b t a i n e d  suggest that the com p l e x  [ R u ( b p y ) 2 _ 
(4MePyrtr)]2+ was found to be the most reactive of the four 
bivalent species in both a c e t o m t n l e  and methanol

These results obtained are quite unexpected as they suggest 
that the compounds containing the PT type ligands, which 
are weaker emitters (see Section 1), are more stable than
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[R u (b p y ) 2  (4MePyrtr)]2+ which is a stronger emitter One 
would expect that the energy of the ligand field level, the 
d-d level, would be lower when the compound is a poor 
emitter, and hence, this compound would be more susceptible 
towards photochemical reactions However, our results show 
that this is not the case

3 3 3 Photolysis of Complexes Containing Monodentate 
Coordinated Pvr 1 d v 1triazo 1 e Ligands,

This section will be treated m  a similar manner to the 
s e c t i o n  on p h o t o l y s i s  of the bi v a l e n t  c o m plexes A 
detailed discussion on the photolysis of [R u (bpy)2 (P T )C 1 ] + 
in a c e t o n i t r i l e  and a c e t o n 1 1 r 1 1 e / L 1 C 1 will be given, 
f o l l o w e d  by a general r e a c t i o n  scheme for m o n o v a l e n t  
samples The comparison of the photolysis of monovalent 
samples with each other and with the photolysis of their 
bivalent analogues will conclude this section

3 3 3 1 Photolysis of [Ru(bpvlo (P T )C 11 - in Acetonitrile.

As ob s e r v e d  from the uv/vis spectra m  Figure 3 38, the 
photolysis of [Ru(bpy)2 (PX)Cl]+ m  acetonitrile yields an 
isosbestic point at 485 nm The absorption maximum at 497 
nm decreases with i n c r e a s i n g  time with a corresponding 
increase m  absorption at 477 nm This suggests that the 
ligand is completely lost from the monovalent complex and 
the major photoproduct formed is [R u (bpy)2 (CH 3 C N )C 1]+ The 
p r e s e n c e  of the i s o s b e s t i c  point i n d icates that the 
photolysis reaction is not complex This is confirmed by 
the HPLC results shown in Figure 3 3 9 w here the rapid
d ecrease of peak 1 (retention time 1 6 6 min, absorption 
m a x i m u m  497 nm) c o i n c i d e s  with the i ncrease of peak 4 
(retention time 2 10 min, absorption maximum 475 nm)
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Figure 3 38 Uv/vis specta of [R u (b p y )2 (P T )C 1](PF 5 ) 
undergoing a photolysis reaction in CH 3 CN with respect to 
time, T = 0 to T = 565 sec
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Figure 3 39 Chromatograms taken during the photolysis of 
[R u (bpy)2 (PT)C 1](PF 5 ) in CH 3 CN Irradiation times, A, 0 
sec , B, 30 sec , C, 75 sec , D, 200 sec , E t 545 sec 
Flow rate 3 0 ml/min Detection wavelength 280 nm
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However, the free ligand occurs at 1 6 6 m m ,  the same time 
as that of the starting material The ligand peak (peak 2) 
is only ob s e r v e d  when all the starting material has d e ­
composed, and remains at a constant level as the photolysis 
p r o c e e d s  i n d i c a t i n g  that all the free ligand has been 
released into the solution A small amount of the neutral
s pe c i e s  [ Ru (b p y ) 2 C 1 2 ] has been formed as some of the
[R u (b p y ) 2 (C H 3 C N )C 1 ]+ com p l e x  decomposes, the dichloride 
species is observed as peak 3, chromatogram E, (retention 
time 1 81 m m ,  absorption maximum 530 nm) The monovalent 
species [Ru(bpy) 2 (i,T)Cl]+ is not a very stable species in 
solution as it decomposes within minutes of irradiation

3 3 3 2 Photolysis of f Ru (bp v) o (PT ̂ c 11 ~ in A c e t o m t n l e -

P h o t o l y s i s  of this sample in a c e t oni t r i 1 e/L i C 1 yields an 
isosbestic point in the uv/vis spectra (Figure 3 40) at the 
i n i t i a l  s t a g e  of the re a c t i o n  However, due to the 
presence of the chlorine atoms supplied by the LiCl, the
formation of the [R u (b p y )2 C 1 2 ] is more favoured than m  the 
previous photolysis in a c e t o n i t n l e  The isosbestic point 
is lost as soon as [Ru( bpy) 2 C 12 ] (peak 3, retention time 
1 81 m m ,  absorption maximum 530 nm) starts to form (as
o n l y  a s m a l l  a m o u n t  of [ Ru ( b p y ) 2 C 1 2 ] formed in pure 
a c e t o n i t n l e  the isosbestic point was not affected) The 
HPLC results shown in Figure 3 41 are very similar to those 
obtained in the pure a c e t o n i t n l e  photolysis, except that a 
larger q u a n t i t y  of [ R u (bpy)2 C 12 ] was formed The major 
pro d u c t  of the reaction is [ Ru ( bpy) 2 (CH 3 C N ) C 1 ] + (peak 4, 
retention time 2 12 m m ,  absorption maximum 475 nm) As 
with the p r e v i o u s  photolysis, the retention time of the 
ligand was the same as that of the starting material, so 
the ligand (peak 2 , r e t e n t i o n  time 1 . 6 6  m m )  was only 
observed when all the starting ma t e n a l  has dec ompo s ed

152



30 0 400 500 600 700

Wavelength (nm)

Figure 3 40 Uv/vis spectra of [R u (b p y ) 2 (F T )C 1](P F 5 ) 
undergoing a photolysis reaction in CH 3 CN/O 01 M LiCl with 
respect to time, T = 0 to T = 900 sec
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Figure 3 41 Chromatograms taken during the photolysis of 
[Ru(bpy)2 (PT)Cl](PF6 ) m  CH 3 CN/O 01 M LiCl Irradiation 
times, A, 0 sec , B, 20 sec , C, 90 sec , D, 420 sec , E, 
900 sec Flow rate 3.0 m l / m m  Detection wavelength 280 nm
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(1) A cetom trile

[Ru(bpy)2(L -L ’)Cl]+  ---------> [Ru(bpy)2(CH3CN)Cl]+  +  L -L ’

(2) A cetonitrxle/LiC l

[Ru(bpy)2(L -L ’)Cl]+  ---------> [Ru(bpy)2(CH3CN)Cl]+  + L-L*
major product

+ [Ru(bpy)2Cl2] 

minor product

Figure 3 42 Schematic reaction scheme for compounds 
containing monodentate PT type ligands m  CH 3 CN and 
CH 3 C N / O ,01M LiCl

Figure 3 42 is a schematic diagram of the reactions of the 
photolysis of the monovalent compounds containing PT , 3BrPT 
and 3MePT Reactions are very similar for all compounds, 
r e s u l t i n g  in rapid d e c o m p o s i t i o n  of starting material 
Photolysis of [Ru(b p y )2 (3BrP T )C 1]+ and [Ru(bpy)2 (3MePT)C 1]+ 
in a c e t o m t r i l e  results in the f o r m a t i o n  of [Ru(bpy)2 * 
( CH 3 C N ) C 1 ]+ as the m a i n  pro d u c t  This i n d icates that 
direct ligand substitution takes place

The photolysis of [R u (b p y ) 2 (3BrPT)C 1]+ in acetonitrile/LiCl 
results in a shift from 485 to 475 nm m  the absorption 
spectra, while a shift from 497 to 475 nm is observed for 
[ R u ( b p y ) 2 ( 3 M e P T ) C l ] + T h e s e  r e s u l t s  i n d i c a t e  that 
[Ru(bpy)2 (CH 3 C N )C 1]+ was the main photoproduct formed The 
HPLC results show this to be true, but also show that some 
[R u (b p y ) 2 C 1 2 ] was also formed At no stage during the 
photolysis of monovalent species m  these two solvents was 
the c o r r e s p o n d i n g  b i v a l e n t  a n a l o g u e  o b s e r v e d  as a
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photoproduct No photolysis reactions were carried out on 
[Ru ( b p y ) 2 ( 4 M e P y  r t r ) C 1 ] + due to sample shortage As the 
m o n o v a l e n t  c o m p l e x e s  a r e  l e s s  s t a b l e  t h a n  t h e i r  
cor r e s p o n d i n g  bivalent analogues it is expected that the 
p h o t o l y s i s  of this sample will proceed at a faster rate 
than its chelating analogue Indeed, complete photolysis 
of the m o n o v a l e n t  complexes occurs within minutes w h i 1 e 
that of the bivalent complexes proceeds at a slower rate 
There is no marked difference between the photolysis rates 
of t h e  c o m p o u n d s  c o n t a i n i n g  PT type l i g a n d s  in a 
monodentate coordination mode From the results obtained 
above, however, the site of monodentate coordination for 
the species produced photochemica 1 ly cannot be determined 
W hile the results obtained show that the ligands in the 
t h e r m a l l y  p r o d u c e d  m o n o v a l e n t  c o m p l e x e s ,  [ R u ( b p y ) 2 " 
( L - L ' ) C 1 ] + , are c o o r d i n a t e d  via the N^ ' atom of the 
t n a z o l e  ring, it cannot be concluded that the same m o n o ­
v a l e n t  s p e c i e s  is p r o d u c e d  p h o t o c h e m l c a  1 1 y as the 
a b s o r p t i o n  maxi m a  for the thermally and photochemica 1 ly 
produced species are all m  the range 495 - 510 n m , see
Table 3 15 There is however, a slightly larger difference 
b e t w e e n  the a b s o r p t i o n  m a x i m u m  of the t h e r m a l l y  and 
photochemica 1 ly produced [R u (bpy)2 (3BrPT)C 1 ]+ complex

This shift of 15 nm may signify a different coordination 
mode for the two species The slight differences m  the 
absorption maxima of the other compounds are not sufficient 
to determine^ if structural differences exist between the 
t h e r m a l l y  and p h o t o c h e m 1 ca 1 ly produced compounds From 
HPLC it was not po s s i b l e  to d i s t i n g u i s h  if there is a 
d i f f e r e n c e ,  as both the t h e r m a l l y  and p h o t o c h e m i c a l l y  
produced monovalent complexes have the same retention time

Other samples of the type [Ru(bpy)2 (L -L 1)]2+ where L - L 1 = 
HPyrtr, H 3 M e P y r t r ,  IMePyrtr and P N P , were photolysed in 
a c e t o n i t r i l e  and a c e t o n i t r 1 1 e / L 1 C 1 H o w e v e r ,  small
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quantities of [R u (b p y )2 (L -L ')CH 3 C N ]2+ were observed but no 
m o n o d e n t a t e -c h 1o r 1 de was o b s e r v e d  For the photolysis 
where L - L ‘ = HPyrtr, it is interesting to note that isomer 
2 decomposed faster than isomer 1

During the photolysis reactions that were carried out all 
the p r o d u c t s  o b t a i n e d  w e r e  b e l i e v e d  to be m  their 
c 1 s -geometry, from comparison with the literature [81] it 
is unlikely that trans■species were produced

Table 3 15 Absorption maximum of the monovalent complexes 
[Ru(b p y )2 (L -L ’)C 1 ]+ produced thermally and photochemica 1 ly 
as measured from the HPLC diode array system

L- L ' The rma1 
^max nma

Phot 0 chemic a 1 
^max nm

4Me Pyrt r 500 500a
3 B r PT 485 500b
3MePT 495 495b
PT 495 500b

a measured in the mobile phase acetonitrile water (80 2 0 ) 
w i t h  0 08 M L 1 C I O 4 k m e a s u r e d  in the m o b i l e  phase
acetonitrile water methanol (70 20 10) with 0 08 M L 1 CIO 4

3 3 4 nclns i p n ,

The p h o t o l y s i s  e x p e r i m e n t s  were p e r f o r m e d  in order to 
investigate the possibilities of producing the monovalent 
complex [Ru(bpy)2 (L“L l) C 1 ] + where L-L' = P T , 3 BrPT , 3MePT
or 4MePyrtr The monovalent complex [Ru(b p y )2 (4MePyrtr)C 1]+ 
w a s  o b s e r v e d  d u r i n g  the p h o t o l y s i s  of [ R u ( b p y ) 2 ‘ 
(4 M e P y r t r ) ] 2+ m  a c e t o n i t r i l e / L i C l  , w hile m o n o v a l e n t  
complexes of the type [Ru(b p y )2 (L -L ')C 1]+ containing the
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ligands PT, 3BrPT and 3MePT were observed while photolysing 
the bivalent analogues in m e t h a n o 1/LiC1

However, the site of m o n o d e n t a t e  c o o r d i n a t i o n  for the 
species produced photochemically cannot be determined from 
the results obtained above Knowing that the ligands m  
the t h e r m a l l y  p r o d u c e d  m o n o v a l e n t  complexes, [Ru(bpy> 2 " 
( L - L ’) C 1 ] + , are c o o r d i n a t e d  via the tr i a z o l e  ring, it 
cannot be c o n c l u d e d  that the same monovalent species is 
produced photochemica1ly From uv/vis and HPLC results it 
is not p o s s i b l e  to distinguish if there is a difference 
between thermally and photochemically produced monovalent 
corap 1 exe s

However, the two species are expected to have different
coordination modes As the thermally produced species are
c o o r d i n a t e d  via the triazole ring, ' atom for PT type
ligands and the N* ' atom for 4MePyrtr, it is anticipated
that for the p h o t o c h e m i c a l l y  p r o d u c e d  species to be
coordinated via this mode also, loss of the ligand would
result followed by reorientation m  solution and subsequent
c o o r d i n a t i o n  via the triazole ring For this reason it
seams likely that the c o o r d i n a t i o n  mode for the photo-

9 1chemically produced species is via the pyridine ring or N^ 
for PT type ligands and 4MePyrtr

The p h o t o l y s i s  e x p e r i m e n t s  also yie l d e d  i n f o r m a t i o n  
c o n c e r n i n g  the s t a b i l i t y  of the monovalent and bivalent 
complexes containing P T , 3 B r P T , 3MePT and 4MePyrtr In
a c e t o n i t r i l e  or ace t o n i t r i 1e/LiC1 the chelating 4MePyrtr 
c om p l e x  was found to be less stable than the compounds 
c o n t a i n i n g  PT , 3MePT and 3 B r PT ligands This result 
s u g g e s t s  that the w e a k e r  emitting compounds are more 
photochemically stable than the stronger emitting 4MePyrtr 
compound
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Chapter 4

Acid-Base Chemistry of Ruthenium Compounds Containing 
P y n d y l t r i a z o l e  Ligands
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4 0 Int_rp duction.

During the past 15 years there has been great activity in 
the study of the ground state and excited state chemistry 
of the [Ru(bpy)3 ]2+ cation [1-4] Of particular importance 
to this cha p t e r  have been studies of the excited state 
photochemistry and photophysics of this species with a view 
to d e v e l o p i n g  new pho to catalysts [3] The considerable 
t i m e  and effort spent i n v e s t i g a t i n g  this species has 
contributed greatly to our understanding of the chemistry 
of inorganic molecules in the excited state [5] It has 
been proposed that the study of acid-base chemistry m  the 
e x c i t e d  s t a t e  can p r o v i d e  i n f o r m a t i o n  on the charge 
r e d i s t r i b u t i o n  which occurs upon excitation Electronic 
spectra have been w i d e l y  used in the study of organic 
bases, to e valuate p K a values [6, 7] The p K a is an
i n d i c a t i o n  of the st r e n g t h  or weakness of an acid, the 
smaller the pKa , the stronger the acid In the literature, 
some studies of r u t h e n i u m  compounds u n d e r g o i n g  p r o t o n  
transfer reactions have been reported [7-19] Such studies 
are of interest as the acid-base properties of ground and 
exc i t e d  state can often be related to electron density 
d i s t r i b u t i o n s  m  the compounds It is generally agreed 
that the excited state acidity can be related to the nature 
of the emitting states of the compounds investigated [20] 
If the a c i d i t y  in the excited state has increased the 
ligand is not ex p e c t e d  to be d i r e c t l y  involved m  the 
excited state process, but merely present as a spectator 
ligand If however, the acidity is decreased, the excited 
electron is thought to be localised on the ligand, and this 
ligand is t h e r e f o r e  a c t i v e l y  i nvolved in the emission 
process of the ruthenium compounds [15-20]

For most compounds, the pKa of the coordinated ligand in 
the g r o u n d  state is more acidic than the p K a of the 
u n * c o o r d m a t e d  ligand [7-18] One exception however is
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[ (NH3 ) 5 Ru( p y r z ) ] 2+ , where pyrz = p y r a z m e ,  which exhibits 
reverse b e h a v i o u r  [19] In this case, the pKa of the 
doubly charged cation (pKa = 2 5 + 0 1 )  is nearly two orders 
of magnitude more basic than the uncoordinated ligand (pKa 
= 0  6) [21] One would expect at first instance, that the
e l e c t r o s t a t i c  effect of coordination of pyrazine to the 
p o s i t i v e l y  charged ruthenium (II) center would result in 
making the remaining nitrogen less basic than m  the free 
ligand However, from the results obtained above, Taube et 
al [19] c o n c l u d e d  that the r u t h e n i u m  (II) c e n t e r  
pa r ticipates in some special interaction with the ligand 
that more than compensates for the expected electrostatic 
effect They therefore postulated that such an interaction 
could be attributed to back donation of electron density 
from the filled metal based t2g o rbitals into the u n ­
o c c u p i e d  77 a n t i b o n d i n g  o rbitals of the ligand This 
increase m  pKa is consistent with an increase in electron 
d e n s i t y  on the pyrazine ring caused by overlap with the 
filled metal orbital The extent of this overlap will be 
determined by how close the pyrazine 77 orbitals and the 
available metal orbital of proper symmetry are in energy 
and by the radial extension of this metal orbital In a 
general sense, the better the overlap between the metal and 
the pyrazine orbital the higher the p K a of the coordinated 
Hpyrz+

Ligands similar m  structure to pyrazine such as p y r i d a z m e  
and pyrimidine have conjugate acids with pKa 's of 2 33 and 
1 3 r e s p e c t i v e l y  [21] However, coordination of these
ligands to the (NH3 )5 Ru moiety results in pKa ' s of 0 03 and 
0 00 respectively [19] That is, the ligands p y r i d a z m e  
and p y r i m i d i n e  are more acidic when coordinated to the 
(NH3 )5 Ru grouping This can be explained by assuming that 
the overlap of the ligand orbitals with the metal orbital 
is s m a l l  a n d  the d o m i n a t i n g  c o n t r i b u t i o n  from metal 
coordination at that site is electrostatic The excited
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state pKa ' s of complexes of the type [ (NH3 ) 5R 11L] 2+ where L 
= pyrazine, pyridazine and pyrimidine are 7 3, 6 5 and 1 9
respectively and were calculated using the Forster equation 
[6 ] This indicates that the ligands are more basic m  the 
excited state than m  the ground state, suggesting that the 
ligand electron density is significantly increased m  the 
excited state [19]

The pyrazine ligand has been important in the development 
of the chemistry of the [ (NH 3 ) 5RUL ] 2 + series The pKa 
determination for [(NH3 )5 R U (PyrzH)]^+ by Taube et al [19] 
discussed above, and the subsequent synthesis of the Creutz 
and T a u b e  d i n u c l e a r  c o m p o u n d  [ ( N H 3 ) 5 R U ( p y r z ) R u -  
(N H 3 )5 ]^ + » ̂ + ,6 + [22] illustrate this point Johnson and
Shepherd [12] have reported the pKa for [ ( C N ) 5R U (pyrzH)]2 "i
and have investigated the influence of CN" versus NH 3 in 
competition with pyrazine for back donation from Ru(II) 
In contrast to the [(NH3 )5R U (pyrzH)]^+ system, coordination 
of pyrz to the ( C N ^ R u  group results in the increased 
acidity of the pyrazine ligand (pKa [ (CN)5R U (pyrz)]J " =
0 A) This indicates that the replacement of the NH 3 with 
CN m  the set of spectator ligand will cause the basicity 
of the c o o r d i n a t e d  pzH+ to decrease as CN" competes 
e f f e c t i v e l y  for tt - electron density (CN‘ is a good rr 
a c c e p t o r )  T h e  e x c i t e d  s t a t e  p K a , p K a of
[ ( CN )5 R u (Hpyrz ) ] 2 * determined using the Forster equation 
[6 ] , shows that the ligand is more basic in the excited 
state than in the ground state The p K a value for 
[(C N ) 5 R U ( H p y r z )] 2 ’ is found at 14 7, considerably more
basic than that of [ ( NH 3 ) 5 Ru ( p y r zH ) ] ̂  + From these
results, Johnson and Shepherd [12] have suggested that 
ammonia does not stabilize the dn orbitals on the metal 
Thus the dn orbitals remain high in energy and can interact 
strongly with the pyrz tt orbital Cyanide on the other 
hand lowers the dn o r b i t a l s  s i g n i f i c a n t l y  t h r o u g h  
b a c k - b o n d i n g  This makes back bonding to pyrz less

166



favourable because the energy difference between the pyrz 
7r* orb i t a l  and the metal orbital of proper symmetry is 
large So, these results suggest that me ta 1 -1 o - 1 1 gand 
back-donation onto pyrz in the cyano complex is small while 
in the p e n t a m m e  de- localization is more extensive

Complexes of the type [(NH3 )5 R U L ] h a v e  also been studied, 
where L = pyrazole (Hpz), imidazole (Him), 3,5-dimethy1 - 
py r a z o l e  ( H M e 2 pz) or 1,2,4 triazole (Htrz), and the pKa 
values are presented in Table 4 1 One of the effects of 
c o o r d i n a t i o n  of imidazole or pyrazole to a metal ion is 
that the pyrrole-like nitrogen becomes less basic compared 
to the free ligand [23, 24]

T a b l e  4 1 A c i d  d i s s o c i a t i o n  c o n s t a n t s  for (NH 3 ) 5 Ru
containing compounds

Compound PK a

[(N H 3 ) 5R u ( HP z ) ] 3+ 5 98a
[(NH3 )5 Ru(Him)]3+ 8 90b
[(NH3 )5 Ru(HMe 2 pz)]3+ 7 2 1 a
[(NH3 )5 Ru(Htrz)]3+ 4 30a

a reference 25, b reference 26

The pKa values for the free neutral ligands are 14 2 for 
both Hpz and Him [25], and 10 26 for Htrz [26] As can be 
seen for these values, [(NH3 )5 Ru]^+ coordination lowers the 
p K a values c o n s i d e r a b l y  This is due to the positive 
charge of ruthenium, withdrawing electron density from the 
ligand, and thus lowering the p K a As expected, due to the 
electron donating properties of the methyl groups, the pKa

167



of [ ( N H 3 ) 5 ( HM e 2 P z ) ] 3 + is f o u n d  at h i g h e r  pH t h a n  
[(NH3 )5 Ru(Hpz)]3+

Other systems i n v o l v i n g  CN" ions were i n v e s t i g a t e d  by 
Peterson and Demas [11, 27] The complexes studied were
[Ru(bpy)2 (CN) 2 ] and [Ru(phen) 2 (CN) 2 ] In these compounds 
p r o t o n a t i o n  can take place at the CN' sites For both 
complexes a strong blue shift m  the absorption spectra is 
observed with increasing acidity but no isosbestic points 
are observed These results are consistent with the two 
step protonation of the CN groups to form species such as 
[Ru(bpy) 2 (HCN) (CN) 2 ] + and [Ru (b p y ) 2 (HCN) 2 ] 2 + Acidified 
solutions of [R u (bpy) 2 (C N )2 ] and [Ru(phen) 2 (CN ) 2 ] all emit 
with the c h a r a c t e r i s t i c  orange s p e c t r u m  of the parent 
u n p r o t o n a t e d  c o m p l e x e s  in water, a l t h o u g h  with reduced 
in t e n s i t y  However, at 77 K in highly acidic 96% H 2 SO4 

solution the emission of the protonated [Ru(phen) 2 (C N ) 2  ] 
was found to be bright blue rather than the characteristic 
orange This emission spectrum and that of the protonated 
[R u (b p y )2 (C N )2 ] complex bear a striking resemblance to that 
of the  ̂(7t - 7T*) phosphorescence of [Rh(phen)3 ] The
authors have concluded that for both complexes, the lowest 
MLCT state of the doubly protonated species is raised above 
the lowest ligand localised J (n - tt ) and emission changes 
from MLCT in nature to J ( tt - tt ) phosphorescence These 
results are interesting as they present the first case of 
inversion of excited state type on undergoing a protonation 
reaction

Studies on complexes containing the Ru(bpy > 2 moiety include 
the [ Ru ( b p y ) 2 (b p y (COOH ) 2 )]2+ system where investigations 
were initially carried out by W n g h t o n  et al [8 ] The 
a b s o r p t i o n  s p e c t r a  of [ R u ( b p y ) 2 ( b p y ( C O O H ) 2 ) ] ^ + as a 
f u n c t i o n  of pH e x h i b i t s  o n l y  one i s o s b e s t i c  point, 
indicating that both COOH groups have approximately the
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same pKa value A pKa of 5 5 was observed for a two proton 
equilibrium However, a more recent investigation of the 
acid-base properties of this system using p H ’s < 1 0  show 
that a slight shift off the isosbestic point is observed 
[10] Two inflection points were observed at 2 65 and -0 5 
i n d i c a t i n g  that a two step acid-base equilibrium of the 
carboxyl moieties in the bpy(C00H)2 ligand exists as shown 
below

.cooh' ^ . c o o - '
♦

.COCf"
- H M - H &

Ru Jt ♦ jr
/* Y  (bpvytu 1 4 H* (bpy),Rû  jT

t L ™ t k^ / X COOH_ ^ ^ X COOH_

(1 )

In contrast to the results obtained by Wrighton et al [8 ] , 
these results suggest that the two carboxyl acid groups 
b e h a v e  i n d e p e n d e n t l y  In a g r e e m e n t  with this, the 
acid-base properties of the free ligand exhibits two pKa 
values (pKa l = 3 7 and p K a 2 < 2  0) Upon coordination of 
the bpy(C00H)2 ligand to ruthenium the carboxyl moiety m
the bpy(C00H)2 ligand (pK a 2 = 2 65) is nearly one order of
magnitude more acidic than that of the free ligand This
suggests that the coordination of the ligand reduces the
electron density of the carboxyl moiety, which results from 
tt b a c k - d o na 1 1 o n from r u t h e n i u m  to ligand, and from the 
electrostatic interaction effected by the coordination of 
the ligand to the r u t h e n i u m  center responsible for the 
increase of the acidity This is again m  contrast to the 
[ (NH3 )5 R U (pyrz) ] complex where the p K a has been shown to 
be i n c r e a s e d  by the n b a c k -d o n a t 1 on w h i c h  more than
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compensates for the electrostatic effect [19] Therefore, 
the increase of acidity of [R u (bpy)2 (b p y (COO H )2 ) ] 2+ implies 
that the interaction with the unoccupied tt orbitals of the 
p a r e n t  b i p y r i d i n e  is s m a l l e r  t h a n  t h a t  w i t h  the 
electrostatic effect

T h e  e x c i t e d  s t a t e  p r o t o n a t i o n  e q u i l i b r i u m  of 
[Ru(b p y ) 2 (b p y (COOH) 2 )]2+ has been measured by luminescence 
titration, by exciting at one of the isosbestic points [3, 
5] Shimidzu et al [10] observed one inflection point at 
pH = 3 9 w h i c h  is d i f f e r e n t  to that obtained from the
absorbance titration curve of by about 1 5 pH units The 
a u t h o r s  s u g g e s t  that, since the two acid groups are 
expected to have two distinct pKa 1s in the excited state, 
the inflection point represents the equilibrium between the 
deprotonated and the monoprotonated form and indicates that 
t h e  o t h e r  e q u i l i b r i u m  ( b e t w e e n  m o n o p r o t o n a t e d  and 
d i p r o t o n a t e d  forms) is lower than pH 0 2 The results 
illustrate that the excited state complex can be protonated
without electronic deactivation, 1 e when at pH 3 5 one
e x c i t e s  in the d e p r o t o n a t e d  form, em i s s i o n  w hich is 
predominantly from the monoprotonated form is observed

An e x c i t e d  state p K a , p K a of 4 3 was d e t e r m i n e d  by 
S h i m i d z u  et al [10] , the lifetimes of the mono and
deprotonated forms are 0 21 and 0 46 ¿is respectively A
pKa value of 3 9 was calculated using the Forster equation
[6 ] These two values of p K a are quite similar, in
contrast to the large difference in pKa values of 8 5 and 
5 9 o b t a i n e d  by W n g h t o n  et al [8 ] which resulted from
failure of assuming the one step acid -base equilibrium in 
the ground state The result obtained by Shimidzu et al 
[1 0 ] relied upon observations of a two step equilibrium 
The difference observed between pKa and pKa indicates that 
the deprotonated complex is a stronger base in the excited 
state than in the ground state This suggests that the
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ligand e lectron d e n s i t y  is s i g n i f i c a n t l y  higher in the 
excited state than in the ground state This suggests that 
the excited el e c t r o n  m a y  be loc a t e d  on the bpy(C00H)2 
ligand

Wrighton et al [9] have reported on the ground and excited 
s t a t e  a c i d - b a s e  c h e m i s t r y  of t h e  f o u r  c o m p l e x e s  
[( 4 ,7 - d i h y d r o x y - l , 1 0 - p h e n a n t h r o l i n e ) R u L 2 ] 2+ [L = bpy , 
M e 2 bpy, phen and M e 4 phen) The deprotonat 1 on equilibria 
are shown below

The t i t r a t i o n  of [(p h e n ( 0 H ) 2 )R u L 2 ] 2 + shows only one 
end-point consistent with the plots of change in optical 
density versus pH which shows only one infection point 
The p K a values o b t a i n e d  for the d i h y d r o x y  phenthroline 
compounds are all approximately 10 The excited state pKa

n 1values for the [ ( 4 , 7-dihydroxy- 1 ,10-phenanthro1 m e )R u L 2 1 
compounds were calculated using the Forster equation [6 ], 
and also by using the l i f e t i m e s  of the protonated and 
deprotonated complex The results, in Table 4 2 clearly 
show that the excited species are stronger acids than their 
ground state counterparts The change in the value of the 
overall dissociation constant is very substantial and much 
l a r g e r  t h a n  t h e  c h a n g e  p r e v i o u s l y  r e p o r t e d  f o r
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[ R u ( b p y ) 2 ( b p y ( C O O H ) 2 ) ] 2+  [ 8 ,  1 0 ]  T h e r e  i s  a n e t  d r a i n  o f  

el e c t r o n  d e n s i t y  from the d e p r o t o n a t e d  4 , 7 - d i h y d r o x y - 
p h e n a n t h r  o 1 m e  ligand m  the excited state via electron 
donation to the ruthenium metal

T a b l e  4 . 2  A c i d  d i s s o c i a t i o n  c o n s t a n t s  f o r  t he 
[ ( phen ( OH ) 2 ) RuL 2 ] 2 + series of compounds, where L = bpy , 
M e 2 b p y , phen and M e 4 phen

L PKa P * a * a P * a * b

bpy 10 1 5 1 6 7

Me2 bpy 10 0 5 4 6 5

p h e n 10 0 4 7 6 1

Me 4 p h e n 9 8 5 6 6 1

a calculated using the Forster equation, b 
calculated using lifetime measurements

The a c i d - b a s e  c h e m i s t r y  of [ R u ( b p z ) 3 ]2+ where bpz = 
bipyrazine, has been investigated by Crutchley et al [5] 
T h i s  c a t i o n  h a s  s i x  u n c o o r d i n a t e d  n i t r o g e n  a t o m s
p o t e n t i a l l y  a v a i l a b l e  for p r o t o n a t i o n  A c o m b i n e d 
absorption and emission study was able to delineate all six 
p r o t o n a t i o n  steps The first three p r o t o n a t i o n  steps 
involve nitrogen atoms, one to each ligand, which m  the 
e xc i t e d  state are more basic than the ground state, the
difference decreasing with each protonation step Thus, in 
general, excitation results in an excited state which is 
q u e n c h e d  by re a c t i o n  with a proton during its lifetime, 
l e , the excited state under the given acid conditions,
c ontains at e quilibrium one more proton than the ground 
state The first three pKa values for (Ru(bpz>3 ]2+ are
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more negative than the value obtained for the free ligand 
indicating that the coordinated bp zH + is a stronger acid 
than the free protonated ligand

The s u b s e q u e n t  three p r o t o n a t i o n  steps take place at a 
ligand which already possesses a proton and at a nitrogen 
atom w h i c h  is less basic than the grou n d  state The 
subsequent three protonation steps take place at a ligand 
which already posses a proton and at a nitrogen atom that 
is less basic than the ground state O ther systems of 
i nterest include the acid-base spectroscopic studies on 
c o m p l e x e s  of the type [R u (b p y ) 2 (L -L ) ] ^ + , where L-L = 
2-(2-p y r 1 d y 1)benzlmidazo1e (PbzimH), 2-(2-pyridy 1 lmidazole) 
(Pim H )  , 2,2' * b i b e n z i m i d a z o l e  (bibzimH 2 ) and 2 , 2 ' - b 1 -
l m i d a z o l e  ( b i i m H 2 )  (see F i g u r e  3 3, C h a p t e r  3 for
s t r u c t u r e s )  [28, 29] D e p r o t o n a t i o n  of [ R u ( b p y ) 2 _
( b 1 b z 1 mH 2 ) ] 2 + results in a shift to lower energy of the 
absorption maximum A similar effect is observed for the 
d e p r o t o n a t 1 on of c o m plexes c o n t a i n i n g  PbzimH, pimH and 
b n m H 2 The acid ionization constants pK a i and pKa2 ^or 
these compounds are listed m  Table 4 3

9 +Table 4.3 Acid ionization constants of [R u (b p y )2 (L -L ) ] z , 
where L-L = PbzimH, PimH, bibzimH 2 and b n m H 2 at 25°C [29]

Compound PKa l Pk a 2 P * a * a

[ R u ( b p y ) 2 ( P b z i m H ) ] 6 8 4 1
[Ru(bpy) 2 (PimH)] 2 + 7 9 5 2
[ R u ( b p y ) 2 ( b i b z i m H 2 ) ] 2 + 5 7 1 0 1 2 6 a
[ R u ( b p y ) 2 ( b n m H 2 ) ] 2 + 7 3 1 2 0 5 0a

a pk a j value
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C o m p a r i s o n  of the p K a values of the PimH and PbzimH 
complexes with those of free PimH and PbzimH (13 4 and >12 
r e s p e c t i v e l y  [29]) indicates that the a c i d i t y  of the 
co n j u g a t e  acids of these ligands i n c reases upon their 
c o o r d i n a t i o n  to the r u t h e n i u m  ion The p K a values of
complexes of the benzlmidazo1e derivatives are smaller than 
those of the imidazole derivatives This is due to the
electron withdrawing effect of the benzimidazole benzene

The e x c i t e d  s t a t e  p K a values for the compounds are
evaluated from the absorption band maxima of the protonated 
and deprotonated forms in these complexes using the Forster 
cycle [6] (the em i s s i o n  bands could not be used as the 
em i s s i o n  of the p r o t o n a t e d  species is very weak) The 
values obtained for the pKa suggest that the excited state 
species are stronger acids than the ground state complexes

In our i n v e s t i g a t i o n s  of the series of py r i dy 11 r i a zo 1 e 
compounds m  Chapter 3, it was observed that some of the 
ligands such as 3 - (p y r i d l n -2-y 1)- 1H - 1 , 2 , 4 - t r i a z o 1e and
3 - m e t h y 1 - 5 - ( p y r i d l n -2-y 1) - 1H - 1 , 2 , 4 - t r l a z o 1 e easily de- 
p r o t o n a t e  w h e n  bound to the R u ( b p y ) 2  m o i e t y  In this 
chapter, the pH dependence of the ground state and of the 
excited state properties of these compounds (and of the 
free ligands) has been investigated using spectropho t o - 
me t r i c  and e m i s s i o n  lifetime t e c h n i q u e s  The results 
ob t a i n e d  are discussed in relation to the nature of the 
e mitting triplet meta 1 -t o - 1 1gand c h a r g e -t r a n s f e r  state 
(^MLCT) of the r u t h e n i u m  c o m pounds and the e l ectronic 
properties of the ligands

4 1 Acid-base chemistry of the free ligands HPvrtr and
H 3 M e P_v_r t r

In order to be able to compare the acid-base chemistry of
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the c o o r d i n a t e d  ligand with that observed for the free 
ligand, titration experiments were first carried out with 
uncoordinated HPyrtr and H3MePyrtr Investigations of the 
ground state p r o p e r t i e s  were carried out using uv/vis 
spectroscopy, while the excited state behaviour was studied 
using l u m i n e s c e n c e  s p e c t r o s c o p y  All spectral changes 
o b s e r v e d  were r e v e r s i b l e  UV/vis spectra o b t a i n e d  in
typical e x p e r i m e n t s  with the free ligands are shown m
Figure 4 1 Both ligands were investigated in the pH range 
from 1 0 to 11 0 Between pH 1 0 and 6 0 isosbestic points
were o b s e r v e d  at 27 2 nm for HPyrtr and at 2 7 5 nm for
H3MePyrtr In this pH range the lowest energy absorption 
shifts from about 272 nm at pH 2 0 to 286 at pH 6 0 In 
the pH range from 6 0 to 11 0 i s o s b e s t i c  points were
observed at 239 nm for HPyrtr and at 243 nm for H3MePyrtr 
t o g e t h e r  with shifts to lower energy of both absorption 
bands with i n c r e a s i n g  pH (See Table 4 4) P K a values 
obtained from these experiments are listed in Table 4 5

Table 4.4 A c i d - B a s e  P r o p e r t i e s  of the P y r l d y 1t r l a z o 1 e 
Ligands, Spectroscopic Data

Species abs m a x ( n m )  em max
(log €) (nm)

H 2 Pyrt r + 286(4 17) ,232(4 24) 435
H23MePyrt r + 290(4 14) , 230(3 97) 475
HPyrtr 273 (4 03) , 232(4 12) 370
H3MePyrtr 272 (4 06) , 235(4 02) 375
[Pyrtr]* 279 (4 04) ,243 (4 U ) 435
[3MePyrt r] ’ 283 (4 05) ,252(4 01) 460

Measurements were carried out m  Britton - Robins on buffers 
u s i n g  1 0 ’^ m o l / d m ^  solutions of the ligands for the 
a b s o r p t i o n  experiments and 1 0 “  ̂ mol/dm^ for the emission 
studies
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wavelength (nm)

wavelength (nm)

Figure 4 1 PH d e p e n d e n c e  of the absorption spectrum of
HPyrtr m  aqueous Britton robinson buffer (1 0 x 10'^ mol 
dm ~ ̂ ) (a) for curves (a)-(l) pH 1 21, 2 36, 2 46, 2 89, 
3 30, 3 63, 3 84, 4 13, 4 36, 4 69, 5 39, 6 20 (b) for 
curves (a)-(f) pH 7 97, 8 89, 9 37, 9 62, 10 16, 11 00
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The pH d e p e n d e n c e  of the emission of the compounds was 
investigated over the same pH range Going from pH 6 0 to 
1 0 a  significant increase of the emission intensity was 
observed parallel with a shift of the emission maxima to 
lower energy When the data were analysed as emission 
titrations, inflection points at pH = 2 9 ( + 0 3) and 3 1
(+. 0 3) were found for HPyrtr and H3MePyrtr respectively 
Going from pH 6 0 to pH 11 0 again an increase of the
emission intensity is observed, combined with an increase 
in the emission wavelength In this pH range inflection
points were obtained at pH values of 8 9 (+ 0 3) and 9 8 (+
0 2) for HPyrtr and H3MePyrtr respectively The emission 
maxima of the different species involved have been listed 
in Table 4 4

The spectroscopic changes observed with changing pH can be 
rationalised by assuming protonation of the ligands at low 
pH and deprotonation at higher pH as described m  reaction
3

pKa (base) pKa (acid)
(HoPyrtr)+ HPyrtr (Pyrtr)' (3)

H + H +

This interpretation is consistent with experiments carried 
out w i t h  N - s u b s t 1 1 u t e d li g a n d s ,  such as 4 - m e t h y l - 3 -  
( p y r l d l n - 2 - y 1 ) - 4 H - 1 , 2 , 4 - t r i a z o 1 e (4MePyrtr) For this 
ligand a v a r i a t i o n  of the a b s o r p t i o n  spectrum was only 
observed m  the pH range from 1-6, yielding a pKa (base) of
4 2 + 0 2  [30] The p K a (acid) values observed for the
neutral ligands of about 9 50 are somewhat smaller than 
o b t a i n e d  for 1 , 2 ,4 ■ t n a z o l e  ( 10 26 ) [31], while the 
pKa (base) values obtained are similar to those reported for 
p y r i d i n e  ( 5 25) [32], 2 , 2 - b i p y r i d y 1 (4 45 ) [33], and
1 , 2 , 4 - 1rlazo1e (2 27) [31] From the p K a (base) values one 
w ould expect protonation of the neutral ligand to occur 
f i r s t  at the p y r i d i n e  ring, h o w e v e r  h y d r o g e n  bridge

I
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formation to the adjacent triazole N-atom is likely

It is important to note that the lowest energy absorption 
maxima observed for the p y n d y l t r i a z o l e  ligands are very 
close to the n ----> 77 t r a n s i t i o n s  (280 nm) in 2,2'-
b i p y n d y l ,  this could result in an electronic interaction 
b e t w e e n  t h e s e  o r b i t a l s  in the r u t h e n i u m  comp o u n d s  
However, the reduction potentials of HPyrtr and H3MePyrtr 
are f o u n d  at more n e g a t i v e  values than that of bpy, 
indicating that the n orbitals of bpy lie at lower energy 
than the tt orbitals of the p y n d y l t r i a z o l e  ligands The 
f i r s t  r e d u c t i o n  p o t e n t i a l s  of HPyrtr, H 3 M e P y r t r  and 
4MePyrtr are found at a more negative potential than bpy 
(see Chapter 3) Also the changes in the emission spectra 
can be rationalised by the occurrence of protonation and 
deprotonat 1 on reactions as described for the ground state 
The excited state properties of the free ligands will be 
d i s c u s s e d  below, t o g e t h e r  with those ob s e r v e d  for the 
ruthenium compounds

4 2 Acid-base Chemistry of Ruthenium Compounds in the 
Ground State

Figures 4 2 (a) and (b) show the effect of the change of pH 
on the u v / v i s  s p e c t r u m  of isomer 1 and isomer 2 of 
[ R u ( bpy) 2 ( H P y r t r )  ] r e s p e c t i v e l y  For i s o m e r  1,
isosbestic points are observed at 322, 390 and 458 nm and
the Amax of the lowest absorption maximum shifts from 450 
nm to 470 nm For isomer 2, isosbestic points are observed 
at 322, 386 and 457 nm and the Amax of the lowest energy
a b s o r p t i o n  m a x i m u m  s h i f t s  from 437 to 465 nm For 
[Ru(bpy)2 (H3MePyrtr) ] similar behaviour is observed with 
isosbestic points at 321, 387 and 456 nm and a shift in the 
position of the lowest absorption band from 438 to 467 nm 
going from low to high pH
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Figure 4 2 PH dependence of the absorption spectrum of (a) 
isomer 1 of [ R u ( b p y ) 2 ( H P y r t r ) ] in an aqueous Britton 
Robinson buffer (6 3 x 1 0 ~^ m o i d m ‘3), for curves (a)-(n) 
pH 2 42, 3 52, 4 25, 4 93, 5 16, 5 53, 5 70, 5 95, 6 07,
6 33, 7 07, 7 47, 7 99, 8 53 a n d  (b) i s o m e r  2 of
[R u (bpy)2 (HPyrtr)]^+ in an aqueous Britton Robinson buffer 
(6 3 x IO'5 mol d m ‘3) for curves (a)-(q) pH 1 58, 1 93,
2 18, 2 51, 2 97, 3 18, 3 48, 3 70, 3 93, 4 14, 4 35, 4 60,
4 9 2 , 5 3 3 , 5 7 5 , 6 1 7 , 6 7 3
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All c h anges are fully reversible and independent of the 
direction of the pH change The changes m  spectroscopic 
features for all compounds are summarised in Table 4 6 

The p K a (acid) values of the ruthenium compounds obtained 
are listed in Table 4 5

Table 4.5 D i s s o c i a t i o n  constants of Free and Complexed 
P y n d y l t n a z o l e s

Compound P K S
(acid)

PK a
(base)

pK a * 3
(acid)

pKa* b
(acid)

PK a* b
(base)

HPyrt r 9 20 3 32 - ( 8 9) 7 5 6 9 (2 9)
H3MePyrtr 9 80 3 40 - (9 8 ) 6 8 8 3 (3 1 )
Isomer 1 5 95 - 4 22(5 1) 4 9
Is ome r 2 4 07 - 2 12(2 7) 2 1

3 4 87 - 4 44(4 2) 3 5

I s o m e r s 1 a n d 2 a r e t h e t w o  1 s o m e r s 0 f
[ Ru ( bp y ) 2 ( HPy r t r ) ]  ̂+ , 3 = [ Ru ( bpy) 2 (H3MePyrt r) ] All
ground state pKa values and inflection points are ± 0 05, 
exc i t e d  state p K a ¿ 0  2 , values in parentheses are the 
i n f l e c t i o n  points of the em i s s i o n  t i t r a t i o n  curves, a 
p K a*(acid) c a l c u l a t e d  using equation 6 , b P^a* values
obtained using Equation 5, for details see text

It is generally agreed that the lowest energy absorptions, 
found around 450 nm in the absorption spectrum of ruthenium 
bis(bpy) c o m pounds, can be described as singlet metal-to- 
ligand charge - transfer (^MLCT) transitions, in which the 
e l e c t r o n  is exc i t e d  from a metal based d-orbital to a 
ligand based tt orbital The emission occurs in most of 
these c o m p o u n d s  from a b p y - b a s e d  ^MLCT state, which is 
p o p u l a t e d  from the singlet state with an efficiency of
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close to 1 [1, 14, 34] The changes m  the absorption and
e m i s s i o n  s p e c t r a  w i t h  pH of i s o m e r s  1 and 2 and 
[ R u (b p y )2 (H3MePyrtr)]^+ can be explained by deprotonation 
of the p y r i d y 1 t r i a z o 1 e ligands at h i g h e r  pH, y i e l d i n g  
r e s p e c t i v e l y  [R u (b p y ) 2 (P y r t r ) ] + (isomers 1 and 2 ), and 
[Ru(bpy) 2 (3 MePyrtr)]+ (see Equation 4)

pKa (acid)
[Ru(bpy)2 (HPyrtr)]2+ /........._ > [Ru(bpy)2 (Pyrtr)]+ (4)

H +

Results o b t a i n e d  [30] in similar e x p e r i m e n t s  with the 
compound [R u (b p y ) 2 (4 M e P y r t r ) ] ^ + , where 4MePyrtr is the 
neutral ligand 4 - m e t h y 1 - 3 ( p y r 1 d 1 n -2 - y 1 ) - 1 , 2 , 4 - 1 r 1 a z o 1e , 
con f i r m  this interpretation For this last compound no 
variation of the absorption spectrum with pH was observed 
The changes observed in the absorption spectra of isomers 1 
and 2, and [ Ru (b p y ) 2 (H3MePy r t r } ] 2 + can be explained by an 
increased ease of electron donation from the deprotonated 
ligand to the r u t h e n i u m  center This results m  a d e ­
s t a b i l i s a t i o n  of the metal based ground state and a 
decre a s e  in the energy of both absorption and emission 
maxima [6 ]

The pKa values given in Table 4 5 show that the ligands act 
as much stronger acids after coordination to the Ru(bpy> 2 ' 
moiety, with the pKa (acid) being changed by between three 
and five orders of magnitude Similar behaviour has been 
observed for a number of related ruthenium comp o u n d s , such 
as t h e  R u (  b p y  ) 2 c o m p l e x e s  of 4 , 7 - d i h y d r o x y  - 1,10- 
p h e n a n t h r o 1 ine [9], 4,4' - d i c a r b o x y  - 2 , 2 ' - b lpyr 1 dine [8 ,
10], 2 , 2 1 - b e n z i m i d a z o l e  [28, 35] and others The only
e x c e p t i o n  is the c ompound [ ( N H 3 )5 R U (p y r z ) ] ^ + (pyrz = 
p y r a z m e )  reported by Taube et al [19] The increased 
acidity in the compounds reported here can be attributed to 
e l e c t r o n  donation from the pyr 1 d y 1 tr 1 a z o 1 e ligand to the
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central metal ion On the other hand the increase in the 
basicity of the pyrazine ligand on coordination has been 
a t t r i b u t e d  to strong meta 1 -to - 1 1 gand backdonation [19] 
The i n c r e a s e d  aci d i t y  observed for the pyridy11 riazo 1 es 
upon coordination suggests therefore that in the ruthenium 
reported here, electron donation from the pyridy 1 trlazole 
ligands to the central metal atom is more important than 
metal-to-pyridyltriazole back-donation

Table 4 6 Excited State Properties of Compounds of the Type 
[Ru(bpy)2 (L -L ' ) ] where L-L' = Hpyrtr and Pyrtr" (isomers 
1 and 2) and H3MePyrtr and 3MePyrtr"

Abs Em Em Lifetime Quantum Yield
L-L' max a max a max b (ns)a ,c emission 3

(nm) (nm) (nm)77K

HPyrtr 1 450 615 590 18(99)67(1) 2 0 x 1 0 "3 (+ 0 2 )
HPyrtr 2 437 620 575 30(90)15(10) 1 4x10 ~ 3 (± 0 2 )
Pyrtr' 1 470 650 609 143 6 0 xl 0 “3 (± 0 2 )
Pyrtr' 2 465 650 608 1 1 0 3 8x l 0 ‘3 (+ 0 2 )
H3MePyrtr 440 612 587 29(50)150(50)4 0 x 1 0 "3 (± 0 2 )
3MePyrt r ‘ 466 645 610 85 2 7x10"3 (+ 0 2 )

a data obtained m  B r i t t o n - R o b m s o n  buffers for 1 and 3 pH 
= 1 94 for the protonated compounds and pH = 8 00 for the 
deprotonated compounds, b measured in methanol glass at 77 
K c l i f e t i m e  v a l u e s  o b t a i n e d  from Japan, values m  
brackets are the values obtained for the quantum yields, ^ 
q u a n t u m  yields of e m i s s i o n  o b t a i n e d  by comparison with 
[ R u (b p y )3 ]2 +
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I n t e r e s t i n g l y ,  in comparison with the pKa value of 4 48 
o b t a i n e d  for the m i x t u r e  of i s o m e r s  of [ R u ( b p y ) 2 ' 
(HPyrtr)]2*, isomer 1 and isomer 2 yield very different pKa 
values of 5 95 and 4 07 respectively For isomer 2 the 
difference 1 m  optical density (OD) in acid and base is much 
larger than the difference in optical density for the pro* 
tonated and deprotonated forms of isomer 1 Due to this 
small difference in optical density observed over the pH 
r a n g e  for i s o m e r  1 , the a b s o r p t i o n  (and e m i s s i o n )  
t i t r a t i o n s  of the m i x t u r e  of isomers results m  a pKa 
similar to that of isomer 2 being determined For the %OD 
versus pH plots for the mixture of isomers of [Ru(bpy) 2 - 
( H P y r t r )  ]  ̂+ , no c l e a r  e vidence was o b s e r v e d  for the 
presence of two pKa values The pKa results obtained for 
the isomers indicate that the pKa depends on the mode of 
coordination of the pyridy1tr 1 a z o 1e ligand The position 
of the proton on the coordinated HPyrtr ligand, which will 
be affected by the coordination mode of the ligand, will 
also affect the pKa determination

As suggested in Chapter 3, the coordination mode for the 
ligand in isomer 1 is via the ' position on the triazole 
ring and the coordination mode for isomer 2 is via N* of 
the triazole ring The p K a value for isomer 2 is found at 
4 07 w h i c h  is in a g r e e m e n t  with the p K a value of 4 87 
ob t a i n e d  for [ R u (b p y ) 2 (H 3M e P y r t r ) ] 2 + which is also c o ­
ordinated via the of the triazole ring The presence
of the extra methyl group m  H3MePyrtr does not greatly 
e f f e c t  the g r o u n d - s t a t e  a c i d - b a s e  p r o p e r t i e s  of the 
c o m p o u n d s  But as ex p e c t e d  from the e l e c t r o n  donor 
properties of the methyl group H3MePyrtr and its ruthenium 
compound are slightly weaker acids

No evidence was found for protonation of the neutral c o ­
o r d i n a t e d  ligand at low pH This suggests that the 
basicity of the coordinated ligand is highly reduced At
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the same time it should be realised that protonation is 
h i n d e r e d  by coordination of the ligand to the ruthenium 
ion G iven the fact that p yridine is more basic than 
1 , 2 ,4 * triazole it is w o r t h w h i l e  to r e m e m b e r  that pro* 
t o n a t i o n  of the free ligand occurs most likely at the 
pyridine nitrogen

4 3 E x c i t e d  State P r operties I n c l u d i ng Lifet i m e  aili.
Quantum Yield Measurements

T he pH d e p e n d e n c e  of the e m i s s i o n  p r o p e r t i e s  of the
compounds was also investigated Figure 4 3 (a) and (b)
s h o w s  the e m i s s i o n  s p e c t r a  of i s o m e r s  1 and 2 of
[R u (b p y ) 2 (H P y r t r ) ] 2 + as a function of pH The initial
studies on the a c i d - b a s e  b e h a v i o u r  of these r u t h e n i u m
compounds were carried out on [Ru(bpy)2 (HPyrtr)]2+ that is,

9 +the mixture of isomers 1 and 2 and [R u (bpy)2 (H3MePyrtr)] 
L i f e t i m e  studies of these compounds were carried out m  
T r i n i t y  Col l e g e  D u b l i n  using the Time Correlated Single 
Photon Counting (TCSPC) apparatus described m  Chapter 2 
The results obtained are presented in Figure 4 4 (a) and
(b), and Table 4 7 along with the results obtained for the 
a b s o r p t i o n ,  e m i s s i o n  and qua n t u m  yields of these two 
c o m p o u n d s  S e p a r a t i o n  of t h e  t w o  i s o m e r s  of
[Ru ( b p y ) 2 (H P y r t r )]2+ (see Chapter 3) enabled the excited 
s t a t e  p r o p e r t i e s  of each isomer to be i n v e s t i g a t e d  
L ifetime m e a s u r e m e n t s  of the two isomers and [Ru(bpy)2 " 
(H 3M e P y r t r  ) ] 2+ were carried out in the Riken Institute, 
Tokyo [36] , and are listed in Table 4 6 along with the 
absor p t i o n ,  e m i s s i o n  and qua n t u m  yield data The decay 
curves are presented m  Figures 4 5 and 4 6 The changes 
observed in the emission spectra as a function of pH are 
consistent with those observed for the absorption spectra 
and agree with deprotonation of the p y n d y l t r i a z o l e  ligands 
m  [Ru(bpy)2 (HPyrtr)]2+ and [Ru(bpy)2 (H3 MePyrtr)]2+
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Wavelength(nm) Wavelength (nm)

Figure 4 3 PH dependence of the emission spectrum of (a) 
i s o m e r  1 of [ R u (b p y ) 2 ( H P y r t r ) ] in aqueous B r i t t o n  
Robinson buffer (1 x 10"^ mol d m ‘^ ) , for curves (a)-(r) pH
1 64, 2 02, 2 98, 3 6 6 , 4 13, 4 21, 4 31, 4 58, 4 78, 4 92,
5 23, 5 48, 5 72, 5 99, 6 19, 6 46, 6 87, 7 21 and (b)
i s o m e r  2 of [ R u ( b p y ) 2 ( H P y r t r ) ] in aqueous B r i t t o n  
Robinson buffer (1 x 10"^ mol d m ”3 ) } for curVes (a)-(t) pH 
0 97, 1 13, 1 35, 1 47, 1 6 8 , 1 96, 2 01, 2 27, 2 53, 2 73,
2 92, 3 23, 3 56, 3 93, 4 45, 4 74, 5 09, 5 71, 6 6 8 , 7 09
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I n t e r e s t i n g l y ,  t h e  e m i s s i o n  i n t e n s i t i e s  of 
[ R u ( b p y )  2 ( H P y  rt r ) ] 2 + and [ Ru ( b p y ) 2 ( H3 Me Py r t r ) ] 2 + are 
different For [Ru(b p y )2 (HPyrtr)]2+ the emission intensity 
in c reases with i n c r e a s i n g  pH, however, for [ R u ( b p y > 2 ' 
( H 3 M e P y r t r ) ] 2+ a decrease of the emission intensity with 
increasing pH is observed As [R u (b p y )2 (H3MePyrtr ) ] 2 + is 
coordinated via the of the triazole ring (see Chapter
3 ), it is anticipated that the emission intensity of the 
acid-base equilibria is dependent on the coordination mode 
of the t r i a z o l e  ring The em i s s i o n  properties of the 
separated isomers were expected to confirm this However, 
this is not the case as the emission intensities for both 
isomers increase with increasing pH This is an unexpected 
result as it indicates that the presence of a methyl group 
on the 3' position of the triazole ring is responsible for 
this "inve r s i o n "  of emission properties In comparison 
with the emission properties of the two isomers, where de- 
p r o t o n a t i o n  is r e f l e c t e d  by an i ncrease m  e m i s s i o n  
intensity, that is, the n egative charge on the ligand 
causes an increase in energy of the d-d ligand field level 
( s e e  F i g u r e  1 1, C h a p t e r  1), d e p r o t o n a t i o n  of
[R u (b p y )2 (H3MePyrtr)]2+ results in a decrease of emission 
i n t e n s i t y  This suggests that the e l e c t r o n  d o n a t i n g  
properties of the methyl group may decrease the energy of 
the d-d level, allowing therma 1 population of this ligand 
field level to be possible and thus reducing the emission 
intensity

The v a r i a t i o n s  in the e m i s s i o n  i n t e n s i t i e s  of the two 
isomers and [R u (b p y )2 (H3MePyrtr ) ] 2 + are reflected in the 
q u a n t u m  yield m e a s u r e m e n t s  in Table 4 6 The emission 
quantum yields m  acid and base of isomer 1 being higher 
than that of isomer 2 The quantum yields of the mixture 
of isomers of [Ru(bpy) 2 (HPyrtr)]2+ (Table 4 7) m  acid and 
base r e p r e s e n t  the average values obtained for the two 
i s ome rs
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Table 4.7 Lifetime and Quantum Yield Data of the Ruthenium 
C o m p o u n d s  [ R u (b p y ) 2 (L 'L ' ) ] n + where L - L ‘ = H P y r t r  and 
H3MePyrtr for n = 2, and Pyrtr" and 3MePyrtr~ for n = 1

L - L ’ 1 1 f etimea 
(ns)b

Quantum yielda,c 
emission

HPyrtr 10(0 6 ) 60(0 4) 1 5 x 1 0 ’3 (+ 0 2 )
Pyrtr" 125 5 0 x 1 0 "3 (+ 0 2)
H3MePyrtr 20(0 7)120(0 3) 4 0 x 1 0 "3 (± 0 2)
3MePyrt r ‘ 85 2 7 x 1 0 ‘3 (+ 0 2)

a data o b t a i n e d  in B r 1 t t o n -R o b 1 nson buffers for L - L ’ = 
H P y r t r  and H 3 M e P y r t r  pH = 1 94 for L-L* = P y r t r ’ and
3 M e P y r t r ' pH = 8 00, b lifetime valu e s  o b t a i n e d  from
Trinity College Dublin, values in brackets are the values
obtained for the pre - exponent 1 a 1 factors, c quantum yields

O 1of emission obtained by comparison with [Ru(bpy) 3 ]

The data in Table 4 6 show that the emission quantum yields
for the compounds reported here are between ten and thirty

O 1times lower than observed for [Ru(bpy)3 ]z [34]

The e m i s s i o n  spectra, as a f u n c t i o n  of pH, of the two
isomers of [R u (b p y )2 (HPyrtr) ] are presented m  Figure 4 3
(a) and (b) The data obtained were analysed as emission
titration curves and the inflection points of these curves 
have been given in Table 4 5 As with the absorption
spectra of the isomers, the difference in intensity for the 
p r o t o n a t e d  and deprotonated complex of isomer 2 is much 
larger than that for isomer 1 Hence, the value of the 
inflection point obtained for the mixtures of isomers is
closer to that of isomer 2 than isomer 1

The inflection point in a luminescence intensity versus pH

187



plot gives an exc i t e d  state p K a value, p K a* , which is 
called an "apparent” pKa value, because it is not known a 
priori w h e t h e r  it c o r r e s p o n d s  to a true t h e r m o d y n a m i c  
acid* base e q u i l i b r i u m  m  the excited state [13] The 
v a l u e s  o b t a i n e d  for the ap p a r e n t  p K a for [ R u ( b p y > 2 - 
(H 3 M e P y r t r )]  ̂+ and the two isomers of [Ru(bpy)2 (HPyrtr) ] ̂  + 
are g iven m  Table 4 7 These values indicate that the 
p y r 1 d y 1 1 r 1 azo 1 e ligands are better acids in the excited 
s t a t e  t h a n  in the ground state Using the emiss i o n 
w a v e l e n g t h  o b s e r v e d  for the protonated and deprotonated 
compounds an estimate can be obtained for the excited state 
pKa , p K a* , using the Forster cycle as in Equation 5 [6 ],

p K a* = p K a + -u*) (5)
T

where T is the a b s o l u t e  temperature, u a and are the
energies of the (0 -0 ) transition from the ground state to 
t h e  e x c i t e d  s t a t e  i n v o l v e d  in t h e  d e p r o t o n a t i o n  
equilibrium, for the acid and base forms respectively

The results obtained for the free ligands from Equation 5, 
using the lowest energy absorption wavelengths, have been 
given in Table 4 5 If the emission frequencies or the 
average b e t w e e n  em i s s i o n  and absorption maxima are used 
even more u n r e a l i s t i c  results are obtained The values 
o b t a i n e d  suggest that, m  the excited state, both the 
neutral p y r i d y l t n a z o l e  ligands become stronger bases (have 
a h i g h e r  p K a ( b a s e ) ) and st r o n g e r  acids (have a lower 
pKa (acid)) Similar results were obtained by Aaron et al 
in their study of a series of purine derivatives [37]

An es t i m a t e  of the p K a (acid) values of the ruthenium 
compounds can be ma de using the s ame approach It seems 
r e a s o n a b l e  to assume that the excited state a c i d *  b a s e  

equilibrium will be established in the long-lived triplet
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state and not in the singlet state that has a much shorter 
lifetime So when Equation 5 is applied to estimate of the

JLp K a of such r u t h e n i u m  compounds, the emission energies 
should be used, rather than the absorption energies For 
our calculations the emission frequencies obtained at 77 K 
were used as they are the best means to obtain an estimate 
for the energy difference involved in the (0 -0 ) transition 
The results obtained have been given in Table 4 5 These 
results indicate that the pyridyltriazole ligand becomes a 
s t r o n g e r  acid m  the excited state when bound to the 
R u (b p y )2 • mole ty

Other methods have been reported to calculate pKa values
[6 ] Good results are m  general o b t a i n e d  using the
e m i s s i o n  l i f e t i m e s  of the acid and base forms as in 
Equation 6 ,

pKa* = pH! + log(i:a/-t:b) (6 )

where pHj^ is the i n f l e c t i o n  point in the luminescence 
titration curve and ra and the excited state lifetimes
of the acid and base forms respectively

For the em i s s i o n  lifetime results o b t a i n e d  m  T r i n i t y  
College Dublin and Japan, the decay curves were analysed 
for b o t h  single- and d o u b 1e -e x p o n e n t i a  1 decays The 
l i f e t i m e  m e a s u r e m e n t s  c a r r i e d  out at pH 8 0 c o u l d
c o n s i s t e n t l y  be a n a l y s e d  as single exponential decays 
Experiments carried out at pH 13 gave essentially the same 
results However, for the experiments carried out at pH 
1 94 the data obtained were best fit as double exponential 
decays Variation of the buffer concentration did not have 
any effect on the emission intensity

F r o m  the r e s u l t s  o b t a i n e d  in T C D  f T a b l e  4 6 , ( F i g u r e  4 4) 
at h i g h  pH a s i n g l e  e x p o n e n t i a l  d e c a y  of the e m i s s i o n  is
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o b s e r v e d  for b o t h  [ R u ( b p y ) 2 ( P y r t r ) ]+ and [ R u ( b p y ) 2 " 
(3MePyrtr)]+ yielding values of respectively 125 and 85
ns This suggests, as expected, the presence of only one,
most likely bpy based, emitting state The lifetimes of
the acid forms of the compounds (ta ) were obtained at pH 
1 94 The double exponential decay of the emission at pH 
1 94 is unexpected and makes the application of Equation 6 

less straightforward From the ground state pKa value it
can be c a l c u l a t e  that at this pH, less than 1 % of
[Ru(bpy) 2 (HPyrtr) ] 2 + and [ Ru ( b p y ) 2 (H3MePy r t r) ] 2 + is de- 
protonated in the ground state So at this pH only the 
acid form is exc i t e d  and the double e x p o n e n t i a l  decay
cannot be caused by a dual e x c i t a t i o n  The e m i s s i o n
intensities were not effected by the buffer concentration, 
so quenching by the buffer can be ruled out The double 
e x p o n e n t i a l  decay o b s e r v e d  cannot be e x p l a i n e d  by the 
p r e s e n c e  of two c o o r d i n a t i o n  i s o m e r s  in 1 , as for 
[Ru(bpy)2 (3MePyrtr)]+ only one isomer has been observed

L i f e t i m e  m e a s u r e m e n t s  of t h e  t w o  i s o m e r s  of 
[Ru ( b p y ) 2 ( HPy r t r ) ] 2 + , and [ Ru ( bpy ) 2 ( H3MePyrt r ) ] 2+ which 
were car r i e d  out with a d i f f e r e n t  i n s t r u m e n t  [36] at 
another excitation wavelength (438 nm) yielded the results 
listed in Table 4 6

A g a i n ,  the r e s u l t s  o b t a i n e d  at pH 8 for [ R u ( b p y ) 2 ~ 
(H3MePyrtr)]2+ and the two isomers of [Ru(bpy)2 (HPyrtr) ] 2 + 
can be c o n s i s t e n t l y  a n a l y s e d  as a single e x p o n e n t i a l  
decays The lifetime of [R u (b p y )2 (H3MePyrtr ) ] 2 + at pH 8 

agrees well with the results measured m  TCD The lifetime 
measurement of [R u (bpy)2 (HPyrtr)]2+ (both isomers) at pH = 
8 (Table 4 7) is approximately the average value of the 
independent results obtained for each isomer (Table 4 6 )
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(a) sow

5000 (b)

XFigure 4 4 Luminescent decay curves for the protonated and 
d e p r o t o n a t e d  forms of (a) [R u (b p y ) 2 (H P y r t r )]2+ and (b)
[ R u (b p y ) 2 (H 3 M e P y r t r ) ] 2 + ( l x l O ' 5 M) in B r i t t o n  Robinson 
buffer at pH 1 94 and 8 00 1-lamp profile, 2-sample decay 
curve, 3-best fit exponential decay Results obtained from 
TCD (see Chapter 2)
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Figure 4 5 Luminescent decay curves for the protonated and 
deprotonated forms of [Ru(b p y )2 (H P y r t r )] 2 + isomer 1 (a) and
isomer 2 (b) (1x10  ̂ M) m  Britton Robinson buffer at pH
1 94 and 8 00 1-lamp p rofile, 2 - s a m p l e  decay curve,
3-best fit exponential decay Results obtained m  Riken 
Institute, Tokyo [36]

192



CO
UN

TS

iL

Figure 4 6 Luminescent decay curves for (a) protonated and 
(b) deprotonated forms of [Ru(bpy)2 (H3MePyrtr)]2+ ( 1 x 1 0 " ^
M) m  Britton Robinson buffer at pH 1 94 and 8 00 1-lamp 
profile, 2 -sample decay curve, 3 -best fit e x p o n e n t i a l  
decay Results obtained m  Riken Institute, Tokyo [36]

The results obtained for the two isomers at pH 1 94 again 
w e r e  a n a l y s e d  b e s t  as d o u b l e  e x p o n e n t i a l  d e c a y s  
Nonetheless, consistent results were obtained As can be 
seen from Table 4 6 the l ifetime results for the two 
isomers at pH 1 94 contain a short lifetime and a longer 
one For i s o m e r  1, the l o n g e r  l i f e t i m e  of 67 ns
c o n s t i t u t e s  only 1 % of the i n t e g r a t e d  area while the 
shorter lifetime of 18 ns constitutes 9 9 % of the integrated 
area Similarly, for isomer 2, the ratio of the two 
lifetimes of 30 and 15 nm obtained is 90 10 The lifetime 
results for both isomers which were analysed using a single 
exponential decay fit yield similar results of 18 and 30 ns 
respectively for isomer 1 and isomer 2

The results obtained for [R u (bpy ) 2 (H3MePyrtr)]2+ in pH 1 94
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also require a double exponential decay to obtain the best 
fit analysis The results are similar to those obtained m  
TCD where a short lifetime of 20 ns and a much longer one 
of 120 ns are obtained in the ratio of 70 30 (see Table 
4 7) The results obtained in Japan are 29 and 150 ns m  
the ratio of 1 1

The lifetime results strongly suggest the presence at low 
pH of either two emitting states, or two different species 
It is however possible that the position of the N-H proton, 
m  H3MePyrtr either at N 2 or at N^ ', has an effect on the 
excited state process On the other hand the similarity of 
the 7T orb i t a l  energies of the bpy and p y r i d y l t n a z o l e  
ligands, makes it possible for the pyridy 1 triazole ligands 
to be i n v o l v e d  m  the e m i s s i o n  process and this might
result in e m i s s i o n  occurring from both bpy and pyridyl-*
tr i a z o l e  based triplet states The q u a n t u m  yields of 
isomer 1 and 2, and [R u (b p y ) 2 (H 3M e P y r t r )]2+ were also
measured at pH 1 and are 1 79xl0‘3 , 0 7 1 x l 0 -3 and 7 9 x l 0 " 3 

r e s p e c t i v e l y  As the q u a n t u m  yields for both isomers 
decrease with increasing pH may suggest that quenching may 
be a factor contributing to the double exponential decay 
This however is contradicted by the fact that the quantum 
yield of [Ru(bpy)2 (H3MePyrtr) ] increases with increasing 
pH Q u e n c h i n g  t h e refore cannot be the reason for the 
presence of the double exponential decay at pH 1 94 From 
these results, it seams likely that the anomalies in the 
decay curves at pH 1 94 are due to (a) the position of the 
N-H proton or (b) chemical interaction between constituents 
of the buff e r  or (c) hydrogen bridging between triazole 
rings of d i f f e r e n t  molecules forming a dimeric species 
However, as the nature of the double exponential decay at 
low pH is at present not clear, and further investigations, 
involving temperature dependent measurements, are needed to 
clarify the situation
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As the single and double e x p o n e n t i a l  analysis for the 
lifetimes of the two isomers agree well, the lifetimes of 
isomers 1 and 2 are taken to be 18 and 30 ns respectively 
As the quantum yield of this compound m  acid is higher 
than that in base, a longer lifetime m  acid for this
compound is expected For this reason, the longer lifetime 
of 150 ns is used for xa m  Equation 6 Unfortunately the 
e m i s s i o n  l i f e t i m e s  of the free ligands could not be 
o b t a i n e d  because of i n s t r u m e n t a l  l i m i tations We can 
therefore only estimate the excited state pKa of the free 
ligands using Equation 5 The pKa (acid) values obtained 
for the r u t h e n i u m  c o m pounds using Equation 6 have been 
listed in Table 4 5

The agreement between the two methods of calculating the 
excited state pKa (acid) values is in general not very good, 
one of the reasons being the difficulty in obtaining the 
energy for the (0-0) transitions These pKa (acid) values
suggest that the ruthenium compounds are stronger acids in 
the excited state than m  the ground state This suggests 
that upon excitation the electron populates a bpy based n 
orbital This will create an effective Ru(III) atom and 
r e s u l t  m  an i n c r e a s e d  e l e c t r o n  d o n a t i o n  f r o m  the 
pyridy1triazole ligand to the central metal atom A similar 
increased acidity in the excited state has been observed
before for r u t h e n i u m  compounds such as [Ru (bpy) 2 (1 » 2 > 4 - 
t r 1 azo 1 e ) 2 ] 2 + [38], and [R u (b p y ) 2 (4 ,7-d 1 h y d r o x y - 1 ,10 -
p h e n a n t h r o l m e ) ]  2 + [9] The pKa*(acid) values obtained
u s i n g  the l o n g e r  l i f e t i m e s  are higher As for the 
c o m p o u n d s  [ Ru  ( bpy ) 2 ( ̂  >4 ' - di ca rboxy - 2 , 2 1 - b i p y n d m e )  ] 
d i c h l o r i d e  [8 , 10] and for [R u (b 1 p y r a z 1 n e ) 3 ] 2 + [5] m
i n c r e a s e d  basicity suggests that the ligands involved in
the protonation process are also involved in the emission 
process
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4 5 C o n e l u s i o n

T h e  g r o u n d  s t a t e  p K a ' s o f  t h e  c o m p l e x e s  
[Ru(bpy) 2 (HPyrtr) ] 2+ and [R u (bpy)2 (H3MePyrtr) ] 2+ show that 
the ligands HPyrtr and H3MePyrtr act as much stronger acids 
when bound to a Ru(bpy> 2 " moiety This increased acidity 
of the c o o r d i n a t e d  p y r i d y l t r i a z o l e  ligands, of about 5 
orders of magnitude, points to electron donation from the 
ligand to the metal center This behaviour is similar to 
that obtained for other R u ( b p y >2 type complexes However, 
the exc i t e d  state properties of our compounds are quite 
unexpected On the basis of the results reported by H a g a , 
emission of the deprotonated species was not expected [28] 
The acid-base properties of the excited state appear rather 
complicated Using the Forster cycle an increase of the 
acidity of the pyridyltriazole ligands m  the excited state 
is observed, suggesting that emission occurs from a bpy 
based triplet state The lifetime experiments did yield 
less clear results Results obtained at pH 8 on the TCSPC 
i n s t r u m e n t s  m  TCD and also m  Japan could consistently 
analysed as a single exponential decay Consistent results 
were also obtained on both instruments at pH 1 94 but these 
were best a n a l y s e d  as double e x p o n e n t i a l  decays The 
double exponential decay observed at low pH is at present 
not fully understood Three possible explanations are,

1) The presence of two emitting states in
[Ru(b p y )2 (HPyrtr)]2+ (isomers 1 and 2) and 
[Ru(bpy) 2 (H3 M ePyr t r ) ]2+

2) The position of the protonation in the triazole ring 
has an effect on the excited state properties

3) C h e m i c a l  i n t e r a c t i o n  bet w e e n  molecules and solvent 
and/or between different molecules
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With these possibilities in mind, further work is required 
such as low t empe rature studies to determine the anoma lies 
at pH 1 94
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Chapter 5

Synthesis and Characterisation of Mononuclear 
and D m u c l e a r  Compounds Containing Asymmetric 

Potentially Bridging Ligands
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5 0 I n t r o d u c t i o n

In the past 15 years the R u (11 ) -polypyrldine family of 
c o o r d i n a t i o n  c o m pounds has been the object of extensive 
investigation related to the photochemical, photophysical 
and e l e c t r o c h e m i c a l  p r o p e r t i e s  of most of its members 
[1-9] Also, there has been a growing interest towards 
s u p r a m o 1 ec u  1 ar s p e c i e s  ( d i n u c l e a r  and p o l y n u c l e a r  
complexes, host-guest systems, etc ) with the aim to arrive 
at the design of photochemical molecular devices (proper 
as s e m b l i e s  of molecular components capable of performing 
useful light induced functions) [10] Ru(II) p o l y p y n d m e  
c o m p l e x e s  a r e  e x c e l l e n t  b u i l d i n g  b l o c k s  for the 
construction of such devices, especially for light induced 
m i g r a t i o n  a n d / o r  c o l l e c t i o n  of e l e c t r o n i c  energy or 
electronic charge In addition, dinuclear compounds have 
attracted much attention because m  principle, they may act 
as a two e l e c t r o n  t ransfer agent when excited by two 
p h o t o n s  H e n c e  t h e y  h a v e  p o t e n t i a l  a p p l i c a t i o n  as
c a t a l y s t s  for the p h o t o c h e m i c a l  c l e a v a g e  of water, 
p r o v i d i n g  other c riteria such as lifetimes and redox 
potentials are satisfied

A key component in dinuclear and polynuclear systems is the 
bridging ligand since the interaction between the bridging 
units, and t h e r e b y  the properties of the supramo 1 ecular 
species, is critically dependent on the size, shape and 
electronic nature of the bridge [11] In a photomolecular 
device there must be an appropriate energy ordering of the 
lowest ( 1 o n g e s t * 1 1 ved , redox active and/or luminescent) 
excited state and of the first oxidation and reduction 
potentials of the various components So, m  choosing a 
suitable bridging ligand much caution must be used since it 
is well k nown that subtle changes m  coordination about 
Ru(II) can lead to the loss of valuable properties (e g 
l u m i n e s c e n c e )  of the o r i g i n a l  c o m p o n e n t  [1] Many
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c o m p l e x e s  of t h e  t y p e  [ R u ( b p y ) 2 ( L ' L ) ) n+ a n d  
[Ru(b p y )2 (L *L *)]n+ have been synthesised over the past few 
decades [1-9], where (L-L) is a symmetric and (L-Lf) is an 
a s y m m e t r i c  b i d e n t a t e  c o o r d i n a t i n g  l i g a n d  s u c h  as 
2,2' - b i p y r i m i d m e  (bpym)[5, 12, 13], 2,2' • b u m i d a z o l e
( b n m H 2 ) [5, 12] and 2 , 5 - b î s ( 2 - py r idy 1 ) py r a z ine (bppz) [13] 
to name but a few However, the possibility also exists 
for some of these type of ligands to act as b r i d g i n g  
ligands between two metal centers

Studies on d m u c l e a r  compounds have also concentrated on 
the area of m ixed - va 1 ence c o m p o u n d s  and their physical 
pr o p e r t i e s  have been d i s c u s s e d  m  the light of models
published by Hush [14, 15] M i x e d -va 1ence studies are a
means of pro b i n g  m  depth the e n e r g e t i c s  of s o l u t i o n  
e l e c t r o n  t r a n s f e r  p r o c e s s e s  and the m e c h a n i s m s  and 
m a g n i t u d e s  of e l e c t r o n i c  i n t e r a c t i o n s  b e t w e e n  metal 
centers In particular the intervalence (IT) transition of 
m l xe d - va 1 e ne e compounds has been studied extensively, as 
its position, shape and intensity yield information about 
the i n t e r a c t i o n  bet w e e n  metal centers The extent of
el e c t r o n  délocalisation between the metal centers can be 
established by the use of the following formulae given by 
Hush [14, 15]

oi/2 = (2310Eo p )1/2 c m ' 1 (1)

a 2 = (4 2x10’4 )€(Aü1/2) (2)
d"2*op

where Av\/2 the bandwidth at half intensity, E 0p is the
b a n d  m a x i m u m  (u m  c m " * ) ,  or2 is the e x t e n t  of d e - 
loc a l i s a t i o n ,  € is the extinction coefficient of the IT
band (G in dm 3 mol ' ̂  cm'*) and d is the distance between
the ruthenium centers (estimated to be 6 1 A) The larger
the v a l u e  of a 2 the h i g h e r  the e x t e n t  of e l e c t r o n
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?

d é l o c a l i s a t i o n  T h e  m a g n i t u d e  of this e l e c t r o n
d e 1 o c a 1 l s a 1 1  o n can be c a l c u l a t e d  using the f o l l o w i n g  
equation

H ab = 2 0 5 x 1 0 ’ 2 :m a x (Au 1 / 2 ) 1 ̂ 2 

E op
E op c m ’ 1 

d
(3)

Robin and Day [16] have distinguished three broad classes 
of mixed valence materials These classes depend on the 
value of H ab obtained for the complex and are as follows,

Class 1 the interaction between the M and M + centers is 
so weak that the mixed valence material exhibits 
only the p r o p e r t i e s  o b s e r v e d  for the isolated 
mononuclear M and M + comp 1 exes

Class 2 t h e  m i x e d  v a l e n c e  d i m e r s  e x h i b i t  s l i g h t l y  
p e r t u r b e d  M and M + characteristics and may also 
manifest properties not associated with isolated 
un its

Class 3 the i n t e r a c t i o n  b e t w e e n  the two centers is so 
great that the properties of the isolated M and M + 
are absent and only new properties characteristic 
of the (M-M+ ) unit are discerned

A l t h o u g h  a n u m b e r  of d i m e r i c  R u ( I I )  c o m p l e x e s  have 
previously been prepared for the purpose of studying the IT 
transition in the mixed - valence (5+ ) system [17-20], none 
satisfy the criteria of field strength and/or coordination 
a b o u t  e a c h  R u ( I I )  ion n e c e s s a r y  for l u m i n e s c e n c e  
L u m i n e s c e n c e  is not a necessary criteria for photoredox 
behaviour, but its pr e s e n c e  is a desired property as a 
convenient probe of the excited state and redox potentials

Studies with p r e v i o u s l y  synthesized Ru(II) dimers suggest
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t h a t ,  in g e n e r a l ,  d e v i a t i o n s  from a b i p y n d i n e  - like 
structure in the bridging ligand causes a loss of the d - 
7T* l u m i n e s c e n c e  c h a r a c t e r i s t i c  of [ R u ( b p y ) 3 ]2+ and its 
homologues For example, Dose et al [5] and Hunziker et 
al [ 1 2 ] report that a l t h o u g h  the m o n o m e r  [ R u ( b p y ) 2 " 
( b p y m ) ] 2+ is l u m i n e s c e n t  in a c e t o n i t r i l e  at r o o m  
t e m p e r a t u r e  the c o r r e s p o n d i n g  b r i d g e d  dimer [(bpy) 2 Ru- 
(bpym)Ru(bpy) 2 ] is not The same situation applies where 
the bridging ligand is 2 ,2 ' - bibenzimidazole or 2,3-bis(2- 
py r 1 dy 1 ) - qui noxa 1 m e  These results suggest that slight 
d i f f e r e n c e s  in s t r u c t u r e  are s u f f i c i e n t  to prevent  
l u m i n e s c e n c e  C o n s e q u e n t l y ,  preparation of luminescent 
b m u c l e a r  rutheni um complexes demands a bridging ligand 
that resembles as close as possible 2 ,2 ' - b i p y n d m e

For this reason, the ligand 2 , 3 - b 1 s (2-p y r 1 d y 1)p y r a z m e  
(dpp), was used by B r a u n s t e i n  et al [6 ] to synthesise 
m o n o n u c l e a r  and d m u c l e a r  (see Figu r e  5 1), compounds
containing Ru(bpy ) 2  moieties Each bidentate coordination 
site on this ligand resembles the coordination site of bpy 
to ruthenium, with the obvious difference that the two 
r u t h e n i u m  c e n t e r s  s h a r e  the s a m e  p y r a z i n e  ring for 
coordination It was expected that the properties of these 
two complexes will resemble more closely the properties of 
[Ru(bpy) 3 ]2+

r

F i g u r e  5 1 S t r u c t u r e  of [ ( b p y ) 2 R u ( d p p ) R u ( b p y ) 2 ] ^ +
containing the bridging ligand 2 ,3-b 1 s (2 -pyr 1 d y 1 )p y r a z m e
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T h e  a b s o r p t i o n  s p e c t r a  of the m o n o m e r i c  and dimeric
j

compounds are similar to those of other Ru(II) p o l y p y n d i n e  
complexes [1 ] in which the absorption bands are assigned to
d n  ----- > tt* MLCT transitions The absorption maximum for
the monomer is found at 430 nm with a shoulder at 470 nm 
w hile that of the d i m e r  c onsists of two well resolved 
a b s o r p t i o n  bands at 425 nm and 525 nm Unli k e  other 
d m u c l e a r  compounds synthesised, [ (bpy> 2 Ru(dpp)Ru(bpy) 2 ]^T 
emits in solution at room temperature at 755 n m , which then 
shifts to 675 nm for [R u (b p y )2 (dpp ) ] 2 + An IT band has not 
been d etected for ''this complex, results of experiments 
suggest that either the m i x e d -v a 1 ence complex is cleaved or 
that the IT band of the 5+ ion must have € < 10 dm 3 m o l ' 1

c m ' 1 in the near infrared absorption and hence has escaped 
detection limits

L2hX mL2

&

(a) (b)

' Figure 5 2 Structures of d m u c l e a r  compounds containing (a) 
2 , 2 ' -bibenimadazolate (bibzim2 ') and (b) 2 ,2 '-bipyrimidine
(bpym) and M = Ru

O t h e r  e x a m p l e s  of p o t e n t i a l l y  b r i d g i n g  b i d e n t a t e  
s y m m e t r i c a l  l i g a n d  include 2 ,2 ' - b i p y r i m i d i n e  (bpym), 
2 ,2 ' - b i b e n z i m i d a z o l a t e  ( b i b z i m 2 ') and 2 ,2 ' - bi i m i d i z o l e  
(biimH 2 ) [5, 12, 21, 22] The selection of the bridging
ligands used for the preparation of d m u c l e a r  complexes can 
change the nature of the metal-metal interactions [14, 15] 
Figure 5 2 shows the structures of the d m u c l e a r  compounds 
c o n t a i n i n g  the ligands bpym and b i b z i m 2 " These two
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ligands give rise to almost the same metal-metal separation 
distance, however, the charge on the ligands is different 
as b i b z i m  is a d i n e g a t i v e  ligand and bpym is neutral 
Thus, these two ligands w o u l d  give rise to different 
metal-metal interactions

9 +For both the monomeric complexes [Ru(b p y )2 (bibzimH 2 )] and 
[ R u ( b p y ) 2 ( b pym)]2+ the coordination of a second Ru(bpy >2  

unit results in a de c r e a s e  m  absorption energy of the 
dim e r i c  c o m p o u n d  If the o x i d a t i o n  p o t e n t i a l s  of the 
d m u c l e a r  complex [(bpy)2 ^ u (bibzim)Ru(b p y )2 ]2+ are compared 
with those of the mononuclear complex, it is found that the 
first oxidation potential of the d m u c l e a r  complex is 0 3 V 
l o w e r  t h a n  that of the m o n o n u c l e a r  one [22] This
indicates that the bibzim bridging ligand m  the d m u c l e a r  
complex has electron donor properties In contrast, the 
first oxidation potential of [ (b p y )2 & u (bpym)Ru(b p y ) 2 ] ̂ + 1S 
0 2 V higher than the mononuclear analogue, there bpym has 
been shown to act as an electron acceptor [21] This dimer 
is not stable on a p r e p a r a t i v e  time scale while that 
containing the bridging ligand bibzim2 ’ is stable This 
high stability is attributed to the superior donor property 
of the anionic b i b z i m 2 " as the dianionic bibzim ligand 
reduces the cationic charge of ruthenium and decreases the 
electrostatic repulsion between the two positively charged 
metal centers [2 1 ]

A E 1 / 2 , the difference between the oxidation potentials of 
the two ruthenium centers, for the two dimers are quite 
different, that of the bibzim dimer is 0 29 V and that of 
the bpym dimer is 0 16 V [13] The oxidation potentials 
thus depend on the natu r e  of the bridging ligand The 
effects which are operative and contribute to the non zero 
values obtained for A E 1 / 2  are as follows

( 1 ) E L e c t r o s t a t 1 cs or ionization energies - since the
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second oxidation occurs adjacent to a greater positive 
charge than the first oxidation, it will occur at a 
higher potential

(2) Solvation energies - the solvation energies will be 
d i f f e r e n t  for the R u ^  * R u ^  , Ru* * - Ru* * * , and 
r u H I - r u 1 * 1 dimers

(3) D e 1oca 1 1 za 1 1 on or resonance - the unpaired electron is 
partially delocalised onto the Ru 1 1 1  site, shifting the 
second oxidation to potentials higher than one would 
expect with a totally localised electron

(4) Statistical contributions - the R u (I I )-R u (I I ) dimer can 
be o x i d i s e d  to g i v e  e i t h e r  R u ( I I ) - R u ( I I I ) or 
Ru(III)-Ru(II) and the R u (III)-R u (III) dimer reduced to 
give Ru(II)-Ru(III) or R u (III)-R u (I I ) [23]

Whether interaction exists between two redox sites m  one 
m o l e c u l e  is c o m m o n l y  traced by c o n s i d e r i n g  K c o m , the 
c o m p r o p o r t l o n  e q u i l i b r i u m ,  calculated using Equation 5 
The most relevant equilibrium for mixed valence complexes 
is that for c o m p r o p o r t i o n a t i on since the mixed valence 
state is only present when this equilibrium is favourable 
[24]

M(III)-M(III) + M (I I ) -M(II) 2 M (I I ) -M(III) (4)

The c o m p r o p o r t i on e q u i l i b r i u m  is c a l c u l a t e d  from the 
following equation,

RTlnKcom = F(A E 1/2) (5)

where AEj / 2  1S the observed difference in redox potentials 
of the dinuclear complex The K com value for the dinuclear 
complex c o n t a i n i n g  bibzim2 ’ is 9 8X10^ and that for the

208



d i n u c l e a r  c o m p l e x  c o n t a i n i n g  bpym is 1 1 x 1 0 J This
suggests that the metal*metal interaction is stronger in
the bibzim2 " dimer due to the strong o donor properties of 
the bridging ligand

For both dimers n e a r - m f r a r e d  spectra may be expected to
give an insight into the extent of electron delocalization 
between the two ruthenium sites [14, 15] The [(bpy)2 Ru-
(bpym)Ru(bpy) 2 ] dimer was not stable enough on the time 
scale required to measure the IT band Attempts by Haga et 
al [22] to s t u d y  the IT b a n d  of [ ( b py ) 2 Ru ( b 1 b z 1 m ) - 
Ru(bpy) 2 ]2+ were carried out by oxidising the first Ru site 
at 0 9 V, this yielded a band at 712 nm Further oxidation
at 1 30 V to form the 4 + complex resulted a the decrease in
i n t e n s i t y  of the band at 712 nm and a c o r r e s p o n d i n g  
increase of a band at 754 nm For this complex, both the 
bands at 712 and 754 nm have been a s s i g n e d  to ligand 
7T - to *■ rutheni um (III) charge t r a n s f e r  t r a n s i t i o n s  [25] 
F u r t h e r  e x p e r i m e n t s  are re q u i r e d  to i n v e s t i g a t e  this 
phenomenon No evidence was found for the presence of an 
IT band

The d i s c u s s i o n  so far has centered on the formation of 
dinuclear complexes where the bridging ligand is a doubly 
chelating symmetrical ligand Potentially bridging ligands 
such as pyrazine, t n a z o l e s ,  pyrazole and 4,4' - b i p y n d m e  
may also be used as bridging ligands for the formation of 
d i n u c l e a r  c o m p l e x e s  M o n o n u c l e a r  complexes such as
[R u (b p y )2 (H t r z )2 ]2+ where Htrz = 1 , 2 , 4 - 1r 1 azo1e coordinated 
in a m o n o d e n t a t e  form have been p r e p a r e d  [26] but the 
f o r m a t i o n  of d i n u c l e a r  c o m plexes is m  p r i n c i p l e  also 
possible with this ligand A similar situation holds for 
the pyrazolato anion Upon deprotonation of the pyrazole 
l i g a n d  ( H p z )  t h e  d o u b l y  b r i d g e d  d i m e r  is f o r m e d  
[(b p y )2 ^ u (p z )2 ^ u ( b p y )2 ] [ 8 ] see Figure 5 3 below
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N -N

Figure 5 3 D m u c l e a r  comp lex containing the doubly bridged 
pyrazolato anion

This dimer is un s t a b l e  in a c i d i c  solution resulting m  
unsymmetrlca 1 bridge cleavage reaction as shown in equation 
below

[(bpy)2 ^ u (p z )2 ^ u (bpy ) 2 1 2+ + 2H + + 2S ..... >

[Ru(bpy) 2 (pzH) 2 ]2+ + [R u (b p y )2 $ 2 ]  ̂+ (6 )

where S is a solvent molecule The mixed valence dimer 
[(b p y ) 2 R u * * *(P 2 ) 2 R u * * ( b p y ) 2 ]3 + is also a very unstable
s p e c i e s  u p o n  f u r t h e r  o x i d a t i o n  of this c ompound in

9 41a c e t o n i t r i l e  the f o r m a t i o n  of [ Ru ( b p y ) 2 (H p z ) 2  ] and 
[R u (bpy)2 (CH 3 CN ) 2 ] 2 + is observed [8 ] This prohibits the 
i n v e s t i g a t i o n  of the i n t e r -v a 1 ence transfer band The 
situation is entirely analogous to the di - fi-chlo ro - bridged 
dimer [ (bpy)2^uC12 R u (bpy ) 2  ] 2+ [27] where, upon oxidation in
a c e t o n i t r i l e ,  the p r o d u c t s  f o r m e d  are the m o n o m e r i c  
complexes [Ru(bpy)2 C 12 ] and [R u (b p y )2 (CH 3 C N )2 ]2+

T h i s  h a l i d e  b r i d g e d  d i m e r ,  [ ( b p y ) 2 R u C 1 2 R u (b p y ) 2 ]  ̂+ 
synthesised by Meyer et al [27] has the advantage that it 
can be used successfully as a synthetic intermediate based 
on facile bridge cleavage reactions
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(bpy)2 ^u R u (bpy ) 2 + 2 L    > 2 R u (b p y ) 2 (7)

T h i s  r e a c t i o n  is the result of a s y m m e t r i c a l  bridge 
c leavage with the insertion of L which may be a solvent 
molecule or a monodentate ligand such as p y r a z m e ,  pyridine 
etc

Other ligands that have been used in the preparation of 
d i n u c l e a r  complexes include pyrazine (pyrz) and 4,4'-bi-
p y n d i n e  (4,4' -bpy) Goldsby and Meyer [28] have prepared

k 9 +dinuclear complexes of the type [Ru(b p y )2 C 1(L ) C 1(b p y )2^u ] 
where L = pyrz or 4 , 4 , -bpy C o o r d i n a t i o n  of a second 
R u ( b p y ) 2 C 1 m o i e t y  to t h e  m o n o n u c l e a r  c o m p l e x  
[R u (b p y ) 2  (p y r z )C 1 ]+ results m  the decrease of energy m  
the a b s o r p t i o n  maximum This has been explained by the 
strong it acceptor properties of the pyrazine ligand As 
the l i g a n d  b r i d g e s  the two r u t h e n i u m  centers the dn 
orbitals of ruthenium are stabilized and hence absorption 
occurs at lower energy

M eyer et al successively oxidised  ̂ the dinuclear complex
0 +[(bpy)2 C I R u (p y r z )C I R u (bpy) 2 ] to a 4+ species and showed 

that the a b s o r p t i o n  ener g y  m a x i m u m  increases m  energy 
c o r r e s p o n d i n g l y  [23] The a b s o r p t i o n  band for the 
m o n o m e r i c  Ru(II) or Ru(III) complexes are found m  the 
u v / v i s  s p e c t r a  of the o x i d i s e d  m i x e d -va 1 ence dimeric 
c o m p l e x e s  The s p e c t r a l  s i m i l a r i t i e s  indicate that 
discrete Ru** and Ru*** sites are present m  the dimer and 
that the electron environment at the two sites is little 
changed from the monomeric complexes
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The difference between the oxidation potentials of the two 
r u t h e n i u m  centers for the dimers where L = pyrz and 
4 , 4 ' -bpy is quite different Where L = pyrz the difference 
is 130 mV and where L = 4,4' -bpy the difference is 50 mV 
[28] The ionization energy term leads to an increase in 
A E ^ / 2  as the distance between the metal sites is decreased 
while the s o l v a t i o n  e n e r g y  term varies in the opposite 
sense The magnitude of the resonance energy depends on 
the electronic properties of the metal and of the bridging 
ligand, however, from the intensities of the IT band this 
contribution appears to be very small As there is a large 
d i f f e r e n c e  bet w e e n  the m etal centers when the bridging 
ligand is 4,4'-bpy and a much smaller distance when pyrz is 
the br i d g i n g  ligand then the origin of the increase m  
A E j / 2  as d istance d e c reases must be in the ionisation 
energy [28]

For m i x e d  m e t a l  d i m e r s  of the t y p e  [ ( b p y ) 2 ClRu(L)- 
O s C 1(bpy)2 ]2 + , where L = pyrz or 4,4'-bpy then the effects 
of ionization energy, solvation energies and de loca 1 1 zat ion 
will also d e t e r m i n e  the m a g n i t u d e  of AE^/2 [28] The
differences m  the oxidation potentials in the mixed metal 
complexes is much larger than when two ruthenium metals are 
present The first oxidation potential for the Ru-Os dimer 
is at much lower potential than for the Ru-Ru dimer, this
is b e c a u s e  the o x i d a t i o n  is at o s m i u m  The second
o x i d a t i o n  potential for both Ru-Ru and Ru-Os dimers are 
similar This indicates that the contribution to A E ^ / 2  

from the increased charge following the initial oxidation 
and from the de lo ca 1 1 z a t ion of the unpaired electron must 
be comparable for the analogous Ru-Ru and Ru-Os dimers

If the c hlorine atoms present in the dimer [(bpy) 2 ClRu-
( 4 , 4 ' - b p y )R u C 1 (bpy)2 ]2+ were substituted by pyridine to
f o r m  the d i n u c l e a r  c o m p l e x  [ ( b p y ) 2 (p y )Ru ( 4 , 4 1 - b p y ) - 
R u (p y ) ( b p y ) 2 ]^ + then the a b s o r p t i o n  m a x i m u m  shifts to
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h i g h e r  e n e r g y  as p y r i d i n e  is a w e a k e r  a donor than 
ch l o r i n e  The spectrum of this dimer resembles that of 
[Ru(bpy)3 ]2+ except for the appearance of a shoulder on the 
high energy side of 450 nm [29] Luminescence from the 
dimer also occurred at the same wavelength of 610 nm a s 
that of [Ru(bpy) 3 ]2 + , however, this luminescence is very 
w e a k  In contrast with other dimers previously reported 
[ 5, 7, 22, 23, 28, 29] , a cyclic voltammogram of this dimer 
results in a broad wave for the metal based oxidations and 
for the ligand based reductions This behaviour is typical 
for dimers where the bridging ligand is 4,4'-bpy, trans• 
1 ,2•bis * (4-pyridyl)ethylene, or l,2-bis-(4-pyndyl)ethane 
[27] For such complexes only a single broad wave was 
ob s e r v e d  m  the same p o t e n t i a l  region observed for the 
R u (III)/ R u (I I ) couples for the related monomer The CV of 
the dinuclear complexes have been shown to consist of two 
clo s e l y  spaced o n e - e l e c t r o n  waves corresponding to the 
successive oxidations of the 4+ ion to the 5+ ion and of 
the 5+ ion to the 6 + ion [23] As the AE^/2 value for this 
complex is very small this suggests that the interactions 
between the Ru(II) and Ru(III) sites are very weak

The mixed valence 1 0 ns [ (N H 3 )5 R U (4,4' -bpy)R u (N H 3 )5 ]^+ [30,
31] , [ ( b p y ) 2 C l R u ( p y r z ) R u C l ( b p y ) 2 )^ + and [(NH 3 )5 Ru- 
( L ) RuC 1 ( bpy) 2 ] [19, 32, 33 ] where L = pyrz or 4,4'-bpy
have l o c a l i s e d  valences [34], and only slight Ru(II) to 
Ru(III) d e 1o c a 11 zation , and exhibit class II behaviour in 
the Robin and Day sense [16] The extent of delocalization 
in the unsymmetr 1 ca 1 1 0 ns is somewhat limited by the redox 
inequiva1ency of the different ruthenium sites [34] The 
most interesting comparison with these m i x e d -v a 1 ence 1 0 ns 
is t h e  c o m p a r i s o n  w i t h  the C r e u t z  a n d  T a u b e  ion 
[(N H 3 ) 5 R u (p y r z )R u (N H 3 ) 5 ] ^+ [17, 18] Previous results
obtained on the IT band of this ion have been interpreted 
in terms of different, c h e m i c a l l y  d i s c r e t e  Ru(II) and 
Ru(III) sites [17, 18] However, suggestions have also
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been made that the Creutz and Taube ion may represent an 
intermediate case lying between the limiting localized and 
delocalized description [35, 36]

A recent p u b l i c a t i o n  by Best et al [37] shows that by 
using spectroelectrochemical techniques, the near- and mid- 
i nfrared spectral changes w hich a c c o m p a n y  oxidation or 
reduction of the ion can be identified The changes m  the 
v i b r a t i o n a l  s p e c t r a  c l e a r l y  r e v e a l  the d e l o c a l i s e d  
c h a r a c t e r  of the Creutz and Taube ion, at least on a 
vibrational time scale So, each ruthenium center contains 
a charge of 2 5 when the complex is in the mixed valence
state, i e [(NH3 >5 R u 2 ^(pyrz)Ru 2 5(N H ^)^]5+

The d i s c u s s i o n  above has shown that some i n t e r e s t i n g  
results may be obtained for the dinuclear studies The 
e l e c t r o c h e m i c a l  m e a s u r e m e n t s  in p a r t i c u l a r  yield much 
information concerning the metal-metal interaction of these 
complexes Variations m  the dinuclear complexes include 
changing one or two of the metals, changing the bridging 
l i g a n d  a n d / o r  v a r y i n g  the Ru(L-L) - m o i e t y  where L-L 
represents a symmetrical bidentate ligand

As most of the r esearch has been c o n c e n t r a t e d  on the 
symmetric bridging ligands, very little work has involved 
the use of asymmetric bridging ligands The aim of this 
chapter is the preparation and characterisation of m o n o ­
nuc l e a r  and d i n u c l e a r  complexes c o n t a i n i n g  a s y m m e t r i c  
b i d entate b r i d g i n g  ligands The two ligands chosen are 
similar to the pyrldy1triazo1e ligands HPyrtr and PT used 
m  Chapter 1, but contain an additional pyridine ring bound 
via the 3' carbon to form 3 ,5-b i s -(pyrldin-2 -y 1 )- 1 ,2,4 - 
tr i a z o l e  (Hbpt), or bound via the 1 'nitrogen to form 
1 ,3 - b l s - (p y r l d i n  - 2 - y 1) - 1 ,2,4 -triazole (bptn) It is 
anticipated that the use of these ligands in monomer and 
dimer studies will yield some interesting results
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5 1 Preparation of Mononuclear and Dinuclear Ruthenium
Compounds Containing As vmme tric Bridging Ligands.

5 1 1  Preparation of Mononuclear Compounds.

A s e r i e s  of m o n o n u c l e a r  c o m p l e x e s  of t h e  t y p e  
[ Ru ( L - L ) 2 ( L ' - L 1 ' ) ] n+ have been prepared where L-L = bpy, 
4,4' - d i m e t h y l - 2 , 2 '  - b i p y r i d i n e  ( M e 2 bpy) or 1,10-phen- 
a n t h r o l i n e  (phen), and L ’ -L'' are the ligands 1,3-bis- 
( p y r i d i n -  2 - y l ) ■ 1 , 2 , 4 • t r i a z o l e  (bpt n ) and 3 , 5 - b l s - 
(pyr ldin - 2 - y 1) - 1 , 2 , 4 - 1 n a z o  1 e (Hbpt), see Figure 5 4

The preparation of the mononuclear complexes is similar to
that for the pyridy1triazo1e compounds prepared in Chapter 
3, where a 1 1 2 molar ratio of [Ru(L L)2Cl23 and ligand is 
refluxed in ethanol/water ( 2 1 ) for 6 hours, according to 
the following reaction

L ’ - L ’ *
[Ru(L-L)2 C12 ]  > [Ru(L-L)2 (L*-L'')]n+ (8 )

The complexes were isolated as the PF^" salt m  yields of
between 7 0 to 9 0%

Both the ligands bptn and Hbpt are composed of a triazole 
ring containing two pyridine ring substituents The ligand 
bptn (Figure 5 4 (a)) is similar to HPyrtr but contains an
a d d i t i o n a l  p y r i d i n e  ring at the N 1 ' p o s i t i o n  of the 
triazole ring In effect, this ligand is a combination of 
the ligands HPyrtr and PT Coordination via the N 1 (ring
A) and the or N 2 is expected to yield a complex with
similar p r o p e r t i e s  as c o m plexes c o n t a i n i n g  HPyrtr type 
ligands Similarly, coordination via N 1 (ring B) and N 2 

is expected to yield a complex with properties similar to 
complexes containing PT type ligands
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(a)

(b)

Figure 5 4 (a) 1,3-b 1 s -(p y r i d i n -2-y 1)- 1 f2 , 4 -1 riazo 1 e (bptn) 
and (b) 3 , 5 - b l s -(pyridin - 2-y I )- 1,2,4- 1 riazo1e (Hbpt)

For the complex [Ru(b p y )2 (b p t n ) ] 2 + , the formation of three
possible isomers is possible Figure 5 5 depicts the three
coordination modes possible for this ligand Coordination
may take place either (1), N 1 (A) and N 2 ' t n a z o l e ,  (2), N 1

(A) and t n a z o l e  or (3), N 1 (B) and N 2 ' t n a z o l e  From
the structure of the ligand it would appear that the most
feasible coordination mode from steric reasons would be via
N 1 (A) and t n a z o l e  It is anticipated that due to
steric h i n drance b e t w e e n  p y r i d i n e  ring (B) and the bi-

1 9 1p y r i d i n e  ligands c o o r d i n a t i o n  b e t w e e n  N 1 (A) and N z
t n a z o l e  and also between N 1 (B) and N 2 * triazole would not 
be favoured This therefore suggests that the formation of 
d i n u c l e a r  compounds contai n i n g  this bridging ligand may 
prove difficult
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Figure 5 5 Possible coordination modes for bptn

The e l e m e n t a l  a n a l y s i s  of the m o n o n u c l e a r  compounds 
containing bptn are all good (see Chapter 2 Experimental), 
though the n m r of [ R u ( p h e n ) 2 ( b p t n ) ] shows the
p r e s e n c e  of a second species (<5%) From the n m r
s p e c t r u m  it is not possible determine the nature of the
impurity due to the small quantity present As suggested 
earlier, the formation of the dinuclear compound containing 
this br i d g i n g  ligand or the f o r m a t i o n  of the isomers 
coordinated via N 1 (A) and N 2 ' , and N 1 (B) and N 2 seems
u n l i k e l y  due to s t e n c  reasons, but these possibilities
cannot be eliminated

The ligand Hbpt (Figure 5 4 (a)) is similar to the ligand
HPyrtr except that the second pyridine ring is bound to the 
triazole ring via the 5' carbon atom and so the ligand
contains two p ossible sites for bidentate coordination 
So, the formation of two mononuclear isomers is possible

1 »with this ligand, the first via a pyridine ring and the N A 
atom of the triazole ring and the second via a pyridine

A Iring and the atom of the t r i a z o l e  ring Previous
studies on this complex show that only one isomer is formed 
and c o o r d i n a t i o n  takes place via the N 1 atom and a
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pyridine ring [38] The s t e n c  interaction is less when 
R u ( b p y ) 2  is bound via N 1 triazole and N 1 pyridine than 
w h e n  b o u n d  via ' t riazole and N 1 p y r i d i n e  It is 
t h e r e f o r e  a n t i c i p a t e d  that reactions of [ Ru ( M e 2 b p y )2 C 12 ] 
and [R u (phen) 2 C 12 ] with Hbpt should also yield one isomer

However, unexpectedly, both *H n m r and electrochemical 
s t u d i e s  of [R u (M e 2 b p y ) 2 (b p t )]+ and [ Ru ( phen ) 2 ( bp t ) ] + 
i ndicate the p r e s e n c e  of a second species Purity of 
samples was also determined using the HPLC system described 
earlier (Chapter 3 Section 3) For both compounds one peak 
eluted and using the diode array d e t e c t i o n  system the 
uv/vis spectra of different sections of the chromatogram 
could be obtained The results in Figure 5 6 show that for 
both compounds d i f f e r e n t  sections of the chromatograms 
yield similar, but not identical uv/vis absorption spectra 
This indicates that both samples contain a second species 
and that separation on the HPLC column has not occurred

Electrochemical results yield two oxidation potentials for 
t h e  m o n o n u c l e a r  c o m p l e x e s  [ R u ( M e 2 b p y ) 2 (bpt ) ] + and 
[ R u (p h e n ) 2 (b p t )]+ , and in a g r e e m e n t  with the ^H n m r
spectra, the ratio's of the m a m  component to the second
species are 80 20 for [ R u (Me 2 bpy) 2 ( bp t ) ] + and 70 30 for
[R u (p h e n ) 2 ( bpt ) ] + F r o m  *H n m r s p e c t r o s c o p y  the
resonances of the major component in each sample are very 
similar to the resonances obtained for [ Ru (b p y )2 (b p t ) ] + , 
suggesting that the m a m  isomer formed for [Ru(Me 2 b p y ) 2 ’ 
( b p t ) ] 2+ and [ R u ( p h e n ) 2 (b p t )] + is c o o r d i n a t e d  via N 1 

py r i d i n e  and N 1 triazole It must also be noted that
elemental analysis for [Ru(Me2 bpy)2 (bpt)]2+ is reasonable 
and for [R u (phen) 2 (bpt)]+ the elemental analysis is good 
(see Chapter 2 Experimenta 1)
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TIME TIME

Figure 5 6 Chromatgrams of (a) [Ru(Me 2 bpy)(Hbpt ) ] 2 + and
(b) [Ru(phen)2 (Hbpt) ] 2+ with corresponding uv/vis spectra 
taken at different retention times on the chromatogram 
Mobile phase a c e t o m t n l e  water (80 20) with 0 08 M L 1 CIO4 

Flow rate 3 0 m l / m m
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The e l e m e n t a l  a n a l y s i s  results may suggest that the
‘' i m p u r i t y "  is the isomer that is c o o r d i n a t e d  via N 1
p y r i d i n e  and ' t riazole The exact nature of the
i m p u r i t i e s / i s o m e r s  is at present not known F u rther
experiments are required to determine the nature of these
" s e c o n d  p r o d u c t s "  Semi - p r e p a r a t i v e  HPLC using a
suitable mobile phase is necessary for isolation of pure
s a m p l e s  f o l l o w e d  by 1 H n m r s p e c t r o s c o p y  for

9 +i d e n t i f i c a t i o n  The c o m pounds [Ru(Me 2 bpy) 2 (bpt)] and
[ Ru ( p h e n ) 2 ( b p t ) ] + have been characterised by uv/vis and 
e m i s s i o n  spectroscopy and electrochemistry and their pKa 
values have also been determined However, these results 
must be treated with caution as the exact composition of 
the samples is not known Deprotonat 1 on of the triazole 
ring may also occur leaving a n e g a t i v e  charge on the 
ligand Hence the protonated and deprotonated form of the 
mononuclear compounds may be isolated

5 1 2  Preparation of Dinuclear Compounds.

D u r i n g  the a t t e m p t  to p r e p a r e  the d i m e r i c  s p e c i e s  
containing the ligand bptn no evidence for the formation of 
d i n u c l e a r  c o m p o u n d s  was o b s e r v e d  from the react i o n  of 
[ Ru (L - L ) 2 C 12 ] where L-L = bpy , phen or M e 2 bpy with bptn 
Also, reaction of the monomeric species [Ru(L -L )2 (bptn)]2+ 
with excess [Ru(L -L )2 C 1 2 ] yielded no dimer

The d i n u c l e a r  complexes of the type [ (Ru ( L - L ) 2 ) 2 ( bP 1 ̂  + 
were p r e p a r e d  by hea t i n g  [Ru(L-L)Cl2l and ligand under 
reflux in a molar ratio in ethanol/water (2 1) for 12 hours 
according to the equation below

Hbp t
[Ru(L-L) 2 C l 2 l ....... > [(L-L)2 Ru(bpt)Ru(L-L) 2 ]3+ (9)
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The complexes were precipitated as the PF 5 " salt For
t h e s e  c o m p l e x e s ,  it is i n t e r e s t i n g  to note that d e - 
p r o t o n a t i o n  of the neutral ligand, Hbpt, occurs upon 
f o r m a t i o n  of the dim e r i c  species This suggests that 
p r o t o n a t i o n  of the triazole ring is not favoured under 
these circumstances, perhaps due to steric hindrance of the 
b i p y r i d y l  ligands or alternatively deprotonat 1 on of this 
ligand may p r o v i d e  a d d i t i o n a l  stabilization due to the 
st r o n g e r  o donor p r o p e r t i e s  of the bpt" ligand The 
dinuclear complexes may also be obtained by refluxing the 
m o n o m e r  [ Ru ( L - L ) 2 ( b p t ) ] + in ethanol/water (2 1) with an 
excess of [Ru(L-L)2Cl2) where L-L = bpy, M e 2 bpy of phen , 
according to the equation

[Ru(L-L)2 (bpt)]+ + [Ru(L-L)2 CX2 ]

......> [(L-L)2 Ru(bpt)Ru(L-L)2 ]3+ (10)

The elemental analysis for the compound [(Me2 bp y )2R u (bpt) - 
Ru(Me 2 b p y )2 ] (PF6 ) 3 gave a low percentage carbon, hydrogen 
and nitrogen (see Chapter 2 Experimental), suggesting that 
s o m e t h i n g  i n o r g a n i c  may be present The pr e s e n c e  of 
a m m o n i u m  h e x a f 1 u o r o p h o s p h a t e  and w ater d e c reases the 
p e r c e n t a g e s  of carbon, h y d r o g e n  and nitrogen but leave 
nitrogen a little high Electrochemical measurement yields 
two peaks of equal intensity characteristic of dinuclear 
compounds Due to the small quantity of sample obtained 
n m r analysis could not be obtained

E a c h  d i n u c l e a r  c o m p l e x  of the type [ ( b p y ) 2 R u (b p t )- 
Ru(bpy) 2 J3+ may exist in two geometrical isomers depending 
on the relative orientation of the b i p y r i d m e  ligands (see 
Figure 5 10 Section 5 2 1)

The d i n u c l e a r  c o m p l e x e s  [ ( b p y ) 2 R u ( b p t ) R u ( p h e n ) 2 3 ^ + * 
[ ( b p y ) 2 R u ( b p t ) R u ( M e 2 b p y ) 2 l ^ + and [ ( p h e n ) 2 R u ( b p t ) ■
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Ru (Me 2 bp y ) 2 ] ̂  + have also been p repared by reacting the 
monomeric species [Ru(L -L )2 (H b p t ) ] 2+ with an excess of the 
dichloride [Ru(L 1 -L ')2 C 12 ] according to equation (II)

[Ru(L-L) 2 (bpt)]+ + [Ru(L'-L') 2 C12 ]

 > [ ( L - L ) 2 Ru ( bp t ) Ru ( L 1 - L ’)2 ]3+ ( I D

when L-L = bpy, L'-L' = M e 2 bpy or phen, and when L-L =
phen, L'-L' = M e 2 bpy

It must be noted at this stage that the elemental analysis 
obtained for [(b p y ) 2 R u(bpt)R u (phen) 2 ]3 + was not good (see 
Chapter 2 Experimental) The n m r obtained for this
compound indicates the presence of an impurity or isomer 
though differential pulse voltammetry shows the presence of 
two peaks characteristic of dinuclear compounds

Studies on the mononuclear and dinuclear compounds prepared 
include *H n m r spectroscopy, electronic spectroscopy and 
electrochemical measurements and will be discussed in the 
following sections

5 2 1 h N . m . r . Spectra.

5 2 1 Proton Resonance Spectra of the Free Ligands.

The a s s i g n m e n t  of the bptn protons has been made by 
c o m p a r i s o n  with the n m r data of the free ligands
HPyrtr and PT [38] (see Chapter 3 Section 1) and also by 
comparison with the n m r data obtained for Hbpt [39]
The proton resonances obtained for the ligands bptn and bpt 
are presented m  Table 5 1 For bptn, the resonance of the 
highest H^ doublet at 8 70 p p m has been assigned to the 

proton of ring A by comparison with the resonance for
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the free ligand HPyrtr, w h i c h  is also observed at 8 70 
p p m Ar second doublet is found at 8 57 p p m , in the
spectrum of bptn, this has been assigned to the proton
of pyridine ring B, bound to the triazole ring via the 1* 
nitrogen atom This value is in good agreement with the 
value for the doublet of the ligand PT ( 8 53 p p m ) ,
w h i c h  also contains a C-N py r l dy 1 1 r i az o 1 e bond The 5* 
proton of the triazole ring is found as a singlet downfield 
at 9 4 8  p p m  , whi ch is in reasonable agreement with the 
value of the singlet for P T , found at 9 99 p p m With 
the results obtained, the resonances of the two different 
pyridine rings can be easily distinguished For H b p t , the 
protons for each pyridine ring are in the same environment 
and hence exhibit the same resonance frequencies

Table 5 1 Proton N m r Resonances for Free Ligands (Solvent dimethyl sulfoxide 
200 MHz)

Ligand Proton Resonances ( p p m )

H3 H5 H3 H4 H5 H6
bptn 9 48 e 09 7 92-0 02 7 47-7 51 8 70(a)

7 92-0 02 8 15 7 47-7 51 0 57(b)
Hbpt - 0 15 8 00 7 52 0 67
PT C

D u o 9 37 7 86 0 06 7 47 8 53
HPyrtr - 8 27 8 09 7 98 7 51 8 70
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5 2 2 —H N.m.r. Spectra for Mononuclear Complexes
Containing 1 t3- B_i_s (pvridin-2 - v l) 1 ,2.4‘t n a z o l e

The 1H n m r spectral data obtained for the mononuclear 
compounds containing bptn are presented m  Table 5 2 A 
schematic diagram of the mononuclear complexes containing 
bptn is presented in Figure 5 7

N

F i g u r e  5 7 P r o p o s e d  s t r u c t u r e  of [ R u (L -L ) 2 (b p t n ) ] 2 +
complexes where N-N = b p y , M e 2 bpy or phen

A complete assignment of the spectra of [Ru(bpy)2 (bpt n ) ] 2 + 
and [R u (M e 2 b p y ) 2 (b p t n ) ] 2 + c o u l d  be m a d e  using COSY 
t echni q u e s  and by c o m p a r i s o n  w i t h  literature data [25, 
3 9-42]

No c o m p l e t e  a s s i g n m e n t  could be made for [ R u ( p h e n ) 2 ■ 
( b p t n ) ] 2 + , but by comparison with the literature [39-46] 
parts of the spectrum could be assigned The structure and 
numbering scheme for bptn is shown in Figure 5 4 (a) and 
the proposed structure is illustrated m  Figure 5 7

As can be seen from Figu r e  5 5 the formation of three 
isomers is possible for the p r e p a r a t i o n  of mononuclear 
c o m pounds contai n i n g  bptn The COSY n m r spectra of 
[ R u ( b p y > 2 ( b p t n ) ] 2+ p r e s e n t e d  m  Figure 5 8 , reveals the 
presence of only one isomer
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Table 5 2 Correlation Spectroscopy Data for Mononuclear Compounds 

Containing bptn (Solvent acetone-dg, 300 MHz) (ppm)

Compound Pyridyl-Triazole ligand (bptn)

H5 '
3

H H4 H5 H1

[Ru(bpy)2(bptn)]2+ 9 59 (a) 8 61 8 24 7 60 7 95

(b) 8 09 8 17 7 56 8 47

[Ru(Mezbpy)z(bptn)]J+ 9 56 (a) 8 65 8 43 7 38 7 85

[Ru(phen)2(bptn)]2+

", (b) 8 09 8 18 7 55 8 45

9 53 (a) 8 65 8 22 7 58 7 92

(a) Ruthemum-bound pyridine ring of bptn (b) Free ring of bptn

Table 5 3 Correlation Spectroscopy Data for Mononuclear Compounos 

containing bpt~ (Solvent acetone - dg, 300 MHz) (ppm)

Compound Pyridyl-Triazole Ligand (bpt**)

3
H H4 H5 H6

[Ru(bpy)2(bpt)]+ (a) 8 25 8 00 7 27 7 70

(b) 8 10 75 7 20 8 45

[Ru(Ke2bpy)2(bpt)]+ (a) 8 61 7 95 7 38 7 82

[Ru(phen)j(bpt)]+ (a) 8 41 8 09 7 31 7 86

(b) 7 04 8 15 7 53 8 52

(a) Ruthemum-bound ring of bpt~ (b) Free ring of bpt'
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Figure 5.8 COSY spectrum of [Ru(bpy)2(bptn)]2+ m  
acetone-d6.
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From the proton resonance data listed in Table 5 2, it is 
not p o s s i b l e  to u n a m b i g u o u s l y  assi g n  the mode of c o ­
o r d i n a t i o n  of R u ( b p y ) 2  to b p t n  H o w e v e r ,  evide n c e  
suggests, according to comparisons made with the free and 
bound ligands Hpyrtr and PT that coordination takes place 
v i a  N 1 p y r i d i n e  r i n g  A a n d  t h e  t r i a z o l e  r i n g  
U n f o r t u n a t e l y ,  a d i r e c t  c o m p a r i s o n  w i t h  the m o n o m e r  
[Ru( bpy) 2 (hpt) ] + cannot be made as the Hbpt ligand is in 
the deprotonated form

The proton resonances containing the H^ doublet at highest 
field, (a) in Table 5 2 are those of the bound pyridine 
ring while the (b) r e s o n a n c e s  are those of the unbound 
pyridine ring The H^ protons are especially diagnostic 
for the assignment of bound and unbound pyridine rings, as 
the H^ protons of the bound ring are shifted upfield with 
respect to those of the free ligand For the unbound ring 
the s h i f t  for the H^ p r o t o n  is r e l a t i v e l y  small in 
comparison with those of the free ligand, this is because 
the unbound ring is free to rotate and hence the H^ protons
of this ring will not be in the s h i e l d i n g  cone of a
b i p y n d m e  ligand

The p r o t o n  resonance data of [Ru(b p y )2 (bpt n )]2+ suggests 
that the bound pyridine can be assigned to pyridine ring A 
on the f o l l o w i n g  basis The resonances obtained for the
pyridine ring in the coordinated Hpyrtr (two isomers) and 
PT are similar to the results o b t a i n e d  for the bound
p y r i d i n e  r i n g  of b p t n  On this b a s i s  the mode of
coordination cannot be ascertained The resonances of the 
u n b o u n d  p y r i d i n e  r i n g  are m o r e  d i a g n o s t i c  The H^ 
resonance of the unbound ring (b) at 8 57 p p m is more 
similar to the resonance at 8 53 p p m  for the free PT 
ligand than that of 8 70 p p m for free HPyrtr The H 3 , 
H^ and H^ resonances of ring B (see Table 5 2) are very 
Similar to the resonances of the free PT ligand This
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suggests that the free pyridine ring is ring B in Figure 
5 5

The r e s o n a n c e  of the H-*' p r o t o n  of bptn might also be 
considered diagnostic when compared with the resonances of 
the H ^ ’ protons of P T , 3 BrPT and 3 MePT (see Table 3 7

C IS e c t i o n  2 of C h a p t e r  3) The r e s o n a n c e s  of the 
singlets in the last three ligands are at 9 37, 9 21 and
8 89 p p m  r e s p e c t i v e l y  The H^' r e s o n a n c e s  for
pyridy l t n a z o l e  compounds containing a C-C bond are found 
at higher field The ' values for HPyrtr, AMePyrtr and 
IMePyrtr are 8 27, 8 62 and 8 61 p p m  respectively (see
Table 5 1 , 3 7  and Cha p t e r  2 r e s p e c t i v e l y )  The H
singlet for bptn is found at 9 37 p p m ,  a value more
similar to the values obtained for the singlets m  PT type 
ligands, it is again suggested that the bound pyridine ring 
is ring A in Figure 5 5

From Figure 5 5 it is observed that pyridine ring B is a%
substituent on the 1' nitrogen of the triazole ring For 
the ligand IMePyrtr in [Ru(b p y )2 (lMePyrtr ) ] 2 + , the methyl 
group on the 1 ' nitrogen provides enough steric hindrance 
for c o o r d i n a t i o n  not to occur at the N 2 ' position [39] 
Coordination of the IMePyrtr ligand in this compound is via 
the py r i d i n e  ring and the * nitrogen of the triazole 
ring This would suggest that coordination to bptn takes
place via N 1 and as the pyridine ring substituent on
the 1 ' p o s i t i o n  of the triazole ring would provide more 
steric hindrance than the methyl group of IMePyrtr In 
this coordination mode the steric effects of ring B on the 
b i p y n d i n e  ligands would be m m i m a  1, see Figure 5 5

T h e  r e s o n a n c e s  f o r  t h e  b i p y n d i n e  l i g a n d s  of
9 +[ R u ( b p y ) 2 ( b p t n ) ] z are s i m i l a r  to t h o s e  for o t h e r  

b i s - b i p y n d m e  Ru(II) complexes containing pyridyltriazole 
ligands [39, 40]
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The c o m p l e x  [R u (Me 2 b p y ) 2 (b p t n ) ] 2 + exhibits very similar 
shifts to (Ru(bpy) 2 (bptn)]2 + , suggesting that coordination 
t o ruthenium is also via pyridine ring A and of the
triazole ring The H 3 , and resonances of the protons 
of the 4 , 4 1 - dimethy 1 - 2 , 2 ’ -blpyridine) ligands are similar 
to those obtained for [Ru(Me2 b p y ) 3 ] 2+ [43] As the four
m e t h y l  groups on the M e 2 bpy ligands are in different 
environments four singlets are expected Four methyl group 
singlets are present in the region 2 56 - 2 58 p p m
This also indicates the presence of one isomer only

The n m r data for the complex [Ru(phen)2 (bptn)]2+ did
not yield as much information as for the other two bptn 
monomeric complexes The n m r spectra for complexes
c o n t a i n i n g  R u ( p h e n ) 2 moieties is much more complex than 
that c o n t a i n i n g  Ru( b p y ) 2 m o i e t i e s ,  due to the n o n ­
equivalence of the two halves of each phenanthro 1 1 ne ligand 
[44] This makes the n m r analysis very complex as in 
t h e  h i g h e r - f i e l d  r e g i o n  of t h e  s p e c t r u m  of 
[ Ru ( phe n ) 2 ( bpy) ] 2 + the and signals appear as an AB
q u a r t e t  a n d  n o t  as a s i n g l e t  a s  f o u n d  f o r  
[ R u ( b p y )  2 (phen) ] 2+ [43] and [ Ru ( P h e n ) 3 ] 2 + [46] The
coupling from only one of the pyridine rings of the bptn 
ligand was obtained from the COSY spectrum From Table 5 2 
the prot o n  r e s o n a n c e s  for this py r i d i n e  ring are very 
s i m i l a r  to t h o s e  of t h e  b o u n d  p y r i d i n e  r i n g  of 
[R u (b p y ) 2 (bpt n )]2+ and [R u (M e 2 bpy)(bpt n ) ] 2 + , more similar 
to the former complex than the latter For this reason, 
the c o o r d i n a t i o n  mode of bptn to c i s - (p h e n ) 2 R u (1 1 ) is 
s u g gested to be the same as that of the bipyridine and 
m e t h y 1 -b 1 pyr idine bptn monomeric complexes, that is, via 
pyridine ring A and the * atom of the triazole ring

From the n m r of [ Ru (p h e n ) 2 ( bp t n) ] 2 + it is observed
that the sample contains a 5% impurity Ana lysis of this 
impurity by COSY is not possible due to the small amount
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present Some highfield resonances are present but cannot 
c o n c l u s i v e l y  be assigned to the dimeric species Using 
differential pulse voltametry only one oxidation potential 
for this compound was observed This result, along with 
the structural constraints of the ligand indicate that the 
f o r m a t i o n  of the d i m e r i c  s p e c i e s  is u n l i k e l y  The 
e l e m e n t a l  an a l y s i s  of [ R u (p h e n ) 2 (b p t n ) ] 2+ is good (see 
Chapter 3, Experimental) suggesting that a second isomer of 
[Ru(phen) 2 (bptn ) ] 2 + may have been formed

In c o n c l u s i o n ,  the n m r d a t a  of the m o n o m e r i c
complexes containing bptn suggests that the Ru(bpy ) 2  moiety 
preferentially coordinates to the bptn ligand via the N 1 of 
pyridine ring A and N^ of the t n a z o l e  ring This is an 
i n d i c a t i o n  that steric h i n d r a n c e  with bptn occurs and 
c o o r d i n a t i o n  to ring A and of the t n a z o l e  ring is
f avoured These results may also suggest that reaction 
with a p y r 1 d y 1tr 1 a z o 1e ligand containing a C-C bond is more 
favourable than that containing a C-N connecting bond

5 2 3 — H N m r Spectra of Mononuclear Compounds Containing 
3 , 5 • Bis ( p v n d i n  - 2 - vl) -1 . 2 .4-tna z o l e  .

The proton n m r resonances obtained for the Hbpt ligand 
in the m o n o n u c l e a r  complexes containing the deprotonated
form of this ligand are listed in Table 5 3 The structure 
of [ R u ( b p y ) 2 ( b p t ) ] + as d e t e r m i n e d  f r o m  X - r a y  
c r y s t a l l o g r a p h y  is p r e s e n t e d  m  Figure 5 9 [38] The
crystal s t r u c t u r e  of the d e p r o t o n a t e d  [ R u (b p y )2 (bp t ) ] + 
com p l e x  c onfirms that the coordination mode of b p t ’ to
Ru(bpy ) 2 is via N 1 pyridine ring and N 2 ' t n a z o l e  ring As 
can be seen from Figure 5 9, the formation of two isomers 
is possible, the first via N 1 pyridine and N 2 * t n a z o l e  and 
the second via N 1 pyridine and N^ ' t n a z o l e  The n m r 
data [40] suggests the presence of only one isomer No
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complete assignment of the COSY spectrum could be made, but 
by comparison with literature data the major part of the 
s P e c t rum could be understood [39-45] The chemical shifts 
of the protons of the ruthenium coordinated pyridine ring 
of the bpt* ligand are n o t i c e a b l y  different from those 
observed for the non - coordinating ring

Figure 5 9 Structure of (R u (b p y )2 (b p t )]+ as determined by 
X-ray crystallography

This is e s p e c i a l l y  clear for the doublets For the
coordinated pyridine ring, the doublet shifts upfield by 
0 9 7 p p m in comparison with that of the free ligand 
This is explained by the magnetic anisotropic effect from a 
py r i d i n e  ring of one of the b i p y n d m e  ligands The 
doublet of the non-coordinated pyridine ring shifts very 
sl i g h t l y  upf i e l d  by 0 2 0  p p m compared with the free 
ligand This indicates that it is not influenced by other 
parts of the molecule The resonances for the b i p y r i d m e  
rings (not included) are s i m i l a r  to those obtained for 
other p y r 1 d y 1 1 r 1 a 2 o 1 e ligands coordinated to Ru(bpy ) 2 

moieties [39]

 ̂H n m r a n d  e l e c t r o c h e m i c a l  a n a l y s i s  of 
[ R u ( M e 2 b p y ) 2 ( b p t ) ] + and [Ru(phen) 2 (bp t ) ] + reveal the 
presence of a second product m  each comp lex This is an
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unu s u a l  result as no impurities were observed in the
i.

n m r spectra of [R u (bpy)2 (bpt)]+ [40] The proton n m r
s p e c t r a  of t h e s e  c o m p l e x e s  do n o t  c o n t a i n  a n y
characteristic doublets at high field which are present in
the n m r spectra of the d i n u c l e a r  c o m p o u n d s  This

1 i n d icates that the impur 1 ty is not a dinuclear species
The p r o t o n  n m r r e s o n a n c e s  for the bpt" ligands of
[Ru(Me 2 b p y )2 (b p t ) ] + and [R u (p h e n )2 (bpt) ] + are presented in
Table 5 3 Eight singlets that can be attributed to methyl
groups are o b s e r v e d  in the region 2 38- 2 58 p p m for
[R u (Me 2 b p y ) 2 (b p t )]+ This may suggest that the second
species present is the second possible is ome r The ratio
of which is approximately 80 2 0 (by peak height analysis)
From the r e s o n a n c e s  of the bpt" ligand the predominate
isomer seems to be the same as that for [Ru (b p y ) 2 (b p t ) ] + ,

1 9 1that is , coordinated via N 1 and N* As two isomers are
present this c omplicates the interpretation of the COSY 
spectra A detailed analysis has not been given as it is 
the bpt" protons that are of interest here Only one of 
the p y r i d i n e  rings of bpt" could be fully assigned A 
remarkable doublet belonging to one of the M e 2 bpy rings is 
found at 7 16 p p m The reason for the presence of this
doublet at highfield is at present not known

n m r data for complex [R u (phe n )2 b p t ]+ in Table 5 3 
also reveals the presence of 30% of a second species The 
proton shifts of the main species are similar to those of 
the other bpt* monomers suggesting that coordination in the

1 O |main species is via N 1 and N z Now, a doublet at low
field is present in the n m r spectra of [ (p h e n )2 R U (b p t )- 
Ru(phen) 2 J3+ A doublet is also present at low field (9 10 
p p m )  m  the n m r spectra of [R u (p h e n )2 (b p t )]+ which is 
not coupled to any of the bpt" protons and is absent in any 
of the other bpt" monomer spectra This suggests that the 
doublet belongs to a p h e n a n t h r o l m e  proton and is only 
observed when the R u (phen ) 2 moiety is coordinated via N 1
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and * of the t n a z o l e  ring This suggests that the 
second species may be the isomer that is coordinated via N 1 

pyridine and t n a z o l e

To conclude, the formation of the [Ru(bpy)2 (bpt)]+ monomer 
results in the formation of only one isomer bound via N 1 of 
a pyridine ring and of the t n a z o l e  ring On the other
h a n d ,  it is s u g g e s t e d  t h a t  the f o r m a t i o n  of b o t h  
[ Ru (Me 2 b py ) 2 ( h p t ) ] + and [ Ru ( ph en) 2 (bp t ) ] + result in the 
formation of two isomers in the approximate ratio 75 25 
The major isomer is coordination via N 1 of a pyridine ring 
and N 2 ' of the t n a z o l e  ring For the m i n o r  isomer 
coordination takes place via N 1 of a pyridine ring and 
of the t n a z o l e  r i n g  For the l a t t e r  m o r e  s t e n c
interaction is expected, so this type of coordination mode 
would not be as favourable

5 2 4 —H N.m.r. Spectra of Dinuclear Complexes Containing
3 .5-Bis(pvridm-2-vl)l . 2 .4 - t n a z o l e )

The n m r spectral data for the dinuclear compounds is
pr e s e n t e d  in Table 5 4 The n m r spectra of all
di n u c l e a r  c o m p l e x e s  contain a c h a r a c t e r i s t i c  highfield 
doublet This doublet of the [(bpy)2 R u (b p t )R u (b p y )2 1^+ 
dimer has been assigned to the H 3 proton of ring A of the 
bpt" ligand [40] Because of the short distance between 
the H 3 of the bpt" ligand and one of the b i p y n d i n e  rings 
( r i n g  C Figu r e  5 10) a large d i a m a g n e t i c  a n i s o t r o p i c
i n t e r a c t i o n  should occur, r e s ulting in a shift of the 
resonance of H 3 to higher field [47] As this doublet is 
p r e s e n t  in the n m r s p e c t r a  of all the d i n u c l e a r  
c o m p o u n d s ,  it i n d i c a t e s  that this d o u b l e t  o c c u r s  
i r r e s p e c t i v e  of the n a t u r e  of the R u ( L - L ) 2 m o i e t y  
coordinated to b p t ’ where L-L = bpy, M e 2 bpy of phen
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Table 5 4 Correlation Spectroscopy Data of the Bridging Ligand in the

Dinuclear Compounds (Solvent Acetone — d® 300 MHz) (ppm)

Compound

( (bpy)a Ru(bpt)Ru<bpy)a *

[(phen)3 Ru(bpt)Ru(phen)2 ]3

[ (bpy )2 Ru (bpt )Ru (Me2 bpy) 3 )3 * 

[(bpy)2 Ru(bpt)Ru(phen)3 ]3 *

[ (phen), Ru(bpt)Ru(Me, bpy)3 ]3

Pyndyl-Tria^ole Ligand (bpt)

H3 H5 H4
Isomer 1 6 69 7 33 7 21 7 62

7 11 7 29 8 00 8 73

Isomer 2 6 63 7 35 7 15 7 73

7 27 7 71 0 10 0 67

Isomer 1 6 52 7 12 6 90 7 75

7 48 7 70 0 23 0 69

Isomer 2 6 60 7 10 6 00 7 50

7 44 7 14 7 90 0 02

6 69 7 39 7 15 7 96

6 82 7 30 7 56 8 40
6 40

6 66 7 10 7 50 7 99
6 76 7 13 7 34 7 07

6 79 7 31 7 01 7 69



*

The p r e s e n c e  of two of these d o u b l e t s  at high field 
indicates the presence of two isomers

The two isomers of the dinuclear complex [(bpy)2 R u (bpt)- 
Ru(bpy> 2 ]3+ have been isolated m  a ratio of 1 1 by careful 
recrysta 1 1 isation [40] The n m r data of the bpt ligand 
of these two isomers are p r e s e n t e d  in Table 5 4 The 
dinuclear compound may exist in two geometrical isomers as 
shown in Figure 5 10 Major s t e n c  interactions between 
the Ru(bpy ) 2 moieties prevents a configuration in which the

I I  o  ttwo R u ( b p y ) 2  moiet'ies are c o o r d i n a t e d  via N 1 and N^ 
r e s p e c t i v e l y ,  of the tr i a z o l e  ring, as s u m i n g  a bpt" 
c o n f o r m a t i o n  w i t h  p y r i d i n e  r i n g s  A & B in a cis 
orientation Therefore, only the two geometrical isomers 
each with an optical pen d a n t  are a s s u m e d  to be formed 
(Figure 5 10 (a) and (b))

The proton assigned to the doublet with the lowest p p m  
value ( 6 69 p p m of isomer 1 and 6 83 p p m of isomer 2) 
is the H 3 proton of a pyridine ring in the bpt' ligand

g e o m e t r i c a l  isomers (a) and (b) each with an optical 
pendant of the dinuclear complexes.
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This is because of the short distance between H 3 of the 
bpt' ligand and one of the pyridine rings (ring C Figure 
5 1 0 ), r e v e a l e d  by s p a c e  f i l l i n g  m o d e l s ,  a l a r g e
diamagnetic anisotropic interaction should occur shifting 
the resonance of the H 3 doublet to higher field [40] This 
e f f e c t  is e v e n  m o r e  p r o n o u n c e d  than the d i a m a g n e t i c  
anisotropic interaction between and pyridine rings found 
m  [Ru(bpy)3 ] 2  [47] The H 3 proton of ring B, on the other
h a n d ,  is q u i t e  a large d istance away from any other 
pyridine ring, therefore this proton will have a different 
chemical shift compared to those of the H 3 protons of ring 
A of b p t "

The COSY experiment for isomer 1 yielded eight different 
sets of py r i d i n e  protons A less detailed analysis was 
made for isomer 2 due to the complexity of the spectrum
However, from the results obtained (not included) it was
s h o w n  that i s o m e r  1 and i s o m e r  2 h a v e  a d i f f e r e n t  
orientation of b i p y n d i n e  ligands [39] The ^H n m r data 
of isomer 2 contain a doublet at 8 4 p p m which is absent 
in the n m r spectrum of isomer 1 This doublet has been 
assigned to a H^ proton of ring 1 or ring E (Figure 5 10
(b)) It has been shown that the bpy ligands IJ and EF of 
isomer 2 are more or less coplanar whereas in isomer 1 this 
coplanarity does not exist Because of the moderate steric 
i n t e r a c t i o n s  between the H^ protons of the coplanar bi-
p yridine ligands in the plane, a shift of higher p p m
value is expected Normally a chemical shift to 7 8 p p m 
is o b s e r v e d  for the H ̂  pr otons in Ru(II) polypyridine 
systems [39, 44, 47]

As has been m e n t i o n e d  previ o u s l y ,  two isomers of the 
d i n u c l e a r  c o m p l e x  [ ( p h e n ) 2 R u (b p t )R u (p h e n ) 2  ] ^ + w e r e  
i s o l a t e d  The C O S Y  n m r s p e c t r u m  of isomer 1 is
presented in Figure 5 11 (a) and the n m r of isomer 2 is 
presented in Figure 5 11 (b)
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However, only a small quantity of the second isomer was
obtained, enough just for ^H n m r analysis This second
f r a c t i o n  was removed from the alumina column with water

jduring purification The first isomer was obtained upon
recrysta 11 1 sation of the column purified mixture The *H 
n m r spectral data for the two isomers are presented in 
Table 5 4 For both isomers a doublet is found at high
field ( 6 52 for isomer 1 and 6 60 for isomer 2 ) and in
comparison with the ^H n m r of the bpy dimer, these have 
been assigned to the H 3 doublet of the bpt~ ligand

The doublet at high field for isomer 1 has been assigned to 
the H 3 proton in pyridine ring A of bpt", which, because of 
the short distance from H 3 to phenanthro1 m e  ligand (Nc -N^ 
F i g u r e  5 10 (a)), should produce a large d i a m a g n e t i c
a n i s o t r o p i c  i n t e r a c t i o n  and h e n c e  s h i f t  the p r o t o n  
r e s onance to higher field A similar effect occurs for 
isomer 2 For both isomers the second set of H 3 protons of 
pyridine ring B are found at lower field (7 48 p p m for 
isomer 1 and 7 44 p p m  for isomer 2), than those of
pyridine ring A Both sets of H 3 protons are diagnostic
for the bpt" ligand and very useful for the interpretation
of the complicated COSY spectra

The *H n m r spectra of both isomers contain a doublet at 
low field (9 26 for isomer 1 and 9 02 for isomer 2) This 
resonance present in n m r spectra is suggested to belong 
to a proton on a phenanthro 1 m e  ligand and is only present 
in the n m r spectrum when bpt" is bound to * a Ru(phen ) 2  

moiety via ring B and the N^' of the triazole ring This
doublet is also pre s e n t  as an i m p u r i t y  m  the n m r
spectra of [Ru(phen) 2 (b p t ) ] + , and it is therefore suggested 
that the mixture of [Ru(p h e n )2 (bpt)]+ contains 30% of the 
isomer that is bound via N* pyridine and ' triazole, as 
it is in this configuration that the doublet at low field 
is obtained The COSY spectra reveals that this doublet is
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caup led to two other resonances, so the doublet belongs to 
either the H 2 , or proton, each of these protons
is split as a doublet However, due to the complex nature 
of the phenanthro 1 ine spectra a complete assignment cannot 
be given A more d e t a i l e d  c o m p a r i s o n  w i t h  comp l e x e s  
c o n t a i n i n g  the R u ( p h e n ) 2 m o i e t y  is required [44] The 
a s s i g n m e n t  of e a c h  i s o m e r ,  for the d i m e r i c  c o m p l e x
[(phen) 2 Ru(bpt)Ru(phen) 2 ]3+ to a particular structure, that 
is, a p a r t i c u l a r  o r i e n t a t i o n  of p h e n a n t h r o 1 ine ligands 
cannot be made due to the complex nature of the spectrum

T h e   ̂H n m r s p e c t r a  of t h e  d i m e r i c  c o m p l e x  
[(bpy)2 R u (b p t )Ru(phen) 2 ]3+ is also very complex especially 
in the region 6 9 8 to 8 9 2 p p m  Nonetheless certain
information has been obtained from the spectra Two high 
field doublets, at 6 48 and 6 8 6 p p m in the ratio 1 1, 
diagnostic of the H 3 protons of the pyridine rings of bpt' 
are observed This indicates that two isomers are present 
in the sample The [R u (b p y )2 (bpt) ] + monomer along with
[ R u ( p h e n ) 2 C l 2 ] w e r e  the s t a r t i n g  m a t e r i a l s  for the 
reaction As the [Ru(bpy)2 (bpt)]+ monomer is coordinated 
via N 1 pyridine ring A and N 2 ' triazole of b p t ’ then the 
coordination site for the Ru(phen ) 2  moiety must be at N*
pyridine ring B and N^ ' triazole ring This coordination 
arrangement is confirmed by the presence of a doublet at 
9 30 p p m  i n d i c a t i v e  of c o o r d i n a t i o n  of a R u ( p h e n ) 2  

moiety via N* pyridine ring and N ^ ' triazole ring As only 
one set of pyridine ring protons of b p t ’ have been resolved 
from the spectra, it is not possible to determine from 
which pyridine ring the protons are situated

The *H n m r spectrum of [ ( bpy ) 2 RU ( bp t ) Ru (Me 2 bpy ) 2 ] 2+ is 
presented in Figure 5 12 Eight methyl groups are present 
in the region 2 46 - 2 57 p p m indicating the presence of 
two isomers The geometrical isomers are present m  the 
ratio 70 30 (by peak height analysis)
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The starting materials for the reaction were 
[Ru(bpy)2 (bpt)]+ and [Ru(Me2bpy)2Cl2] Similarly, as for
the [ ( bpy ) 2 R u ( bp t ) Ru ( phe n ) 2 ] 3 + d m u c l e a r  complex, the
R u ( b p y ) 2  m o i e t y  is c o o r d i n a t e d  via N* pyridine and N 2 • 
t n a z o l e  and consequently the Ru(Me 2 b p y > 2 moiety is bound 
via pyridine and ' t n a z o l e  The spectrum contains
two doublets at high field which are characteristic of the 
H 3 protons of the pyridine rings of bpt" when bound m  the 
d i n u c l e a r  form, a gain i n d i c a t i n g  the p r e s e n c e  of two 
isomers On the basis of the assignment of 6 82 and 6 69 
p p m to the H 3 protons of the pyridine rings of bpt", the 
C O S Y  spect rum easi l y  p e r m i t t e d  the a s s i g n m e n t  of the 
r e m a i n i n g  p r o t o n s  of the rings (Table 5 4) As the 
resona n c e s  of the b p t ’ protons are the most important 
feature of the n m r and due to the comp lexity of the
spectra the resonances of the bpy and M e 2 bpy ligands were 
not assigned

The bpt" p r o t o n  resonances [ (phe n )2 R U (b p t )Ru ( M e 2 bp y )2 ] ̂  + 
are presented m  Table 5 4 The starting material for the 
formation of this dinuclear complex are [Ru(phen) 2 (bpt)]+ 
and (R u (M e 2 b p y ) 2 C 1 2 ] The n m r d a t a ,  p r e v i o u s l y
discussed, suggests two isomers m  the mononuclear complex
[ R u ( p h e n )2 (b p t ) ] + , in the ratio 70 30, where the major 
isomer binds to bpt" via pyridine and N 2 * t n a z o l e ,
w h i l e  the l a t t e r  b i n d s  via N * and ' t n a z o l e  A
c o m p l i c a t e d  r e a c t i o n  product containing many isomers is 
expected

The n m r data contains eight methyl groups in the
region 2 53 to 2 69 p p m  indicating the presence of two 
isomers The i n t e n s i t y  of the peaks reveal that the 
isomers are present m a l l  ratio There is no doublet
pre s e n t  at low field, 1 e at about 9 2 0 p p m , in the
n m r sp e c t r u m  This means that there is no d m u c l e a r  
c o m p l e x  c o n t a i n i n g  the R u ( p h e n ) 2 m o i e t y  bound via
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pyridine and ' t n a z o l e  present m  the sample Either 
this isomer, the presence of which had been proposed in the 
monomer on the basis of n m r data, has been lost during 
purification and/or recrysta 1 1 1 sa 1 1 on procedure or else it 
remained unreacted This suggests that the two isomers in 
the n m r are g e o m e t r i c a l  isomers of [(p h e n ) 2 R u (b p t )- 
R u ( M e 2 b p y )2 ]+ where the Ru(phen ) 2  moiety is coordinated via 

pyridine and t n a z o l e  and the Ru(Me 2 bpy ) 2  moiety is
coordinated via N* pyridine and ' t n a z o l e

In c onclusion, the *H n m r data r eported here show 
clearly the importance of this technique in determining the 
structures of the mononuclear complexes and the dinuclear 
complex [ (bpy) 2R u (b p t )R u (bpy ) 2 ] 3 + As the n m r 's of the 
dinuclear c omplexes are complicated, comp 1 e t e assignment s 
were not made and for the [ (p h e n )2 R u (b p t )R u (p h e n ) 2 ]  ̂+ 
i s o m e r s  t h e  d i f f e r e n c e  in s t r u c t u r e  c o u l d  not be 
d e t e r m i n e d  More important, the n e c e s s a r y  information 
concerning the protons of the bpt" ligand could be obtained 
from most of the spectra

5 3 Electronic and Electrochemical Measurements.

5 3 1 Mononuclear Complexes Containing 1 . 3 - B 1 s (pvn d m - 2- 
v l ) - 1 .2.4-tnazole.

Comparison of the electronic and electrochemical properties 
of [ R u (b p y ) 2 (P T )] 2 + and [R u (b p y ) 2 (H P y r t r )] 2 + , with the 
e l e c t r o n i c  and e l e c t r o c h e m i c a l  properties of the m o n o ­
n u c l e a r  compounds c o n t a i n i n g  bptn can be diagnostic in 
a s c e r t a i n i n g  the coordination mode of Ru(L-L ) 2  to bptn, 
where L-L = bpy, M e 2 bpy or phen The a b s o r p t i o n  and 
emission data for all mononuclear and dinuclear compounds 
are presented in Table 5 5 while the electrochemical data 
are listed in Table 5 6
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Table 5 5 Absorption and Emission data for Mononuclear and Dinuclear compounds

Compounds

[Ru(bpy) 2 (bptn)]3 *
[Ru(Me2bpy)2 (bptn)]2 
[Ru(phen)2 (bptn)]2 
t Ru(bpy)j (bpt)]
[R u (b p y )j (Hbpt)]2 
fRu(Me* bpy)2 (bpt)]
[Ru(Me7bpy),(Hbpt)]2 
[Ru(phen)2 (bpt)J 
[Ru(phen)2 (Hbpt)]2 
[(bpy ) i Ru(bpt)Ru(bpy )2 ]3 
[(bpy)-Ru(Hbpt)Ru(bpv)a I*
{(Me2 bpy)2Ru(bpt)Ru(Me3 bpy)a )3 
[ (phen)2 Ru(bpt)Ru(phen)2 ]3 
f(bpy)2 Ru(bpt)Ru(Me3bpy)3 ] 2 

i (bpy)3 Ru(bpt)Ru(phen)3 ]3 
[(phen)3 Ru(bpt)Ru(Me2 bpy)2 ]3 
[Ru(bpy)s )3 ,*
[Ru(Me2bpy)3 ]2 
IRu(phen)3]2 , *
[Ru(bpy)2 (PT)]2
[Ru(bpy)2 (HPyrtr)]2 Isomer 1

Isomer 2

Abso rpt l on * Emission B
AM ax (1og O AMax 300K AMax
448 (3 91) 610 573
446 (4 01) 622 576
410 (4 -13) 594 565
475 (4 05) 650 624
429 (4 19) 636 612
460 (3 96) 652 4 601
432 (4 15) 637 589
458 (4 U ) 655 595
420 (4 17) 635 585
452 (4 35) 625 600
434 (4 37) c c
450 (4 35) 635 608
436 (4 41) 625 590
456 (4 32) 640 600
452 (4 31) 632 597
430 (4 39) 635 597
452 (4 11) 608 582
450 (4 23) c 616 c 593 F
447 (4 26) 604 565
420 (4 03) - 560
452 (4 05) 630 585
444 (4 11) 650 599

k Measured in CH3CN , Amax in no, £ in dm3 mol"‘cm 1 B Spectra at room temperature in CH3CN at 
77K in Ethanol , Amax in nra c Emission not observed for protonated dimer D reference 62
c Reference 50 f Reference 63
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Table 5 6 Electrochemical Data for Mononuclear and Dinuclear Compounds

Redox Properties A
Compound Oxidation Reduct 1 on Kc 0 „

Pot (V) Pot (V)
[Ru(bpy)2 (bptn))2* 1 22 -1 44 -1 60 -
[Ru(Me2bpy)2 (bptn)]2* 1 12 -1 51 -1 70 -
[Ru(phen)2 (bptn)]2 1 24 -1 34 -1 54 -
[Ru(bpy)2 (bpt))2 0 07 -1 42 -
[Ru(bpy)2 i Hbpt)]2 1 00 -1 42 -
[Ru(Me2 bpy)2 (bpt)] 0 70 0 00 -1 60 -1 04 -
[Ru (Me2 bpy )2 (Hbpt)}2 0 00 0 96 -1 50 -1 60 -
[Ru(phen)2 (bpt)] 0 72 0 96 -1 40 -1 62 -
[Ru(pheri)2 (Hbpt)]2 1 14 -1 52 -1 70 -
[(bpy)2Ru(bpt)Ru(bpy)2 ]3 1 04 1 34 -1 42 9 45 x 10«
[ (bpy )2 Ru (Hbpt) Ru (bpy)a )4 0 69 1 10 -1 42 0 3 x 10"
[ (Me* bpy )3 Ru(bpt) Ru (tte2 bpy )2 )3 * 0 96 1 25 -1 54 -1 03 2 90 x 104
[(phen)2 Ru(bpt)Ru(phen)2 ]3 1 00 1 31 -1 41 -1 63 13 72 x 10
[(bpy)2 Ru(bpt)Ru(Me2 bpy)2 33 1 01 1 24 -1 44 -1 60 0 60 x 10«
[(bpy)a Ru(bpt)Ru(phen)2 ]3 1 02 1 32 -1 45 -1 66 9 37 x 10«
[ (phen ) 2 Ru (bpt )Ru (Me, bpy) 3 ]3 * 1 01 1 24 -1 30 -1 62 0 64 x 10«
[ Ru (bpy) 3 J2*“ 1 22 -1 36 -1 53 -
[Ru(Me* bpy)3 ]2♦« 1 10 -1 45 -
[Ru (phen)3 ]3 * 1 40° -1 35c -
[Ru(bpy)2 (PT) ] y 2 * 1 35 -1 42 -1 63 -
[Ru(bpy)2 (HPyrtr)]2* Isomer 1 1 20 -1 47 -1 72 -

Isomer 2 1 10 -
* measured in CH3CN with 0 1M NEt4C104 volts vs S C E , n h e = S C E + 0
0 reference 40 c reference 64 0 reference 61
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Figure 5 13 Absorption spectra m  a c e t o m t n l e  of (a)
[ R u ( b p y ) 2 (bptn] (b) [R u (M e 2 bpy ) 2 (b p t n )]2+ and (c)
[Ru(phen>2 (bptn)]2+

The a b s o r p t i o n  spectra for the mononuclear compounds 
c o n t a i n i n g  bptn are p r e s e n t e d  in Figure 5 13 The
absorption maxima for the mononuclear complexes [Ru(bpy)2 ‘ 
(bptn)] 2+ (448 nm) and [Ru (Me 2bpy) 2 (bp t n ) ] 2+ (446 nm) are
quite similar to that of [Ru(bpy>3 ]2+ (452 nm) However,
the mononuclear complex [Ru(phen) 2 (bptn)] absorbs at 
considerably higher energy (410 nm) than the other two 
monomeric complexes containing bptn Even though the 
[Ru(phen ) 3 ]2+ complex absorbs at slightly higher energy 
than [Ru(Me 2 bpy)3 ]2+ and [Ru(bpy)3 ]2+ [48-51] this large
shift in the absorption maximum for the mononuclear complex 
[Ru(phen)2 (bptn)]2+ would not be expected The absorption 
maximum of [ Ru (bpy) 2 (PT) ] 2+ is found at 420 n m , that is, 
higher energy than that of complexes where the pyridyl- 
t n a z o l e  ligands contains a C-C bond (see Table 3 6 Chapter 
3) This suggests that the coordination mode of the PT and 
bptn ligands containing Ru(bpy ) 2 and Ru(Me2 bpy ) 2 moieties 
are not the same, indicating that coordination to bptn may
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take p lace via the pyridine and t n a z o l e  ring which are 
bound by a C-C bond and not a C-N bond as in the PT ligand 
These results also suggest that the coordination mode for 
[Ru(phen)2 (bptn)]2+ may be different to that of [Ru(bpy)2 _ 
(bptn)]2+ and [Ru(Me2 bpy) 2 (bptn) ] 2 + From these results, 
coordination via pyridine ring A and the t n a z o l e  ring is 
suggested as the coordination mode for bptn m  the m o n o ­
n u c l e a r  c o m p o u n d s  [ R u (b p y ) 2 (b p t n ) ] 2 + and [ R u (Me 2 bpy ) 2 ■ 
( b p t n ) ] 2+ H owever, as the results o b t a i n e d  for the 
[Ru(phen) 2 (bptn)]2+ complex are slightly different to the 
other two m o n o n u c l e a r  compounds, it is not possible to 
u n a m b i g u o u s l y  a s s i g n  the coordination mode for the phen 
monomer

The absorption spectra results obtained also suggest that
coordination to the t n a z o l e  ring of bptn is via ' This
has been p o s t u l a t e d  on the following observations In

9 +c o m p a r i s o n  with the two compounds [R u (b p y )2 (lMePyrtr) ] z
and [R u (b p y )2 (4MePyrtr)]2+ whose electronic properties can
be found in Table 3 6 (Chapter 3 Section 1) it is observed
that the former compound absorbs at a lower energy (452 nm)
than the latter (440 nm) As the l MePyrtr ligand m
[Ru( b p y ) 2 ( IMePyrtr) ] 2+ is bound to ruthenium via the *
atom, results suggest that this ligand is a better tt

9 1acceptor than 4MePyrtr which is bound via the N z atom of
the t n a z o l e  ligand A similar result is also obtained for
the isomers, of [R u (b p y ) 2 (H P y r t r ) ] 2 + whereby the first
isomer believed to be coordinated via ' of the t n a z o l e
ring, absorbs at lower energy and has a higher oxidation

9 1potential than the second which is coordinated via N z of 
the t n a z o l e  ring This suggests that when the t n a z o l e  
ring is c o o r d i n a t e d  to r u t h e n i u m  via * the p y n d y l -  
t n a z o l e  ligand becomes a better tt a c c e p t o r  As the
absorption energy of [Ru( bpy) 2 (bptn) ] 2+ is at 448 n m , at 
similar energy to the absorbances of [Ru(bpy)2 (IMePyrtr)]2+ 
and [Ru(b p y )2 (H P y r t r )]2+ (laomer 2), both bound via the
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atom Therefore, it may be suggested that the triazole 
ring is c o o r d i n a t e d  to r u t h e m  um via the atom A

O is i m i l a r  a r g u m e n t  holds for the [ R u (Me 2 b p y ) 2 (bptn ) ] 
comp lex

Of particular interest are the emission results of these 
compounds All mononuclear compounds containing bptn emit 
at r o o m  t e m p e r a t u r e  and at low t e m p e r a t u r e ,  w i t h  
[Ru(p h e n )2 (bptn)]2+ having a particularly intense emission 
The emission of all monomers is more intense at 77 K and 
the wavelength of maximum emission has shifted to higher 
energy in comparison with the emission at room temperature 
This is in agreement with the emission behaviour observed 
for complexes c o n t a i n i n g  p y r 1 dy 1 1 r 1 azo 1 e ligands [38] 
Comparison with [Ru(bpy)2 (P T )]2+ which has no emission at 
room temperature but does emit at 77 K, suggests again that 
coordination to bptn takes place via pyridine ring A and 
the triazole ring It is anticipated that coordination via 
ring B and the t riazole ring would at least at room 
temperature result in a poorly emitting species

The o x i d a t i o n  p o t e n t i a l s  of the m o n o n u c l e a r  complexes
containing bptn m  Table 5 6 also give a good indication
that coordination to bptn is via pyridine ring A and the
t r i a z o l e  r i n g  T h i s  is b e c a u s e  of the rather high
oxidation potential exhibited by [Ru(bpy)2 (PT)]2+ that is
a b s e n t  in the r e d o x  p r o p e r t i e s  of these m o n o n u c l e a r
c ompound s If coordination to bptn is via pyridine ring B
and the triazole ring then the oxidation potentials of the
monomers would be anticipated to be at a higher potential
The o x i d a t i o n  p o t e n t i a l s  of [ R u ( b p y ) 2 ( b p t n ) ] and

9 +[ Ru ( p h e n ) 2 (b p t n ) ] i are similar to those o b t a i n e d  for 
Ru(bpy ) 2  complexes containing other pyr 1 d y 1 tr 1 a z o 1 e ligands 
[38], suggesting that the coordination mode for these two 
m o n o m e r s  is the s a m e  The o x i d a t i o n  p o t e n t i a l  for 
[ R u ( M e 2 b p y ) 2 (bptn)]2+ is found at is also slightly lower
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energy than the o ther two monon u c l e a r  compounds This 
result is consistent with the oxidation potentials obtained 
for the tris compounds [R u (b p y )3 ]2+ , [Ru(Me2 b p y )3 ]2+ and 
[ R u ( p h e n ) 3 ] 2 + w h e r e  [ R u (M e 2 b p y ) 3 ] 2 + has the lowest 
o x i d a t i o n  p o t e n t i a l  and [R u (p h e n ) 3 ] 2+ has the h i g h e s t  
[50-53]

The emission results obtained for the three monomers are
very similar to those of the analogous tris compounds
suggesting that emission occurs via the triplet states of
bpy, M e 2 bpy and phen The first reduction potential of
[ R u ( b p y ) 2 ( b p t n ) ] 2 + , [ R u ( p h e n ) 2 ( b p t n ) ] a n d
[R u (Me 2 b p y ) 2 (b p t n ) ] 2 + c o r r e s p o n d s  to that of the first

9 +r e d uction p o t e n t i a l  of the tris compounds [Ru(bpy)3 ] , 
[Ru(Me2 bpy)3 ] 2 + and [R u (phen) 3 ]2+ , suggesting that the bptn 

7T orbitals are not i nvolved in the reduction process 
Both the emission results and reduction potentials indicate 
that bptn acts as a spectator ligand while the bpy, M e 2 bpy 
and phen ligands are the luminactive ligands No evidence 
of multiple emission was observed for these monomers

5 3 2 Mononuclear Compounds Containing 3.5-Bis) p v n d i n - 2 -  
v 1 ) - 1 .2.4-tnazole.

The absorption and emission data of [R u (b p y )2 (bpt)] + , and
[Ru(Me 2 b p y )2 (b p t )]+ and [R u (phen)2 (bpt)]+ are presented in

9 +Table 5 5 In c o m p a r i s o n  with [ R u ( b p y ) 3 ] , the r e ­
placement of a bpy ligand by bpt~ to give [R u (b p y )2 (b p t )] + 
causes an increase in the electron density on the metal,
with a consequent red shift of the MLCT (Ru --- > bpy) band
In comparison with the t n s  complexes [Ru(Me2 b p y )3 ]2+ and 
[ Ru ( ph e n ) 3 ] 2 + the MLCT band of [ Ru ( Me 2 b p y ) 2 ( bp t ) ] + and 
[ R u ( p h en ) 2 ( bp t ) ] + both red shift with the replacement of 
bpt" with a M e 2 bpy and phen ligand respectively Both the 
d e p r o t o n a t e d  [ R u (Me 2 b p y ) 2 (b pt ) ] + and [ R u ( p h e n ) 2 ( b p t ) ] +
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c o m p l e x e s  a b s o r b  at s l i g h t l y  h i g h e r  e n e r g y  t h a n  
[Ru(bpy) 2 (bpt)]+

As expected, protonation of [R u (b p y )2 (b p t )]+ [Ru(Me 2 b py ) 2  ’
(bpt)]+ and [Ru(p h e n )2 (bpt ) ] + to yield [R u (b p y )2 (bpt H ) ] 2+ , 
[Ru(Me2 bp y )2 (bpt H ) ] 2 + and [R u (p h e n )2 (bpt H )]2+ results in a 
shift to higher energy of the lowest MLCT band Similar 
b e h a v i o u r  has been ob s e r v e d  for the p y r 1 d y 1 t r 1 a z o 1 es 
s t u d i e d  in Cha p t e r  3 Sec t i o n  1, and for a series of 
compounds c o n t a i n i n g  imidazole, p y r a z o l e  and t riazole 
moieties and is explained by the increased tt donor capacity 
of the deprotonated ligand [39, 40, 52-54]

T h e  g r o u n d  s t a t e  and e x c i t e d  s t a t e  p K a 1s for the
m o n o n u c l e a r  complexes containing bpt are listed in Table
5 7 It must be noted that the pKa values obtained for
[Ru(Me 2 bpy) 2 (bpt)]+ and [Ru(phen) 2 (bpt)]+ must be treated
with caution due to the presence of a second species in the
sample It is suggested from the pKa values obtained for
the two isomers of [R u (bpy)2 (HPyrtr) ] 2+ , that the pKa value
largely depends on the coordination mode of the pyridyl-
t n a z o l e  ligand Now, if there are two isomers present m
the samples, that is, one coordinated via the pyridine
ring of bpt' and N^ ' triazole and the second coordinated
via a pyridine ring and N^ triazole then quite a variation
of pKa for each isomer would be expected If, on the other

9 +hand the "impurity" (which may possibly be [Ru(Me 2 b p y )3 ] 
or [Ru(phen)3 ]z ) has no pH dependence then the p K a values 
obtained for these monomers are acceptable The pKa 's for 
the mononuclear complexes are represented by the following 
equation,

- H +
[Ru(L-L) 2 (Hbpt)]2+ ,........ > [R u (L-L) 2 (bpt)]+ (12)

+ H +
The p K a ' s of the monon u c l e a r  complexes are considerably
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lower than the value of 8 4 +. 0 1 obtained for the free
ligand Hbpt [40] So, when bound to the R u ( b p y > 2 »
R u ( M e 2 b p y >2 and R u ( p h e n ) 2  moieties, the Hbpt ligand is 
stronger acid than the free ligand by approximately 4 
orders of magnitude This suggests substantial electron 
donation from the ligand to the ruthenium

Table 5.6 Ground State and Excited State PKa 's For 
Mononuclear Complexes Containing Hbpt

Complex pKa pHĵ  pKa

[Ru(bpy>2 (bptH)]z+ 4 00 3 35

[Ru(Me2bpy)2 (bptH)]2+ 4 40 4 10 3 70

[Ru(phen>2 (bptH)]2+ 4 25 3 70 3 64

[ R u ( b p y ) 2(HPyrtr)]2+ (1 ) 5 95 5 13 4 90

[Ru(bpy>2 (HPyrtr)]2+ (2 ) 4 00 2 68 2 1 0

[Ru(bpy)2 (H3MePyrtr)] 2 + 4 87 4 20 3 50

pHj^ values are the inflection points on the luminescent
titration curves, p K a is calculated using Equation 5, 
Chapter 4

P r o t o n a t i o n  of the d i n u c l e a r  c o m p o u n d s  proved very 
difficult Experiments carried out in aqueous solution
s u g gest a p K a as low as -0 6 +. 0 3 for [ ( b p y > 2 Ru-
(bp t) Ru( bpy) 2 ] 3+ [40] As a result of the difficulty of
protonation of dinuclear species no pKa experiments were
carried out on the other dimers

The p K a for [Ru(bpy> 2 (bpt)]+ is found at lower pH than 
those of the [ Ru (M e 2 b p y ) 2 ( b p t ) ] + and [ Ru (phen) 2 ( bp t) ] + 
However, as isomers may be present their *pH dependency may
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interfere with the results obtained In comparison with 
the series of 3MePyrtr bivalent complexes a similar trend 
is o b s e r v e d  in the p K a ' s of [ R u (b p y ) 2 (3 M e p y r t r  ) ] + f 
[Ru(phen) 2 (3MePyrtr) ] + [55] and [Ru (Me 2 b p y ) 2 ( 3MePy r t r ) ] +
[55] whose p K a ’s are respectively 4 87, 5 2 and 5 5 For
t h e s e  c o m p o u n d s  only one isomer is p o s s i b l e  and c o ­
ordination is via the ' atom on the t n a z o l e  ring The 
mononuclear complexes containing the bridging ligand bptn 
have no acid-base dependency as the second pyridine ring is 
bound via the atom

P r o t o n a t i o n  of the mononuclear complexes containing bpt' 
also has the expected effect on the emission spectra with a 
shift to h i g h e r  energy for the e m i s s i o n  m a x i m u m  upon 
p r o t o n a t i o n  (see Table 5 5) These changes are also
reflected in the low temperature emission maxima

D i f f e r e n t i a l  pulse v o l t a m e t r y  (DPV) of the mononuclear 
c o m p l e x  [R u (b p y ) 2 (b p t ) ] + and its p r o t o n a t e d  a n a l o g u e  
[ R u ( b p y > 2 ( b p t H ) ] 2+ y i e l d  v a l u e s  of 0 87 and 1 00 V
r e s p e c t i v e l y  that are similar to those obtained for the 
p r o t o n a t e d  and d e p r o t o n a t e d  forms of Ru(bpy > 2 complexes 
containing HPyrtr and H3MePyrtr (see Table 5 6 ) DPV of 
the [ R u (p h e n ) 2 ( b p t ) ] + c o m p l e x  y i e l d s  two o x i d a t i o n  
potentials suggesting the presence of a second species in 
the r a t i o  of 75 25 D P V  of the p r o t o n a t e d  form of
[Ru(Me2 b p y )2 (bpt)]+ also yields two oxidation potentials in 
the ratio 75 25, each of which is about 100 mV higher than 
the o x i d a t i o n  p o t e n t i a l s  o bserved for the deprotonated 
form This i n d icates that the protonated forms of the 
isomers are better n-acceptors than the deprotonated forms 
Protonation of the [Ru(phen)2 (bpt)]+ monomer results in the 
observation of one peak at 1 14 V

Both the emission results and reduction potentials indicate 
that bpt" is the s p e c t a t o r  ligand in the m o n o n u c l e a r
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complexes and the bpy, M e 2 bpy and phen are the luminactive 
ligand's^ No evidence for multiple emission was observed at 
room temperature or at 77 K

5 3 3 D m u c l e a r  Complexes Containing 3 . 5 - B 1 s (p vr l d i n - 2 
v 1 ) - 1 . 2 ,4 -_t n a z o l e .

f) .C o o r d i n a t i o n  of a second R u(bpy)2 unit to the bpt- 
b r i d g i n g  l i g a n d  to f o r m  t h e  d i n u c l e a r  c o m p l e x  
t(b p y ) 2 R u (b p t )R u (b p y ) 2 ]^ + results in an increase m  the 
energy of the MLCT band This blue shift of the Ru ---> 
bpy CT levels suggests the sharing of the o donor power of 
the anionic ligand between the two Ru(bpy) 2 ^+ units causing 
a d e c r e a s e  of e l e c t r o n  d e n s i t y  on the Ru(II) ions A 
s i m i l a r  b e h a v i o u r  has b e e n  o b s e r v e d  for c o m p l e x e s  
c o n t a i n i n g  i m i d a z o l e  type bridging ligands [53, 56-59]
This result is quite m  contrast with results obtained for 
related dinuclear systems where the MLCT band is shifted to 
lower e n e r g y  when compare^ with that of the mononuclear 
analogues [6 , 28, 58, 59]

The a b s o r p t i o n  spectra of the mixed ligand dimers are 
p r e s e n t e d  in Figure 5 14 Both the [ (p he n ) 2 R u ( bp t )-
Ru(phen> 2 ]3+ and [(Me 2 bpy)2 R U (bpt)Ru(Me 2 b p y )2 ]^+ dinuclear 
c o m p l e x e s  absorb at high e r  energy than the anal o g o u s  
mononuclear complexes This is in agreement with the blue 
shift obtained upon coordination of a second Ru(b p y ) 2  unit 
to<£ [ R u ( b p y ) 2 ( bp t ) ] + As anticipated, the phenanthro 1 ine 
dimer absorbs at higher energy than the bpy or M e 2 bpy 
d i n u c l e a r  c o m p l e x e s  [49-51] The [ ( b p y ) 2 R u ( b p t )  •
R u ( b p y > 2 ]3 + » [ (Me2 bpy> 2 Ru(bpt)Ru(Me 2 bpy) 2 ] 3 + 1 [ ( b p y ^ R u -
( b p t ) Ru ( Me 2 b py ) 2 ] 3 + , and the [ ( b p y ) 2 Ru ( bp t ) Ru (phe n ) 2 ] 3 + 
dimers absorb at similar energies The m i x e d  ligand 
dinuclear complex [(phen) 2 R u (bpt)Ru(Me 2 bpy)2 ]^+ absorption 
occurs at similar energy to that of the phenanthro 1 ine
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d m u c l e a r  complex This may suggest that the lowest energy 
ML C T band of [ ( b p y ) 2 R u ( b p t ) Ru ( p h e n ) 2 3 ̂  + is dn(Ru) ---> 
n*(bpy) m  nature but that m  [(p h e n )2 R U (bpt)Ru(Me 2 bpy)2 ]3+ 
it is a d 7T ( R u ) ---> n (phen) t r a n s i t i o n  It is not
p o s s i b l e  to assign MLCT t r a n s i t i o n s  to the other mixed 
ligand dimers due to the s i m i l a r i t y  on the absorption 
spectra

300 400 500 600 700
Wavelength (nm)

Figure 5 14 Absorption spectra in a c e t o m t n l e  of (a)
[ ( b p y ) 2 R u ( b p t ) R u ( M e 2 b p y ) 2 ] 3 + , (b) [ ( b p y ) 2 Ru(bpt)- 
(phen>2 ]3+ and (c) [(phen)2R U (bpt)Ru(Me 2bpy)2 ]^+

As the e m i s s i o n  s p e c t r a  a n d  f i r s t  r e d u c t i o n  of the 
d m u c l e a r  complexes are quite similar little information 
has been obtained regarding the lowest n level However, 
it is anticipated that, based on the reduction potentials 
of the free ligands [51] , in the c o o r d i n a t e d  dimeric 
c o m p l e x e s  the tt level of phenanthro 1 m e  ligand lies at 
lowest energy

P r o t o n a t i o n  of [ ( b p y ) 2 R u (b p t )R u (b p y ) 2 ]3 + results in an 
increase in absorption energy which is consistent with the 
r e s u l t  o b t a i n e d  for p r o t o n a t i o n  of the m o n o n u c l e a r  
compound No emission of the protonated dimer was observed
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probably due to quenching by acid

Interestingly, all d m u c l e a r  compounds synthesised emit in 
a c e t o m t n l e  at room temperature (with the exception of 
[ ( b p y ) 2 R u ( H b p t )R u (b p y ) 2 ]^ + ) This is in co n t r a s t  to 
previously reported data for bridged dimers [5, 12] where
the mononuclear complexes emit and the dinuclear complexes 
do not For all dinuclear complexes emission intensity is 
s tronger at low temperature than at room temperature as 
e xpected As expected, the emission maximum for these 
complexes at 77 K is observed at higher energy than that 
observed at room temperature

R e s o n a n c e  R a m a n  spectroscopy carried out by Hage et al
[59] shows that the lowest MLCT band of the mononuclear and 
dinuclear bpt~ complexes can be explained by dir(Ru) ---> 

(bpy) M L C T  t r a n s i t i o n s  No transitions to rr* (bpt*) 
o rbitals are o b s e r v e d  m  this part of the a b s o r p t i o n  
spectra As s i m i l a r  shifts in absorption and emission 
spectra are o b s e r v e d  for all m o n o n u c l e a r  and dinuclear 
complexes, it is therefore likely that no bpt" levels are 
involved in the absorption, emission and electrochemical 
processes of any mononuclear and dinuclear complexes

The D i f f e r e n t i a l  Pulse V o l t a m o g r a m s  of the d i n u c l e a r  
compounds are presented in Figure 5 15 and the oxidation 
potentials for the dinuclear compounds are listed m  Table 
5 6 Knowing the sites of coordination on bpt" for the
mixed ligand dimers discussed, it is possible to say which 
oxidation potential belongs to which ruthenium center for 
some of the dimers As there is little difference between 
the o x i d a t i o n  p o t e n t i a l s  of [ ( b p y ) 2 R u (b p t )R u (b p y ) 2  ] ̂  + > 
[(phen) 2 R u (bpt)Ru(phen) 2 ]3+ and [ (bpy)2 R U (b p t )R u (phen) 2 33+ . 
the 1 01 and 1 30 V o x i d a t i o n  cannot be a s s i g n e d  to
specific g roup s
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[(bpy)2Ru(bpt)Ru(bpy)2]3+ I (phen)2Ru(bpt)Ru(phen)2]3+

[(Me2bpy)2Ru(bpt)Ru(Me2bpy)2]3+ [(bpy)2Ru(bpt)Ru(phen)2]3+

[ (bpy) 2 Ru(bpi: )Ru(Me2 bpy) 21 3+ [ (phen) 2Ru(bpt)Ru(Me2 bpy) 213+

Figure 5 15 Differential pulse v o 1tammograms m  
a c e t o n i t n l e / 0  1 M NEt 4 Cl 0 4 of the dinuclear compounds 
prepared
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The second o x i d a t i o n  p o t e n t i a l  for [ (M e 2 b p y ) 2 R u (b p t ) - 
Ru(Me 2 bpy) 2 ] ^  found at 1 24 V, somewhat lower than that 
found for the other dimers For the mixed ligand complexes 
[ ( b p y ) 2 R u (b p t )R u (M e 2 b p y ) 2 ] ^ + and [ (p h e n ) 2 R u (b p t ) Ru - 
(Me2 bpy> 2 ]3+ a second oxidation potential is found at 1 25 
V suggesting that this oxidation occurs at the Ru ( M e 2 bpy ) 2  

m o i e t y ,  w h i l e  the f i r s t  o c c u r s  at the R u ( b p y ) 2  and 
Ru(phen >2 moieties respectively As the starting material 
for the p r e p a r a t i o n  of [ ( b p y > 2 Ru(bpt)Ru(Me 2 bpy ) 2 ]^+ was 
[Ru(bpy)2 (b p t )]+ which is coordinated to bpt' via and a
p y r i d i n e  ring this indicates that Ru(Me 2 b py >2 moiety is 
coordinated to b p t ’ via a pyridine ring and the ’ atom of 
the t n a z o l e  ligand The oxidation potential at 1 24 V for 
this dimer can be assigned to the oxidation of ruthenium at 
the R u ( M e 2 b p y ) 2  m o i e t y  w h i c h  is coordinated through N^
pyridine and ' t n a z o l e

Likewise from comparison with the oxidation potentials of 
the [ (Me 2 bpy ) 2 R u ( bp t ) Ru (Me 2 bpy ) 2 ] 3 + and [ (b p y ) 2 R u (b p t ) - 
R u (M e 2 bpy ) 2 ]^+ dimers it is concluded that the oxidation 
potential of the (Me 2 bpy)Ru moiety coordinated to b p t ’ via 
the N* and positions is at 1 24 V This is also in
a g r e e m e n t  with the value o b t a i n e d  for the R u ( M e 2 b p y ) 2  

p o r t i o n  of [ ( p h e n ) 2 R u ( b p t )R u (M e 2 b p y ) 2 ] ^ + w h i c h  was 
s y n t h e s i s e d  from the [ Ru ( ph en ) 2 ( b p t ) ] + m o n o m e r  This 
indicates that the R u ( M e 2 b p y ) 2  moiety of this dimer is 
coordinated to b p t ’ via pyridine and ' t n a z o l e  ring
The potential at 1 01 V may then be assigned to the N* and
l * 1 *N A coordination mode As this N 1 of the t n a z o l e  ring is

ad j a c e n t  to ano t h e r  nitrogen, this side of the t n a z o l e  
ring will be a stronger a donor and oxidation at the N* and
N* site should be easier than at the N* and ' site

4

The o x i d a t i o n  p o t e n t i a l s  o b t a i n e d  for the isomers of 
[Ru(bpy) 2 (HPyrtr ) ] 2 * (Chapter 3) indicate that coordination 
via pyridine and N* yields a lower oxidation potential
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t h e n  the i s o m e r  c o o r d i n a t e d  via N ̂ p y r i d i n e  and 
triazole This indicates at that upon coordination via N^ 
pyridine and ' the pyr 1 d y 1 1 r 1 azo 1 e ligand is a better n 
acceptor and hence the oxidation potential will be higher 
than the N* ' and pyridine coordination mode t The results 
ob t a i n e d  for the o x i d a t i o n  potentials for our dinuc 1 ea r 
c o m pounds (where s pecific coordination sites are known) 
s u g g e s t  t h a t  the o x i d a t i o n  at N*' is found at lower 
potential than that at ' This suggests that the redox 
potential depends on the site of coordination and also on 
the nature of the of the (L-L) 2 Ru moieties

The d i f f e r e n c e  m  o x i d a t i o n  potentials between the two 
o x i d a t i o n  w a v e s  of the d e p r o t o n a t e d  [ ( b p y ) 2 R u (bpt ) - 
R u ( b p y ) 2 ] ^ + is 0 32 V The r e a s o n  for this large
d i f f e r e n c e  may be due to one or more of the reasons 
d i s c u s s e d  in the i n t r o d u c t i o n  to this chapter To 
i n v e s t i g a t e  the r e a s o n  for this large d i f f e r e n c e  in 
o x i d a t i o n  potential the mixed metal complexes [(bpy)2 R u- 
(b p t ) 0 s (b p y ) 2 13 + (RuOs) and [(b p y ) 2  O s (b p t ) - Ru(bpy) 2 ] 3 + 
(OsRu) were prepared by Hage [60] The results showed that 
for the RuOs complex where Ru is coordinated via N* and N * ' 
and Os is c o o r d i n a t e d  v i a  and * the o x i d a t i o n
potentials are 0 73 and 1 20 V and for the OsRu complex the 
coordination modes are reversed and the potentials are 0 65 
and 1 3 0 V  The low oxidation potential corresponds to 
osmi u m  w hile the higher corresponds to ruthenium The 
results obtained suggest that when the metal is coordinated

1 1to the N A position of the triazole ring it has a lower 
o x i d a t i o n  p o t e n t i a l  In the RuOs complex the oxidation 
p o t e n t i a l  of r u t h e n i u m  is at 1 20 V while in the OsRu
complex it is at 1 30 V Likewise for osmium the potential 
m  the O s R u  c o mplex is 0 65 V and 0 73 V in the RuOS 
com p l e x  Therefore, in agreement with our results Hage
[60] suggests that the redox potential for each metal is 
dependent on the site of coordination
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In general, m  d i n u c l e a r  compounds, with small electron 
de 1 oca 1 1 s a 1 1 on and r e s onance s t a b i l i s a t i o n  effect, the 
first oxidation potential is expected to be similar to that 
o b s e r v e d  for the mononuclear complexes [21] The first 
oxidation potentials for the mixed ligand dimers containing 
b p y  a n d  phen and bpy and M e 2 bpy are high e r  than the 
o x i d a t i o n  p o t e n t i a l  for the m o n o m e r  [ R u (b p y ) 2 (b p t ) ] + 
Li k e w i s e  the first oxidation potential for [ (Me 2 b p y )2R u " 
(bpt)Ru(Me 2 bpy) 2 ] 1S higher than that of the mononuclear 
[ (Me2 bpy)2 R u (b p t )]+ and the first oxidation potentials for 
[ ( p h e n )  2 R u ( b p t  ) R u ( p h e n )  2 ] 3 + a n d  [ ( p h e n  ) 2 RU ( bpt ) - 
R u (M e 2 b p y ) 2 ] 3 + are higher than that of either isomer of 
[Ru(phen) 2 (bpt ) ] +

There is quite a large difference between the first and 
second o x i d a t i o n  p o t e n t i a l  for the dinuclear complexes 
Whether interaction exists between two redox sites in one 
molecule is determined by the value of K com [24], Equation 
5 The AE v a l u e s  are r e p r e s e n t e d  s c h e m a t i c a l l y  by 
h o r i z o n t a l  l i n e s  in F i g u r e  5 16 a l l o w i n g  a d i r e c t
comparison to be made of the Ru(L-L ) 2  moieties where L-L = 
bpy, M e 2 bpy or phen while the b ridging ligand remains 
u n c h a n g e d  The K Com values obtained for the dinuclear 
complexes are also listed in Table 5 6 The larger the 
K Com value means the stronger the interaction between the 
metal centers Of all the dinuclear complexes synthesised 
the [ ( p h e n ) 2 R u ( b p t ) Ru ( p h e n ) 2 ] 3 + complex has the highest 
K C om v a l u e  of 13 7 2 x 1 0 ^  In c o m p a r i s o n  w i t h  other
d i n u c l e a r  complexes the dinuclear complexes presented in 
Table 5 6 have rather large K com values Complexes with a 
larger K com value than 24x10^ included the Creutz and Taube 
ion [ ( NH 3 ) 5 R u ( p y z ) R u ( N H 3 ) 5 ]  ̂+ and [(N H 3 ) 5 R u (p y z )R u - 
Cl ( b p y ) 2 ]^ + w h i c h  have K c om values of 4x10^ and lxl 0 7 

respectively (where pyz - p y r a z m e )  indicating that strong 
i n t e r a c t i o n  b e t w e e n  the metal centers exists in these 
systems [61 ]
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-| [ ( phen ) 2 Ru ( b p t ) Ru { M e 2 bpy ) 2 1 3 +
I-----------------------------1 [ (bpy) ( bpt)Ru(Me2bpy) 2 P  +
I------------------------------------------------ I [(b p y ) ( b p t )R u (p h e n )2 1 3 +

I------------------------------------------------ 1 [ (phen) 2 R u ( b p t ) R u ( p h e n ) 2 l3 +
I-------------------------   I [(Me2bpy)2Ru(bpt)Ru(Me2bpy)213 +

I----------------- * [(b p y )2 R u (H b p t )R u (b p y )2 ] 4 +
[(bpy)2Ru (bpt)Ru(bpy) 2 ] 1-------------------------------------------- 1

0 VO 11 12 13 K

AE1/2 Volts

Figure 5 16 Schematic diagram of A E 1 / 2  for the dinuclear
compounds prepared



From Table 5 6 the lowest K com value is of 0 3x10^ found 
for the protonated [ ( bpy)2& u (Hbpt)R u (bpy ) 2 ] ̂ + L°w values 
are also obtained for the mixed ligand dimer containing bpy 
and Me 2bpy, and phen and Me 2bpy This suggests that the 
interaction between metal centers is also dependent, apart 
from the bridging ligand, on the nature of the other 
ligands present m  the complex

The Kcom values for [(bpy)2Ru (bpt)R u (bpy)2 ]^+ and the mixed 
ligand dimer [(bpy)2Ru (bpt)R u (phen)2 ]3+ are very similar at 
9 45x1 0 ^  and 9 37x10^ respectively This result is
c o n s i s t e n t  with the results o b t a i n e d  by Haga for 
[ ( b p y ) 2RU ( b 1 b 2 îm ) Ru ( b p y ) 2 ] 2 + and the mixed ligand dimer 
[ ( b p y ) 2 R u ( b 1 b z 1m) Ru ( phen ) 2 ] 2 + [22] The Kcom values for
both these dimers is 9 8x10^, similar to our results
These K com values are slightly larger than the value of 
1 1 x 1 0 3 reported for [ ( b p y ) 2 Ru ( bpym ) Ru ( bpy ) 2 ] 5 + [5] and
lxlO 2 for [(b p y )2 C 1R u (p y r)R u C 1(b p y )2 ]^+ [8 ] where the
interaction between the metal centers is relatively weak 
This s u g g e s t s  that the i n t e r a c t i o n  between the two
ruthenium centers for all our dimers is stronger due to the 
negative charge on the bridging triazole ring, and that
they belong to class II in the Robin and Day sense [16]

To obtain more information about the extent of electron
délocalisation, the d m u c l e a r  complex may be partially 
oxidised to form the mixed - va 1 ence complex so that the 
metal centers are in different oxidation states Previous 
experiments show that partial oxidation with (NH4 )2C e (NO 3 ) 5  

gives rise to a band at 750 nm which was originally thought 
to be the inter-va 1ence transfer band However, this band 
is also p r o d u c e d  on addition of ( NH 3 ) 2 C e ( NO 3 ) 5 to a 
solution of monomer This band is now thought to be due to 
LMCT band S i m i l a r  b e h a v i o u r  was observed for the 
[(bpy)2Ru (bîbz 1m)Ru(bpy)2 ] complex where two bands appear 
at 712 and 754 nm upon partial oxidation to form the
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m i x e d - va 1 e n c e c o m p l e x  [ ( b p y ) 2 R u (b 1 bz lm) Ru (b p y ) 2 ] ̂  + [22]
These bands have been assigned to ligand rr-to - ruthenium 
(III) charge transfer transitions [25] In order to study 
m i x e d  v a l e n c e  systems with these d i n u c l e a r  comp l e x e s  
spectroe1ectrochemistry would be an ideal technique This 
would involve oxidising one Ru center m  solution while 
observing the change in the uv/vis spectra

The charge on the bridging ligand is expected to strongly 
effect the p r o p e r t i e s  of the m o n o n u c l e a r  and dinuclear
compounds The effect of this charge on variables such as 
A E 1 / 2 » a b s o r p t i o n  and e mission spectra is not fully 
understood Conclusions about electronic interaction based 
on these data therefore must be treated with caution

5 5 Con e l u s i o n .

For the m o n o n u c l e a r  c o m p o u n d s  c o n t a i n i n g  bptn, the
e l e c t r o n i c  and e l e c t r o c h e m i c a l  and n m r p r o p e r t i e s
suggest that coordination to bptn occurs via of pyridine
ring A and the triazole ring All data suggest, but, there
is no conclusive evidence that coordination to the triazole
ring takes place via the ' atom However, due to s t e n c
l i m i t a t i o n s  of this ligand this mode of coordination is
most favou r a b l e ,  so it is anticipated that the site of
coordination at the triazole ring is at the ' position
This is confirmed by the fact that no dimer formation has
been o b s e r v e d  for this ligand, sugges t i n g  that due to

9 1s t e n c  reasons coordination via the atom does not occur
under any circumstances

T h e  p r e p a r a t i o n  of t h e  m o n o n u c l e a r  c o m p o u n d  
[ R u (b p y ) 2 (b p t ) ] + results in the f o r m a t i o n  of only one
i s o m e r ,  the c r y s t a l  s t r u c t u r e  of w h i c h  s h o w s  that 
coordination occurs via the N * of a pyridine ring and N * '
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of the t r i a z o l e  ring However, the preparation of the 
compounds [Ru(Me 2 b p y )2 (bpt)]+ and [R u (phe n )2 (bpt)]+ results 
m  the formation of either two isomers or one isomer and an 
i mpurity T hese "impurities" present m  about 20%, are
ob s e r v e d  in the n m r spectra, oxidation potentials and
HPLC a nalysis The identity of the "impurities" is not 
known at the present, but the n m r spectra indicate that 
the main component of these monomers is coordinated in the 
same coordination mode as that of [Ru(bpy) 2 (bpt) ]+ That
is via N* of a pyridine ring and N * ' of the triazole ring 
All mononuclear compounds containing bptn and Hbpt exhibit 
similar electronic and electrochemical behaviour as those 
of other p y r 1 d y 1 1 r 1 azo 1 e compounds reported [39] All 
m o n o n u c l e a r  c o m pounds c o n t a i n i n g  Hbpt absorb at higher 
e n e r g y  and h a v e  l o w e r  o x i d a t i o n  p o t e n t i a l s  than the 
mononuclear compounds containing bptn This indicates that 
Hbpt is a w e a k e r  77 a c c e p t o r  ligand than bptn and the 
deprotonated form of Hbpt is a weaker rr acceptor than Hbpt 
and bptn

The results ob t a i n e d  in this chapter for the d m u c l e a r
compounds show that bpt* is an interesting bridging ligand 
The ligand bptn on the other hand, does not act as a
br i d g i n g  ligand as no d m u c l e a r  compounds were obtained
Apart from s t e n c  limit a t i o n s  of this ligand, a second 
reason for lack of formation of the d m u c l e a r  compounds may 
be due to the fact that the double bonds in the triazole 
ring of bptn are l o c alised and would not have the same 
stabilizing de 1 oca 1 1 sation effect as bpt"

The d e c r e a s e  in p K a for the m o n o n u c l e a r  c o m p o u n d s  
c o n t a i n i n g  bpt" and the d m u c l e a r  co m p o u n d  [ ( b p y ^ R u -  
( bp t ) Ru ( bp y ) 2 ] ̂  + suggest a strong electron donation from
the bpt" ligand to the ruthenium center The increased
de lo ca 1 1 za 1 1 on of the charge in the d m u c l e a r  compound is 
most likely responsible for the difference in acidity of
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a b o u t  1 0  o r d e r s  of m a g n i t u d e  b e t w e e n  the d i n u c l e a r  
ruthenium compound and the free ligand

Purity of the samples [(Me2 b py)2 R u (bpt)R u (M e j b p y )2 ]^ + an^ 
[(bpy)2 Ru(bpt)Ru(phen) 2 ]3+ posed a problem as the oxidation 
p o t e n t i a l s  and n m r s p e c t r u m  of [ (b p y  ) 2 R u (b p t ) * 
R u ( p h e n > 2 ] 3+ y i e l d e d  r e a s o n a b l e  results yet the CHN 
analysis were not good Dinuclear compounds containing the 
protonated b p t ’ are much more difficult to investigate as 
protonation occurs only at very low pH As expected, two 
oxidation potentials are obtained for each compound The 
r e s ulting c o m p r o p o r t i o n  constant c a l c u l a t e d  from these 
potentials suggest that this series of oxidised dinuclear 
complexes may be an example of a class II system In its 
de- protonated form the bridging ligand mediates a strong 
i n t e r a c t i o n  b e t w e e n  the ruthenium centers This strong 
electron deloca 1 1 zation is most likely facilitated by the 
low tt orbital in the b r i d g i n g  ligand and also by the 
p resence of a n e g a t i v e  charge on the bridging triazole 
ring From our results it is clear that further work is 
necessary, m  particular, the formation of mixed valence 
dimers to have a b e t t e r  und e r s t a n d i n g  of the dinuclear 
compounds containing the charged bridging ligand bpt'
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6 0 Conclusion.

F r o m  t h i s  w o r k  it is c l e a r  t h a t  t h e  a s y m m e t r i c  
p y r i d y l t n a z o l e  ligands are interesting For some of these 
l i g a n d s  s u c h  as H P y r t r ,  H 3 M e P y r t r  and IMePyrtr, the 
formation of two isomers is possible upon coordination to a 
R u ( b p y > 2 moiety However, due to s t e n c  hindrance of the 
m e t h y l  g r o u p s  in H 3 M e P y t r  and IM e P y r t r  only one c o ­
ordination mode is favoured The x-ray crystal structure 
of [ R u ( b p y ) 2 (3 M e P y r t r ) ) + c onfirms that coordination to 
ruthenium takes place via the 1 ‘ nitrogen on the triazole 
ring For HPyrtr, two isomers are formed upon coordination 
to a R u ( b p y ) 2  group in a 1 1 ratio as observed by *H n m r 
and HPLC Using semi p r e p a r a t i v e  HPLC techniques, the 
isomers were s e p a r a t e d  in m i l l i g r a m  q u a n t i t i e s  Each 
isomer was characterised using spectrophotometry, electro­
chemistry and correlation spectroscopy The isomers show 
s l i g h t l y  d i f f e r e n t  u v / v i s  and e m i s s i o n  spectra, and 
oxidation potentials to each other The pK a values of the 
isomers also differ, the pKa of isomer 1 = 5 95 while the
p K a of isomer 2 is 4 07 The results obtained on the
isomers suggests that the p y r i d y l t n a z o l e  ligand in isomer

4 *1 is bound to ruthenium via the pyridine ring and the
nitrogen of the triazole ring, while that of isomer 2 is

0 *b o u n d  v i a  the py r i d i n e  ring and n i t r o g e n  of the
triazole ring However, x-ray cryata 11ography is necessary 
to confirm the coordination modes of the isomers These 
results suggest that the properties of each isomer depend 
on the mode of coordination of the p y r i d y l t n a z o l e  ligand

P h o t o c h e m i c a l  r e a c t i o n s  of c o m p l e x e s  of the typ e  
[ Ru ( b p y  ) 2 ( L - L ' ) ] 2 + where L-L' = PT , 3BrPT, 3 Me PT or 
4MePyrtr result in the formation of a monovalent complex, 
among other products, c o n t a i n i n g  the pytr idlytrlazo le 
ligand coordinated in a monodentate mode For comp 1exe s 
containing PT , 3B rPT and 3MePT photolysis m  ace t o m  t r i. 1 e
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or a c e t o n i t r i l e - L i C l  r e s u l t s  in the f o r m a t i o n  of 
[ Ru ( bp y ) 2 ( L - L 1 ) ( CH 3 CN) ] type complexes Photolysis of 
[ Ru ( bp y ) 2 C 4M eP y r t r ) ] 2 + m  a c e t o m t r i l e  results m  the 
formation of [Ru(b p y )2 (4MePyrtr)(CH 3 C N )]2+ while photolysis 
m  acet o n  1 1 r 1 1 e -L 1 C 1 also results m  the f o r m a t i o n  of 
[Ru(bpy)2 (4MePyrtr)Cl ] + For complexes containing PT type 
ligands this m o n o d e n t a t e  - chloro complex was only formed 
upon photolysis m  m e t h a n o 1 -L i C 1 Complexes of the type 
[Ru(bpy)2 (L -L ')C 1]+ were prepared thermally and COSY n m r 
i n d i c a t e  that the these c o m plexes are c o o r d i n a t e d  to 
r u t h e n i u m  via the N^ ’ atom of the triazole ring for PT t 
3BrPT and 3MePT, and via N^' for AM e P y r t r  The x-ray 
crystal structure of [R u (b p y )2 (3MePT)C 1](PF 5 ) confirms that 
the coordination site for 3MePT is via the 4 1 nitrogen on 
the triazole ring The uv/vis spectra, obtained form the 
d i o d e  a r r a y  H P L C  d e t e c t i o n  s y s t e m ,  o f  t h e  
m o n o d e n t  a t e -chloro complexes produced photochemica 1 ly and 
t h e r m a l l y  a r e  q u i t e  s i m i l a r  H o w e v e r ,  f r o m  the
p h o t o c h e m i c a l  e x p e r i m e n t s  it seams u n l i k e l y  that the 
coordination mode for the monodentate species produced is 
via the same coordination site on the triazole ring as for 
the species produced thermally For coordination to occur 
at the same site as the the rm ally produced species, this 
would mean that the py r 1 dy 1 1 r 1 azo 1 e ligand would be lost 
completely from the complex and react again via the N^ of 
the triazole ring for P T , 3 BrPT and 3MePT and the N* ' for
4MePyrt r

I n v e s t i g a t i o n s  into the f o r m a t i o n  of m o n o n u c l e a r  and 
d i n u c l e a r  c o m p l e x e s  c o n t a i n i n g  a s y m m e t r i c  d i - p y r i d y l * 
t r i a z o l e  b r i d g i n g  ligands were carried out using the 
ligands l , 3 - b i s ( p y r i d i n - 2 - y l ) - l , 2 , 4 * t n a z o l e  (bptn) and 
3 , 5 - b i s ( p y r i d i n  - 2 - y 1 ) - 1 , 2 , 4 - triazole (Hbpt) For bptn 
only the formation of the mononuclear complex was possible, 
s u g g e s t i n g  that s t e n c  limitations of the ligand prevent 
the coordination of a second Ru(bpy >2 moiety Both mono-
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and di- n u c l e a r  c o m p l e x e s  were formed containing bpt' 
H o w e v e r ,  i n  t h e  f o r m a t i o n  of t h e  c o m p l e x e s  
[Ru(Me2 bpy> 2 (kpt)]+ and [Ru(phen> 2 (bpt)]+ a second species 
is produced, the identity of which at present is not known 
Further analytical chromatography work is required m  order 
to g a m  separation of the products Semi-preparative HPLC 
would then be necessary to obtain milligram quantities of 
the pr o d u c t s  The c o m p l e x e s  were c h a r a c t e r i s e d  using 
c o r r e l a t i o n  s p e c t r o s c o p y ,  s p e c t r o p h o t o m e t r y  and 
electrochemistry COSY n m r spectroscopy was found to be 
a useful technique for determining the proton resonances 
for the b p t ” ligand in the dinuclear complexes The n m r 
s p e c t r a  of the d i n u c l e a r  c o m p o u n d s  are c o m p l e x  as 
geometrical isomers have been formed Differential pulse 
voltammetry was also a useful technique in detecting the 
presence of dimeric species The results suggest that for 
the dimeric complexes the ruthenium which has the lowest 
o x i d a t i o n  p o t e n t i a l  is that w hich is c o o r d i n a t e d  to a

O tpyridine ring and the nitrogen of bpt" These results
are consistent with the results obtained for the isomers of
[R u (b p y )2 (Pyrtr)]+ where isomer 2 having the coordination

9 1mode at the pyridine ring and the atom of the t n a z o l e
ring has the lowest oxidation potential
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Table I Oxygen-o x y g e n , o x y g e n -nitrogen and oxygen fluorine 
d i s t a n c e s  (A) and a n g l e s  ( 0 ) in bis ( 2 , 2 -bipyridine) 
ruthenium-(3-methy1-5 pyridin-2-yl)-l,2,4-triazole) Hexa- 
fluorophosphate tetrahydrate

N(4) - 0(1) 2 790 (5) N(4) - 0(1) - 0(3) 107
0(1) - 0(3) 2.74 * 0(1) - 0(3) - 0(4) 132 6
0(3) - 0(4) 2 81 (1) 0(3) - 0(4) - 0(2) 117
0(A) - F(3) 2 970 (9) 0(3) - 0(4) - F(3) 100 0 (3)
0(4) - 0(2) 2 83 0(4) - 0(2) - W(2) 119
0(2) - N(2) 2 865 (5)
0(1) - 0(2) 2 742
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Table II Fractional atomic coordinates (xlO^ for R u , xlO^ 
for C, N, F, and 0) and isotropic thermal parameters (xlO^ 
for Ru and x l O 2 for C, N, F, and 0) for atoms m  the 
s t r u c t u r e  of b 1 s ( 2 , 2 ' - b i p y r i d i n e ) r u t h e n i um - ( 3 - me t hy 1 - 5 - 
p y r i d i n  - 2 - y 1) - 1 , 2 ,4 - t r i a z o l e  H e x a f l u o r o p h o s p h a t e  
tetrahydrate

Blso - 8 Tfc 2 trace U 

3
ATOM X/A-~ Y/B 2/C B(ISO )
.UJ 19*4651 3 ) -14734(3) -3603(1) 293( 1 )
Pill 42355(20) 42355(20) 0(0 ) 580(12)
Ftl) 3101(4) 377514) 256(2 ) 1004121 )
F( 2) *72715) 537214) 2591 2) 986(21 )
FI 3 ) *693(4 ) 3759(4) 369(2) 973( 20 )
?(2) 0(0 ) 80590117) 16667(0 ) 548(10 )
F(4 ) 663(5) 839615) 122 6(1 ) 979(21 )
= 15) -00514) 8471(3) 148311) 748(16 )
r ( 6 ) -81914) 6853(3) 149012) 881(19)
M l ) 1093(3) -2614(3) -847(1) 364(12 )
.J(2) 1333(4) -2897(4) -1248(1) 370(12)
C(3) 344(5) -3647(5) -1403(2) 402(16 )
Cl 31 ) 17916) -4186(5) -184212) 614(23)
4(4) -535(4) -3874(4) -1142(2) *44(14)
C( 5 ) -31(4) -3223(41 -79612 ) 353(15)
US D 29813) -224614) -131(1) 326(10)
Cl52 ) -493(4) -304414) -394(2) 351(14 )
C( 53 ) -159915) -3600(5) -287(2) 510(19)
Cl 54) -1963(5) -338615) 981 2 ) 539(19)
~( 55 ) -1193(5) -2584(6) 3691 2) 488119)
Cl56 ) -49(5) -2028(5) 2421 2) 440(17)
Mil) 3478(3) -715(4) -670(1) 346(11)
Cl 12 ) 3654(4) 128(4 > -949(2) 375(15)
Cl 13 ) 466715) 721(5) -117912) 555(20)
'-(14) 548615) 422(6) -1114(2) 637(22)
‘115) 527915) -43616) -840(2 ) 579(23)
Cl 16 ) *29315) -966(6) -620(2 ) 497(19)
• 1111' ) 181514) -313(4) -7341 1 ) 369113)
-112' ) 272915) 339(4) -99311 ) 384(14 )
-113 1 ) 273316 I 1138(5) -128212) 561(20 )
LI 14’ ) 1805(6 ) 1271(6 ) -1290(2 ) 604(24 )
115 1 ) 90316 1 621(5) -102512 ) 579(23)Cl 16 ) 9*015) -142(5) -75912 ) 484(19)
il 21 J 26591 3 ) -49213 ) 1871 1 ) 340(11)
Cl 22 ) 3031(4 ) -954(5) 503(2 ) 431(16 )
-I 23 > 3535(6) -340(6 ) 884(2 ) 638(24 )ri 24 ) 366517) 686(6 ) 944(2 ) 740( 27)
Cl 25) 3283(5) 1150(5) 63612) 604(21)
Cl 26 ) 2791(51 540(4) 256(2) 465(17)
,1121’ ) 227013) -2516(3) 18( 1) 356(12)
Cl 22' ) 2849(4) -2041(5) 39412) 387(16)
LI 23* ) 3226(6) -2613(6) 651(2) 560(23)
•■'124* ) 3015(6) -368516) 52Z(2 ) 684(25 )
w(2S* ) 241*16) -4153(b) 156(2) 589(23)
Cl 26 * ) 2050(5) -3544(5) -95(2 ) 486(19)
Jll) 5210(4) 7227(4) 1394(2) 743(19)
*512) 6351(4) 3171(4) 1544(1) 740(19)
ill 3) 6873(6) 6611(6) 1235(2) 1129(30)
014) 6746(6) 4635(6) 92012 ) 1018(27)
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Table III Fractional atomic coordinates for Ru , C, N, F, 
and 0 m  the s t r u c t u r e  of b i s ( 2 ,2 ' * b i p y n d i n e  ) chloro 
ruthenium - (3- methyl -l - p y n d i n - 2 -yl) - 1 , 2 , 4 - t n a z o l e  
Hexafluorophosphate

f f -a i  c o o f r c n a t e s

^ T O M  X  Y  t

K U i 0 9 6 0 0 0 0 2 3 0 o 0 0 2 9 2 5 0

C L 1 1 . 2 3 8 9 0 0 3 0 1 9 0 0 . 2 7 3 4 0

N a 1 . 0 9 5 4 0 0 . , 3 o 7 3 0 0 . 3 9 3 8 0

C i ' 1 . 0 7 5 4 0 0 4 6 1 9 0 0 3 7 9 9 0

C n
1 . 1 8 6 7 0 0 5 5 3 0 0 0 4 5 1 4 0

C 3 1 3 1 9 8 0 0 5 4 7 4 0 0 5 3 8 4 0

C 4 1 3 3 6 8 0 0 4 4 9 7 0 0 5 5 1 2 0

C 5 1 . 2 2 3 8 0 0 3 6 0 1 0 0 . 4 7 8 3 0

N 3 . 1 1 0 2 0 0 1 7 8 9 0 0 4 0 6 4 0

C 6 1 2 3 2 9 0 0 , , 2 * 1 4 6 0 0 4 8 5 6 0

C 7 3 . 3 5 3 2 0 0 2 "  1 7 0 0 5 6 7 6 0

c 8 1 3 4 4 7 0 0 1 2 8 3 0 0 5 a 6 0 0

c 9 1 2 1 8 3 0 0 0 4 « > 1 0 0 4 8 5 o 0

c 1 0 1 . 1 0 0 9 0 0 0 7 6 1 0 0 4 0 5 9 0

N 3 0 . 7 2 5 2 0 0 1 5 4 9 0 0 3 0 4 2 0

r 1 1 0 . 6 9 1 5 0 0 1 8 8 6 0 0 I ^ O I O

c 1 2 0 5 2 2 2 0 0 1 3 3 8 0 0 3 7 2 3  0

c 1 3 0 . 3 8 4 3 0 0 0 4 3 1 0 0 3 0 4 9 0

c 1 4 0 - 4 3  2 9 0 0 0 0 3 o 0 0 2 3 7 9 0

c 1 5 0 5 9 0 7 0 0 0 6 1 5 0 0 2 3 9 7 0

N 4 0 8 2 9 0 0 0 0 9 0 4 0 0 1 9 6 0 0

c 1 6 0 6 4 9 2 0 0 0 2 5 3 0 0 1 7 9 8 0

c 1 7 0 5 3 7 9 0 - 0 0 7 0 8 0 0 1 ^ B O

c 0 6 L 7 \ 0 - 0 0 9 6 3 0 0 0 * 4 2 0

r 1 9 0 8 0 1 0 0 - 0 0 3 0 9 0 0 ,. 0 7 8 * 0

c ? 0 0 9 0 1 9 0 0 0 f t ' » 9 0 0 .. 1 4 7 2 0

N 3 0 8 2 0 0 0 0 2 9 7 8 0 0 1 7 7 7 0

c 2 1 0 6 7 9 5 0 0 3 3 4 9 0 0 1 5 1 0 0

r 2 ">
0 . 5 7 4 0 0 0 3 3 o l 0 0 2 3  2 9 0

c " * 3 0 8 6 7 3 0 0 3 0 9 0 0 0 J 1 . 0  L O
N 6 0 . 7 5 8 3  0 0 3 5 2 7 0 0 0 4 7 6 0

N 7 0 . 6 3 9 0 0 0 3 6 9 9 0 0 0 7 2 8 0

N 8 0 . 6 7 0 2 0 0 4 4 4 3 0 - 0 0 8 1 4 0

C 2 4 0 - 7 6 5 3 0 0 3 7 8 9 0 - 0 0 3 5 9 0

r 2 b 0 - 8 5 9 * 0 0 3 * 3 2 0 “ 0 0 5 7  a  0
r 2 6 0 8 6 9 3 0 0 3 6 5 0 0 - 0 1 3 4 4 0

r ° 7 0 o 8 3 4 0 0 4 f t 9 i  0 - 0 j  6 2 5 0

c 2 8 0 7 8 5 1 0 0 4 ? l 7 0 - 0 i f i 6 o 0

F - 0 0 8 3  4 0 0 '  6 3 1 0 0 7 3  6 4 0

F L 0 .  1 8 0 7 0 0 ° R t-‘ O 0 0 8 2 5  i  0

F o
0 . ^ 2 7 0 0 : ^ 4 / o 0 7 2 B R O

F 4 - 0 0 0 7 0 0 0 2 1 1 9 ( ) 0 6 * 0 3 0

F 6 0 3  . 5 ^ 0 0 Z 7  ^ R<> 0

r 5 - 0 . 1 0 3 9 0 0 1 5 5 ^ 0 0 7 0 ~ * 9 0

F 7 0 . 0 1 1  0 0 ■ « 9 7 0 0 7 1 5 0 0
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