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SUMMARY



(v)

The t r i s ( 2 , 2 ' -b ip y r id in e )  complexes of r u th e n iu m ( I I ) and osmium(II) 

have been synthesised and o p t ic a l ly  resolved. The s in g ly ,  doubly and 

t r i p l y  reduced complexes have been prepared e lec trochem ica lly  and t h e i r  

c ir c u la r  dichroism and luminescence spectra have been measured. 

In v e s t ig a t io n  of the absorption, c ir c u la r  dichroism and luminescence 

spectra of the complexes and th e i r  reduced analogues strongly  suggest 

th a t  the added electrons are loca lised  on the in d iv id u a l b ipyrid ine  

l igands of the complexes. Hence the complexes are best formulated 

as IM(bipy) (bipy )o_ l^ n ^ + , where M = Ru, Os and n = 0 ,1 ,2  and 3.
11 O “ il

In a d d it io n ,  a chemical reduction technique using l i th iu m  metal has been 

developed. This has enabled the in fra re d  spectra of the t r i p l y  reduced 

complexes to be measured. The t r i p l y  reduced ruthenium complex has 

been found to racemise in dry a c e to n i t r i le  but is  o p t ic a l ly  stable  

in  dimethylformamide. This has been a t t r ib u te d  to a weakening of the  

l igand f i e l d  of b ipyr id ine  when i t  is  reduced to  the anion.

Lithium 2 ,2 ^ -b ip y r id in y l  has been, synthesised and complexed with  

the c h ira l  co -ord inating  ligands ( - ) -s p a r te in e  and R and S - te t r a -  

N ,N ,N ',N '-m ethy l propane-1,2-diamine whereupon i t s  c i r c u la r  dichroism  

spectra have been measured.

The t r i s ( 2 , 2 ' - b i p y r i d i n e ) i r i d i u m ( I I I ) complex has been synthesised 

and o p t ic a l ly  resolved and i t s  h ith e r to  unknown c ir c u la r  dichroism 

spectrum has been measured. The complex has been chemically reduced 

and in add ition  to the t r i p l y  reduced complex the quadruply reduced 

complex has also been synthesised and th e i r  absorption and c irc u la r  

dichroism spectra have been measured. In v es t ig a t io n  of the c irc u la r  

dichroism spectra again suggest th a t the added e lectrons are loca lised  

on the in d iv id u a l b ipyr id ine  ligands of the complexes.



1

CHAPTER 1 

INTRODUCTION
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SYNOPSIS

Blau^ f i r s t  synthesised 2 ,2 ' -b ip y r id in e  (b ipy) (F igure 1) in 1888, 

FIGURE 1: 2 , 2 ' -b ip y r id in e

4 3 3 '  4'

5

and i t  was he who f i r s t  noticed^ the intense red substance formed in  

the reac tion  o f the f re e  base “with i r o n ( I I )  s a lts  and subsequently  

is o la te d  a series  o f s a lts  o f the formula [Fe( b ip y )^IX^ . The formation  

and reactions o f IFe (b ipy)g]X 2  compounds were in e x p l ic a b le  by the then 

curren t Blomstrand-Jorgensen s tru c tu ra l theory but were explained
3

simply and n a tu ra l ly  by Werners octahedral model fo r  co -ord ina tion  

compounds which had been received with widespread scepticism despite  

the vast array  o f stereochemical evidence by which i t  was supported.
4

I t  was not u n t i l  n early  20 years la t e r  when Werner demonstrated i t s  

correctness by reso lv ing  racemic c h lo ro -a m in e -b is (e th a n e - l ,2 -diamine)  

c o b a l t ( 1 1 1 ) ch lo r id e  with s i lv e r  d-bromocamphorsulphonate in to  i t s  two 

o p t ic a l ly  a c t ive  enantiomeric forms, the dissymmetry o f which could 

not have been foreseen w ithout the hypothesis of c o -o rd in a t io n ,  th a t  

the theory received immediate and almost universal re co g n it io n . The
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p red ic t io n  and subsequent detection of optica l a c t iv i t y  in metal 

complexes sufficed  to place the fundamental doctr ine  of co -ord ination  

beyond the reach of fu r th e r  controversy.

A year a f te r  his f i r s t  re s o lu t io n ,  Werner succeeded in resolving  

Blau's t r i s ( 2 , 2 ' - b i p y r i d i n e ) i r o n ( I I ) bromide using ammonium d - t a r t r a t e ;  

in te re s t  in these chelate  molecules then lapsed fo r  nearly  2 0  years .

I t  was revived by the discovery of Hammett, Walden and Chapman^ th a t  

the i r o n ( I I )  complex could be used as a valuable redox in d ica to r  and 

by the preparative  researches of bipy complexes by Morgan and B u r s ta l l , 

B a rb ie r i ,  P fe i f f e r  and Jaeger (reviewed by Brandt e t a l^ ) .

o
[Ru( b ip y ) 3 1C12 was f i r s t  prepared and resolved by Bursta ll in 1936 and 

i t  was found to be appreciably more stable than the analogously 

constitu ted  ferrous [Fetbipy)^]X^ and nickel s a lts  [Ni (b ipy l^ lX ^ .

The ra te  of racemisation of the ruthenium complex was found to be 

extremely slow; the bromide s a lts  retained th e i r  optica l a c t iv i t y  

in d e f in i t e ly  at room temperature not only in the so lid  s ta te  but also  

in  0 . 1% so lu tion , whereas the ro ta tions  of the iron and nickel s a lts  

became n e g lig ib le  a f te r  about two hours in aqueous media.
g

[Os( bi py)^3 Br^ was prepared and resolved by B ursta ll e t al , and l i k e

the R u ( I I )  analogue, i t  was found to be o p t ic a l ly  s tab le . I t  was

found th a t  the R u ( I I )  and O s ( I I )  complexes could be e a s i ly  oxidised to

the R u ( I I I ) ^  and O s ( I I I )  complexes resp ec tive ly .  When the R u ( I I I )

complex was immediately reduced back to R u ( I I ) ,  no loss of optical

a c t iv i t y  was d e te c te d ^ .  However, on standing the Ru ( I I I )  complex

lo s t  about h a lf  i t s  o p tica l a c t iv i t y  in one day whereas the analogous 
g

Os ( I I I )  complex was completely o p t ic a l ly  s tab le .

[Rh( b ip y ) 3 3C13 was f i r s t  prepared in 1935 by Jaeger et a l ^ , but a

12 13s u ita b le  method fo r  resolv ing the complex was not found u n ti l  1973 *
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The [ I r (b ip y )g ]C lg  complex proved to be the most d i f f i c u l t  of the cobalt

t r ia d  to make. A successful synthesis was not achieved u n t i l  1972 by 

14Demas et al and when th is  work was s tarted  the complex had not been 

resolved.

I c _ p r
Much work has been done in characteris ing and assigning the absorption,

IT  18 71
c ir c u la r  dichroism * * and luminescence (reviewed by

20
Kalyanasundaram ) .  Spectra of the t r is (2 ,2 ' - b ip y r id in e ) m e t a l  complexes

2+and in these contexts , the complex [Ru(bi py) ^ ] > has received the most

a t te n t io n .

2+The luminescence spectrum of [Ru(b ipy)^ ] was f i r s t  measured in 1959

26by Paris and Brandt who i n i t i a l l y  assigned the emission as due to  

the rr* d charge t ra n s fe r  fluorescence. This was disputed by la t e r

27authors who assigned i t  as due to d* —► d ligand f i e l d  phosphorescence,

28 15~ 29d* —► d ligand f i e l d  fluorescence, charge t ra n s fe r ,  ~ tt*  —> d charge

30tra n s fe r  phosphorescence and f i n a l l y  as rT* —> d charge t ra n s fe r

29luminescence with no s p e c if ic  m u l t ip l ic i t y .  The reasons fo r  the s h i f t

in assignments are wide, ranging from the id e n t i f ic a t io n  of certa in

absorption bands as due to im p u rit ies ,  arguments based on s im i la r i t y /

6d is s im i la r i ty  of the absorption, emission bands of other -complexes

and long emission l i fe t im e s  usually  associated with spin-forbidden

t r i p l e t - s i n g l e t  t r a n s i t io n s .  I t  is  now f i rm ly  established th a t the

2+luminescence from the [Ru( bi py) ^ ] complex is e s s e n t ia l ly  of charge 

t ra n s fe r  type and spin-forbidden in character, at leas t at 77K.

I t  was fo r  many years customary to assume th a t in the therm ally
p . Oj-Jc

e q u il ib ra te d  exc ited  s ta te  of [Ru(bi py) ^ ] , [ R u ( b i py) ^ ] > an e lectron

was tra n s fe rre d  from the metal core to an acceptor o rb i ta l  delocalised

32-35 2+*over a l l  three  ligands ; th a t is ,  tha t [Ru( b ip y ) ^ ] belonged

36to the same D3 point group as the ground s ta te  complex. As a
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consequence there  have been d i f f i c u l t i e s  in expla in ing  the photoemission 

37-39
spectrum and the behaviour of re la ted  mixed ligand complexes,

which are asserted to e xh ib it  a higher e le c tro n ic  than molecular
33 35 geometry. ’

The question as to whether the electrons located on the ligands were

de localised  in a molecular o rb ita l  extending over a l l  three ligands or

whether they were localised  in the o rb i ta ls  of the ind ividual ligands

remained to be solved. Localised in th is  te x t  means the electrons

remain on the ligands w ith in  the absorption tim escale . Resonance

2+ *Raman studies o f the excited s ta te  indicated th a t  [ Ru( bi py) Ĵ 

contained an id e n t i f ia b le  reduced bipy ligand ( bi py ) # 40,41 ^

was s t i l l  to be demonstrated unequivocally th a t bipy and bipy e x is t

2 + *simultaneously as d is t in c t  ligands in [Ru(bipy)g] . This was

42re ce n tly  accomplished by Woodruff and co-workers in fu r th e r

2+ *resonance Raman studies. The formulation of [Ru(bipy)g] as

2+[ R u d l l M b ip y l ^ b i p y  )] established by resonance Raman studies, was

43-46independently confirmed by a series of f lash -p h o to lys is  studies

46which culminated in a d e ta iled  assignment of the exc ited -s ta te  

absorption spectrum based on the localised  charge-transfer formulation  

above.

Evidence fo r  symmetry reduction in the excited states was also found

38 42 47fo r  the t r i s ( 2 , 2 ' -b ipyrid ine)com plexes of ir id iu m  and osmium ’

indicating th a t the ruthenium complex was not unique in i t s  properties .

A f te r  the controversy of lo c a l is a t io n  versus de lo ca lisa tio n  in the

2+exc ited  s ta te  of [ Ru( bi py) had appeared to  have been resolved,

48 49Ferguson e t al * performed a series of experiments on these 

complexes in the so lid  s ta te .  From these experiments i t  was concluded 

th a t  there  was no evidence to support a complete lo c a l is a t io n  of
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charge as an in t r in s ic  property of the excited s ta te ,  e i th e r  s in g le t  or

t r i p l e t  and i t  was shown th a t  a Dg model accounted fo r  a l l  of the

50 51essentia l features  of the luminescence. Yersin et al ' also found 

th a t  a descrip tion  of the em itt ing  states of s ingle  c rys ta ls  of 

[R u fb ipyJgH PFg)^  w ith in  the double group, also accounted very  

well fo r  the symmetry properties  of the excited states detected in the 

temperature dependent polarised emission spectra. I t  was there fo re  

concluded th a t the symmetry reduction was not an in t r in s ic  property of  

the excited s ta te  complex, but might o r ig in a te  from the in te ra c t io n  of  

polar solvent molecules inducing d is to r t io n  in the e xc ite d -s ta te  

complex. However, i t  has since been pointed out th a t the in te rp re ta t io n

of these resu lts  using a lo ca lised  excited s ta te  model would be equally

i . I 52 as v a l id .

53Further experiments on the time-resolved luminescence and the magnetic 

c i r c u la r ly  polarised  luminescence s p e c tra ^  of [ Ru( bi py)  ̂3 by

Ferguson e t a l , led them to the conclusion that there may be a 

re la x a t io n  from an i n i t i a l  delocalised s ta te  to a localised  s ta te  

which takes place ra p id ly  in f lu id  solutions but is  in h ib ited  in r ig id

55media. These re s u lts  have since been questioned by K liger and co-workers 

who suggest th a t the e x c ita t io n  in the MLCT t r i p l e t - s t a t e  remains s ing le  

ligand loca lised  regardless of the r i g i d i t y  of the solvent.

The debate on lo c a l is a t io n  versus d e lo ca lisa tio n  in the excited s ta te  

2+of [Ru(bipy)g] , s t i l l  goes on.

Around the time th a t  the experiments were being performed on the 

excited  s ta te  properties  of the t r i s ( 2 , 2 ^-b ip y r id in e )  metal complexes, 

in te re s t  developed in the e lectrochem istry of the complexes when i t  

was found th a t in addition  to a re ve rs ib le  one-electron oxidation,
p.

[ Ru( bi py ) 3  j also possessed three consecutive, revers ib le  one-electron
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re d u ct io n s .^ > 5 7  T^e ^pgg  recjuctions were o r ig in a l ly  a s s ig n e d ^ ’ ^  

as metal based, corresponding to Ru( I ) fo r  the f i r s t  reduction, Ru(0) 

fo r  the second reduction and R u ( - l )  fo r  the th i r d  reduction . The
CO

reductions were l a t e r  assigned as ligand based and in te re s t  grew as

to  whether the e lec trons  were loca lised  on the in d iv id u a l bipy ligands

implying a symmetry lower than Dg fo r  the f i r s t  two reduction products,

as in the exc ited  s ta te  complex, or delocalised over a l l  th ree .

Evidence from electrochemical measurements,^ e . s . r . , ^  ^  ab so rp t io n ^

64 65and Raman spectroscopy * a l l  suggested th a t  the reduced compounds 

contained both bipy and bipy ligands so th a t ,  fo r  example, the f i r s t  

reduction product was formulated as [ Ru( bi py) 2 ( bi py ) ]  + , the second as 

[R u (b ipy)(b ipy  ) and the th ird  as [Ru(bipy~)g] .

The e lectron spin resonance ( e . s . r .  ^  of the reduced products of

[F e (b ip y )g ]^ + , ^  [ Ru ( bi py) 3 ] and [0 s (b ip y )g ]^ + ^  suggested

th a t  the added e lec trons  were localised  on the ind iv idua l ligands

ra th e r  than de localised  over a l l  th ree . In the s in g ly  and doubly

reduced products i t  was found that the electrons hop from one ligand to

another, broadening the e . s . r .  l in e ,  whereas in the t r i p l y  reduced

species, one e lec tron  is  on each ligand and no hopping was observed.

Further evidence fo r  th is  e lectron hopping came from the observation

66of a 1igand-1igand in terva lence  charge tra n s fe r  (IVCT) absorption 

band at 4000 cm  ̂ fo r  the s ingly  and doubly reduced products in agreement 

with the e . s . r .  r e s u l t s . ^  The resonance Raman spectra of the s ingly  

and doubly reduced species of [ Ru( bi py) 3 1 ^  and [F e (b ipy )g ]^+ 

show the presence of both sh ifted  and unshifted bipy v ib ra tio n a l  

energies in d ica t in g  th a t  there are two d is t in c t  chromophores in the

reduced complex consistent with a loca lised  model of the redox o r b i ta l .

1 67Recently a H n .m .r .  study of the reduced paramagnetic

t r i s ( 2 ,2 ' - b ip y r i d i n e )  complexes of F e ( I I ) ,  R u ( I I )  and O s ( I I )  has been
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done by Hanck and co-workers from which i t  was concluded th a t the 

unpaired electrons existed in s p a t ia l ly  iso la ted  o rb i ta ls  th a t were 

close in proximity but had minimal in te ra c t io n  and consideration of the 

l in e  widths of [M( b ip y ) 3 1+ (M = Fe, Ru, Os) indicated th a t the n .m .r .  

permitted measurement of the e lectron hopping ra te  constants fo r  the 

species [ M( b ipy) 3 ] + and [ M( b ip y ) ^ 1 which were in agreement with the  

e . s . r .  d a ta . ^ 0

Notice th a t  the loca lised  descrip tion  im plies , perhaps unexpectedly, 

th a t  the charge d is t r ib u t io n  in the s in g ly  and doubly reduced complexes 

is  asymmetric, unless rapid e lectron hopping makes the two models 

converge.

These two separate l ines  of research on the excited s ta te  of

2+ 2+[Rufbipy)^] and on the reduced complexes of [Ru(bipy)g] have

68re ce n tly  been bridged by Braterman e t a l . As is  pointed out, the

em itt ing  s ta te  of [R u (b ipy)g ]^+ , [ R u d l l M b i p y ^ b i p y  ) ]^ + , is  fo rm a lly

d erivab le  from the s in g ly  reduced complex [Ru( I I ) ( b ipy ) ^ ( bipy ) ] + by

the removal of a s ing le  d(a-j) e lec tro n , there fore  the excited s ta te  of 

2+[Ru( bi py)^1 could be sem iq u an tita t ive ly  modelled on the s ing ly  reduced

2+complex of [Ru(bipy)g]

In summary, the work th a t  has been done on the reduced t r i s ( 2 ,2 ' - b ip y r id in e

69complexes of ruthenium and osmium (reviewed by DeArmond et al ) has been 

mainly confined to the c y c l ic  voltammetry, e . s . r . ,  n .m .r .  and resonance 

Raman studies. The absorption spectra of the ruthenium complexes had 

been measured but th is  had not been accomplished fo r  the osmium complexes. 

For the analogous ir id iu m  complexes, only the c yc lic  voltammetry and the 

absorption spectra of the reduced complexes had been previously  

measured. This l e f t  a large gap in the experimental studies of these 

reduced complexes, so the work in th is  thesis  was undertaken in an attempt
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to f i l l  the void and gain more information on the reduced complexes and 

more evidence to support e i th e r  the localised  or delocalised  model of  

the reduced complexes.

As there  was evidence of charge lo c a l is a t io n  in the luminescent sta tes  
2+* 37  39

of [Ru( b ipy ) ^] > * an obvious experiment was to measure the

luminescence spectra of the reduced complexes to see i f  th is  could give

any evidence th a t  the added electrons were lo ca lised  on the ind iv idua l

bipy ligands. The luminescence spectra of the reduced complexes 

2+
of [ M( b ip y ) ^] (M = Ru> Os, I r )  were measured and as shall be 

demonstrated l a t e r ,  the spectra gave conclusive evidence th a t  charge 

lo c a l is a t io n  occurs in the luminescent states of the reduced complexes.

In the past, a l l  the l i t e r a t u r e  preparations of the reduced complexes of 

2+[ Ru( bi py) were performed e lec tro -chem ica lly  which does not give a 

convenient method fo r  is o la t io n  of the reduced complexes. So a chemical 

method fo r  preparing the reduced complexes was developed. This has 

allowed the in f ra - re d  spectra of the tr ip ly -red u ced  complexes to be 

measured, which had h ith e r to  not been possible.

21I t  has been shown th a t  the magnitudes of the e ffe c ts  due to n -e lec tro n  

d e lo ca l is a t io n  throughout the t r i s ( 2 , 2 ' -b ip y r id in e )m e ta l  complexes are 

not la rg e .  I t  has been concluded th a t the absorption of the ligands in  

the tris-complexes can be thought of as ar is ing  from s l ig h t ly  perturbed  

t ra n s it io n s  of the f re e  ligand. S im i la r ly ,  in the reduced complexes the  

added electrons have been shown to be loca lised  on the ind iv idua l bipy  

l igands, rr-e lectron de lo ca lisa tio n  between the ligands must there fo re  

be small and the reduced ligands in the complex could also be thought 

of as the s l ig h t ly  perturbed "free" reduced ligands. This means th a t  

many of the properties  of the "free" reduced ligand should be very
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s im ila r  to those of the reduced ligand in the complex. The "free"  

reduced ligand has been examined in the p a s t ^  ^  but again there are 

gaps in the experimental knowledge of the compound. Therefore, to  

help in the in te rp re ta t io n  of the experimental resu lts  fo r  the reduced 

complexes, "free" reduced bipy was examined in more d e ta i l  and the 

measurement of i t s  in f r a - r e d ,  Raman, luminescence and c irc u la r  

dichroism spectra have been accomplished.

The c irc u la r  dichroism spectra fo r  the reduced complexes of ruthenium 

and osmium t r i s ( 2 , 2 'b ip y r id in e )  had not been examined in the past and 

fo r  the analogous ir id ium  complex, the parent ion [ I r (b ip y )g ]^ + had 

not even been resolved before. I t  was not even known whether the 

reduced complexes were o p t ic a l ly  s table  and so examination of the 

c ir c u la r  dichroism spectra of the complexes was undertaken.

21 -23Mason and co-workers had e a r l ie r  successfully  applied the exciton

theory of optical a c t iv i t y  to explain the c .d .sp ec tra  in the region
★  ̂

of the ligand t t  — >  tt  absorption of the t r i s - ( 2 , 2  -b ip y r id in e )  complexes

of osmium and ruthenium. The c irc u la r  dichroism studies in th is  thes is

were carr ied  out in order to see i f  the exciton theory of optical

a c t iv i t y  could d is tinguish  between the loca lised  and delocalised theories

fo r  the reduced complexes and to extend the studies to include the

analogous ir id ium  complexes. Now in the simplest form of the exciton

theory i t  is  assumed th a t there  is  no n -e lec tro n  d e lo ca lisa t io n  between

the ind ividual bipy ligands in a t r is -c h e la te d  complex, so in theory

the exciton model should be able to d is tingu ish  between a t r i p l y

reduced complex in which the electrons are loca lised  on the ind iv idua l

bipy ligands from th a t in which they are delocalised over a l l  th ree .

In s in g ly  and doubly reduced complexes, i f  the electrons were de localised
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over a l l  three ligands, they could be formulated as [ M( b ipy 3 )g] + 

and [ M( bi py^ ) 3 ! » ( M = Os, Ru), resp ec tive ly , hence a l l  three ligands  

would be id e n t ic a l ,  the complex would have Dg symmetry and they could be 

described as homo-trischelated complexes. In the loca lised  theory , the  

complexes could be formulated as [ M( b ipy) ^( bipy ) ] + and [M (b ip y)(b ip y  )^] 

fo r  the singly and doubly reduced complexes re s p e c t iv e ly .  In th is  

case, the complexes would have at the most symmetry and they could 

be described as h e te ro -tr is c h e la te d  complexes. Now the exciton theory  

of optical a c t iv i t y  pred ic ts  c h a ra c te r is t ic  spectra fo r  h e te ro -tr is c h e la te d  

complexes as demonstrated by Mason^ ^  and B o s n ich ^ ’ ^  fo r  the mixed 

bipy/phenanthroline complexes of osmium and ruthenium, and so in theory ,  

the exciton model should d is tingu ish  between s ing ly  and doubly reduced 

complexes in which the electrons are delocalised over a l l  three ligands  

from th a t in which they are loca lised  on the ind iv idua l l igands.

Exciton Theory

80The essentia ls  of F resne l's  c lass ica l he lica l  model carry  over in to  

the quantum mechanical theory of optical ro ta t io n  in which a charged 

p a r t ic le  displaced through a h e lic a l  path undergoes a tra n s la to ry  

motion, generating an e le c t r ic  dipole moment, and a ro ta to ry  motion, 

producing a magnetic d ipo le  moment, the two moments being c o -1 in e a r .

In the quantum theory the absorption of l ig h t  by a dissymmetric molecule 

promotes a valence e lectron  from one s ta tionary  molecular energy s ta te  

to another and the reorganisation of the e lec tro n ic  charge d is t r ib u t io n  

generates t ra n s ie n t  e le c t r ic  and magnetic dipole moments. The sca lar  

product of the e le c t r ic  d ipo le  and magnetic d ipole t ra n s it io n  moment 

is  the ro ta t io n a l strength RnQ of the t ra n s it io n  between the
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e le c tro n ic  states T  and T  so th a t ,o n

Rno = Im<oluIn) (nIrnlo) (1

where u and m are the e le c t r ic  and magnetic d ipo le  operators re sp e c t ive ly ,  

and Im s ig n if ie s  th a t  the imaginary part of the product is  to be taken.

The ro ta t io n a l  strength RnQ is obtained experim enta lly  from the band 

area of the c ir c u la r  dichroism absorption due to  the t ra n s it io n

The d e ta ile d  quantum theory of optica l a c t iv i t y  at present assumes one

of three  d is t in c t  forms, depending upon the p a r t ic u la r  e lec tron ic

s truc ture  of the molecule and the type of e le c tro n ic  tra n s it io n

considered. In one l im it in g  case, th a t  of molecules containing an

81in h e ren t ly  dissymmetric chromophore such as the helicenes, each 

e le c tro n ic  e x c ita t io n  has an in t r in s ic  e le c t r ic  and magnetic dipole  

t r a n s it io n  moment. Calculation of the sign and magnitude of the 

ro ta t io n a l  strength (Equation 1) of a p a r t ic u la r  t r a n s it io n  fo r  a 

given enantiomer g ives , unambiguously, the absolute stereochemical 

configura tion  of the enantiomer from i t s  c i r c u la r  dichroism spectrum, 

providing the e le c tro n ic  tra n s it io n s  are c o r re c t ly  assigned.

The second l im it in g  case is  tha t of the symmetric chromophore in a

dissymmetric molecular environment where the substituent groups are

v i r t u a l l y  in e r t  spectroscopica lly , absorbing ra d ia t io n  only in the

82 83vacuum u l t r a v io le t ;  fo r  example, saturated carbonyl compounds. 5 

Here the e lec tro n ic  tra n s it io n s  of the chromophore, which has one or 

more secondary elements of symmetry, are genera lly  e i th e r  e le c t r ic  -  

or magnetic - d ipole  allowed, or the two moments are orthogonal. No 

e le c tro n ic  t ra n s it io n  of the molecule has a zero-order ro ta tiona l
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strength , but the e le c t r ic  and magnetic d ipo le  t ra n s it io n s  of the 

chromophore are mixed by the s ta t ic  perturbing f i e l d ,  V, due to the  

dissymmetric substituents , and each re s u lt in g  tra n s it io n  acquires a 

f i r s t - o r d e r  ro ta t io n a l s trength.

I f  the symmetric chromophore has two main t ra n s it io n s  from the ground 

s ta te ,  T_ , one magnetic-dipole allowed to the s ta te ,  Y_, and the
0 a

other e le c t r ic -d ip o le  allowed to the s ta te ,  Y b , the f i r s t  order 

ro ta t io n a l  strengths are,

Rao = Im<a!mlo> <olulb> <blVla>/(Eb -  E ) (2 )

and

Rbo = Im<almlo><olulb><blVla>/(Ea -  Eb ) (3)

where EQ and Eb are the respective t ra n s it io n  energies. These two

ro ta t io n a l  strengths are equal in magnitude and opposite in sign, and

an equivalent sum ru le  applies in the general case where equation ( 2 )

is  summed over a l l  e le c t r ic -d ip o le  tra n s it io n s  of the chromophore and

84 85equation (3) over a l l  magnetic-dipole t ra n s it io n s .  5

These two l im it in g  approaches are bridged by the coupled chromophore
OCQO

treatm ent, due in i t s  c lass ica l form to Kuhn, developed quantum-

89mechanically by Kirkwood and modified w ith in  the formalism of the

90exciton theory by M o f f i t t .

8 6  87In the c lass ica l coupled o s c i l la to r  theory, ’ a dissymmetric 

molecule contains two or more e las tica lly -b o u n d  electrons which are 

constrained to o s c i l la t e  along axes with no common o r ig in  and no
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common plane, and the separation (d) between any given p a ir  of 

o s c i l la to r s  is  small compared to the wavelength of l i g h t ,  so th a t  they  

experience the same ra d ia t io n  f i e l d .  I f  there  is  no coupling between 

the two e lec trons  each o s c i l la te s  independently of the o ther; i f  they  

are coupled the o vera ll  charge displacement is  h e l ic a l  and there  is  an 

in-phase and an out-of-phase coupling mode fo r  each p a ir  of o s c i l la t o r s ,  

the one mode invo lv ing  a left-handed and the other a right-handed  

h e l ic a l  charge displacement (Figure 2 ) .

FIGURE 2: The c la s s ic a l  coupled o s c i l la t o r

a) No coupling; and o s c i l la te  independently of each o ther.

b) e-j o s c i l la t io n  with coupling; re su lta n t  left-handed h e l ic a l  

charge displacement.

c) o s c i l la t io n  with coupling; re su lta n t  right-handed h e l ic a l

charge displacement.

For a molecule conta in ing an iso la ted  p a ir  o f coupled e le c tro n ic  

o s c i l la to r s  the o p tic a l  a c t iv i t y  in the absorption region consists of 

two c i r c u la r  dichroism bands with equal areas and opposite signs.

z

e e e
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More genera lly  the pairs of e le c tro n ic  o s c i l la to rs  in an o p t ic a l ly -

a c t iv e  molecule in te ra c t  amongst themselves, re d is tr ib u t in g  the  

p o s it iv e  and negative c irc u la r  dichroism over the frequency range 

of absorption, but over the spectrum as a whole the sum of the

c la s s ic a l  equivalents of the ro ta t io n a l  strength vanish.

In the quantum mechanical form of the coupled o s c i l la to r  model 

the c lass ica l o s c i l la to rs  are replaced by the e lec tron ic  t ra n s it io n

moments of the two or more chromophores of the dissymmetric molecule 

and the exciton optica l a c t iv i t y  is  due to the coupling of the

e le c tro n ic  tra n s it io n  moments by Coulombic in te ra c t io n .  The o p t ic a l ly -  

a c t iv e  molecule is regarded as a dissymmetric ensemble of symmetric 

groups, each with i t s  own c h a ra c te r is t ic  e lec tro n ic  properties  

and when th is  multi-chromophoric system absorbs ra d ia t io n ,  the 

e x c ita t io n  energy is not loca lised  in one p a r t ic u la r  ligh t-absorb ing  

group. The exciton energy tran s fe rs  ra p id ly  from one chromophore 

to another during the l i fe t im e  of the excited s ta te ,  and is e f fe c t iv e ly  

deloca lised  over the molecule as a whole. I f  two or more of the 

e x c ita t io n  moments of the ind iv idua l chromophores in the molecule 

are ne ith e r  perpendicular nor coplanar, the resu ltan t t ra n s it io n  

is  o p t ic a l ly  active  since the overa ll  charge displacement has 

a h e l ic a l  form.

At one extreme of the exciton treatment the ind iv idual chromophores 

have allowed e le c t r ic -d ip o le  t ra n s it io n s  which are close in energy 

or are degenerate, the groups being chemically s im ila r  or equivalent  

and the coupling is then strong. When e lectron exchange between 

pairs  of groups becomes appreciable , th is  extreme of the coupled- 

chromophore model merges with th a t of the inheren tly  dissymetric  

chromophore, as in the case of the s te r ic a l  ly-h indered
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bianthryls .^

In a bis- or tris-chelated co-ordination compound containing 

unsaturated ligands a major source of optical ac tiv ity  is the Coulombic
■k

coupling of the allowed tt —► tt excitations in the individual ligands, 

each involving a linear charge displacement, to give an overall 

resultant helical charge displacement. I t  is assumed in the simplest 

treatment, involving degenerate exciton theory, that there is no 

Tr-electron delocalisation between the individual ligands, either through 

the co-ordinated central atom or between nearest-neighbour atoms of 

different ligands and that the main coupling arises from the instantaneous 

Coulombic interaction between the electric dipoles of the tt —► tt* 

excitations with the same energy in the different ligands of the complex.

The former assumption is a good approximation in the case of co-ordination 

compounds containing unsaturated ligands and a central ion with a closed-
op

shell electronic configuration, such as the tris(acetylacetonato)silicon(IV)
93ion or t r is  (catchetyl )arsenic( V ) ion , a-s the electron exchange between

the n-systems of d ifferent ligands is small. In quantitative terms

the la t te r  assumption is generally a poor approximation for the transition

energies of co-ordination compounds since the dipole moment lengths of

the ligand tt —> tt* transitions are generally of the same order as the

distance between the ligands, but qualitatively  the point dipole

approximation gives the correct energy order for the principal coupling
92modes of the ligand excitations.

In the case of co-ordination compounds containing a central ion with an 

open-shell electronic configuration, notably for the phenanthroline and 

2 ,2" -bipyridine complexes of transition-metal ions, both assumptions give

rise to uncertainties in the simple exciton analysis of the circular
75 94 19 21 25dichroism spectra. * From investigations 9 9 of the spectra of
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the t r is U ^ '-b ip y r id in e J c o m p le x e s  of osmium(II) and ru th en iu m (II)

i t  has been concluded th a t the intense absorption bands in the v is ib le

region of the complexes are due to m eta l- to -1 igand  charge tra n s fe r  (MLCT)

t r a n s it io n s .  The large in te n s ity  of the v is ib le  absorption implies th a t

charge tra n s fe r  configurations make an important con tr ibution  to the

95 96e le c tro n ic  ground s ta te  of these complexes 5 and so there w i l l  be 

some n -e lec tro n  exchange between the metal d -o r b i ta ls  and the TT-orbitals  

of the ligands. An x -ray  d i f f r a c t io n  study of t r i s ( 2 , 2  -b ip y r id in e )

ruthenium(11) hexafluorophosphate revealed a Ru** -  N bond length of

° I I Isome 2.056 A which is  shorter than Ru bond lengths in s im ila r

compounds. This is  contrary to an expected increase in bond length

re s u lt in g  from a la rg e r  ionic  radius of Ru** and hence considerable

rr-bonding between delocalised tt*  o rb ita ls  on the bipy ligands and the

11 36metal d -o rb i ta ls  of the Ru core was postulated. However the

magnitudes of these e ffe c ts  cannot be large as the dipole  strength of

2+the absorption bands at 284 nm fo r  [Ru(bipy)g] is  approximately three

21times as large as th a t  of the fre e  ligand , so th a t  mixing of these

ligand tra n s it io n s  with other ligand e xc ita t io n s  or with MLCT t ra n s it io n s

cannot be extensive and the e ffe c ts  of n -e lec tro n  de lo ca lisa tio n  can be 

21considered as perturbations to the p r inc ipa l exciton s ta tes .

Homo-trischelated Complexes

Consider a t r is c h e la te d  metal complex [ML L.L ] n+ where M is a t ra n s it io nr a b c

metal ion and L is  a symmetrical bidentate ligand ( fo r  example 

2+[ Ru( bi py) )  such th a t  the complex ion has Dg symmetry (Figure 3 ) .

Each ligand has a ground-state and an excited s ta te  e lec tron ic  wave

fu n c tio n , x and x ' re sp e c t iv e ly ,  and the e le c t r ic  moment of the

tra n s it io n  x —> x' may be d irected  along e ith e r  the long ( 1 ) or short (s)

in -p lane  molecular axis ^Figure 4 ) .  In the absence of electron-exchange
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FIGURE 3: S truc ture  of A - t r is ( 2 ,2 ' - b ip y r id in e ) r u t h e n iu m ( I I )

A - [ R u ( b i p y ) 3 l 2 +
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FIGURE 4: The long (1) and short (s) in -p la n e  molecular axes of
2 , 2 ' - b ip y r id in e

X.
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between the ligands, and between the metal ion and the ligands, the  

ground-state wave function of the complex is  represented by the simple 

product,

T o x 1X2X3 ^

and supposing th a t only one excited s ta te  of the ind iv idual chromophores 

of the assembly need be considered, the (s in g ly )  excited s ta te  wave 

fu n c tio n s , J . , o f the system can be w r it te n  in the fo llow ing way,

$1 = x^jx2 x3 , $ 2  = x ] x^x3 and ^ 3 = x - ^ x ^  (5)

where the primes represent excited s ta te  wave functions of the long-axis  

polarised  r r  — >  tt*  t ra n s it io n s .  The to ta l  wave function , T - ,  corresponding
J

to  the j t h  excited s ta te  of the assembly, may there fore  be expressed 

as a l in e a r  combination of the unperturbed s in g ly  e xc ite d -s ta te  wave 

fu n c tio n s , L ,  with apposite mixing c o e f f ic ie n ts ,  C. ., re fe rr in g  to
I I J

the i th  function of the j t h  le v e l .

T i  ’  + C2j®2 + C3j®3 (6)

where j  = 1, 2, 3. The app lica tion  of the v a r ia t io n  theorem (Appendix 1) 

leads to the set of 3 simultaneous equations which may be represented by,

3
T  C. (H.  . -  ES. .) = 0 (7)i i J i J '

i = 1
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where H.. . = <$.. IHIj) •>, H being the Hamiltonian of the system,

= and E is  the appropriate energy. For n o n - t r iv ia l
* J  I J

solutions to the simultaneous equations the secular determinant is  set 

to zero and the allowed energies found by solving fo r  E,

where, provided normalised basis functions are used, S . . = 1 when
* J

i = j ,  and assuming zero overlap, S. . = 0 when i ? j .  Now su b stitu t in g
• J

in e q u a t i o n  8  and s im p lify ing , the secular determinant of the 

system becomes,

Hn  ‘  Hoo '  E Hi 2

H 12  H11 " H0 0  " E 

H1 2  H 12

where, so th a t  energies may be expressed as t ra n s it io n  energies, the

term Hnn = < T I H [ T  > has been included. The solution to th is  problem
0 0  o o r

gives 3 e igenfunctions and, correspondingly, 3 eigenvalues and allows 

fo r  the c a lc u la t io n  of the dipole and ro ta t io n a l strengths of the 

system in terms of the em p ir ica lly  known spectroscopic properties  of 

the in d iv id u a l constituent chromophores. Solving the secular determinant 

fo r  E gives the three  solutions,

' 12

'12

Hn  -  Ho o '  E

= o (9)

E = H11 -  Hf l 0 -  H12  (tw ice) and E = -  Hqo + 2H] 2  (10)

I f  i t  i s  assumed th a t ,  to a f i r s t  approximation, the t r i s ( 2 , 2 /,-b ip y r id in e )  

metal complex ion can be described as a weakly coupled system where only 

e le c t r o s ta t ic  coupling of the chromophores need be considered, the to ta l
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Hamiltonian,  H, of the system may be s p l i t  in the fo l lowing way:

3
h = H-, +  h 9 + Ho + r e . .  ( i i )

I l  i  U

where H-j, Hg and Hg are the appropriate Hamiltonians fo r  the

2 , 2 ' - b ip y r id in e  l igands and the operator 0 . . re fe rs  to the e le c t r o s t a t i c
* J

m ul t ipo le  in te rac t ion  between the i t h  and j t h  l igand molecules of  the 

system. By making th is  assumption H-j-j , Hqq and H ^  can be wr i t ten  

(Appendix 1 ) ,

3

= <X'  IH-j IX^j  > + ( X g l H g l X g )  + ( X g l H g l X g )  + (X ĵ X g l B - j g l X ^  Xg)  +

<X' X3 *e ] 3 ,X] X3 > + <X2 Xgl0 2 glX2 Xg> ( 1 2 )

provided orthonormal functions are used. In Equation 12, the f i r s t  

term, (x̂ j IH-jIxj > = Ê j , represents the e x c i te d -s ta te  energy of the 

long-ax is  polarised tt —> tt* t ra n s i t io n  of 2 , 2 ' -b ip y r id in e  molecule 1 , 

the terms (XglHglXg) = Eg and (XglHglXg) = Eg are the ground-state  

energies of  2 , 2 ' -b ipyr id ine  molecules 2 and 3, the terms

<x' XgI©1 2 *x 1 x 2̂  anc* X̂1 x3*®13*x l x 3̂  r e Present  the in teract ions  of  

the s t a t i c  exc i ted -s ta te  mult ipole moment of molecule 1 with the s t a t i c  

ground-state mult ipole moments of  molecules 2 and 3 respect ive ly ,  and, 

f i n a l l y ,  the las t  term, (XgXglBg^lXgXg), represents the in te rac t io n  of  

the s t a t i c  ground-state mult ipo le  moments of molecules 2 and 3. By 

s im i la r  methods,

Hoo = <X 1 I H 1 I X 1 > + (X g lH g lX g )  + <XglHglXg> + <X-| X g I 6-| 2  ̂X ] X £ ̂  +

<X-jXg I6 -J glX-jXg) + (XgXglBg^lXgXg) (13)
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and,

I-J2 = to'] x2x3 IH] + + Hg + x^)

= <x̂ j x2 1 ©i2 *x i x 2 *
KJ

= V12 (14)

where V-^ represents the in te ra c t io n  between the t r a n s i t io n  dipole  

moments of  2 , 2 ' - b i p y r i d i n e  molecules 1 and 2 , where (x-|IH^Ix-|) = E-j 

is  the ground-state energy of  2 , 2 ' - b ip y r id in e  molecule 1 , and where the 

l a s t  three terms in Equation 13 re fe r  to the ground-state multi  pole 

in te ra c t io n s .  The solut ions of  the secular determinant (Equation 10)

can now be re wr i t ten  (Appendix 1) to give the eigenvalues E^ , Ê - and

2 1 2  ^Ê . (where E  ̂ and E  ̂ are degenerate in Dg symmetry),

EA2 = AE1 + 2 V12’ EE = AE1 '  V12 and EE = AE1 " V12

(15)

where AE-j = E  ̂ - E-j is  the t ra n s i t io n  energy of the long-axis  

polarised tt —> tt*  t ra n s i t io n  of  2 , 2 ' -b ipyr id ine  molecule 1. I t  has 

been assumed that the d i f fe rence  between the s t a t i c  multi  pole moments 

of the excited states of  the molecules and the s t a t i c  mul t ipole  moments 

of the ground states of  the molecules is small and can be neglected.  

This is a usual assumption although the j u s t i f i c a t i o n  f o r  i t  is  not 

always strong. However, i t  w i l l  not a f fec t  the outcome of the 

semi q u a n t i ta t iv e  arguments pursued here.

1 2The corresponding eigenfunctions fo r  E^, E p  and Ê . are,



I t  has so f a r  been shown that the long-axis polar ised t ran s i t io n s  of  the

three 2 , 2' -b ip y r id in e  molecules in a t r i s -c h e la te d  complex in te rac t

e l e c t r o s t a t i c a l l y  to give an coupling mode and two E coupling modes

which are degenerate in Dg symmetry. These coupling modes together with

the shor t-axis  polarised coupling modes are schematical ly represented in

-Figure 5 fo r  a t r i s - c h e l a t e  complex with the A-absolute configurat ion. '

The l igand exc i ta t ions  which are long-axis polarised couple in the t r i s -

chelated complex to give resu l tant t rans i t ions  which involve he l ica l

charge displacements and are thus strongly o p t i c a l l y - a c t i v e .  The

non-degenerate t r a n s i t io n  of  the complex ion,  T q — r esul t i ng from

the coupling of  long-axis l igand exc i ta t ions ,  gives r is e  to a r ig h t -

handed he l ica l  charge displacement along and around the Cg axis of the
o

complex (Figure 5 ) .  The t ra n s i t io n  Tg of the complex, shown on

the r ig h t  of  Figure 5 involves a left -handed he l ica l  charge displacement 

along and around a Cg axis of the complex, and the combination in the 

centre ,  T q —>T^ . l ,  is of  mixed c h i r a l i t y  which may be seen by taking the 

arrows in pa irs .  The pairs 1, 2 and 2, 3 involve left -handed he l ica l  

charge displacements along and around Cg axes ° f  the complex, while the 

pa i r  1, 3 involves a right-handed he l ica l  displacement of  charge along 

and around the Cg axis of  the complex. For the p a r t ic u la r  absolute 

configurat ion  shown in Figure 5 (the A-enantiomer) i t  has been shown 

tha t  the screw sense of the t ra n s i t io n  is right-handed and

hence th is  t ra n s i t io n  should give pos i t ive  c i r c u la r  dichroism, while the
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combinations of  the degenerate E coupling modes involve a net l e f t -  

handed h e l ica l  displacement,  and thus the to t a l  T q — t r ansi t i on  

should give negative c i r c u la r  dichroism.

I t  can be shown th a t  the rota t ional  strength of  the T q — t r ansi t i on  

is  equal but opposite in sign to the T q — exci t at i on,  and, were 

these two t ra n s i t io n s  of  the same energy, the exciton ro ta t iona l  strength  

would vanish. The energies of the two t ra n s i t io n s ,  however, are 

d i f f e r e n t  because the in te ractions of the dipoles in the two coupling 

modes are d i f f e r e n t .  This can be seen in the fo l lowing way. The
2

coupling mode involves the dipole vectors in an arrangement where they
2

are e s s e n t ia l l y  "head-to-head",  whereas the coupling mode (which is  

the same energy a s ^ l )  involves the dipoles in an e s s e n t ia l ly  

" h e a d - to - t a i1" arrangement. I n t u i t i v e  e le c t r o s t a t i c  considerations w i l l  

suggest tha t  the "head-to-head" arrangement is of  higher energy than 

the " h e a d - to - t a i1" arrangement. Thus fo r  the p a r t i c u la r  absolute 

configurat ion  shown in Figure 5, the [ M( b ipy ) 3 ] n + systems should show 

negative c i r c u la r  dichroism at lower energies and equal posi t ive  c i r c u la r  

dichroism to higher energies in the regions of the long-axis polarised  

t t  tt*  t r a n s i t io n  of  bipy.  In addi t ion,  i t  can be shown that the 

iso t rop ic  absorption of the t r a n s i t io n  should be twice as

strong as that  of  the TFq — t r ansi t i on.

The areas of  the c i r c u l a r  dichroism bands measure experimental ly the 

ro ta t io n a l  strengths R of  the trans i t ions  in the complex ion,  which are 

given in the p o in t -d ipo le  approximation fo r  the A - C M( b i py ) 3  3n+ 

configurat ion of  the complex by,

R(A2 >1 -  -  R(E)i -  n  ny -MLPoi2 (16)
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2where vQ and pQ  ̂ are,  respect ive ly ,  the frequency and the dipole  

strength of a long-axis polarised e xc i ta t io n  in the f ree  l igand,  and 

r ^  is  the distance in the complex from the metal ion to the assumed 

locat ion of the point e xc i ta t ion  dipole in a l igand, that i s ,  the 

centre of  the in te rnuclear  bond in 2 , 2 ' - b i p y r id i n e .  The dipole strengths  

of the t rans i t ions  of  the complex ion re su l t in g  from long-axis l igand  

exc i ta t ions  are re la ted by,

p2(A2) 1 = 2p2(E)1 = 2p0i 2 (17)

The e lec tron ic  t rans i t ions  of  a t r i s -c h e la te d  complex ion deriv ing  

from l igand exc i ta t ions which are short-ax is  polarised (Figure 5) are 

not o p t i c a l l y - a c t iv e  in the exciton approximation.  The t ra n s i t io n  

T q — , of the complex is forbidden, since the component exc i ta t io n  

moments have a vanishing resu l tan t  and in the corresponding degenerate 

t ra n s i t io n s  of  the complex T q — t he component exc i ta t ion  moments are 

coplanar.  The resul tant  absorption in te n s i t y  is  concentrated in the 

degenerate E t ra n s i t io n  which has the dipole strength,

P2(E)s = 3p0S2 (18)

2
where Pq<̂ is  the dipole strength of  the short-ax is  exc i ta t ion  of  the

f re e  l igand. However, i f  there were to be appreciable electron exchange

between the three bipy l igands in the complex, the coupled chromophore

model of  the exciton theory,  merges with tha t  of  the inherent ly  dissymmetric

91chromophore as in the case of  the s te r ic a l ly -h in d e re d  b ianthry ls  and

97 98the benzofc] phenanthrenes. ’ In th is  case the short-axis  polarised  

t ra n s i t io n s  with a f i n i t e  dipole strength have an in t r in s ic  non-zero 

ro ta t io n a l  strength,  owing to the displacement of charge through a he l ic a l  

path determined by the dissymmetric nuclear framework of the complex.
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But even i f  the de loca l isa t ion  of n-e lectrons from one l igand to  

another and to the co-ordinated metal ion does not occur, the short -ax is  

polarised exc i ta t ions  of  one l igand may in te rac t  Coulombical ly with the  

long-axis directed t ra n s i t io n s  of the other,  mixing the two types. In

p a r t i c u la r ,  the doubly-degenerate coupling modes (Figure 5) mix on

symmetry grounds, both transforming under the E representat ion of  the 

group D3 to which the complex belongs, whereas the non-degenerate modes 

mix ne i ther  with each other nor with the degenerate modes, as they are 

spanned by the and the A-j representat ion re spe c t ive ly .  Accordingly 

complexes of  the type [ M( b ip y ) 3 ] n+ would be expected to show a weak 

second-order c i r c u la r  dichroism in the wavelength region of the absorption  

due to an e lec tron ic  t ra n s i t io n  which is shor t-axis  polarised in the  

f ree  bipy l igand.

These expectations of  the degenerate exciton theory are in good accord

with the observed absorption and c i r c u la r  dichroism spectra of  the

t r i s ( 2 , T  -b ip y r id in e )  and tr is (phenanthro l ine )  complexes of  t r a n s i t io n  

21metal ions.  In the t r i p l y  reduced complex, i f  the electrons were 

loca l ised  on the indiv idual  bipy l igands, a s im i la r  exciton couplet to  

those observed fo r  the t r i s ( 2 , 2 ' - b ip y r i d i n e )  and t r i s ( 1 , 1 0 -phenanthrolene)  

complexes would be expected. I f ,  on the other hand, the electrons were 

completely delocal ised over a l l  three l igands, the complex might be 

expected to show a c i r c u la r  dichroism spectrum with the c h a ra c te r is t ic

one-electron structure as is seen fo r  the inherent ly  dissymmetric

81 97 98chromophores such as the hel icenes and the benzo [ c] phenanthrenes. ’

Therefore the exciton theory of optical  a c t i v i t y  should be able to

dis t inguish  between a t r i p l y  reduced t r i s ( 2 , 2 ' - b i p y r i d i n e )  complex in

which the electrons are local ised on the individual  bipy l igands from that

in which the electrons are completely delocal ised over a l l  three .
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Hetero- t r ische la ted  Complexes

I f  the symmetry of a t r i s -c h e la te d  complex is reduced from Dg to C2 by

replac ing one of the bidentate l igands with another of  a d i f f e r e n t  type

the predict ions of the exciton theory of optical  a c t i v i t y  are d iv e r s i f i e d ,

75-79permitt ing a more deta i led  comparison of the theory with experiment.

In a hetero - t r ische la ted  complex with C2 symmetry the exciton modes which 

are doubly degenerate in the analogous homo-trischelated complex are 

s p l i t  and give r ise  in p r in c ip le  to d i s t i n c t  c i r c u la r  dichroism bands.

Thus the l igand t rans i t io ns  with long-axis po la r isa t ion  produce three  

c i r c u la r  dichroism bands in h e te ro - t r ische la ted  complexes i f  the energy 

d i f fe rence  between the exc i ta t ions  of  the d is s im i la r  l igands is not 

too la rge ,  whereas the corresponding exc i ta t ions  in homo-trischelated  

complexes with or symmetry give r is e  to only two c i r c u la r  dichroism 

bands.

The general formalism of the non-degenerate case fol lows c lose ly  tha t  used 

fo r  the degenerate system. Consider a h e te ro - t r ische la ted  complex 

[M(L L, L ) ] n+ where M is a t ra n s i t io n  metal ion and L is a symmetricalS D C

bidentate  l igand with L = L, /  L , the only element of  symmetry, aparta D C

from the id e n t i t y ,  is the two-fo ld  ro ta t io n  axis of  the l igand Lc , and 

the e lec tron ic  states belong to e i t h e r  the A or the B representat ion.  In 

the absence of electron-exchange between the l igands, and between the 

metal ion and the l igands, the ground-state wavefunction of the complex 

is represented by the simple product,

= x 1x2 03 (19)

where x-j and x2 r e fe r  to the ground-state wavef unctions of  the complexed, 

id e n t ica l  l igands 1 and 2 , and where 0  ̂ r e fe rs  to the ground-state wave
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function of the odd complexed l igand. Supposing that only one exci ted  

sta te  of the indiv idua l  chromophores of  the assembly need be considered,  

the (singly)  excited s ta te  wavefunctions,  UK, of  the system can be 

wri tten  in the fo l lowing way,

where the primes represent the exc i te d -s ta te  wave functions of  the  

long-axis polarised tt — >  t t *  t r a n s i t io n s .  As before the to t a l  wave

may be expressed as a l i n e a r  combination of  the unperturbed s ingly  

exc i ted-s ta te  wave func tions,  J). , with apposite mixing c o e f f i c i e n t s ,

to the set of simultaneous equations as in Equation 7. For n o n - t r iv i a l  

solutions to the simultaneous equations,  the secular determinant is set 

to zero (Equation 8 ) and the allowed energies found by solving fo r  E.

By recognising the symmetry (C^) of the system and subst i tu t ing  in 

Equation 8 , the secular determinant fo r  the system becomes, (Appendix 2 ) ,

Assuming th a t ,  to a f i r s t  approximation, the complex ion can be 

described as a weakly coupled system where only e le c t r o s ta t i c  coupling 

of the chromophores need be considered. This allows the to ta l  

Hamiltonian,  H, of  the system to be s p l i t  as in Equation 11. By making 

th is  assumption the determinant in Equation 21 may be s im p l i f i e d ,  and 

as an example H-|-|, and Hqq can be wr i t ten (remembering the 

orthonormali ty of  the l igand wavefunctions),

®1 = xf  x2^3’ ®2 = x l x2^3 and ®3 = x l x2^3 ( 2 0 )

function,  V . ,  corresponding to the j t h  excited state  of the assembly,
J

C. ., (Equation 6 ) and the appl icat ion of  the var ia t io n  theorem leads
' J

2H13 = 0  ( 2 1 )

H33 H00 “ E
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H11 = (xl x2^3 1 Hl + H2 + H3 + ^ ei i ,x i x2^3)
i < j

= <xf IH-j Ix̂ j > + <x2 1 Ix^> + <0 3 IH3 I 0 3> + <x̂ j x2 1 © i 2 1 x i x2 * 

+ (x  ̂ ^©i3 1 x i ^3  ̂ + <x20 3 I © 2 3 1 x2̂ ,3> (22)

H-J2 = <xj x2 001 H-j + H2 + H3 + E . G ^ I x ^  0 0 >

= (x^ x 2 10-j2 1x-jx 2 > = V-J2 (23)

and

Hqo = <x-|IH-jlx-|) + <x21H21 x2> + <03IH3!03> + x̂-jX210-j2Ix-jX2>

+ <Xi0 3 I 0 -j3 Ix-j0 3> + <x203 I ©23 * x203> (24)

where represents the in te rac t ion  between the t r a n s i t io n  dipole  

moments of  the two iden t ica l  l igands. The f i r s t  term of (21) thus 

reduces to ,

H11 + H12  " H0 0  " E A E 1 + V 12  ‘  E

making the same assumptions as before.  With these assumptions and 

carrying out the ca lcu lat ions  fo r  the other terms, the determinant in 

Equation 21 reduces to ,

( AE1 -  V] 2  -  E) 2( A Ei + V12  -  E) 2V13
2 V13 AE3 -  E

(25)

where an obvious extension of the symbolism has been employed. Thus
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the eigenvalues E^, Eg and Eg can be found,

Ea = A E i - V 12 (26)

EB

+ = AEj  + A E 3 + V12 + [ ( -AEi - A E 3 -  V1 2 ) 2 -  4(AE1AE3 + A E 3V]2 -  2V132 ) ]^

(27)

-  .  AE-| + A E 3 + V12 -  [ ( -A E ,  -AE3 -  V1 2 ) 2 - 4 ( A ElAE3 + AE3V12 -  2V132 ) P
D  ■■■■ ' ...................

(28)

+ -  78The corresponding eigenfunctions fo r  E^, Eg and Eg respect ive ly ,  are,

\  = —  (1, -  S2 ) (29)
</2

= C-,+ I ( fy + 8 2 ) ]  + C2+$ 3 - (30)

T b‘  '  c l"  [ 4  (®1 + + C2 ~ h  (31)

where the subscripts A and B r e fe r  to the i r red u c ib le  representat ions

of C2 under which the functions transform. The constants C-j+ , C2+,

C-j~ and C2 " are the mixing c o e f f ic ie n ts  which, when the wavefunctions

78are orthonormal, have the values,

C ,+ = -C„' = V13 (32)
1 ° 2

(2V1 3 2 + L2 ) J

and,



33

C2+ = = _ _ _ _ _  (33)

(2V, , 2 + L2 )*13

where,

L = AE1 + V12 - AE3 - K -AE1 - AE3 '  V 2 '  ^ 1 ^ 3  +AE3V12 - 2V132 ) ] I

(34)

Note t h a t ,  IC-j+ 1 = IC2 I > IC2 + I = IC-j I and tha t  C2 + and C-j are always 
78

negat ive ,  and tha t  the two o r ig in a l l y  degenerate l igand t ra n s i t io n s  are 

s p l i t  by exciton in te ra c t io n ,  and the energies of  the f i n a l  upper states  

l i e  in the fo l lowing decreasing order Eg+ > E^ > Eg’ .

For the t r a n s i t io n  from the t o t a l l y  symmetric ground-state function,

T q , to the e x c i te d -s ta te  wavefunction, which is  polarised along the

twofold axis of  the hetero-t r ischel  ated complex, the dipole strength,

D^, and the ro ta t io n a l  strength,  R^, fo r  the A absolute configurat ion

78shown in Figure 5, are given by,

da = ? i 2 • " (35)

and,

RA = - TrV l r l P l 2 (36)

f t

where v-j is the frequency in wave numbers of  the long-axis polarised  

t t  —>  t t *  t ra n s i t io n  of  the unperturbed (complexed) l igand molecule 1 . 

Note t h a t ,  r-j = v-j = anc* P-j = t ra n s ^ i o n  Tq -> tF g + ,

which is  polar ised in the directions normal to the twofold axis,  has,
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f o r  the absolute configurat ion shown in Figure 5, a dipole strength,

where Vg is  the frequency in wave numbers at which the iso lated  

(complexed) hetero-l igand t t  — >  t t *  t r a n s i t io n  occurs. For the 

T q — t r ansi t i on,  which is also polarised in the directions  

normal to the twofold axis ,  a s im i la r  expression obtains fo r  the 

dipole  strength,  Dg , and the ro ta t iona l  st rength ,  Rg~, fo r  the 

absolute configurat ion shown in Figure 5, namely,

Dg+ , and a ro ta t iona l  strength,  Rg+ , given by,

n  +  / r " ^ * - 3  2  / r + \ 2  2  , o  + r  +  / «

B = ' 1  ̂ “  P1 ^ 2  ' p3 1 2 pl p3 (37)

and

(39)

and

Note tha t  the conservation laws fo r  both d ipo le  strength and ro ta t iona l  

strength hold, as shown by, (Appendix 2 ) ,
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+ + ^ 1  + ^3 = ^1 + ^2  + ^3 ^  ^

and

ra + Rb+ + Rg" = 0 (42)

Thus the exciton theory of optical  a c t i v i t y  predicts th a t ,  fo r  a 

he tero - t r ische la ted  complex in the A absolute conf igura t ion ,  the

t r a n s i t io n  T q — shoul d carry negative c i r c u la r  dichroism and,

+ + 78
since C-j and are both negative q u a n t i t ie s ,  the

T q — t r ansi t i on should carry posi t ive  c i r c u la r  dichroism.

Despite the fa c t  tha t  C-j and are of opposite sign,  the

T q — t r ansi t i on w i l l  also carry negative c i r c u la r  dichroism.

This treatment of  the non-degenerate exciton theory allows the 

theore t ica l  dipole and ro ta t iona l  strengths of  a he te ro - t r ische la ted  

complex to be re a d i ly  calculated.  The unknown q u a n t i t ie s ,  AE-j, AE^,  

p-j» Pgs r - j» Tg, R-j^j R-|3 » v-j and v^ in the equations can e a s i ly  be
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found from experiment. The only other unknown quant i t ie s  in the

equations are and V-jg, both of  which can be calculated from the

76monopole exciton energy. The monopole exciton energy fo r  the 

t r a n s i t io n s  of the complex ion resu l t ing  from an ex c i ta t io n  between the 

molecular o r b i ta ls  t t . and t t . in the f re e  l igand is obtained by expanding
I J

the molecular o r b i ta ls  over the atomic o r b i ta ls  contr ibuting  to the 

n-system of the l igands, giving the summation,

Vab = 2 I £  (Csi Cc i )a(Ct i Ct i )b \ t  (43)
s ( a ) t ( b )  J a J s

where C . is the atomic orb i ta l  c o e f f i c ie n t  of the atom s in the si

molecular o rb i ta l  tt̂  of the ligand L , and Y t  is  the repulsion in tegra l

between an electron on atom s and on atom t ,  the sums being taken over

a l l  of  the atoms s of the ligand and a l l  of the atoms t  of the l igand

L^. A l t e r n a t i v e ly ,  and V-jg can be r e a d i ly  calculated using the

60p o in t -d ip o le  approximation, however, the poin t -d ipo le  approximation is 

u n l ik e ly  to be q u a n t i ta t iv e ly  s u f f i c i e n t  in the present system, since the 

dipole  length and the distance between the chromophores are the same order  

of magnitude; i t  leads to large discrepancies in the order of  magnitude 

of the s p l i t t i n g s  compared e i th e r  with observation or with the monopole 

value.  However, i t  general ly gives the correct sense of  the s p l i t t in g s  

which is s u f f i c i e n t  fo r  some purposes. I t  is  found that using th is  

approximation and using the choice of  phases shown in Figure 6 th a t ,

V,,  = 1  (44)
4 R123

and,

1 {  PlP3 ^PlP3r  1 ")
v13 = —  ) —  -  — — -; £  (45)

R133 ^  2 4 r̂ l + r 3̂
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FIGURE 6 : The geometry of [ M(L L^L ) ] n+ complex ions and d e f in i t io n s

of the various geometric parameters used in the calculat ions.

where R-^ is the distance between the "centres" of the e xc i ta t ion  moments

of the two ident ica l  l igand molecules, and R ^  is the distance between the

"centres" of the e xc i ta t io n  moments of two d i f fe r e n t  l igand molecules,

r-j and r^ are the distances between the centre of the metal ion and the

"centres" of  the two types of  l igand molecules and p-j and p  ̂ r e fe r  to

the values of the t r a n s i t io n  dipole moments of the long-axis polarised

t t  — >  t t *  t ran s i t io n s  of  the two types of l igand molecules. Note that

' I 2 2 '
Pi = r ] = r 2 » Ri2  = r l * R13 = 1 + r 3 + r l r 3 and R13 = R31

76(Figure 6 ) .  Also can be estimated from experiment as,

he [ v(A2 ) - v(E)3 = 3V-j2 (46)

although th is  method may give answers d i f f e r e n t  from those calculated  

using the po in t -d ipo le  approximation and the monopole method.

The applicat ion of  the non-degenerate exciton theory of optical  a c t i v i t y  

to he te ro - t r ische la ted  complexes predicts three c h a ra c te r is t ic  coupling
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modes at d i f f e r e n t  energies of the long-axis polarised t t - >  t t *

t ra n s i t io n s  of  the l igand molecules in the complex. So fo r  a hetero-

t r is ch e la te d  complex with Cg symmetry, fo r  example the local ised models

of the s ingly  and doubly reduced complexes, [ Ru( b ip y ) ^ ( bipy” ) ] + and

[R u(b ipy) (b ipy  )g] respective ly ,  in p r in c ip le ,  three exciton c i rc u la r

dichroism bands in the region of the l igand long-axis  polarised t t  - >  t t *

t ra n s i t io n s  are predicted.  In the singly and doubly reduced complexes 

2+of [ M( b ipy ) ^3 , (M = Ru, Os), i f  the added electrons were delocal ised

over a l l  three bipy l igands, the complexes could be formulated as 
r i -  + 2-
L M( bi py3 )g] and [ M( b i py3 )g] fo r  the singly and doubly reduced complexes 

respect ive ly ,  and so in e f f e c t ,  the complexes could be described as 

homo-tr ischelated complexes with Dg symmetry. I t  has been shown that  

the exciton theory of  optical  a c t iv i t y  predicts completely d i f fe r e n t  

spectra fo r  the homo- and hetro-t r ischela ted  complexes, so i t  should 

be an exce l len t  method to dist inguish between the loca l ised  and 

delocal ised theor ies  f o r  the reduced t r i s ( 2 , 2 ' - b ip y r id in e )m eta l  

complexes.
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CHAPTER 2 

EXPERIMENTAL
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INSTRUMENTATION

CYCLIC VOLTAMMETRY

All  voltammetric experiments were performed in a conventional c e l l

(Princeton Applied Research) f i t t e d  with a th ree-e lec trode  conf igurat ion

consist ing of  a working electrode ,  an a u x i l i a r y  electrode (both platinum

wire)  and a Ag/Ag+ reference electrode.  The reference electrode (Figure 7)

consisted of a s i l v e r  wire in a 0.1M solution of  s i l v e r  n i t r a t e  in an

a i r - t i g h t  compartment with a porous Vycor glass f r i t .  This electrode

compartment was placed in a s a l t  bridge compartment which was separated

from the bulk electrochemical  solution by a porous Vycor f r i t .  The

99s a l t  bridge compartment was used to minimise junction potentia ls  and 

contained the e le c t r o ly t e  solut ion (0 .1 M n-Bu^NBF^ in CH^CN). The 

electrochemical c e l l  was a i r - t i g h t  and had i n l e t  and o u t le t  valves to 

al low degassing of the solutions by argon which had been previously  

dried by passing i t  through a cold trap fol lowed by columns of 3A and 

4A molecular sieves.  Solutions were purged with argon fo r  twenty minutes 

p r io r  to use.

Cycl ic voltammograms were recorded using an EG & G Princeton Applied 

Research Model 175 Universal Programmer coupled to an EG & G Princeton 

Applied Research Model 173 Potentiostat /Galvanostat  with a JJ 1XY'

P lo t te r  type PL51. Scan rates were in the range 20 to 200 mV/s with  

routine  measurements at 100 mV/s, and concentrations of  1_, _H and I I I  

were approximately 1 0  ^moll ^ .

SPECTR0ELECTR0CHEMISTRY

The spectroelectrochemistry was performed using an o p t ic a l l y  transparent
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th in  layer  electrode (O .T .T .L .E . )  (Figure 7) mounted in the spectrometer  

beam. The O.T.T .L .E .  consisted of a conventional 1 mm u .v .  ce l l  which 

was modified to hold the three electrode arrangement shown. The 

reference electrode used was identica l  to tha t  used in the cyc l ic  

voltammetry experiments. The working electrode was a piece of platinum 

gauze which f i t t e d  snugly in to  the 1 mm u.v .  c e l l  where the new species 

were electrogenerated.  The a u x i l i a r y  electrode was a piece of platinum 

gauze in a compartment separated from the bulk solut ion by a porous 

Vycor f r i t  to minimise reactions between reduced and non-reduced 

species.  Constant potentia ls  were applied using an EG & G Princeton 

Applied Research Model 173 Potent ios ta t /Ga lvanosta t . Concentrations of  

_I_, and I I I  were varied to optimise the d i f f e r e n t  spectral  regions.

The O .T .T .L .E .  used in the luminescence experiments was identica l  to  

th a t  shown in Figure 7, except that the 1 mm u .v .  ce l l  was bent at an 

angle of  90° to the bulk solut ion compartment to allow i t  to l i e  

h o r iz o n ta l ly  in the laser beam.

In a l l  experiments the s ta r t in g  complexes I_, I_I_ and I I I  were regenerated 

a f t e r  each reduction stage to check fo r  decomposition and racemisation.

LOW TEMPERATURE CELL

Low temperature ( -4 1 °C) spectroelectrochemistry experiments were 

performed by mounting the O.T .T .L .E .  in a te f lo n  block which was 

divided into  three compartments by four s t r a in - f r e e  quartz windows 

(Figure 8 ) .  The O.T.T.L.E.  was inserted into the central  compartment 

and cold ,  dry nitrogen was blown around the c e l l ,  maintaining the 

temperature at -4 1 °C. Dry nitrogen at room temperature was blown 

through the outer compartments which maintained the outer windows at  

room temperature and prevented condensation from forming on the quartz
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FIGURE 7: Schematic diagram of the O .T .T .L .E .
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FIGURE 8 : Schematic diagram of the low temperature c e l l
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windows. The temperature inside the cel l  was monitored at a l l  times 

using a thermocouple which was inserted into the c e l l .

■\

CIRCULAR DICHROISM MEASUREMENT

The c .d .  spectrometer (Figure 9) was constructed around a Jobin-Yvon 

0.6 m monochromator. The source was a 150W hor izo n ta l ly  mounted 

xenon arc lamp (powered by a PRA M303 Lamp Supply) which was focussed 

by means of a parabolic r e f l e c t o r .  The l ig h t  energy from the single  

grating monochromator was passed through a f i l t e r i n g  system and then 

was plane-polarised in the ve r t ic a l  plane by a quartz Rochon prism.

The plane-polarised l ig h t  was then c i rc u la r ly -p o la r is e d  by passing i t  

through a s i l i c a  photo -e last ic  modulator (powered by a PEM-80 Photoelastic  

Modulator System C ontro l le r )  held at 45° to i t s  optic axes. The 

c i r c u la r ly -p o la r is e d  l i g h t  passed through the sample and was co l lec ted  by 

an EMI model 9558QB photomult ip l ier .  The modulated signal was measured 

using a synchronous lock-in  am pl i f ie r  (Bentham) referenced to the photo­

e la s t i c  modulator v ib ra t ion  frequency of 50 KHz. The lock-in  am p l i f ie r  

detected the periodic  d i f ference in l ig h t  in te n s i ty  due to the presence 

of an o p t ic a l l y  act ive  sample. The lock- in  output was plotted on a 

Belmont Instruments chart  recorder as the monochromator was scanned in 

wavelength, producing a spectrum of AA varying with wavelength, where 

AA is  the f ra c t io n a l  c i r c u la r  dichroism absorbance.

OPERATION OF THE PHOTO-ELASTIC MODULATOR

The photo-e las t ic  modulator consists of a bar-shaped crystal  of calcium 

f l u o r id e  or fused s i l i c a  which is driven into o s c i l l a t io n  by mechanical 

coupling to a bonded-on p iezoe lec t r ic  transducer made of crystal  quartz .  

The stre tching and compression of the optical  element resul ts  in an 

o s c i l l a t in g  biref r ingence (nx - n ) .  This is due to a t ime-varying
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d i f fe rence  between the two r e f r a c t i v e  indices,  nx and n , applying to  

l i g h t  polarised p a ra l le l  or perpendicular to the x and y axes in 

Figure 10.

The extensional displacements along the x-axis  of the bar are given by,

S= Sosin(2nx/X)sincot ( 2 .1 )

where SQ is the maximum extension,  A is the wavelength of  the inc ident

l i g h t ,  oo is the o s c i l l a t in g  frequency and t  is the t ime. The corresponding

s t ra in  is proportional  to (dS/dx),  tha t  i s ,  to cos(2nx/A) and is a

maximum at the bars centre.  The birefr ingence (n - n ) is  proportionalx y

to the s t ra in  and varies with time as sin(oot).

Consider a l i n e a r l y  polarised l i g h t  beam which is the resu l tan t  of  two

l in e a r  components abc and a ' b ' c '  (Figure 10). This l i g h t  beam, with

i t s  resu l tant  l in e a r  axis or ientated at 45° to the pressure axes, now

passes through a block of  isotropic  fused s i l i c a  rendered l i n e a r l y

b i re f r in g e n t  by pressure exerted along the x or y axis .  The induced

d i f f e r e n t i a l  r e f r a c t iv e  index (nx /  n ) causes one of the l in e a r

components of the l ig h t  beam (abc or a ' b ' c ' )  to t ravel  through the

s i l i c a  fa s te r  than the other .  I f  nx >  then the x component (abc)

w i l l  travel  more slowly than the y component ( a ' b ' c ' ) ,  tha t  is  i t  w i l l

be retarded.  As drawn in Figure 10 ( a ) ,  an x-component re ta rd at ion  of

-X  3 Aexact ly  \  wave (A/4) leads to r ig h t - c i r c u la r  po lar isa t ion  ( / 4 ,  / 4 ,

^ / 4  . . .  etc re tardat ion  w i l l  give l e f t - c i r c u l a r  p o la r isa t ion )

(Figure 10 ( b ) ) .  A h a l f  wave re ta rdat ion ,  plus or minus, w i l l  cause a

90° ro ta t ion  of  the o r ig ina l  plane of l inea r  p o la r is a t ion .  Zero

(n = n ) of fu l l -wave  re ta rdat ion  leaves the polar isa t ion  of the incident  x y

beam unchanged. The general phase re ta rdation ,  S, leads to el 1i p t i c a l l y
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polarised l i g h t .  A programmed var iab le  pressure on the optica l  block is 

the basis of a device to generate a c o n t ro l la b le  p o la r is a t io n .  This is  

p o la r is a t io n  modulation.

ELECTRONIC ABSORPTION SPECTROSCOPY

Electronic  absorption spectra were recorded on a Beckman U.V. 5270 

u . v . - v i s i b l e - N . I . R .  spectrophotometer, using standard or vacuum l in e  

1 mm quartz c e l ls  or the 1 mm quartz O .T .T .L .E .

LUMINESCENCE SPECTROSCOPY-

Coherent 52G Kr+ and Ar+ ion lasers were used as e xc i ta t io n  sources fo r  

recording the luminescence spectra.  The emitted l i g h t  was col lected  

at 180°C to the incident beam and was analysed with a Spex Ramalog 4 

double monochromator. The rota t ing  sample technique was employed with  

so l id  samples to prevent burning in the laser  beam.

INFRA-RED SPECTROSCOPY

In f r a - r e d  spectra were recorded on a Perkin Elmer 983 In f ra - re d  

Spectrophotometer with a 3600 Data S ta t ion .  Samples were prepared in 

a dry box as f luorolube and nujol mulls between potassium bromide and 

s i l v e r  chloride discs respective ly .

RAMAN SPECTROSCOPY

Coherent 52G Kr+ and Ar+ ion lasers were used as l i g h t  sources fo r  

recording Raman spectra.  The rota t ing  sample technique was employed
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with sol id  samples to prevent burning in the laser beam. The scattered  

l i g h t  was col lected at 180° to the incident beam and was analysed with  

a Spex Ramalog 4 double monochromator. Spectra were c a l ib ra ted  using 

a neon lamp.

EXPERIMENTAL PROCEDURE

CHEMICALS

Table 1 l i s t s  the*methods of p ur i f ica t ion  f o r  the solvents used in th is  

work. Table 2 l i s t s  some of the chemicals used in th is  work, along with  

the suppliers and p u r i ty  of the materials.

ELECTROLYTE

The e le c t r o ly t e  used in a l l  electrochemical experiments was t e t r a - n -  

butylammonium te t ra f lu o ro b o ra te ,  purchased from Aldrich (99% pure) 

and Fluka (>99% pure).  This was fur ther  p u r i f ie d  as fo l lows;

50 g of the e le c t r o ly t e  was added to 400 ml of water and heated to 

50°C with s t i r r i n g  fo r  two hours. The e le c t r o ly te  was then f i l t e r e d  

and washed with a fu r t h e r  100 ml of water. This was then dried overnight  

at room temperature under vacuum. The dry e le c t r o ly te  was then 

re c ry s ta l l i s e d  twice from ethylacetate/pentane and f i n a l l y  dried under 

vacuum and stored in a vacuum dessicator.

VACUUM LINE AND GLOVE BOX PROCEDURES

Conventional high vacuum techniques, using a Pyrex glass vacuum l in e



50

TABLE 1: Methods of p u r i f ic a t io n  of solvents

SOLVENT PURIFICATION METHOD

Diethyl  ether Refluxed over sodium metal and d i s t i l l e d  from
sodium/potassium almagam, then transferred to  
a vacuum l in e  vessel and degassed. Stored 
in the dark over act ivated 3A molecular 
sieves.

Toluene ) D i s t i l l e d  from sodium then transferred to a
Pentane ) vacuum l in e  vessel and degassed. Stored in

the dark over act ivated 5A molecular sieves

A c e t o n i t r i l e  A c e to n i t r i le  (Rathburn Chemicals HPLC GradeK qq
was p u r i f ied  using the method of W infie ld ,  
then stored in the dark over act ivated 3A 
molecular sieves.

Di methylformamide Method of p u r i f i c a t io n  was that of Coetzee, 
then stored in the dark over act ivated  
4A molecular sieves.

101

Methanol )
Ethanol )

D i s t i l l e d  from CaH2 and stored over act ivated  
3A molecular sieves.

Methylenechloride Dried over CaCl£ and d i s t i l l e d  from P2 0 r-  
Stored in the dark over act ivated 3A moiecul 
sieves.

ar

Ethyl acetate )
1 ,2-dichlorobenzene ) Stored over act ivated 4A molecular sieves.  
Ethylene glycol )
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TABLE 2: L is t  of  Chemicals

CHEMICAL SUPPLIER PURITY

2 , 2' -b ipy r id ine

2 , 2 ' -b ipyr id ine

tetra-n-butylammonium t e t r a -  
f luoroborate

tetra-n-butylammonium t e t r a -  
f luoroborate

i r i d i u m ( I I I )  chlor ide  t r ih y d ra te  

r u t h e n i u m ( I I I ) ch lor ide t r ih y d ra te  

ammonium hexabromoosmate(IV) 

( - )s p ar te in e  sulphate pentahydrate 

te t ra f lu o ro b o r ic  acid 

l i th iu m

hydrochloric acid

n i t r i c  acid

s i l v e r  n i t r a t e

potassium iodide

propane-1 , 2 -di  ami ne

formic acid

sodium hydroxide

c o b a l t ( I I ) chloride

t r i e t h y l  orthoformate

hydrogen peroxide

tri f luoromethanesulponic acid

1 , 1 0 -phenanthrol ine hydrate

B.D.H. 99.5%

Aldrich 99.5%

Fluka >99%

Aldrich 99%

Aldrich 99%

Aldrich 99%

A1 pha 99%

Aldrich 99%

Riedel-de Haen 97%

Hopkin & Will iams 99.8%

May & Baker >99%

B.D.H. AnalaR

Johnson Matthey pure

Riedel-de Haen 99.5%

Hopkin & Will iams 99%

May & Baker 98%

Formachem 96%

Hopkin & Will iams 99%

May & Baker 98%

May & Baker 99%

Fluka >98%

Koch-Light Ltd >  98%
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and u t i l i s i n g  a Genevac GDN3 rotary  vane vacuum pump and a Jencons

mercury d i f fu s io n  pump, were employed fo r  some reactions in th is  work.

Pressures were measured using an Edwards Model 2G Vacustat Gauge,

-3and minimum pressures were in the range 10 m bars or lower.  Standard 

glass jo in t s  were greased with Dow Corning high vacuum grease, and 

reaction  vessels were f i t t e d  with Rotaf lo stopcocks. Al l  vessels 

employed in vacuum l in e  procedures were pre -dr ied  by heating with an 

oxygen/methane torch while pumping. Al l  solvents were p ur i f ie d  before  

use and were degassed on the vacuum l in e  by using a minimum of three,  

freeze-pump-thaw cycles,  before storing over act ivated molecular 

sieves in the dark.  Reactions were carr ied out in Pyrex double limb 

vessels (Figure 11),  the reaction products being iso la ted in the second 

limb of the vessel ,  or a l t e r n a t i v e ly ,  reactions were carr ied out in a 

vessel f i t t e d  with a 1 mm quartz u .v .  ce l l  (Figure 12) so that the 

e le c t ro n ic  spectra could be monitored as the reactions proceeded.

Manipulat ions involving in v o la t i l e  compounds and materials were carr ied  

out in an argon atmosphere glove box ( L in t o t t  Engineering Company L im i ted ) ,  

in which, typ ica l  moisture levels were in the range 2-12 ppm. Molecular  

sieves and manganese oxide were used fo r  the removal of  moisture and 

oxygen respect ive ly  from the box.

ANION EXCHANGE COLUMN PROCEDURE

The anion exchange resin used was Amberlite IRA-400 ( C l ) purchased 

from BDH, evenly packed into a 2 x 30 cm column. To convert the resin  

from the chlor ide  form into the te t ra f lu o ro b o ra te  form, the column 

was elu ted with 4 l i t r e s  of  0.2 M te t ra f lu o ro b o r ic  acid un t i l  tes t ing
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FIGURE 12: Evacuable Cel l  fo r  Electronic Spectroscopy

B14 ground glass cone

Rotaflo stopcock
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with s i l v e r  n i t r a t e  solut ion showed no trace of chlor ide ions.  The 

column was then eluted with 1 l i t r e  of  d i s t i l l e d  water to remove excess 

t e t ra f lu o ro b o r ic  acid.  A d i lu te  aqueous solut ion of  the required 

compound could then be run down the column to convert i t  in to  the 

te t ra f lu o ro b o ra te  s a l t .

SYN TH ETIC  PREPARATIONS

Preparation of t r i s ( 2 ,2 ^ - b i p y r i d in e ) r u t h e n iu m ( I I ) iodide

T r i s ( 2 , 2 ' - b i p y r i d in e ) r u t h e n iu m ( I I ) iodide was prepared using the method

8 ✓ of B u r s t a l l . Ruthenium t r i c h lo r id e  (3 .0  g) and 2 ,2 " -b ip y r id in e  (9 .0  g)

were heated slowly with s t i r r in g  to 220°C. The f la sk  was then stoppered

and the temperature raised to 280°C on a sandbath and was s t i r r e d

vigorously fo r  5 hours. The cooled melt was then extracted with hot

water in to  a separating funnel ,  and the solut ion was extracted with

3 x 50 ml of  diethyl  e t h e r . The remaining solut ion was f i l t e r e d  from

insoluble  material  and evaporated to c r y s t a l l i s in g  point.  The br ight

orange crysta ls  were col lected and dissolved in hot water to form a

concentrated so lu t ion,  to which a concentrated aqueous solut ion of

potassium iodide was added. The red c r y s t a l l i n e  p re c ip i ta te  was

re c ry s ta l l i s e d  from hot water to y ie ld  5.3 g of the complex iodide.

Resolution of  t r i s (2 ,2 ^ - b ip y r id in e ) r u t h e n iu m ( I I )  iodide

T r i s ( 2 ,2 ' - b ip y r id in e ) r u t h e n iu m ( I I )  iodide was resolved using the method

of Dwyer and Gyarfas . 10  The racemic iodide (2 .0  g) was converted into

the an t im o n y l (+ ) ta r t ra te ,  by shaking with s i l v e r  an t im o n y l (+ ) ta r t ra te  (0 .9  g ) ,
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the s i l v e r  iodide produced was removed by f i l t r a t i o n .  The solut ion  

was concentrated on a ro ta ry  evaporator and then cooled in ice ,  

whereupon the a n t im o n y l (+ ) ta r t ra te  sa l t  c ry s ta l l i s e d  out.  The red 

crysta ls  were washed with a small quanti ty of  ice cold ethanol to 

remove traces of the more soluble sa l ts .  The red c rys ta ls  were then 

dissolved in hot water and f r a c t io n a l l y  p rec ip i ta ted  by addi t ion of  

potassium iodide so lu t io n .  The ( - )  or A-enantiomer was found in the 

l eas t  soluble f r a c t io n s ,  and th is  was p ur i f ied  by r e c r y s t a l l i s a t i o n  

from hot water.

The A-iodide was converted into the te t ra f luorobora te  s a l t  on an anion 

exchange column as described e a r l i e r .  The te t ra f lu o ro b o ra te  s a l t  was 

r e c ry s ta l l i s e d  from ethanol to give the pure complex J_. The chloride  

s a l t  was prepared in an analogous procedure.

Preparation of l i th iu m  A - t r i s ( 2 , 2 x-b ipyr id iny l  ) r u t h e n a t e ( I I )

A - t r i s ( 2 , 2 ' - b i p y r i d i n e ) r u t h e n i u m ( I I ) ch lor ide ,  l_, was dr ied under

vacuum at 90-100°C before being added to a dry twin-1imb vacuum l in e

vessel .  Lithium metal was cleaned of paraf in using 1 , 1 , 1 - t r ich lo roe thane

and the outer coating was cut o f f  in the glove box. Excess l i th ium

metal was then added to  the vessel containing the complex ch lor ide .

Pur i f ied  dimethylformamide was d i s t i l l e d  into the vessel and the solut ion

was cooled in ice as the exothermic reaction proceeded. Occasionally the

102reaction was enhanced by placing the vessel in an u l t rason ic  bath.

Once the solut ion had changed from bright orange to dark red in colour  

and no fu r th e r  reaction occurred, the red solut ion could be decanted

from the l i th ium  ch lor ide  p re c ip i ta te  and excess l i th iu m  metal ,  and

3- 3-the solvent removed to leave the sol id complex, . Pure complex _I_

could not be iso la ted as some residual l i th ium chlor ide  always remained
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with the s o l id .

Preparation of t r i s (2 ,2 ^ -b ip y r id in e )o s m iu m ( I I ) iodide t r ihydra te  

T r is ( 2 ,2 ' - b ip y r id in e ) o s m iu m ( I I ) iodide t r ih y d ra t e  was prepared fo l lowing
g

the method of Bursta l l  et  a l . Ammonium hexabromoosmium(IV) (3.46 g) 

and 2 , 2 ' - b ip y r i d i n e  (8 . 0 0  g) were mixed in t im a te ly  and heated c a r e f u l l y ,  

the temperature being raised slowly to 220°C over a period of 1 hour, 

whereupon the resu l t ing  melt was a red/brown colour.  Then under a 

nitrogen atmosphere the temperature was increased to 280°C using a 

sandbath and the mixture was s t i r re d  vigorously overnight .  The black 

solution was allowed to cool and was then extracted with 400 ml of hot 

water.  A f te r  f i l t r a t i o n  from traces of a black insoluble  material  the 

solution was taken to dryness on a ro ta ry  evaporator and the sol id  

extracted with 4 x 50 ml of benzene to remove excess b ipyr id ine .  The 

remaining green sol id  was dissolved in 300 ml of  hot water to which a 

saturated solut ion of  potassium iodide was added to p rec ip i ta te  the 

iodide s a l t .  The dark green sol id was re c ry s ta l l i s e d  from water with the  

addi t ion of potassium iodide solut ion (y ie ld  5.51 g ) .  The remaining 

brown solution was discarded.

Resolution of  t r i s (2 ,2 ^ -b ip y r id in e )o s m iu m ( I I ) iodide t r ihydra te

T r is ( 2 ,2 ' -b ip y r id in e )o s m iu m ( I I )  iodide t r ih y d ra te  was resolved using the 

method of Bursta l l  e t  a l . 9 T r is ( 2 ,2 'b ip y r id in e )o s m iu m ( I I ) iodide  

t r ih y d r a t e  (5.51 g) was dissolved in 400 ml of hot water,  to which s i l v e r  

a n t im o n y l (+ ) ta r t ra te  (2.25 g) was added. A f ter  f i l t r a t i o n  the solut ion  

was concentrated u n t i l  approximately h a l f  of  the compound c ry s ta l l i s e d  

on cooling in ice .  The dark green p la t l e t s  were f i l t e r e d  and washed with  

small q ua nt i t ies  of  ice cold ethanol,  to remove traces of the more
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soluble s a l ts .  This was then dissolved in warm water and f r a c t i o n a l l y  

pre c ip i ta te d  repeatedly with potassium iodide so lu t ion,  to give 0.41 g 

of the o p t i c a l l y  pure ( - )  or A-enantiomer. The mother l iquors from the 

various c r y s ta l l i s a t io n s  were combined and repeatedly c r y s ta l l i s e d  by 

f ra c t io n a l  p re c ip i ta t io n  with potassium iodide so lu t ion.  Fractions of  

racemic material  were combined and frac t ions  of the (+) or A-enantiomer  

were combined u n t i l  the A-enantiomer was f u l l y  resolved (y ie ld  0.21 g) 

leaving 1.80 g of the pure racemic iodide.

The samples were checked fo r  pur i ty  by chromatographing them on a 

Sephadex LH-20 column and e lu t ing  with methanol. In most cases only 

one dark green band was co l lec ted ,  occasionally a red band preceded the 

dark green band; th is  red band was discarded. Some of the o p t i c a l l y  

resolved iodide was converted into the te t ra f luorobora te  s a l t  on the anion 

exchange column as described e a r l i e r .  The te t ra f luorobora te  s a l t  was 

then re c ry s ta l l i s e d  from ethanol to give the pure complex H_. The 

chlor ide  s a l t  was prepared using an analogous procedure.

Preparation of  l i th ium  A - t r i s ( 2 , 2 ^ - b i p y r i d i n y l ) o s m a t e ( I I )

✓ 3-A - l i th ium  t r i s ( 2 , 2 ' - b i p y r i d i n y l ) o s m a t e ( I I ) ,  I I .  » was prepared in an
3-

analogous procedure to _I_ . The reaction proceeded with the green

s ta r t in g  solut ion turning the dark red colour of the reduced complex.
3-

Pure complex _U could not be isolated as some residual  l i th ium  

chlor ide  always remained with the so l id .

Preparation of  c is -d ic h io r o b is (2,2^- b i p y r i d i n e ) i r i d i u m ( I I I ) ch loride

C i s - d ic h lo r o b is ( 2 ,2 ' " - b ip y r id in e ) i r id iu m ( I I I ) chloride was prepared

103using the method of Watts and co-workers. I r id ium t r i c h l o r id e  (1 .06  g)
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and 2 ,2 /' -b ip y r id in e  2.51 g were placed in a 25 ml round-bottomed f la sk  

with glycerol  (10 ml) .  The f la sk  was heated in a sand bath with 

s t i r r i n g  at 180°C fo r  2 hours, then l e f t  to cool overnight .  Water (20 ml) 

was added to the resu l t ing  black so lut ion ,  which was then extracted with  

3 x 25 ml of diethyl  ether to remove excess 2 ,2^-b ip y r id in e .  The 

remaining brown solution was cooled in ice and f i l t e r e d .  The brown 

so l id  was then dissolved in methanol, concentrated on a steam bath and 

the solut ion allowed to c r y s t a l l i s e .  The re su l t ing  yel low crysta ls  

were co l lec ted  and washed with ice cold methanol and dried to y ie ld  

0.58  g of  the product.

Preparat ion of  ci s-di  t r i f 1uoromethanesulphonatebi s (2,  Z' - b i p y r i d in e )-  

i r i d i u m d l l ) tri fluoromethanesulphonate

Ci s-d i  t r i  f 1 uoromethanesulphonatebi s ( 2 , 2 ' - b i p y r i  di ne) i r i  di urn( 1 1 1 ) 

tr i f luoromethanesulphonate was prepared using the method of Sul l ivan  

et al Cis -d ic ‘h lo rob is (2 ,2 /' b i p y r i d i n e ) i r i d i u m ( I I I ) chloride (0 .58 g)

was placed in a f la sk  with 30 ml of methylenechloride. T r i f lu o r o -  

methanesulphonic acid ( 1 0  ml) was added, whereupon the yel low sol id  

dissolved to give a golden yel low solut ion which was allowed to 

evaporate overnight e l iminating HC1. The resu l t ing  yel low solut ion  

was checked fo r  the absence of f ree  chlor ide with s i l v e r  n i t r a t e .  A 

f u r t h e r  2 ml of tr i fluoromethanesulphonic acid was added to th is  solut ion  

which was then refluxed in 1 ,2-dichlorobenzene (20 ml) fo r  3 hours, 

then l e f t  to cool overnight.  Diethyl ether (50 ml) was added to the 

cooled solut ion and the yel low c rysta ls  of  c i s - [ I r ( b i p y ) 2 ( 0 S0 2CF3 ) 2 ] (F3 CS0 3 )

were co l lec ted  and washed with 2 0 0  ml of  diethyl  ether then dried to

y i e l d  0.25 g of  the product. Anal Calcd fo r  [ I r (C ^ 0H8N2 )2 (CF3S°3) 2 1(CF3S03 ) :

C, 29.02; H, 1.70; N, 5.89; S, 10.10.  Found: C, 29.02; H, 1.56; N, 5.82;

S, 9 .91 .
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Preparation of t r i s ( 2 , 2 /,- b i p y r i d i n e ) i r i d i u m ( I I I )  chloride

T r i s ( 2 , 2 ' - b i p y r i d i n e ) i r i d i u m ( I I I ) chloride was prepared using the 

method of Sul l ivan et  a l . 1 0 4  C i s - [ I r ( b ipy ) 2 (OS0 2 CF3 ) 2 1(F3 CS03 ) ,

(0 .20  g) ,  and 2 ,2 ' - b ip y r id in e  (0 .70  g) were refluxed in ethyleneglycol  

(5 ml) fo r  6 hours, a f t e r  which time the solut ion had turned brown in 

colour.  Water (20 ml) was added to th is  and then extracted with 

3 x 30 ml of d ie thy le ther  to remove excess 2 ,2 " -b ip y r id in e .  The 

solvent was evaporated o f f  under vacuum and the remaining brown so l id  

was dissolved in 30 ml of hot methanol. This solution was then 

concentrated to 4 ml on a ro ta ry  evaporator and the solut ion run down a 

2 .5  x 30 cm Sephadex LH-20 column, e lu t ing  with methanol. Three 

f ra c t io n s  were co l lec ted ,  the 2 nd f ra c t io n  was yel low and fluoresced  

green under a 365 nm u.v .  lamp; th is  f ra c t io n  contained the 

( I r ( bi py ) 3  3(CF^SO^) 3 • This was converted to the chloride s a l t  by 

running a d i lu te  aqueous solut ion down an anion exchange column as 

described e a r l i e r .  (Y ield 0.19 g)

Preparation of potassium ( + ) - t r i s ( L - c y s t e i n e s u l p h i n a t o ( 2 - ) - S N ) c o b a l t a t e ( I I I )

Potassium ( + ) - t r i s ( L - c y s t e in e s u lp h in a t o ( 2 - ) - S N ) c o b a l t a t e ( I I I ) was

12
prepared using the method of Dollimore et  a l . [Co(NHg)g]Cl^ (2 .0  g) 

in water (50 ml) was deoxygenated using a nitrogen bubbler and then 

L-cystein  (4.5 g) and potassium hydroxide (6 .0  g) were added. The mixture 

was heated with s t i r r i n g  to 70°C and, when no fu r th er  evolution of  

ammonia could be detected (4 hours), ethanol (50 ml) was added to 

p re c ip i ta te  the green potassium t r i s ( L - c y s t e i n a t o - S N ) c o b a l t a t e ( I I I ) .

A f t e r  cooling in ice and f i l t e r i n g ,  the sol id was washed with 50 ml of 

ethanol.  This was then added slowly to hydrogen peroxide (100 v o l , 10 ml) 

cooling in an ice bath, to give a br ight  yel low so lu t ion.  The complex
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Kg( + ) “ [Co(L-cysu)^] was precip i ta ted  by the addit ion of ethanol (60 ml) 

and was col lected and washed with ethanol (50 ml) .  The complex was 

r e c ry s ta l l is e d  from water/ethanol and dried to y ie ld  2 . 3  g of  product.

Resolution of t r i s ( 2 , 2 x - b i p y r i d i n e ) i r i d i u m ( I I I )  ch loride

T r i s ( 2 , 2 ' - b i p y r i d i n e ) i r i d i u m ( I I I ) chloride was resolved by se lec t ive  

pre c ip i ta t io n  of  the more insoluble diastereomer formed with the
3_ 1 p

( + ) - [Co(L-cysu)g] complex ion.  The racemic [ I r ( b ipy ) 3 3C1 ŝ (0.1850 g) 

was dissolved in hot water (5 ml) and an aqueous solut ion of  

K ^  + M C o d - c y s u ) ^ ] , (0.0880 g in 5 ml of H^O) (2 mole racemate:

1 mole Kg(+)- [C o(L -cysu)g]) was added to t h is .  The solut ion was 

then f r a c t i o n a l l y  c r y s t a l l i s e d ,  the optical  a c t i v i t y  of  each f ra c t io n  

was tested and f ra c t io n s  of the same diastereomer were combined and the 

process repeated f i v e  times.  The fract ions were converted back to 

the chloride sa l ts  by anion exchange chromatography as described e a r l i e r  

(p 5 2 ) .  The solut ion of the more insoTuble diastereomer rendered the 

pure complex ( + ) or A - [ I r t b i p y ^ j C l g ,  I I I . The solut ion of the more 

soluble diastereomer was p ur i f ied  by chromatographing i t  on a 

Sephadex - LR-20 column in methanol to remove traces of  a red compound.

(NB nei ther  enantiomer is  l i k e l y  to be f u l l y  resolved due to d i f f i c u l t y  

in c r y s t a l l i s in g  the small amount of material  a v a i la b le ) .

Preparation of A - t r i s ( 2 , 2 ^ - b i p y r i d i n y l ) i r i d i u m ( I I I )

3_
A - t r i s ( 2 , 2 ' - b i p y r i d i n y l  ) i r i d i u m ( I I I ) ,  _I_H , was prepared in an

3- 3-
analogous procedure to l_ and _H . The reaction proceeded with 

the yel low solut ion turning the dark red red colour of the reduced 

complex.
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Preparation of l i th ium 2 ,2 ^ -b ipy r id iny l

2 , 2 ' - b ip y r i d i n e  was dried under vacuum then added to a dry tw in - 1 imb 

vacuum l in e  vessel .  Excess l i th ium  metal (prepared as described 

e a r l i e r )  was added to the vessel and solvent (e i th e r  d ie thy le ther  or 

toluene) was d i s t i l l e d  in .  The react ion proceeded with the colourless  

solution  turning the dark red colour of the reduced compound. At th is  

stage the solut ion was decanted o f f  the excess l i th ium  to prevent 

formation of  the dark green d i l i t h iu m  2 ,2 * 'b ip y r id in y l . The solvent was 

b a c k - d is t i l l e d  to leave the black sol id  s a l t ,  I V .

Preparation of R (+ ) - te t ra -N ,N ,hT ,N x-methylpropane-l ,2-diamine

R(- )-p ropane- l ,2 -d iam ine  ( 6 . 8  g) dissolved in water (60 ml) was added 

slowly to ice cold formic acid (65 m l) .  To t h i s ,  formaldehyde 

(40%, 60 ml) was added and the mixture ref luxed fo r  7 hours then cooled 

overnight.  10M hydrochloric acid (55 ml) was added to the cooled 

solution which was then evaporated on a ro ta ry  evaporator, the 

re ce ive r  being cooled in ice ,  to give a yel low o i l .  Sodium hydroxide 

(16 g) dissolved in water ( 1 0 0  ml) was added to the o i l  and the 

solution was extracted with 3 x 150 ml of d ie th y le th e r .  The ether was 

removed on a ro ta ry  evaporator to leave a yel low l iqu id  which was 

then f r a c t i o n a l l y  d i s t i l l e d  o f f  a 20 cm column under vacuum. The 

f r a c t io n  which d i s t i l l e d  at 34°C was co l lected  and stored over 

act iva ted  5A molecular sieves in the dark.  The 90 MHz n.m.r.  of the 

l i q u id  in CDC13 confirmed i t  was R( + ) - te t ra -N ,N ,N ' ,N '-methy lpropane-

1 , 2-diamine with 2 singlets  at 2.23 and 2.20 ppm and a doublet at  

0.91 ppm ( in tegra l  2 :2 :1 )  corresponding to the 5 methyl groups, and 

weaker signals between 2.90 and 1.85 ppm ( in tegra l  1) corresponding to 

the 3 single  protons.
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Preparation of S(- ) - te tra -N ,N,N^,N^-methyl  propane-1,2-diamine

S(- ) - te t ra -N ,N ,N ' ,N '-m ethy lpropane-1 ,2 -d iam ine  was prepared using 

the above method, s ta r t in g  from S( + ) -propane-1,2-diamine.

Optical  pur i ty  of R( + ) and S ( - ) - t e t r a - N ,N ,N x ,NX-methyl propane-1,2-diamine

The opt ical  pur i ty  of  the R and S enantiomers could be checked by

105preparing the c o b a l t ( I I ) chlor ide complexes. C o b a l t ( I I )  ch lor ide  

(0 .15  g) was dissolved in ethanol (10 ml) to which t r ie thy lo ro form ate  

(1 ml) had been added. Tetra-N,N,N' ,N '-methylpropane-1 ,2-diamine (1 ml) 

and t r i e t h y l  orthoformate (1 ml) were dissolved in ethanol ( 1 0  ml) and 

th is  solut ion was slowly added to the solution of c o b a l t ( 1 1 ) ch lor ide .

The resu l t ing  solut ion was ref luxed fo r  I  hour then boi led to remove 

most of the ethanol.  When cool,  d ie thy le ther  was added and the br ight  

blue crysta ls  were co l lected  and washed with cold e than o l /d ie th y le th er  

1:1)  then dried in a vacuum dessicator.  (Yield 0.20 g)

The d i f f e r e n t i a l  ex t inc t ion  coef f ic ien ts  of the two enantiomeric complexes

105were compared with l i t e r a t u r e  values. The S ( - )  enantiomer had 

^e 5 7 5 nm = ^ . 2 1 ) anc* so S ( - )  enantiomer was 80% resolved.

The R(+) enantiomer was found to be o p t ic a l ly  pure.

Preparation of  2 ,2x -bipyridiny1(R(+)-tetra-N,N,N^,N^-methylpropane-

1 . 2 -d iamine)1 i t h i u m ( I )

Al l  manipulations were executed using vacuum l in e  and glove box 

techniques.  Lithium metal (excess) and 2 ,2 ' - b ip y r id in e  were added 

to a dry vacuum l ine  vessel .  R(+ ) -te tra -N ,N,N ' ,N ' -m ethylpropane-

1 . 2 -diamine (excess) was d i s t i l l e d  into the vessel fol lowed by the 

solvent (e i th e r  d ie th y le th e r  or to luene) .  The l i th ium was l e f t  in
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the vessel un t i l  the dark red colour of  the product had formed and 

was then removed to prevent any f u r t h e r  reac t ion .

The S(+) complex was prepared in an analogous procedure.

Preparation of ( - ) -s p a r te in e

( - ) -spa r te ine  sulphate dissolved in water was b as i f ied  with aqueous 

sodium hydroxide un t i l  the solut ion turned milky white and a colourless  

o i l  formed on the surface.  The o i l  was extracted 3 times with 

d ie th y le th e r  and the ether was removed on a ro ta ry  evaporator.  The 

remaining l iq u id  was d i s t i l l e d  under vacuum, the f ra c t io n  which 

d i s t i l l e d  at 101°C was retained and was stored over 5A molecular sieves.

Preparation of  2 , 2 ^ - b i p y r i d i n y l ( ( - ) - s p a r t e i n e ) l i t h i u m ( I )

Al l  manipulations were executed using vacuum l in e  and glove box 

techniques. Lithium metal (excess) 2 , T  -b ip y r id in e  and ( - ) - s p a r t e in e  

(excess) were added to a dry vacuum l in e  vessel .  The solvent (e i th e r  

toluene or d ie thy le the r )  was d i s t i l l e d  in and the reaction allowed to 

proceed u n t i l  the dark red colour of the product had formed, then 

the l i th ium  was removed to prevent any fu r th e r  react ion .



65

CHAPTER 3  

L IT H IU M  B IP Y R ID IN Y L



66

The 2 ,2 ' ' -B ipyr id iny l  Anion

The 2 ,2 ' - b ip y r id in y l  anion (bipy ) was f i r s t  synthesised in 1958 as the 

sodium and l i th ium sal ts  by Elschner and Herzog1^  who reported the 

e . s . r .  spectrum of the anion. From the e . s . r .  spectra i t  was proposed 

th a t  both the l i th ium and sodium cations were co-ordinated to both nitrogen 

atoms of bipy ( that i s ,  bipy assumed the planar c is -conf igura t ion )  

and th a t  the unpaired electron resided in the n - o r b i t a l s  of the 

aromatic compound. However no deta i led analysis of  the hyper- f ine  

structure  of  the e . s . r .  spectrum was given.  Since then the e . s . r .  

spectrum of the compound has been reported in more de ta i l  by several

authors^ 1 ^  ^ a n d  as wel 1 asthe sodium and l i th ium  s a l ts ,  the

72-74,  107 . . . .  73,107 . +, .potassium, rubidium 9 and more recen t ly ,  organometal1 ic

cat ion s a l t s 1^ 1^  have also been prepared.

Other spectroscopic studies on bipy have since been reported, including

70  1 1 0 - 1 1 ? 113  41 4 ?
absorption,  5 infrared and Raman spectra * but in some

cases a r b i t r a r y 11  ̂ or inaccurate1 1 1̂,1 11 units were used and only a

110-112 41 42l im i ted  spectral  range was covered. 9 9 In th is  work an attempt

has been made to corre la te  the exis t ing information and to extend the 

studies on the compound in an attempt to gain more information on the 

s tru c tu re ,  bonding and properties of the bipy anion.

E lec tron ic  Spectroscopy of Bipy

2 ,2 ' - b ip y r i d i n e  can be considered to have twelve Huckel molecular 

o r b i t a l s 1 1 4  (designated rr 1 to n 1 2 ) the f i r s t  six of  which are bonding 

o r b i t a ls  and w i l l  be completely f i l l e d  fo r  the neutral molecule 

(Figure 13) .  The lowest energy tt  - >  tt* excitat ion w i l l  be from tt  6  (HOMO) 

to n  7 (LUMO) which occurs at 278 nm fo r  f ree  bipy. When the mono anion
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of bipy (bipy ) is formed as in L i +bipy , the added e lectron w i l l  enter  

the t t  7 antibonding o r b i t a l .  The lowest energy tt  — >  tt*  t ra n s i t io n  in 

bipy w i l l  s t i l l  be the t t  6 —> tt  7 t r a n s i t i o n ^  as the tt  7 o rb i ta l  is  

not completely f i l l e d .  However th is  w i l l  not be the lowest energy 

t r a n s i t io n  as now transit ions from the t t  7 o rb i ta l  to tt  8 , tt  9 and tt  10 

are now ava i lab le .  The occupancy of the TT-orbitals of both bipy and 

bipy are shown in Figure 13.

The e lec tron ic  absorption spectrum of bipy in the region between 200 

and 1600 nm consists of four main absorption bands (Figure 14).  Konig 

and Kremer^ assigned the bands centred on approximately 261 nm as

t t  6 — >  tt  8,9 t ra ns i t io ns ,  the band centred on 393 nm was assigned as a

t t  6 — >  tt  7 t ra n s i t io n ,  the band centred on 534 nm was assigned as a

t t  7 —> t t  10 t rans i t io n  and the band at 816 nm was assigned as tt  7 — > tt  8,9

t r a n s i t io n s .  The experimental data in th is  work i s ,  on the whole, 

in agreement with the assignments of  Konig and Kremer, however on 

care fu l  examination of the absorption bands and v ib ra t iona l  in t e r v a ls ,  

several  differences do a r ise .  The experimental ly observed wavelengths 

and energies of the e lectronic  t ra n s i t io n s  and vibronic l ines  and the 

assignments of these bands are given in Table 3.

Ind iv idua l  assignments of the bands in the high energy region between 

2 0 0  and 300 nm has not been possible and these are c o l le c t i v e l y  assigned 

as in reference 70 as t t  6 tt  8 ,9 ,  tt  4 tt  7 and tt  5 - >  tt  7 t r a n s i t io n s .  

The two weaker bands at 230 and 286 nm have no v is ib le  vibronic structure  

but the strongest band which has i t s  or ig in  at 267.5 nm has a 

v ib ra t io n a l  progression of 948 cm~̂  which is quite  low in energy.

The most intense band centred on approximately 380 nm at f i r s t  glance 

seems to have a regular v ib ra t iona l  progression and has been assigned
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TABLE 3

(Progression) ,
Wavelength (nm) Energy (cm ) Energy Dif ference (cm ) Assignment-

230 4 3 , 4 7 8 -

2 3 7 . 5  
2 4 3 . 0
2 4 8 . 6
2 5 4 . 4
2 6 0 . 7
2 6 7 . 5

4 2 ,1 0 5
4 1 ,1 5 2
4 0 ,2 2 5
3 9 ,3 0 8
3 8 ,3 5 8
3 7 ,3 8 3

953
937
927
950
975

tt4 - >  tt7 
tt5 - > tt7 
t t 6 - > tt8 , 9

Average 
948 cm- )

286- 3 4 ,9 6 5 -

3 2 5 . 8
3 3 6 . 5  
3 4 9 . 2
3 5 9 . 0
3 7 4 . 5
3 8 5 . 5
4 1 6 . 0

3 0 ,6 9 4
2 9 ,7 1 8
2 8 ,6 37
2 7 ,8 55
2 6 ,7 0 2
2 5 ,9 4 0
2 4 ,0 3 8

976
1,081

782
1,153

762
- 1 , 9 0 2

t t 6 —>  tt7 
tt7 - > tt11

(o r ig in )  
(hot band)

483
514
549

2 0 ,7 0 4
1 9 ,4 55
18,215

1,249
1 ,240

t t 7 t t I O
Average 
1245 cm')

671
740
825
932

1 4 ,9 03
1 3 ,5 1 4
12,121
1 0 ,7 3 0

1,389
1,383
1,391

tt7 —>  tt9
Average 
1388 c m '1

1 , 0 4 8
1 , 2 2 2
1 , 4 6 7

9 , 5 4 5
8 , 1 8 2
6 , 8 1 8

1.363
1.364

tt7 - >  t t 8
Average 
1364 cm')
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FIGURE 13: The occupancy of the n - o r b i t a ls  of  bipy and bipy
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as the tt  6 — >  tt  7 t rans i t ion  by Konig and K re m er .^  However on 

carefu l  measurements of the energy dif ferences between individual  

absorptions, an extremely i r regular  pattern emerges (Table 3 ) .  Ignoring  

the band at 416 nm, the energy differences between the bands f lu c tu a te  

between approximately 800 cm  ̂ and 1100 cm \  The p o s s i b i l i t y  of 

having two vibronic progressions on one e lec t ron ic  t ra n s i t io n  can be 

ruled out because the lower in energy of the two progressions would be 

an average of 800 cm  ̂ from an or igin band at 385.5 nm or 1100 cm  ̂

from an o r ig in  at 374.5 nm. However the higher energy progression would 

then be approximately 1900 cm \  which is f a r  too high an energy to be of  

v ib ra t io n a l  o r ig in  in th is  compound. Now from the ca lculat ions of  

Konig and Kremer^,  the tt  7 - = »  t t  11 band of bipy is predicted to occur 

at 356 nm which is  in the region of th is  band. The dipole strength of
o p  o p

th is  t r a n s i t io n  was calculated as only 0.02A compared to 1.46A fo r  

the t t  6 —> t t  7 band and so has been ignored by Konig and Kremer .^  

However i f  the th e o r e t ic a l ly  calculated dipole strengths are compared 

to the experimental values there is very l i t t l e  agreement. I t  may 

there fore  be possible that the experimental dipole  strength of the 

t t  7 t t  11 band is actual ly  f a r  greater than the theore t ica l  value.  

Accordingly,  th is  band is te n ta t iv e ly  assigned as being due to both the 

t t  6 — »  t t  7 and the t t  7 -► tt  11 t rans it io ns  of bipy .

The band between 450 and 600 nm has been assigned, in agreement with 

Konig and K re m er ,^  as the t t  7 t t  10 t ra n s i t io n  of  bipy . Measured 

from the o r ig in  band at 549 nm, i t  has a v ib ra t iona l  progression of 

1245 cm"1 .

The lowest energy band was c o l le c t iv e ly  assigned as the t t  7 - >  t t  8,9  

t r a n s i t io n  of  bipy" by Konig and Kremer. ^ 0 On examination of the shape
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of the band, from an or ig in  at 1,467 nm there is a gentle increase in 

i n t e n s i t y  to 1 , 0 0 0  nm followed by a sharp increase in the in te n s i t y  of  the 

band which is not a normal Frank-Condon p r o f i l e .  Furthermore, when 

the v ib ra t iona l  in te rva ls  are measured between 1,467 and 1,048 nm the 

in te rv a l  is 1364 cm  ̂ but between 932 and 6Z1 nm i t  is 1388 cm  ̂ and so 

c l e a r l y  i t  is possible to dist inguish between the two t r a n s i t io n s .

Hence the lower energy and less intense band with i t s  or ig in  at 1,467 nm 

and a v ib ra t iona l  progression of 1364 cm  ̂ is assigned as the t t  7 t t  8  

t r a n s i t io n  of bipy . The higher energy and more intense band with i t s  

o r ig in  at 932 nm and a v ibra t ional  progression of 1388 cm  ̂ is assigned 

as the t t  7 — >  tt  9 t ra n s i t io n  of bipy .

Comparing the v ib rat ional  progressions fo r  the tt  7 -=► t t  8,9 and 10 

t ra n s i t io n s  of bipy , the n  7 - >  n  8  and 9 progressions are very s im i l a r ,  

being 1364 and 1388 cm  ̂ respective ly  whi ls t  tha t  of the tt  7 —> t t  10 

progression is considerably lower in energy at 1245 cm ^. To help 

reconci le  the d i f ferences,  MND0 molecular o rb i ta l  calcula t ions were 

performed on bipy and the schematic molecular o rb i ta ls  fo r  tt  7 to t t  10 

are shown in Figure 15.

The molecular o rb i ta l  diagrams have been s im pl i f ied  to show the schematic 

bonding in the tt  7 ,8 ,9  and 10 o rb i ta ls  of bipy in Figure 16. The 

t t  7 o r b i ta l  is found to have considerable double bond character in both 

the r ings and a double bond between the r ings .  Both the tt  8  and t t  9 

o r b i t a l s  on the other hand appear to have very l i t t l e  double-bond 

character ,  e i th er  in the r ings,  or in the bond between the r ings .  So 

in a n  7 t t  8  or t t  9 t ra n s i t io n  of bipy’  the double-bond character  

of the rings is reduced and the strength of the central bond would be 

reduced. The s im i l a r i t y  of the t t  7 t t  8  and the tt  7 t t  4 t ra n s i t io n s  

suggests that i t  is l i k e l y  that the v ib ra t ion  in both cases is of the
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FIGURE 15: Schematic molecular o rb i ta ls  of bipy

TC10

n 9

same type (possibly a r ing stretching mode) and th is  would be consistent  

with the s im i la r  values of  the v ibrat iona l  progressions of 1364 and 

1388 cm  ̂ fo r  the t t  7 - >  t t  8  and t t  7 —> t t  9 t rans i t io ns  respect ive ly .

Comparing the t t  7 and the t t  10 o rb i ta ls  of bipy , i t  is  immediately 

obvious that the only d i f ference between the bonding character of  the 

two o rb i ta ls  is tha t  t t  7 has a central  double bond whi ls t  t t  10 does not.

I t  is  therefore  possible that the v ibra t ion of 1245 cm  ̂ in the t t  7 -=► t t  10 

t r a n s i t io n  is due to the symmetric in t e r - r in g  stretching mode of bipy .

This would explain the d i f fe rence in energies between the t t  7 t t  10 

and the t t  7 - >  t t  8  and t t  9 v ibra t ional  progressions in bipy .
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In f ra - re d  and Resonance Raman Spectra

In the sol id  s ta te ,  2 , 2 ' -b ipyr id ine  is trans-coplanar with e s s e n t ia l l y

Ĉ f-j symmetry. I t  has a centre of symmetry, making the Raman and

in f ra - re d  modes mutual ly exclusive,  thus e l iminating  approximately

h a l f  of the v ib ra t io n a l  degrees of freedom from in f r a - r e d  a c t i v i t y .  On

reduction with l i th iu m  the 2 , 2 ' -b ipyr id iny l  anion assumes the c is -

configurat ion (symmetry C2 v } thus increasing the number of  in f r a - r e d

act ive  modes and only disal lowing some of the out -o f -p lane  modes. For

example four i . r .  act ive  C-H vibrat ions are expected and observed in

the 3100-3000 cm 1 region of 2 , 2 ' -b ipyr id ine whereas in the b ipyr id iny l

113anion, eight  s tre tch ing  modes are expected.

The in f r a - r e d  spectrum of Libipy in both nujol and f luorolube mulls

are shown in Figure 17 and the in f ra - red  and Raman wavenumbers are given

in Table 4 along with the l i t e r a t u r e  values fo r  comparison together

113with t h e i r  empirical  assignments. The sol id and solut ion in f ra - re d  

wavenumbers are in good agreement between 1600 and 400 cm 1 with only 

small d i f ferences between the values of the comparable frequencies.  

However in the C-H stre tch ing region there are major d if fe rences in 

the spectra.  The l i t e r a t u r e  spectrum has only two frequencies at 3120 

and 3078 cm” 1 which are both higher in energy than any of the sol id  

phase frequencies.  I t  is  possible that these two frequencies correspond 

to the 3060 and 3018 cm” 1 bands in the sol id sta te  spectra and have been 

shi fted  by 60 cm” 1 to higher energy by some sort of  solvent in te ra c t io n .  

This is a f e a s ib le  explanation as solvent sh i f ts  of up to 100 cm 1 are 

not uncommon. 1 1 5  The other d i f ference is that there is no report  of any 

C-H stretching bands below 3000 cm” 1 in the l i t e r a t u r e  whereas the sol id  

sta te  spectrum gives three bands. I t  is possible that any such bands in 

the solut ion spectrum were very weak and may have gone unnoticed but i t
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FIGURE 17: In f ra - re d  spectra of Libipy in f luorolube and nujol mulls
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TABLE 4 : Infrared and Raman frequencies of Libipy with empirical
assignments

INFRARED (cm"1) RAMAN (cm'1) EMPIRICAL ASSIGITOfTS

42Nujol/FIuorolube tetrahydrofuran dQ-Dioxan tetrahydrofuran

3060 - 3120 3014
3018 3078 2983
2972 2949 Y  C-H stretch
2930 2854
2880
1588 1597
1563 1585 1555 1554
1512 1570 t  r in g  stretch
1 4 9 5  1490 i (C = C and C = N)
1480 iyu.n 1488 1486
1459 1460
1433 / r ing stretch (C = C
1421 \ and C = N) + G-H bend
1410 1415 1412
1389 1354
1311 1353 1350 . .
1283 v  n n 9 stretch
1272 1277 (" (C = C and C = N)
1265 1 2 7 6  1 2 7 5  ,
1 2 0 0  1208 1205 1206 5  resonant dependant
1165 1162 1164 1  r i n 9 stretch
1148 1145 I . „ . ,
1 1 3 9  r  rmg-H in-p lane bend
1107 J
1060 7  .
1041  J  r i n 9 stretch
1021 1
1008 1009 1019 j  r i n 9 H out-o f-p lane bend

988 991 995 992 1  .
961 9 5 4  f  " n g  stretch
9 4 4  - J  (breathing)

806 • }  r ing-H out-of-p lane bend
759 764
742 745
720 Y  r ing-H out-o f-p lane bend
711 713
708 
699
680 681
coo 646 \ r ing bend
6 2 3  621 '

484
4 4 Q 3 in t e r - r in g  deformation

414 421 r  r ing torsion
400 402 J
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is  not possible to confirm th is  as the spectrum in th is  region was not 

included in the l i t e r a t u r e .  The p o s s ib i l i ty  th a t the C-H stretch ing  

bands below 3000 cm 1 are due to co-ordinated d ie thy l ether can be 

discounted. This is  because although d ie th y le th e r  does have C-H 

s tre tch ing  bands which are s im ila r  to those in the Lib ipy spectrum, 

i t  also has other very strong c h ara c te r is t ic  bands between 1500 and 1340 cm 1 

and between 1190 and 1020 cm \  These strong bands are not present in the 

Lib ipy  spectrum and other ch ara c te r is t ic  weaker bands of d ie th y le th e r  at 

2600 cm 1 and 1970 cm 1 are also not present in the Libipy spectrum.

Hence the C-H stre tch ing  bands below 3000 cm 1 must be assigned to  

L ib ip y . The presence of aromatic C-H stre tch ing v ib ra tions  at lower 

energy than 3000 cm 1 is  quite  unusual in i t s e l f .  2 , 2' -b ip y r id in e  does 

have extremely weak v ibrations at 2977, 2922 and 2875 cm" 1 but these 

are more l i k e l y  to be due to combination bands than C-H stretch ing  

frequencies. Other aromatic anions such as the cyclopentadienyl anion 

in  fe rrocene11  ̂ has i t s  C-H stretching v ib ra tions  at higher energy than 

3000 cm 1 although th is  may be due to the near covalent bonding in 

th is  compound but even in cyclopentadienylthalium where the bonding is  

thought to be la rg e ly  io n ic ,  the C-H stretch ing modes are s t i l l  at a 

higher energy than 3000 cm \  When comparing the carbon and nitrogen  

ske le ta l  v ib ra tio n s  of bipy" with bipy i t  is  expected that some 

v ib ra tio n s  w i l l  be sh ifted  to higher energies and some to lower energies 

as the added e lectron  is entering the t t  7 o rb i ta l  which has anti bonding 

ch aracter. But i t  is  d i f f i c u l t  to see how the addition of an electron  

to the TT-orbitals should cause changes in the C-H v ib rations unless there  

is  some sort of TT-contribution to the C-H bonding. This might show up 

in a Normal Co-ordinate Analysis of bipy . However, fo r  bipy, Normal 

Co-ordinate Analysis1 1 7  shows that there is no contribution  from the 

C-C modes to the C-H v ib ra tio n s . Nevertheless, the experimental resu lts
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show th a t addition of an electron in to  the t t  7 -an ti  bonding o rb ita l  of 

bipy, results  in some anti bonding character being conferred on to the 

C-H bonds of the compound.

The resonance Raman spectra of L ibipy were obtained in deutero-dioxan

and were found to be in excellen t agreement with the l i t e r a tu r e  

42
spectrum which was run in tetrahydrofuran . The use of a deuterated  

solvent has lead to the unambiguous assignment of bands in the 3000 cm  ̂

region of the spectrum to the C-H stre tch ing vibrations of bipy".

These bands had not previously been reported in the 1i t e r a t u r e . ^  

L i te ra tu re  Raman spectra were obtained using 350.7 nm̂ 2 and 406.7 nm^ 

las e r  exc ita t io n s , whereas the resonance Raman spectra in th is  work 

were obtained using a v a r ie ty  of e xc ita t io n  lines  (457.9 nm, 476.5 nm,

488.0  nm, 514.5 nm, 520.8 nm, 568.9 nm and 647.1 nm) of which the

647.1 nm and 514.5 nm exc ita tions are shown in Figures 18 and 19.

When the 647.1 nm laser l in e  is used (Figure 18), the Raman spectrum 

of L ib ipy  is extremely weak with only the 1488 cm  ̂ l in e  being v is ib le  

along with the deutero-dioxan l in e s .  As the energy of the laser  

e x c ita t io n  l in e  is increased through 568.9 nm and 520.8 nm to 514.5 nm 

(F igure _19), the Raman bands of Libipy gain in in te n s ity  versus the 

deutero-dioxan l in e s .  514.5 nm is approximately in the centre of the  

t t  7 —> t t  10 absorption of Libipy (Figure 14) and so at th is  energy 

resonance enhancement of the in te n s it ie s  of the bipy" Raman bands is  

at a maximum. As the energy of the laser l in e  is fu r th er  increased 

through 488.0 nm and 476.5 nm to 457.9 nm the in te n s it ie s  of the 

Raman lines  of Libipy decrease again as the laser energy becomes 

g rea te r  in energy compared to the t t  7 —> t t  10 absorption of bipy and 

resonance enhancement decreases.
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As the resonance Raman in te n s it ie s  of bipy increase to a maximum at 

514.5 nm i t  is in te res tin g  to note that the in te n s ity  of the 1488 cm  ̂

band of bipy is enhanced by an order of magnitude compared to the other  

l in es  of bipy . As the 1488 cm  ̂ l in e  is enhanced so much i t  is  

concluded that th is  is  the same v ib ra tiona l mode as in the v ib ra t io n a l  

progression of 1245 cm  ̂ in the t t  7 —> t t  10 absorption band. The 

d iffe rence  in energy is  because the Raman band is a ground-state  

v ib ra tio n  w hils t the v ib ra tiona l progression is due to the same v ib ra t io n  

in the excited s ta te  of the compound.

The three C-H stretch ing bands below 3000 cm  ̂ in the resonance Raman 

spectra confirm that the bands-in the in fra -re d  spectrum of bipy are 

more l i k e ly  to be the C-H stretching modes of bipy- ra th e r  than solvent 

bands. Furthermore, th is  evidence from the resonance Raman spectra  

supports the theory th a t some anti bonding character has been conferred  

on to the C-H bonds of bipy by adding an electron to the TT-antibonding 

o rb ita ls  of the compound.

Luminescence

The luminescence of 2 ,2 ' -b ip y r id in e  has been well known since Gondo 

118et al measured i t s  spectrum in 1965. In 2 ,2 ' -b ip y r id in e  a t t  7 —> t t  6 

type excited t r i p l e t  s ta te  is believed to be responsible fo r  the 

observed phosphorescence. There were no reports of the b ip y r id in y l  

anion having any luminescence in the l i te ra tu r e  and so investigations  

were carr ied  out to see i f  luminescence could be detected from L ib ipy .

- 3  -1When a 10 mole 1 solution of Libipy in e ith e r  d ie th y le th e r  or

deutero-dioxan was excited with the 514.5 nm laser l in e  a very weak

2+
(approximately 2 orders of magnitude weaker than [Ru( b ip y ) 3 ]
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luminescence) luminescence was detected between approximately 1 2 , 0 0 0  

and 18,000 cm The luminescence spectrum of L ib ipy  in deutero- 

dioxan excited with the 514.5 nm laser l in e  is  shown in Figure 20.

The high energy edge shows the resonance Raman spectrum of Libipy  

in which the resonance enhanced Raman band of A1488 cm’ 1 at 

approximately 18,000 cm 1 is c le a r ly  v is ib le  between the deutero- 

dioxan Raman bands.

The luminescence spectrum of Libipy is  shown in re la t io n  to the 

absorption spectrum of Libipy in Figure 21. Now the laser e xc ita t io n  

is  a t 514.5 nm which is in the centre of the t t  7 —=► t t  10 absorption 

band of bipy . I t  is  extremely u n like ly  th a t higher energy tra n s it io n s  

fo r  example the n 6 - > r r 7  tra n s it io n  of bipy at 380 nm could be 

exc ited  and so the luminescence decay is u n l ik e ly  to o r ig in a te  from 

these t ra n s it io n s .  The lower energy t t  7 t t  8  and 9 tran s it io n s  

could be excited by the laser l in e ,  however the luminescence band is  at 

a higher energy than these trans it io ns  and so could not o r ig in a te  from 

them. Therefore i t  is  concluded that the luminescence orig inates  from 

the decay of the t t  7 - >  t t  10 tra n s it io n  of bipy .

Now since the luminescence spectrum orig inates  from the decay of the 

n  7 - = >  t t  10 t ra n s it io n  of bipy , both the ground and excited states  

must be doublet states (one unpaired e lectron in each s ta te ) .  In 

theory there fore  neglecting any other in te ra c t io n s ,  the absorption 

and luminescence spectra should coincide, th a t i s ,  be at the same 

energy. However, i t  is  found that the absorption spectrum is  

approximately 2 0 0 0  cm’ 1 higher in energy than the emission spectrum. 

This d if fe ren ce  in energy has been a ttr ib u te d  to a solvent s h i f t  as the 

maximum of luminescence occurs at 15,957 cm 1 in dg-dioxan and is at 

16,315 cm 1 in d ie th y le th e r .
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FIGURE 21: Absorption and luminescence spectra of L ib ipy  in ether.
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The luminescence, band has a maximum at 15,957 cm 1 and a low energy 

shoulder at 14,465 cm \  The energy d iffe ren ce  between these two 

bands should correspond to the energy of one of the Raman bands of 

bipy . The energy d iffe rence  is 1492 cm 1 which is  in exce llen t  

agreement with the Raman band of bipy" at 1488 cm"1. Now i t  was - 

postulated e a r l ie r  tha t as the resonance Raman band at 1488 cm" 1 is  

enhanced compared to the other bands, then th is  v ib ra tio n  is l i k e ly  

to  be the same as the v ib ra tion  in the progression of the t t  7 - >  t t  10  

absorption band. Since the luminescence band orig inates  from the decay 

of the t t  7 —> t t  10 absorption any v ib ra tio n a l s tructure  on the luminescence 

band should correspond to the same v ib ra tio n a l mode in the t t  7 t t  10

absorption. As the ground-state v ib ra tion  is given by the Raman band

and since vibrations in luminescence spectra correspond to ground- 

s ta te  v ib ra tio n s , the two should be the same. Since they have been 

shown to be equal to w ith in  experimental e rro r  the argument above 

confirms the assignment of both the luminescence and v ib ra tio n a l bands. 

F u rth e r ,  i f  the assignment of the v ib ra tio n a l mode in the t t  7 —=> t t  10 

absorption is correct (namely that i t  is  the symmetric in te r - r in g

s tre tch in g  mode of bipy” ) then the v ib ra tiona l mode of 1488 cm 1

should also correspond to  the symmetric in te r - r in g  s tretch of bipy .

The d iffe ren ce  in energy between the vibrations being due to in the 

1245 cm” 1 v ib ra tion  there is only a s ingle bond between the two rings  

of bipy" w hils t the 1488 cm" 1 v ib ra tion  has double bond character between 

the r ings and is therefore  of higher energy.

Induced C ircu lar Dichroism

2 , 2" -b ip y r id in e ,  when in the planar configuration has C2v symmetry fo r
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the cis-conformation and symmetry fo r  the trans-conform ation. I f  

one of the rings is rotated out of the plane at any angle with respect to  

the other r ing  then the molecule w i l l  have symmetry and hence w i l l  

be c h i r a l .  In the so lid  s ta te , 2 , 2 ' -b ipyr id ine  has been found to adopt 

the planar tra n s -c o n fig u ra t io n ^ ^  and in solution i t  has a trans  

configura tion  with an angle of approximately 28° between the two r in g s .  

Therefore in so lu tio n , 2 ,2 '-b ip y r id in e  is ch ira l but of course a 

racemic mixture w i l l  be formed and no optical a c t iv i t y  would be detected.

The 2 , 2 ' -b ip y r id in y l  anion has the same symmetry properties  as

2 , 2 ' -b ip y r id in e ,  but unlike 2 , 2 ' -b ipyrid ine  i t  w i l l  adopt a planar

configura tion  in so lu tion . This is because the added e lectron to the

t t 7  o r b i t a l  c o n f e r s  s o m e  d o u b l e  b o n d  c h a r a c t e r  a c r o s s  t h e  c e n t r a l  b o n d

between the two pyrid ine  type rings (in  2 , 2' -b ip y r id in e  the central bond

has single-bond character) and the rings w i l l  o r ien ta te  themselves to

become planar with respect to each other in order to maximise the

Tr-overlap across the bond. Furthermore when l ith iu m  2 , 2 ' -b ip y r id in y l

7 3  7 4is  synthesised, evidence from the e .s . r .  spectra * of the compound 

ind ica tes  th a t  the b ipyr id iny l anion co-ordinates to the l i th iu m  ion 

through both nitrogen atoms, hence the cis-conformation is formed in 

so lu tio n .

The l i th iu m  cation is  normally four-co-ord inate , so in solution when 

L ib ipy  is  formed, two solvent molecules w il l  occupy the vacant co-ord ination  

s ites  round L i+ . I f  these solvent molecules could be replaced by a c h ira l  

bidentate  ligand however, s te r ic  hindrance may force the two rings of the  

b ip y r id in y l  anion to become non-planar with respect to each other ( th a t  

i s ,  t/ie molecule would become twisted about the central bond) and i t  would 

then become c h i r a l .  Induced c irc u la r  dichroism of th is  nature has recen tly  

been achieved using the ch ira l  bidentate ligands, ( - ) -s p a r te in e  and



( + ) and ( - ) -2 ,3 -d im e th o x y - l ,4 -b is (d im e th y l ami no)butane with a v a r ie ty  

of aryl methyl! i th i  urn compounds. In th is  work the induced 

c ir c u la r  dichroism of Libipy was achieved using the c h ira l  bidentate  

l igands , ( + ) and ( - ) - te tra -N ,N ,N '/’ ,lT-methylpropane-l , 2 -diamine and the 

n a tu ra l ly  occurring a lkalo id  ( - ) -s p a r te in e  (Figure 22).

FIGURE 2 2 : ( - ) -s p a r te in e

A ty p ic a l  c ir c u la r  dichroism spectrum of Libipy using the c h ira l  b identate

ligand (+ ) - te t r a -N ,N ,  N',N'-methylpropane-1,2-diamine ((+)-Me^pn) is

shown in Figure 23. The c irc u la r  dichroism spectrum shows two negative

bands under the t t 6  - > tt7 and tt7 -=> nlO tran s it io n s  of bipy" with values

of AC of - 6 . 3  and -0 .7  Imol^cm ’ 1 respective ly . The values of

AC are of the same magnitude as those fo r  the induced c irc u la r  dichroism
121

of various carbanions reported by Okamota et a l . The c irc u la r  

dichroism spectrum could only be measured up to 900 nm which is 

approximately three quarters of the way under the t t 7  — >  t t 9  band of bipy , 

up to  th is  point no c irc u la r  dichroism could be detected under th is  

absorption.
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FIGURE 23 : Induced c i rc u la r  dichroism of l i th iu m  b ip y r id in y l in  the
presence of ( + ) - te tra -N ,N ,N / ,N7 -methylpropane-1,2-diamine
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The 2,2 -b ip y r id in y l  anion can be thought of in two ways:

i )  as two symmetric groups ( l ik e  two pyridine molecules) coupled 

together in a dissymmetric environment or

i i )  as an inheren tly  dissymmetric chromophore.

In the f i r s t  case each of the two rings in the 2 ,2 ^ -b ip y r id in y l anion 

have tra n s it io n s  which can be e ith e r  long or short axis polarised  

(Figure 24).  The tran s it io n s  can be combined in to  various coupling 

modes and the re su lta n t t ra n s it io n  is o p t ic a l ly  active .

In Figure 24, the short-ax is  polarised trans it io ns  are represented by 

the a t ra n s it io n s  and the long-axis polarised tra n s it io n s  as the b 

t ra n s it io n s .  Considering the short-axis polarised tra n s it io n s ,  i f  the  

molecule has the tw isted structure according to Figure 24, fo r  the 

(a ,a )  coupling mode, the charge w il l  fo llow  a r ig h t  handed he lix  

along and around the z -ax is  of the molecule. For the (a , -a )  coupling 

mode, the charge w i l l  fo llow  a l e f t  handed he lix  along and around the  

x -ax is  of the molecule. Therefore, i f  the two short-axis  polarised  

coupling modes have d i f fe re n t  energies, then the c irc u la r  dichroism 

spectrum would be expected to show two bands of equal area but opposite  

sign under the short-ax is  polarised absorption band of the molecule. 

Furthermore, the coupling would be strong and a large value of A £  

would be expected fo r  the c. d.bands. Considering the long-axis  

polarised t ra n s it io n s ,  the (b ,b) tra n s it io n  has both a zero e le c t r ic  

d ip o le  moment and a zero ro ta tory  strength. The (b , -b )  t ra n s it io n  

has an e le c t r ic  dipole moment directed along the y -ax is  of the molecule 

and a small magnetic moment with the same o r ien ta t io n , a r is ing  from the  

ro ta to ry  displacement of charge across the twisted in ternuclear bond



91

FIGURE 24 Separate s h o rt-(a )  and long-axis (b) polarised t ra n s it io n  
moments in twisted 2 , 2 " -b ip y r id in e

z
A
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and so 3 very weak c irc u la r  dichroism would be expected fo r  th is  

t r a n s i t io n .

In the second case, tha t of the inherently  dissymmetric chromophore, 

each e le c tro n ic  e xc ita t io n  has an in t r in s ic  e le c tr ic  and magnetic 

d ip o le ' t r a n s i t io n  moment and each tra n s it io n  would be expected to have 

a very weak c irc u la r  dichroism.

Both the t t 6  tt7 and the tt7 —> tt10 tran s it io n s  are long-axis

po larised  and on examination of the spectra both bands have a weak

c i r c u la r  dichroism associated with these t ra n s it io n s , which f i t s  both

of the above cases. Now the tt7 — tt9 tra n s it io n  which was assigned to

the band between 600 and 1000 nm in the absorption spectrum (Figure 14)

is  sh o rt-ax is  po larised , so from the f i r s t  case, that of the symmetric

chromophores in a dissymmetric environment, there would be expected to

be a strong exciton couplet in the region of th is  band s im ila r  to the 

1221,1 -b ia n th ry ls .  This is c le a r ly  not the case and hence the inheren tly  

dissymmetric chromophore model is the best description of the molecule.

This is  not e n t i r e ly  unexpected as in the f i r s t  case that of the 

coupled chromophore model, there is assumed to be non-electron d e lo ca lisa tio n  

between the two pyrid ine rings of the bipy anion. But since the added 

e lec tro n  enters the t t 7  o rb ita l  and the central bond between the rings  

takes on double-bond character, th is  implies by i ts  very nature th a t  

d e lo c a l is a t io n  of the electrons and TT-overlap between the two rings w i l l  

occur. The weak c irc u la r  dichroism fo r  bipy is probably evidence th a t  

the centra l double-bond holds the molecule very nearly planar even in 

the proxim ity  of ch ira l  chelating agents.

This explains the in te n s it ie s  and the general form of the bands in the  

c i r c u la r  dichroism spectra of Libipy but i t  does not explain the signs
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of the various bands. The experimental c irc u la r  dichroism spectra  

obtained fo r  L ib ipy were not as simple as the spectrum shown in 

Figure 23. The induced c irc u la r  dichroism spectrum of L ib ipy using 

( - ) -sparte ine  is shown in Figure 25 and additional spectra using ( + ) 

and (-)-Me^pn are shown in Figure 26.

The form of a l l  of the c irc u la r  dichroism spectra are b a s ic a lly  the 

same with two bands under the t t 6  —> t t7  and t t7  —> t t I O  long-axis  

polarised tra n s it io n s  of bipy . The only real d iffe rence  is  the signs 

of the c irc u la r  dichroism bands and to a lesser degree in the  

magnitudes, both of which are given in Table 5.

TABLE 5

Ligand Figure (1 mol ^cm ^)

t t6  - >  TT 7 t t 7  - >  t t I O

-
23 -6 .3 -0 .7

C+J-Me.pn 26c - 2 . 6 +0.3
26a +4.3 +0.3

(-)-Me^pn 26b -0 .9 - 0 . 1

( - ) -s p a r te in e  - 25 - 1 . 1 +0.3

The c i r c u la r  dichroism spectrum of Libipy with (+)-Me^pn generally  

s ta rted  o f f  as in Figure 26c, then would change to that of e ith e r  

Figure 23 or Figure 25a and so in e f fe c t  three d i f fe re n t  c irc u la r  

dichroism spectra could be obtained. The time the spectra took to 

change varied from several hours in some cases to several days in 

other cases and changes in the spectra occurred in both d ie th y le th e r  

and to luene. Possible reasons fo r  the changes in the spectra could be 

th a t  as the (+)-Me^pn ligand is in excess, as well as having the
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FIGURES 25 : The induced c irc u la r  dichroism spectrum of L ibipy usinq
(- ) -s p a r te in e
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1:1 complex, i t  may be possible to have two (+)-Me^pn ligands bound to  

one l i th iu m  ion. Or, i t  may be possible that some sort of l i th ium  

c lu s te rs  are formed. As the structures of the various intermediates are 

not know i t  is d i f f i c u l t  to give reasons fo r  the changes in the 

c ir c u la r  dichroism spectra and w il l  not therefore  be attempted.

Only one c irc u la r  dichroism spectrum was obtained when ( - ) -s p a r te in e  

was used and th is  may be because the molecule is  too bulky to allow  

other groups near the complex. I t  c e r ta in ly  seems u n l ik e ly  that two 

sparte ine  molecules could bind to one lith ium  ion.

When (-)-Me^pn was used, again only one c irc u la r  dichroism spectrum 

was obtained. However, th is  was probably due to the fa c t  th a t the 

l igand was only approximately 75% resolved and a l l  spectra were 

extremely weak so intermediate spectra were probably too weak to be 

seen.
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CHAPTER 4

THE ABSORPTION AND CIRCULAR DICHROISM SPECTRA 

OF A -[R u (b ip y )3 J2+, A - [0 s (b ip y )3]2*

AND THEIR REDUCED ANALOGUES
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69
I t  is  now genera lly  accepted that the one, two and th re e -e le c tro n

reduction products of [Ru(bipy)^]^+ , are complexes in which the

ruthenium, is  in the formal +11 oxidation s ta te  and the electrons are

lo c a lise d  on the bipy ligands. Electrochemical measurements,^

e . s . r ,  a b s o rp t io n ,^  and Raman spectroscopy^ a l l  suggest th a t the

reduced compounds contain both bipy and bipy ligands so th a t ,  fo r

example, [Ru(b ipy)3 l + must be formulated CRu( b ip y ) 2 ( bipy ) ] + ( I  ) .

In th is  work evidence fo r  lo c a lisa tio n  in the reduced complexes I ,
2- 3-

and has been obtained independently by examination of the

3-c i r c u la r  dichroism spectra of the series of complexes I to I and by

a p p lic a t io n  of the exciton theory of optica l a c t iv i t y  to the

experimental resu lts  in the near u l t r a v io le t  region of the spectra.

77 78Theroetica l ca lcu la t ions  * have been performed fo r  the exciton

couplet of I_ in the near u l t ra v io le t  region of the spectrum and the

2- 3- 2+re s u lts  have been extended to include I_ , I_ , and COs( bi py) ( I I )

2- 3-
and i t s  reduced analogues, I I  , I I  and I I

A - [R u (b ip y )3 32 + ( j )

Before the spectroelectrochemistry of any compound can be measured, 

the p o te n t ia ls  at which the new species are electrogenerated must 

f i r s t  be found. This is  achieved by using the technique of cyc lic  

voltammetry.

The thermodynamic understanding of electrochemical processes derives

123 124
from the a p p lica tio n  of Nernst's well-known equation; *

(47)E = E° -  —  In
nF ared

where E is  the applied c e l l  voltage, E° is the standard electrode
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p o te n t ia l ,  R is the gas constant, n is  the number of electrons and F

is  the Faraday constant. For a balanced c e l l  where E° is the standard

e lec trom otive  force (e .m .f . )  of a re ac t io n ,  a and a , are the
ox red

e q u i l ib ra te d  a c t iv i t ie s  of the reactants and products adopted at E 

under a given set of conditions.

In c y c l ic  voltammetry the c h a ra c te r is t ic  features  of the d .c .  voltage

curve are derived as a re su lt  of the p o te n tia l  dependent changes of

the redox system, contro lled by d i f fu s io n  processes. Measurement of

E and E (the anodic and cathodic peak p o te n t ia ls )  permits the  
pa pc

c a lc u la t io n  of the half-wave po ten tia l  Els where;
2

E ^ E .
pa + Pr

E i  = — - ---- ----- -  ( 4 8 )
2 O

and Ei is  re la ted  to the theromodynamic standard redox po ten tia l  E° by;
2

E, = E° + —  In 
2 nF

D rU  (49)

Do/

where Do and Dr are the d iffu s io n  c o e f f ic ie n ts  of the oxidised and 

reduced species. Under the assumption th a t  Do and Dr are approximately  

equal, equation 49 is reduced to ;

Ei = E° (50)
2

For a re v e rs ib le  electrode process, the magnitude of the th e o re t ic a l  

separation between E and E is calcu la ted  to be 57 mV at 25°C and is
Pa Pcqg 125

independent of the scan ra te .  *

The c y c l ic  voltammogram of _I_ is shown in Figure 27 and the re su lts  of 

the experiment are l is te d  in Table 6 .



<y

t- +-> 
■i—co4->O)OfO

CM

â-
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TABLE 6 : Cyclic  Voltammetry Results fo r  A -[R u(b ipy )^ ](B F^)^

Couple E , (V )a AE
2 — f>

I / I ' -  1 .58 150

i 7 i 2- -  1.83 170

I 2 ' / I 3" - 2.09 190

a Volts  versus Ag/AgNO^ ( 0 . 1M)

b AE = IE -  E I 
p pc pa

A ll  the e lectrode po ten tia ls  obtained in th is  work are given with  

respect to the Ag/AgNO^ ( 0 . 1M) reference e le c tro d e . Table 7 shows 

the re la t io n s h ip  between the above reference e lec trode  and other common 

reference systems.

TABLE 7 : The re la t io n s h ip  between the Ag/AgNO^ (0.1M) reference

e lectrode and other common reference systems at 298K

P oten tia l (V) Electrode System

+ 0 .06  Hg/Hg2 S04 , s a t 'd  K2 S04

0 .0 0  Ag/AgN03  (Q.1M)

-  0 .24  0.1M KC1 calomel

-  0 .30  1.0M KC1 calomel

-  0 .34  S.C.E. {saturated  calomel)

-  0 .38  Ag/AgCl{satrd)

- 0 . 4 8  Hg/HgO, 1.0M NaOH

- 0 . 5 8  N.H.E. {normal hydrogen e lec tro d e )

- 1 . 1 6  T1/T1C1 40 wt % in  Hg {Thaiamid)
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The values of Ex fo r  complex _I_ (Table 6 ) are in good agreement with

58 126those obtained by e a r l i e r  workers. * The values of AEp given in  

Table 6 are la rg e r  than the th e o re t ic a l  value of 57mV. This is  because

I .R .  compensation was not a v a i la b le  at the time the c y c l ic  voltammogram 

was recorded. I .R .  compensation is  needed to a llow fo r  the in te rn a l  

resis tance of the c e l l  which causes a voltage lag when the p o te n t ia l  

across the c e l l  is  swept with time. This is  most noticeable  at high 

sweep rates and causes an increase in the voltage separation between

the anodic and cathodic peak p o te n t ia ls .  However, the value of Ei
2

is  not a ffec ted  to any great degree and the re su lts  are in good agreement 

with those of e a r l i e r  w o r k e r s . Y e l l o w l e e s ^ ^  found values of 

AEp of 65mV fo r  each of the three reduction couples of I showing the

system to be completely re ve rs ib le  and hence Ei values give good
2

estimates of E° values fo r  th is  system.

From the re su lts  of the c y c l ic  voltammetry experiment, the p o te n t ia ls

2- 3-
used to e lec trogenera te  the reduced species , 1_ and were -1 .78 V ,  

-2 .00V and -2.30V re s p e c t iv e ly .  The p o te n tia ls  used were as high as possible  

before the next reduced species would be formed or before the solvent
3-

l i m i t  was reached in the case of and so were necessarily  a compromise.

I t  has been assumed in each case th a t 100% of the desired product was

formed in the spectroelectrochemical experiments. The actual amount of

2- 3-
I present when ^  > i_ an<̂  J. are electrogenerated can be ca lcu la ted  

e a s i ly  using equation 47 (Appendix 3 ) .  I t  is  found fo r  an average 

so lu tion  concentration of 5 x 10 ^ mol j i  th a t the concentration of _I_,

whenl", I^~ and I^~ are e lectrogenerated, is  1 .8  x 10"^, 3 .0  x 10~^

-  1 _
and 2.1 x 10 mol / i  re sp e c t ive ly .  So even when is  e lec trogenera ted ,

the concentration of _I_ W1^  n e g lig ib le .

5
As new species were generated, iscjbestic points were produced implying
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a simple one-to-one conversion of to J_~, T  to ]l ~ and 1 ^" to J.3" 

and fo r  each species the steady s ta te  spectrum was recorded a f te r  

approximately twenty minutes, which also corresponded to a minimum 

in the current monitored at each p o te n t ia l .

As the complex was reduced, the o r ig in a l  orange colour of I was

replaced by a progressively deeper blood red colour of the species I ,
2 -  3 -

I_ and J[_ . The reduced species were a l l  very a i r - s e n s i t iv e  and

q u ick ly  reverted  back to _I_ in the presence of oxygen or mositure.

The absorption and c .d .  spectra of the four complexes are shown in

Figures 28 and 29. They are presented in pairs  fo r  comparison;

Figure 28 shows the spectra of the two complexes w ith equivalent

2+  -l ig an d s , A -[R u (b ip y )g ] and A-[Ru(bipy )^] and Figure 29 shows those 

of the mixed ligand complexes. The spectra were run at -40°C as the
3-

t r i p l y  reduced species was found to racemise spontaneously at 

room temperature ( th is  w i l l  be discussed l a t e r ) .  There was v i r t u a l l y  

no change in  the redox potentia ls  when the c y c l ic  voltammetry was 

c a rr ie d  out at -40°C and so the species were e lectrogenerated  

w ith  the above p o te n t ia ls .

20 21 21The absorption 5 and c .d . spectra of (F igure 28) are well-known 

and have been fre q u e n tly  discussed in the past. The strong c .d .  couplet  

centred at 300 nm is  due to the exciton coupling of the long-axis  

p o la r ised  t t 6  —> t t 7  t ra n s it io n s  of the three  bipy molecules in to  A  ̂ and 

E combinations which should, neglecting other p e rtu rb a tio n s , have equal 

and opposite ro ta t io n a l  strengths. The absorption and c .d .  spectra

in  the v is ib le  region is  due to  Ru _>  bipy charge t r a n s fe r ;  the o r ig in

127 25
o f the c .d .  in p a r t ic u la r  has been uncertain u n t i l  re c e n t ly .

2- 3-
The absorption spectra of the reduced species an<̂  J. have
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FIGURE 28:

Absorption and c .d .  spectra of A - [R u (b ip y ) , l  

( f u l l  l in e )  and A -[R u(b ipy  ) , ]  (dashed l in e )  in  

a c e to n i t r i le .  Note the scale change in the c .d  

spectra between the ligand and ch arg e -tran s fe r  

regions.
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FIGURE 2 9 : Absorption and c .d .  spectra of A- [Ru( b ip y ) ^ ( t>ipy )3+

( f u l l  l in e )  and A -[R u (b ip y )(b ip y  )^] (dashed l in e )  in  

a c e t o n i t r i l e .  Note the scale change in  the c .d .  spectra .  

The insets  show the ca lcu la ted  c .d .  spectra fo r  the s in g ly  

and doubly reduced species (upper and lower diagrams 

re s p e c t iv e ly ) .
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/“ o I o r
been measured previously .  5 Only the region between 270 and 400 nm 

containing the main long-axis  po larised l igand t t 6  — > t t 7  absorptions  

w i l l  be considered at th is  stage.

3-The absorption spectra of  J_ to _I_ (Figures 28 and 29) show the progressive  

collapse of the absorption band at 284 nm in I and the growth of  the  

broad absorption band at  335 nm fo r  I .

63 3
Comparison of the absorption spectrum of with those of  CMo(CO)^(bipy)3~ ,

formulated as CMo(CO)^(bipy )] and bipy have led to the assignment of

3-the absorption band at 335 nm in to be p r im a r i ly  the t t 6  -= ►  t t7

t r a n s i t io n  of bipy , with perhaps some underlying meta l- to -1 igand

1 Pf)
charge-t ransfe r  (MLCT) to account fo r  i t s  greater  breadth compared

2 -

to bipy . The absorption spectra of species _I_ and I have been 

63 126assigned * as a mixture of  t t 6  —> tt7  t ra n s i t io n s  fo r  d is c re te  bipy  

and bipy l igands in the same complex ion.  I f  th is  assignment is  

correct  then the presence of separate absorption bands fo r  the t t 6  - >  t t7  

t r a n s i t io n s  of  bipy and bipy indicates the presence of d i s t i n c t  bipy  

and bipy l igands, hence the electrons must be loca l ised  on the in d iv id u a l  

1igands.

3-The c i r c u l a r  dichroism spectra of  I_ to 1  is more complicated but 

can be in te rpre ted  using the exciton theory of  optica l  a c t i v i t y .  The
3_

case of  j [ w i l l  be discussed f i r s t ;  two extreme descr ipt ions  of  the  

molecular o r b i t a ls  are possible;

( i )  the added e lectrons  enter an acceptor o r b i ta l  or o r b i t a l s  which

are completely de local ised over the e n t i re  complex. In th is

case the coupled-chromophore model merges with tha t  of  the

inherent ly  dissymmetric chromophore model as in the benzo [cl  

97phenanthrenes and the complex cannot be described using
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degenerate exciton theory.  With th is  model the c i r c u l a r  

dichroism would be expected to be less intense than that  of  

and there  would not be expected to be an exciton couplet  in 

the region of the ligand long axis po lar ised t r a n s i t io n s ,  or ,

( i i )  the added electrons are completely lo c a l ised  on the indiv idual

bipy ligands and there is no Tr-electron exchange between

the ind iv idua l  l igands in the complex. In t h is  case the compound

would have symmetry and could be described as a homo-tr ischelated

complex as in _I and hence degenerate exciton theory would be 
3 -

appl icable  to _I_ . Then two t r a n s i t io n s  of  equal magnitude but 

opposite ro ta t io n a l  strengths are predicted corresponding to the  

A2 and E coupling modes. The non-degenerate coupling mode 

is  predicted to be at a higher energy than the degenerate E 

coupling mode and fo r  the A-enantiomer the A  ̂ mode is  predicted  

to  have a p o s i t ive  ro ta t iona l  strength and the E mode negative  

ro ta t io n a l  strength.

3_
On examination of  the spectrum of (Figure 28) an exciton couplet  

is  observed and as predicted the high energy band at 335 nm corresponding 

to the A  ̂ coupling mode has a p os i t ive  ro ta t io n a l  strength and the 

low energy band at 370 nm corresponding to the E coupling mode has 

a negative  r o ta t io n a l  strength of  approximately the same magnitude as 

the A  ̂ band. Corre la t ion  of  theo re t ica l  and experimental  resu l ts  in
3_

t h is  case would appear to j u s t i f y  the t r i p l y  reduced complex _I_ to be 

described using a loca l ised  model.

This would appear to be the f i r s t  complex containing anionic l igands  

with an open shel l  configurat ion  in which the stereochemistry of  the 

complex could be r e l i a b l y  predicted using the exciton theory of



opt ica l  a c t i v i t y .  Other t r a n s i t io n  metal complexes with anionic l igands

128 129
such as oxalate or pentane-2 ,4 -d ionate ,  lack the c h a ra c te r is t ic

exciton form owing to the probable greater  importance of  m e ta l - to -

ligand charge-transfer Tr-bonding.

The spectra of  the p a r t i a l l y  reduced species are shown in Figure 29.

The c .d .  spectra in p a r t i c u la r  are qu i te  d i s t i n c t  fo r  each complex 

and i l l u s t r a t e  g rap h ica l ly  the i n d i v i d u a l i t y  of  the two species.

Under the de local ised theory,  the l igands of the s ing ly  and doubly

2 -

reduced complexes, _I_ and respe c t ive ly ,  could be thought of  as

having one t h i rd  of  an e le c t ron ,  tha t  is one e lectron de local ised

over a l l  three bipy l igands in the former case and two th i rd s  of  an -

e lec tron  in the l a t t e r  case. Each bipy l igand would be iden t ica l  and

the molecule could be described as a homo-trischelated complex with

Dg symmetry, formulated as [Ru( bipy3 )^1 and ERu( b ipy3 )^ ] .  The

degeneracy would be expected to lead to strong exciton coupling between

the ind iv idua l  l igands and a strong exciton couplet would be expected

2- 3-
to move s te a d i ly  to lower energies fo r  —> J_ —;> _L as tbe

t r a n s i t io n  energy becomes less with each successive reduct ion.

This is  c le a r l y  not the case fo r  the s ingly  and doubly reduced species 

as the c i r c u l a r  dichroism spectra are more complicated than predicted  

f o r  a simple de loca l ised model.

In a loca l ised  model the complexes would be formulated as

[Ru(b ipy)2 (b ipy" ) ]  + , _I_ and [Ru(bipy) (b ipy J 2 s where the added

electrons are lo ca l ised  on one bipy l igand. Now the bipy and bipy

l igands are non-degenerate,  the t t 6  —> tt7 t r a n s i t io n  of  bipy is  of  a

lower energy than tha t  of  bipy and hence the complex could be described

as a h e te ro - t r is c h e la te d  complex s im i la r  to the mixed bipy/phen (where

78*
phen is  1 ,10-phenanthrol ine) complexes of  ruthenium, [Ru (bipy)(phen

*  NB Spectra of  mixed bipy/phen ruthenium complexes are of  the 
A-enantiomers in reference 78.
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2+
and [Rulbipyl^Cphen)] , in which the symmetry of  the complex would be 

reduced to C^. In a h e te ro - t r ische la ted  complex with symmetry the  

exciton coupling modes which are doubly degenerate (E modes in Figure 5) 

in the analogous Dg complex are s p l i t  and give r i s e  in p r in c ip le  to  

d i s t i n c t  c i r c u l a r  dichroism bands. Thus i f  the energy d i f fe rence  

between the long-axis  polarised e xc i ta t io n s  of  d is s im i la r  l igands is  

not too g rea t ,  coupling should occur to produce in p r in c ip le  three  

c i r c u l a r  dichroism bands and theory predicts  the sum of the three  

ro t a t io n a l  strengths of the three bands to be equal to zero.

2 -The absorption and c i r c u la r  dichroism spectra of  I and I are 

shown in Figure 29. The c i rc u la r  dichroism spectra in p a r t i c u la r  are 

q u i te  d i s t i n c t  fo r  each complex and i l l u s t r a t e  g ra p h ic a l ly  the 

i n d i v i d u a l i t y  of  the two species, th is  is f u r t h e r  confirmation that
rr

the complexes contain both bipy and bipy . Recently Heath et  al

- 1  2 -  observed a weak absorption band near 4000 cm f o r  the species _I_ and I_

which they a t t r ib u te d  to a l igand —> l igand in te r -v a le n c e  charge

t r a n s f e r  t r a n s i t io n  (IVCT). This implies the simultaneous presence

of  d is c re te  bipy and bipy groups and as the IVCT band was weak in

i n t e n s i t y ,  there  cannot be much in te ra c t io n  between the d i f f e r e n t

ligands in the complex. The assumption that there is no Tr-overlap between

the l igands is  there fore  a good approximation and the exciton theory

of  op t ic a l  a c t i v i t y  should provide a good method to pred ic t  the c .d .  of

the ligand transitions. Since there can be very l i t t l e  Tr-overlap in

the s in g ly  and doubly reduced species i t  is l i k e l y  th a t  th is  assumption

is also v a l id  f o r  the t r i p l y  reduced species which is  fu r t h e r  evidence
3_

f o r  l o c a l i s a t i o n  in l_ .

The exc iton coupling of  the l igand t ra n s i t io n s  in mixed t r i s - c h e l a t e

2+ 2+ 
complexes such as ERu( b ipy ) 2 ( phen)J and [R u (b ip y ) (p h en )^  have
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s i m i l a r i t y  between the c .d .  spectra of  the mixed ( b ipy ) n ( bipy 

species and the mixed ( b i p y l ^ p h e n ) ^  complexes which suggests tha t  the  

exci ton patterns of  I_ and 1^ should be able to be calculated in the  

same way. Taking average energies f o r  the bipy and bipy t ra n s i t io n s

from the absorption spectra of  the respective  t r i s - c h e la t e s  and using

- l  P i  - l
exc i ton  in te rac t io n  energies of  970 cm f o r  bipy with bipy,  1400 cm

f o r  bipy and bipy and 1200 cm  ̂ fo r  bipy with bipy , the exciton

s p l i t t i n g  patterns shown in the insets to Figure 29 were ca lcu lated .

The parameters used in the c a lcu la t ion  of  the exciton s p l i t t i n g  patterns  

- 2of J_ and T are given in Table 8. The resu l ts  of the calculat ions  

are shown in Table 9 and these were used to give an energy level  diagram 

(F igure 30) of  the ligand o rb i ta ls  before and a f t e r  exciton exchange.

The energies and r e la t i v e  signs and in t e n s i t i e s  are qu ite  well reproduced 

and completely confirm the local ised e lectron model fo r  the complexes.

A-COs(bi  py) 33 ( 11)

2+The complex ion A- COs(bipy)gl , H_, (Figure 31 ) ,  shows a redox 

chemistry which is  almost ident ica l  to th a t  of  the ruthenium analogue _I_. 

The c y c l i c  voltammogram (Figure 32) shows a sequence of revers ib le  

reduct ions at narrowly spaced po ten t ia ls  corresponding, as before,  to  

successive reduction of each of the bipy l igands.  The resul ts  of  the  

e le c t ro -ch e m is t ry  are l i s t e d  in Table 10 and are in good agreement with  

Y e l l o w l e e s . ^

From the resu l ts  of  the cyc l ic  voltammetry experiments the potent ia ls

2- 3-
used to  e lectrogenerate  the reduced species _H_ , _H_ and were 

-  1 .7 4 ,  -  2.00  and - 2.29V re spect ive ly .  The reduced osmium complexes 

were very s im i la r  in colour to those of  the analogous ruthenium species,
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TABLE 8 : Parameters used to ca lcu la te  the exciton s p l i t t i n g  patterns

of I and I 2" .

Parameter r I 2‘

AE i 34,480 cm’ 29,410 cm

AE3 29,850 cm 34,360 cm

V12 970 cm’ 1,400 cm

V13 1,200 cm 1,200 cm

r l = r 3 2.63 x 10 ® cm 2.63 x 10

h 3.74 x 10 e .g .s . 3 .58  x 10

P3
3.58  x 1 0 '18 e .g .s . 3.74 x 10

- a
V1 35,150 cm 28,370 cm

V 28,370 cm 35,150 cm

a and were taken to be the energy a t  the midpoint of  the

3-exc i ton  couplet f o r  complexes I  and I  res p e c t iv e ly .

TABLE 9: Results of  the calculat ions o f  the exciton s p l i t t i n g

2parameters o f  I  and I

Zk-CRu(bipy)g(bipy )3 *

Eb+ 35,925 cm'1

Efl 33,510 cm'1

E - '  29,376 cm'1

Dg+ 2 5 .3  x 1 0 '36 e . g . s .

Dfl 7 .0  x 1 0 '36 e .g .s .

D '  8 .5  x 1 0 '36 e . g . s .

Rg+ 4 .49  x 1 0 '38 e . g . s .

R. - 2 . 8 8  x 1 0 '38 e . g . s .

Rg' -1 .61  x 10 38 e .g .s .

A- [Ru(bi py) (bi py~),1

Eg+ 35,044 cm'1

Eg' 30,132 cm'1

Ea 28,012 cm'1

Dg+ 21.2 x 10'36 e.g.s.

Dg' 11.9 x 10'36 e.g.s.

Da 6.4 x 10'36 e . g . s.

Rg+ 2.72  x 10'38 e . g . s .

- 0.59  k 10 e . g . s .  

-2 .12 x 10 ^ ' e .g .s .



113

FIGURE 3 0 : Schematic energy leve l  diagram fo r  wave functions T q ,

$- j ,  $ 2  anc* ^ 3  before exciton in te r a c t io n  and fo r

wave f u n c t i o n s T q , T g + , T a and Yg a f t e r  exciton exchange.
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The s tructure  of A-COs(bipy)3 J2+

A-[Os(bipy)3]2+
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TABLE 10: Cycl ic voltammetry resul ts  fo r  A -  EOs ( bi py) ̂ 1( BF^)  ̂s ( I I )

Couple E i j V ) Ep(mV)

l i / i f - 1 . 6 2 69

- 1 . 8 1 83

i i 2 7 i i 3" - 2 . 1 0 116

a dark blood red colour and again l i k e  the ruthenium species,  the 

reduced osmium complexes were very a i r  and moisture s e n s i t iv e .

The absorption and c .d .  spectra of  the four  complexes are shown in 

Figures 33 and 34.- They are presented in pairs f o r  comparison;

Figure 33 shows the spectra of  the two complexes with equivalent

2+  -  -  l igands,  A-EOsfbipy)^] and A - [0s (b ip y  )gj and Figure 34 shows those

of the mixed l igand complexes. The absorption and c .d .  spectra of  the

reduced complexes have not been previously recorded.

The discussion of  the absorption and c i r c u l a r  dichroism spectra of  the  

fo ur  complexes w i l l  at th is  stage be l im i te d  to the region of the 

spectrum between 200 and 400 nm, corresponding to the l igand tt  — >  t t *  

t r a n s i t i o n s .

21The absorption and c i r c u la r  dichroism spectra of  H_ are wel l known and 

have been f re q u e n t ly  discussed in the past.  The strong c .d .  couplet  

centred on 288 nm is  due to the exciton coupling of  the long-axis  

polarised tt6  —> t t7  t ra n s i t io n s  of the three bipy molecules into  

and E modes which should as before,  neglecting other per turbat ions ,  have 

equal and opposite ro ta t iona l  strengths.  As predicted the A  ̂ mode has 

a p o s i t iv e  ro ta t io n a l  strength and the E mode has a negative  

r o ta t io n a l  strength fo r  the A-enantiomer.
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FIGURE 33:

Absorption and c .d .  spectra of  

2+A- [Os( b1 py)^3 ( f u l l  l i n e )

and A- [Os(bi py )^] (dashed l i n e )  in

a c e t o n i t r i l e .  Note the scale change

in the c.d .  spectra between the l igand  

and charge-t ransfer  regions.

600 A nm
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FIGURE 3 4 : Absorption and c .d .  spectra of  A- COs ( bi py)  ̂( t»i py ~ ) J+

( f u l l  l i n e )  and A - [O s (b ip y ) (b ip y  )^J (dashed l i n e )  in 

a c e t o n i t r i l e .  Note the scale change in the c .d .  spectra .  

The insets  show the ca lcu la ted  c .d .  spectra f o r  the  

doubly and s in g ly  reduced species (upper and lower 

diagrams r e s p e c t iv e ly ) .
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3-
The absorption spectra of to I I  again show the progressive

col lapse of  the t t 6  —> t t7  absorption band of bipy at 278 nm and the

growth of  the broad absorption band at 321 nm of  the t t 6  —> t t7

t r a n s i t io n  of  bipy . In the osmium case however, the new absorption

band is  c loser  in energy to the absorption band of  bipy and so the new

2 -band appears as a low energy shoulder in _II_ and I I  u n t i l  i t  is  f u l l y
3_

resolved in . The absorption spectra are however d i s t i n c t  enough 

to d is t ingu ish  between the tt6  —> t t7  t ra n s i t io n s  of  bipy and those of  

bipy . The two spearate absorption bands are taken as evidence tha t  

d i s t i n c t  bipy and bipy ligands ex is t  in the s ing ly  and doubly reduced 

complexes, hence the electrons must be lo c a l ised .  I f  the electrons  

were de loca l ise d ,  a l l  three bipy l igands would be id e n t ica l  and a s ingle  

absorption band which moved s tead i ly  to lower energy as the d i f f e r e n t  

reduced species were formed would be expected.

In the in t e r p r e t a t io n  of  the c .d .  spectra of the reduced complexes, the

3-same arguments as before hold. The exciton couplet  fo r  H_ implies  

th a t  the e lectrons are local ised on the indiv idual  bipy ligands and 

the complex can be thought of  as a homo-trischelated complex with  

symmetry. As predicted by the degenerate exciton theory,  the high 

energy A  ̂ coupling mode at 300 nm has a pos i t ive  r o ta t io n a l  strength  

and the low energy E coupling mode at 343 nm has a negative ro ta t io n a l
3-

strength f o r  the A-enantiomer. The c .d .  spectrum of _H is s t r i k i n g l y
3-

s im i la r  to tha t  of  _I_ and both have quite  broad exciton bands compared

21to those in complexes H.  and I_. I t  is thought th a t  in and the  

energy separation between the and E modes is qu i te  small which leads 

to overlap and hence mutual cance l la t ion  of the ro ta t io n a l  strengths of  

the two bands. There is  a greater  energy d i f fe rence  between the A  ̂

and E modes in the t r i p l y  reduced complexes which accounts fo r  the 

broadness of the bands and fo r  bipy has been estimated as 1400 cm’ 1
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(compared to 970 cm~  ̂ f o r  b ip y ) .

The spectra of the p a r t i a l l y  reduced species are shown in Figure 34.

The c .d .  spectra f o r  the two species are qu i te  s im i l a r ,  both having

a positive and a negative band under the ligand t t 6  tt7 absorptions.

Now as has been stated e a r l i e r ,  i f  the electrons are de loca l ised  over

a l l  three l igands,  the complex could be described as a homo-t r ischelate

with Dg symmetry. In t h i s  case there  would be strong exci ton in te ra c t io n s

between the l igands and the c .d .  spectra would be expected to show an

2 -exciton couplet which moves to lower energy from I I  to I I  . On

examination of  the spectra ,  the c .d .  does resemble an exciton couplet

2 -which moves to lower energy from I I  to I I  so at f i r s t  s ight th is

would appear to support the delocal ised model.

There is the p o s s i b i l i t y  th a t  the electrons are loca l ise d  on the 

ind iv idua l  l igands but no exciton exchange takes place between non­

id e n t ica l  l igands.  In t h is  case fo r  H_ the compound would be expected 

to have a spectrum s im i la r  to tha t  of  a c is -b is  (bipy) complex in which

there  would be an exciton couplet  of approximately h a l f  the in t e n s i t y  of

th a t  of  I I  due to coupling of  the two bipy l igands and a very weak

c i r c u l a r  dichroism due to the bipy l igand.  This model f i t s  the
2 - -

descr ipt ion of  the c .d .  f o r  U_ but can be ruled out f o r  H_ as in the  

l a t t e r  case there would be an exciton couplet due to the in te r a c t io n  of  

two bipy l igands but on examination of  the spectrum the exciton band with  

p o s i t ive  ro ta t io n a l  strength is at an energy which is  too high fo r

i t  to  be associated with the absorption of bipy . This theory  is

u n l ik e ly  to be correct  f o r  _H because in the analogous ruthenium 

complexes there is  strong exciton in teract ions  even although there is  

a f a i r l y  large d i f fe re n c e  in energy between the bipy and bipy t ra n s i t io n s  

and in the osmium complexes the d i f ference in energy between the bipy and



bipy t ra n s i t io n s  is  much less and so there should be a much greater  

exciton in te r a c t io n  in the osmium complexes.

The t h e o re t ic a l  c i r c u l a r  dichroism spectra (shown in the insets in 

Figure 34) were ca lcu la ted  as before using the parameters given in 

Table 11. The re su l ts  of  the calculat ions are shown in Table 12 and 

these were used to construct the schematic energy leve l  diagram shown 

in Figure 35.

TABLE 11: Parameters used to calcu la te  the exc iton s p l i t t i n g  patterns

of  I I '  and I I 2".

Parameter n," n 2"

A E 1
34,600 cm 31,746 cm

AE3 31,750 cm 34,483 cm’

bV
1 2

970 cm 1,400 cm’

bV13 1 , 2 0 0 cm 1 , 2 0 0 cm

ar  = r  r l 3 2.63 x 1 0 " cm 2.63 x 1 0 " cm

Pi 3 .74 x 1 0 " 8 e .g .s . 3 .58  x 1 0 " 8 e .g .s .

P3 3.58 x 1 0 ' 8 e .g .s . 3.74 x 1 0 ' 8 e .g .s .

*1
34,722 cm 31,104 cm

C
O

 
1 > 31,104 cm 34,722 cm

a The distance between the "centre" of  the t r a n s i t io n  dipole  moment 

of  the bipy molecule and the centre of  the metal atom was assumed to  

be equal in ruthenium and osmium.

b V-J2 and V-jg were assumed to have the same value in the corresponding 

ruthenium and osmium complexes.
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TABLE 12: Results of  the calcu lat ions  of  the exciton s p l i t t i n g

2 -

parameters of  _H and H_

A-[Os(b ipy )^ (b ipy  ) ] + A-L Os(b ipy)(b ipy~)g3

eb+ 36,215 cm 1 ‘
eb+ 34,463 cm' 1

ea 33,632 cm- 1
e b' 33,166 cm 1

eb ' 31,105 cm" 1
ea

30,346 cm

db+ 26.3 x 10 3 8  e . g . s .
db+ 26.4 x 10 ' 3 6  e . g . s .

da
7 .0  x 10 3 8  e . g . s .

db" 6.7  x 10" 3 6  e . g . s .

V 7.6  x 10" 3 6  e .g .s .
da 6 .4  x 10" 3 6  e . g . s .

rb+ 4.90 x 10" 3 8  e .g .s .
rb+ 5.00 x 10 3 8  c .g .s

ra -2 .84  x 10" 3 8  e .g .s .
rb ' -2 .6 5  x 10" 3 8  e .g .

rb
-2 .06  x 1 0 " 3 8  e .g .s .

ra
-2 .3 3  x 10" 3 8  e .g .

On examination of  the th eo re t ica l  c i r c u l a r  dichroism spectra of  the 

2 -species 2 1  and H  i t  is  immediately apparent th a t  they d i f f e r

2 -considerably from the c .d .  spectra calcu lated  f o r  1_ and 1  and so i t  is
2 -

no surpr ise tha t  the experimental c .d .  spectra of  _H and I I  are

-  2 -  -  d i f f e r e n t  from those of  1  and l_ . For the case of  H  i t  is easy to

f i t  the ca lculated c .d .  spectrum with the experimental  spectrum

e s p e c ia l ly  i f  the value of  was increased and the value of  Rg~ was
2 -

decreased. The calculated c .d .  spectrum f o r  is  in exce l len t

agreement with the experimental c .d .  as both have a high energy

p o s i t iv e  band and the two negative bands in the calcula ted c .d .  spectrum

would form a broad band as is shown in the experimental  c .d .  spectrum.
2 -

The c .d .  spectrum of H  is  also very s im i la r  to th a t  of  the hetero-

77 2+t r is c h e la te d  complex [O s fb ip y ^ p h e n lJ  in which i t  is assumed tha t

there  is  no rr-electron exchange between the ind iv idua l  l igands in the complex.
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FIGURE 35 : Schematic energy level diagram f o r  wave funct ions

T q ,  $ - j , ^ 2  and before exciton in te r a c t io n  and f o r  wave 

funct ions T q ,  T g + , andYg a f t e r  exciton exchange.
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2-
This strongly  suggests tha t  H_ can be formulated using the loca l ised  

theory with exciton exchange occuring between d i s t i n c t  bipy and bipy  

l igands and i t  is therefore  very l i k e l y  th a t  behaves in a s im i la r  

fash ion.  The calculated c .d .  spectra have again reproduced qui te  wel l  

the energies,  in te n s i t ie s  and r e l a t i v e  signs found in the measured 

spectra and so based on th is  evidence and th a t  of  the absorption  

spectra i t  is  proposed that  osmium complexes behave l i k e  the analogous 

ruthenium complexes. The added e lectrons  are loca l ised  on the bipy  

l igands and exciton coupling takes place between the ind iv idual  bipy  

and bipy l igands.

Chemical Reduction

All  previous syntheses of the reduced complexes of and H_ were done

e lec trochem ica l ly .  This method makes i t  extremely d i f f i c u l t  to i s o la t e

samples of  the compounds produced and so a chemical method of reducing

the complexes was sought. This was achieved by react ing complexes

]_ and H_ with l i th ium  metal in N, N-dimethylformamide. The reaction

proceeds exothermical ly r ig h t  through u n t i l  the t r i p l y  reduced complexes 

3- 3-and H_ are formed. These were i d e n t i f i e d  by t h e i r  absorption and

c i r c u l a r  dichroism spectra which-are shown in Figures 36 and 37 fo r  

3-  3-1  and respect ive ly .  S im i la r  chemical reductions using l i th iu m

and other a lk a l i  and a lk a l in e  earth metals have been used to synthesise

reduced f i r s t  row t ra n s i t io n  metal t r i s  ( 2 , 2 ' - b i p y r i d i n e )  complexes

130in the past and these have been reviewed by McWhinnie et  a l .

I t  was mentioned e a r l i e r  tha t  the c .d .  spectra of  the reduced ruthenium 

complexes had to be run at low temperature because the t r i p l y  reduced 

complex was found to racemise in the a c e t o n i t r i l e  so lut ion.  When the
3_

t r i p l y  reduced species I is  prepared by chemical reduction i t  is
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FIGURE 3 6 : The absorption and c i r c u la r  dichroism spectra of  l i th iu m

A - t r i s ( 2 , 2 ^ - b i p y r i d i n y l ) r u t h e n a t e ( I I ) .
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FIGURE 37 : The absorption and c i r c u la r  dichroism spectra of l i th iu m

A - t r i s ( 2 , 2 ' - b i p y r i d i n y l ) o s m a t e ( I I ) .

200 -

- 200 -

Anm 800600400
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o p t i c a l l y  stable in both the so l id  s ta te  and in N, N-dimethylformamide

but racemises (with a h a l f - l i f e  of  approximately one hour) in a c e t o n i t r i l e .

There are three p o s s i b i l i t i e s  why the t r i p l y  reduced complex is more

2+
l a b i l e  than A - [Ru( bi py ) i t s e l f :  there is  substantial  e lectron  

d e loca l isa t ion  from l igand to metal producing a p a r t i a l  d^ conf igura t ion ,  

the l igand f i e l d  of  bipy is considerably less than that  of  bipy, or 

repulsion between the negat ive ly  charged bulky bipy ligands leads to  

much easier  d issoc iat ion .

The f i r s t  p o s s i b i l i t y ,  th a t  of  electron d e loca l isa t ion  from l igand to metal

3-is the most u n l ik e ly  reason fo r  the racemisation of  as bipy is known

to  be a very good e lectron acceptor taking up to two extra  electrons

w ith in  the molecule and also th is  mechanism would be expected to occur in

the analogous osmium complexes which have been found to be completely

o p t i c a l l y  s table .  Also the c i r c u la r  dichroism spectra of  the l igand

t r a n s i t io n s  have been modelled successful ly by the exciton theory of

opt ica l  a c t i v i t y  in which i t  is assumed that  no d e loca l isa t ion  of

e lectrons takes place between the l igands and the metal ion.  I f  e lec tron

de lo ca l is a t io n  between the metal and l igands did take place to any

great extent then the assumptions of the exciton theory would be in v a l id

and the spectra would be expected to be d i f f e r e n t  from tha t  predicted by

the theory.  This has been found to be the case with other t r a n s i t io n

128metal complexes with anionic l igands such as oxalate or pentane-2 ,4 -  

129dionate in which m e ta l - to - l ig a n d  charge-t ransfer  TT-bonding is  

thought to occur to a large  extent and these complexes lack the 

c h a r a c te r is t ic  exciton form in t h e i r  c .d .  spectra.

The la s t  p o s s i b i l i t y ,  th a t  of  e le c tron ic  replusion between the l igands,  

may have a small e f f e c t  in the l a b i l i s a t i o n  of  the bipy ligands but on 

i t s  own th is  e f f e c t  should be f a i r l y  minor. The ionic  radius of



Os^+ (0.067 nm) is la rg e r  than that of  Ru^+ (0.065 nm) but the

d i f fe re n c e  is  n e g l i g i b l e , ^  s im i la r ly  the ion ic  radius of  0 s^+ should

2+be v i r t u a l l y  the same as that  of Ru . I f  th is  was the sole reason
3_

fo r  racemisation then H_ would be expected to racemise also (perhaps

3~ 3-
a l i t t l e  slower than _I_ ) hut in pract ice  n_ appears to  be completely

optica lly  stable.

3_
The most l i k e l y  reason f o r  the 1 abi 1 isa t io n  in _I_ is the second reason,

th a t  i s ,  bipy has a weaker l igand f i e l d  than bipy.  Bipy is known to

be a Tr-electron acceptor ligand and stabilises many transition metal
130low-oxidation s ta te s .  Therefore some meta l- to -1 igand Tr-back-bonding 

w i l l  take place in t r i s ( 2 , F - b i p y r i d i n e )  complexes. This is  born-out 

by the f in d in g  th a t  the R u ( I I ) - N  bond length in _I was found to be
o c

shorte r  than th a t  of  R u ( I I I )  bond lengths in s im i la r  complexes, 

contrary  to the expected longer bond length due to the la rg e r  ionic  

radius of  R u ( I I )  compared with R u ( I I I ) .  Bipy however has an e lectron  

in the t t7  anti  bonding o rb i ta l  and so TT-back donation from the metal 

in to  the l igand antibonding o rb i ta ls  should be reduced. This should 

be accompanied by an increase in the Ru-N bond length ( i . e .  a 

weakening of the meta l - l igand  bond) in the reduced complexes and thus the  

t r i p l y  reduced complex would be expected to be more l a b i l e .  The 

s in g ly  and doubly reduced complexes would not be expected to  racemise 

as in these cases there  are two and one re s p e c t iv e ly ,  n on - lab i le  

bipy l igands preventing the complex from racemising.  Racemisation
3_

in the osmium complex, ll_ , presumably does not occur because osmium 

is  a th i rd - ro w  t r a n s i t io n  metal and so i t s  l igand f i e l d  s ta b il is a t io n  

energy is  greater  than th a t  of  Ru, counteracting the reduced ligand 

s t a b i l i s a t i o n  energy of  bipy".  Note, th is  e ffe c t i s  w ell known fo r  

example the t r i s  (b ipy) complexes of Fe( I I )  and N i ( I I ) lose nearly a l l
o

of t h e i r  o p t i c a l  a c t i v i t y  a fte r  approximately two hours in  aqueous media
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whereas J_ and U_ are o p t i c a l l y  stable  due to t h e i r  greater  l igand  

f i e l d  s t a b i l i s a t io n  energy. Another example is of  course the t r i s  

(b ipy)  complexes of  R u ( I I I )  and O s ( I I I ) ;  CRu( b ip y ) 3 ^ l oses approximately  

h a l f  i t s  optica l  a c t i v i t y  in one day whereas [Os(bipy)g]^+ is completely
Q

o p t i c a l l y  stable as O s ( I I I )  has a l a rg e r  l igand f i e l d  s t a b i l i s a t io n  

energy than R u ( I I I ) .



CHAPTER 5

THE LUMINESCENCE AND INFRARED SPECTRA OF [Ru(bipy)332+, [Os(bipy)332+

AND THEIR REDUCED ANALOGUES
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Luminescence

2+The luminescence spectrum of [Ru(bipy)g] is  wel l known and has

20re c e n t ly  been reviewed by Kalyanasundaram . The o r ig in  of  the

emission is  from the decay of the MLCT exci ted s ta te ,  the emit t ing

T T T -  9+ 1
s ta te  being formulated as [Ru ( b i p y l ^ b i p y - )] , in which the

t ra n s fe r re d  electron has been loca l ised  on one bipy l igand; th is  has been

tre a te d  in more de ta i l  in a recent discussion.  Since the emission is

essentially of tt* d in nature i t  would be interesting to see how

the luminescence of the complex would be a f fec ted  when i t  is  reduced.
3-

Accordingly the room temperature emission spectra of  !_ to _I_ have 

been measured spectroelectrochemical ly and are shown in pa irs  fo r  

comparison in Figures 38 and 39.

3_
The emission spectra of and l_ are shown in Figure 38. The o r ig in a l

band of I is  centred on 16,498 cm  ̂ and is  approximately s ix ty  times
3_

as intense as the new emission band of _I which has a higher energy and

-1  -  2 -is  centred on 17,650 cm . The emission spectra of  I_ and l_ are

shown in Figure 39. The or ig ina l  emission band of _I has been reduced

more than ten times in I "  but the energy of  the emission has remained

the same and the band shape is more asymmetric compared to th a t  of  l_.

There is  another decrease in in te n s i t y  by a f a c to r  of  approximately s ix

when I is  produced from I_ and jump to higher energy of  the band

maximum. The main points to note about the emission spectra of the
3-

ser ies  of  complexes to _I_ are:

( i )  The in te n s i t y  decreases ra p id ly  from to to and then

2- 3-
increases again (by a small amount) from _I_ to .

( i i )  The energy maximum of the bands are approximately constant from
2 -

I to r ,  there  is a jump to higher energy from to and then
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FIGURE 38 : Emission spectra of  [Ru( b ip y ) 3 ] ( sol i d l i n e )  and

[Ru( bipy )^1 (broken l i n e )  in a c e t o n i t r i l e  using

20,481.5 cm  ̂ (488.0  nm) e x c i ta t io n .  Emission in t e n s i t y  is  

in a r b i t r a r y  un i ts ,  note tha t  the in te n s i t y  of  I is  x 1/60

1— 1

a

LU

(— Jintensity x 1/60
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FIGURE 3 9 : Emission spectra of [Ru( b ip y ) ^ ( ipy )J+ (so l id  l i n e )  and

[Ru( b ip y ) (bipy (broken l i n e )  in a c e t o n i t r i l e  using

20,481 .5  cm  ̂ (488.0 nm) e x c i t a t io n .  Emission in t e n s i t y  

is  in a r b i t r a r y  un i ts ,  note tha t  the i n t e n s i t y  of  l_ is  x 1 / 6

LU

) intensity x1/6

20 18 16 14 cm-1x10-3 12
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2- 3-
from J_ to l_ the energy is  approximately the same again.

3_
( i i i )  Bands _I_ and l_ are reasonably symmetrical , whereas bands I 

2 -

and _I_ are asymmetric with high and low energy shoulders 

respective ly

I t  is  obvious from these points tha t  the emission spectra are not 

simply showing a gradual decrease in in t e n s i t y  and a gradual s h i f t  to  

higher energy of the emission band, but something more complicated is  

occurring as the complex is reduced in successive stages.  Also the 

emission in _I_ is from the decay of  the metal to bipy charge t ra n s fe r  

s t a t e .  'However, as the complex is reduced the number of  bipy l igands
3_

decreases un t i l  is  formed in which there are only bipy l igands,
3-

so the question a r ises ,  what is  the emit t ing sta te  in _I_ ?

In an attempt to c l a r i f y  these re s u l ts ,  the emission spectra of  the
3-

ser ies  of  osmium complexes I I  to were measured, and these are

shown in Figures 40 and 41. Figure 40 shows the emission spectra of

3- 3-I I  and I I  which are very s im i la r  to those of J_ and _I_ , the only main

d i f fe re n ce  is that  the energy of  the emission in is at a lower

energy than the corresponding emission of _I_. Again the in t e n s i t y  of
3_

the new band of I I  is  much weaker and at a higher energy than the
2 -

band of I I .  The emission spectra of  _H and _H are shown in Figure 41

and i t  is immediately obvious tha t  two emission bands are present in the

2 -

emission spectra of _H and U_ . The in t e n s i t ie s  of  the emission

bands fo l low  the same pattern  as in the ruthenium cases, with large
2 _

drops in the in te n s i ty  from H_ to H_ to H_ and then a s l ig h t  increase

2- 3-
in in t e n s i t y  from I I  to U_ which suggests tha t  the same process is  

occurring in both series of  compounds. Table 13 gives the energies in 

wave-numbers of the emission band of both series of  compounds, the new
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FIGURE 4 0 : Emission spectra of [ O s ( b i p y ) ^ l ( s o l i d  l i n e )  and

tOs( bi py )^J (broken l i n e )  in a c e t o n i t r i l e  using 20,149 .5  cm ^

(496.5 nm) e x c i t a t io n .  Emission in t e n s i t y  is  in a r b i t r a r y

- 2
un i ts ,  note th a t  the in te n s i t y  of  I I  is  x 10 .

LU

L X ________________ i___________________ I------- ^ -------------------- 1---------------------------------

20 18 16 14 cm-1x10-3 12



FIGURE 41 : Emission spectra of [0s ( b ip y ) ^ ( t>ipy ) ] + (so l id  l i n e )  and

[Os( bi py ) (bipy )^J (broken l i n e )  in a c e t o n i t r i l e  using

20,149 .5  cm  ̂ (496.5 nm) e x c i t a t i o n .  Emission in te n s i t y  

is  in a r ib i t a r y  u n i ts ,  note th a t  the in t e n s i t y  of  I I  is  2 x 10 ^

) intensity * 2x10'»/

14 cm 1 x10 3 12
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emission bands in the reduced complexes are under the heading bipy , 

the o r ig in a l  bands are under the heading bipy.

3- 3TABLE 13: The energies of  the emission bands of l_ to I and I I  to  I I

in wavenumbers (cm

bipy bipy' bipy bipy’

I  16,498 - _n 13,458 -

r  16,500 - I I " 13,352 17,649

I 2" 15,243 17,604 i i 2' 13,514 17,468

I 3' 17,650 ' h—
1 

' l—
t CO 1

13,427* 17,314

*  see te x t  fo r  explanation

2 -

In the emission spectra of  H_ and H_ there  is the p o s s i b i l i t y  th a t

residual  H_ is causing the emission band at 13,352 and 13,514 cm"^

re s p e c t iv e ly .  However, as has been shown already,  the concentrat ion of

I I  should be reduced by three orders of  magnitude when 11” is

electrogenerated and since the emission at tha t  energy is  only reduced

by f i v e  t imes,  i t  is  u n l ik e ly  to be due to the small amount of  which
2 -

would be present.  S im i la r ly ,  when T^ is  electrogenerated the concentrat ion

of _H w i l l  be reduced by more than seven orders of  magnitude, th e re fo re

i t  is  extremely u n l ik e ly  tha t  some res idua l  _H is causing the low energy
2 -

emission in the spectrum of _H . I t  is  there fore  concluded tha t  the

two emission bands present in the mixed osmium species are real  and i t

is  l i k e l y  tha t  the mixed ruthenium species also have two emission bands,

which would also be an explanation f o r  the asymmetry of  the bands in
2 -

I and I . So what the emission spectra appear to show in both the  

ruthenium and osmium complexes is the progressive reduction in the  

i n t e n s i t y  of  the charge t r a n s fe r  emit t ing  s ta te  from the s ta r t in g  complexes
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to the doubly-reduced complexes u n t i l  i t  has been completely removed in 

3- 3-
J- anc* 1 1  anc* the replacement of  th is  band with a new higher energy

emission which increases in in te n s i t y  u n t i l  i t  is  at  a maximum in the

3 -t r ip ly - re d u c e d  complexes. Now the emission spectrum of H_ appears to

have two bands which is  contrary  to the statement above. The production

of  the t r ip ly - redu ced  complex is  at a voltage where the solvent is  ju s t

beginning to be reduced (es p ec ia l ly  i f  impur i t ies  are present)  and the

3 -explanation of  why there is a low energy band in I I  is  probably

because of incomplete reduction r e s u l t in g  in some H_ present in the

s o lu t io n .  This is the most l i k e l y  explanation as in some absorption and

c .d .  experiments incomplete reduction occurred.  I f  complete reduction  

3-to produce pure H_ was achieved i t  would be expected on t h is  basis to
3_

have only one weak emission band l i k e  the spectrum of I

The o r ig in  of the new emission band has s t i l l  to be decided. I f  the 

absorption spectrum of _II_ is re-examined in r e la t io n  to i t s  luminescence 

spectrum and the 4 9 6 .5  nm ( 2 0 ,1 4 9 . 5  cm laser  e x c i ta t io n  (Figure 42)  

the p ic tu re  soon becomes c le a r .  The laser  e x c i ta t io n  is  at  an energy where 

only the MLCT t ra n s i t io n s  can be excited in the s ta r t in g  complex. Now 

as the complex is reduced, the MLCT bands are s te a d i ly  replaced by 

what is  thought to be the tt7 —> tt10 t r a n s i t io n  of  bipy . I t  was shown 

e a r l i e r  in Chapter 3 th a t  "free" bipy” has an emit t ing s ta te  which was 

thought to be a ttIO —> tt7 l igand centred decay at approximately the same 

energy. Also the new emission is  at a much higher energy than the 

n7 —>  tt8 and tt9 absorptions of the complexed bipy ( these occur between 

700 and 1600 nm) and so i t  is concluded that  the new emission band in 

the reduced complexes are due to the l igand centred ttIO tt7 decay of  

the complexed bipy” . The same conclusion is reached fo r  the reduced 

complexes of  the analogous ruthenium complex.
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FIGURE 4 2 : The absorption (so l id  l i n e )  and luminescence (broken l i n e )

of [Os( b ipy ) ^ ( bipy )] + , H_ in r e la t io n  to the 496.5 nm 

(20,149.5 cm ^) laser  e x c i t a t io n .  Note, the luminescence 

in te n s i ty  is an a r b i t r a r y  scale and the in te n s i t y  of the 

high energy luminescence band has been increased 18 times 

compared to th a t  of  the low energy band.

___________i___________ 1__________ ILZ_________I_____ = ____ I__________JL(J

200 400 600 Anm 800
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Support f o r  the l igand centred emission also comes from comparison 

of the energies of  the emit t ing  states in the ruthenium and osmium 

complexes. The energies of  the emitt ing states in _I_ and J_I_ are qu i te  

d i f f e r e n t  as would be expected fo r  MLCT t ra n s i t io n s  with two d i f f e r e n t
3_

metal centres .  However the energies of the emit t ing  states in _I_ and
3-

I I  are very s im i la r  as would be expected fo r  the same t r a n s i t io n  in 

the same molecule in s l i g h t l y  d i f f e r e n t  chemical environments.

The in t e n s i t i e s  of  the luminescence spectra of  the complexes and t h e i r  

reduced analogues do not increase and decrease s t e a d i ly  by a t h i r d  as 

each successive e lec tron  is added l i k e  the absorption spectra i n t e n s i t i e s .  

The v a r ia t io n  in the in t e n s i t i e s  is considerably more complex than t h a t .

For the MLCT luminescence when the s ingly  and doubly reduced complexes 

2 -  2 -_I_ and U  and and H_ respect ive ly  are formed the i n t e n s i t y  of  

t h e i r  luminescence decreases by approximately an order o f  magnitude on 

each reduct ion.  The bipy" luminescence on the other hand appears to  

increase by approximately one t h i r d  on each successive reduction s im i la r  

to the absorption i n t e n s i t i e s  fo r  bipy .

S im p l i f ie d  energy leve l  diagrams fo r  the reduced complexes l_ and 

are shown in Figure 43. On consultat ion of th is  energy level  diagram,  

i t  can be seen tha t  i t  is  extremely d i f f i c u l t  to der ive  any information  

concerning the i n t e n s i t i e s  of  any of the luminescing s ta te s .  This is  

because none of the quantum y ie ld s  0 are known f o r  any o f  the decay 

processes, be they r a d ia t i v e  or non-rad ia t ive .  The f a c t  t h a t  there  

are two emit t ing s ta tes  complicates matters because now there  could 

also be non-ra d ia t ive  decay (0 2 ) between the two luminescing leve ls  in 

the complex. Al l  t h a t  can be said is tha t  the non-ra d ia t ive  decay 

0 g is  presumably more e f f i c i e n t  than the non-rad ia t i  ve decay 0 -j as in



142

-O
e
ro

co
CU
X
CU

C
O

U—
ro
LJ
X
CD

OJ
COro

o

£

C L

a .
In

nO
•O

COo

_OM
c -

C

C L
In
. n .
In

i_n
“O
co

O

ou
x j
CUO3XI
OJ
S-

CJ)
e

CU

4 -O
co
cu+jro

+->
to

cn
e

cu
cuJC4->

E
ro
S-
c n
ra

CU>
cu

>>
CDL-
CD
E
CU

ra
+->
ECU

s-
<u
Q .
X

m  
- O .

o
- Q -

LD
- e -

AY

AY
- e -

\

o
C M

m
o > o

J L
CM

J5L AY

-a
(O
s-
i

e
o
E

t
^0
ro
C_>
CU

X3

CU>
• r -
•4-»
ro

• r -
XJ
rO
S-

m

- e -

o
- e »

LT»
- O -

ro

UJDC
CDi—i
Li_

C
o
ro
G
x
cu
C_
aj
co
ru

CNJ
o  pr

.S- £
inCM  

>* ^  CL .9 *
1 5  J=>

vo lh 
*o  "O
n  n  

q : q : Ru 
bip
y2 
bip
y“
(n 
7) 

 
 

v 
v 
- 
Lg 

 
 

*—
* 
 

0
sd̂
bi
py

2 
bip
y”
(rf
7)



143

the s ingly  and doubly reduced species the in te n s i t y  of  the MLCT luminescence 

0^ f a l l s  d ram at ica l ly .  However, there must be considerable non-rad ia t ive  

decay from the nlO level as i t s  luminescence in t e n s i t y  is very low, 

th a t  is the quantum y ie ld  0  ̂ f o r  th is  decay is  very low.

I f  these emission assignments are c orrec t ,  namely the lower energy 

emission in each complex is a charge t ra n s fe r  emission and the higher  

energy emission is an in t r a - l ig a n d  nlO —> tt7  t r a n s i t io n  then the two 

emission processes must occur on e le c t r o n ic a l l y  d i s t i n c t  bipy l igands.  

Furthermore,  since the charge t ran s fe r  emission is a property of bipy  

and the ttIO —> t t7  emission is a property of bipy and since the two 

processes occur together in the h e te ro - t r ische la ted  complexes, then there  

must be d i s t i n c t  bipy and bipy l igands present together in the hetero-  

t r i s c h e l a t e s . Hence charge lo c a l is a t io n  must occur in the mixed bipy  

and bipy complexes which supports the resu l ts  of  the c i r c u l a r  dichroism 

spectra .

In f ra re d  Spectra

The in f ra red  spectra of  bipy and i t s  complexes have been measured on

numerous occasions in the past and have been well documented.113,117,130

113The in f ra re d  spectrum of L ib ipy has been measured by Konig and Lindner

in solut ion and more recen t ly  (Chapter 3, th is  work) in the s o l id - s t a t e

and compared with th a t  of  bipy.  I t  would there fore  be of  in te re s t  to

see how the in f ra re d  spectrum of l_ and H_ compare with those of  the

3- 3-
analogous reduced complexes I_ and H_ an  ̂ with the spectra of both 

bipy and bipy".

Conventional electrochemical preparations of the reduced complexes of  

I and I I  have made i t  extremely d i f f i c u l t  fo r  t h e i r  in f ra red  spectra to 

be measured and th is  has not h i ther to  been accomplished.



144

Chemical reduction of _I_ and has however provided a r e l a t i v e l y  simple

3- 3-
method f o r  i s o la t in g  the species and H_ and the use of  vacuum 

l i n e  and dry-box techniques has enabled the s o l id - s t a t e  in f ra red  

spectra of  these complexes to be measured.

3- 3-
The in f ra re d  spectra of _I_» l_ , H_ and H_ are shown in Figures 44,

45,  46 and 47 respec t ive ly  and the band energies in wavenumbers fo r  

the four  complexes are l i s te d  in Table 14 together  with t h e i r  

empirical  assignments.

The in f r a r e d  spectra of  various f i r s t  row t r a n s i t io n  metal t r i s ( 2 , 2 ' - b i p y ­

r i d i n e )  complexes have been examined in some depth by Konig and 

113Lindner.  The empirical assignments in Table 14 are based on t h e i r  

f i n d i n g s .

3-
One of the main things to note about the in f ra re d  spectra of  1  >

3- -3 3-I I  and I I  is  th a t  the pairs of complexes _I_ and H_ and l_ and n_

have extremely s im i la r  spectra,  both in the number of  bands and in the

band energies.  A f u r t h e r  point to note is  th a t  in the spectra of  the

3 - 3 -t r i p l y  reduced complexes I and I I  , bands c h a r a c te r is t ic  of  

dimethylformamide (DMF) are present.  These are probably due to co­

ordinated solvent ra ther  than residual solvent from the preparat ion  

of the complexes. The solvent bands are qu i te  weak compared to the 

bands, of  the complex so there is probably only one solvent molecule 

present and th is  is  possibly co-ordinated to the l i th iu m  counter ion.

The in f ra re d  spectra are e s s e n t ia l ly  those of  the l igand molecules 

as the meta l-n it rogen v ibra t ions occur at  energies lower than 400 cm- 1 .

The spectra can be divided up s i m p l i s t i c a l l y  in to  two regions, the C-H 

st re tch ing  v ib ra t ions  above 2600 cm" 1 and the r ing s tretching and 

bending modes together  with the C-H bending modes below 2600 cm ^
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FIGURE 4 4 : In frared spectra of  IRu( b ipy ) 3 ] C l 2 , in f lu ro r lu b e  and nujol  mulls
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FIGURE 4 5 : In frared  spectra of [Ru(bipy ) 3 ! L i , _I_̂  , in f luoro lube

and nujol  mulls
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FIGURE 4 6 : Inf rared spectra of  [0 s (b ip y ) 3 l C l 2 , U _, in f luoro lube  and

nujol mulls
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FIGURE 4 7 : In frared  spectra of  [Os(bipy ) L i , 11  ̂ , in f luoro lube

and nujol  mulls

- o

- o  
. co

" C M

CO

_ ©
©

• CM

~ ©
• CO

c 3  fI I c~o ’

40
00

 
30

00
 

20
00

 
16

00
 

12
00

 
80

0 
40

0 
cm

-



149

TABLE 14: In f ra red  band energies, wavenumbers and empirical

assignments11 3  of I ,  I 3” , I I  and I I 3”

Empirical  AssignmentsI

i00 
i _n I I 3”

3100 3025 3100
3060 2960 3065 2960
3040 2930 3025 2930
3010 2860 2863
2970 2828 2960 2829
2920 2785 2920 2785
2870 2705 2855

2635
1730 1730
1675 1680

1637 1625 1625 1629
1599 1590 1601 1590
1560 1560

1500 1500
1530 1475
1486 1460 1481 1460
1460 1452 1461
1438 1434 1444 1435
1420 1410 1420 1410

1400 1400
1368 1368

1310 1330 1311 1330
1268 1280 1261 1280
1241 1257 1242 1256
1230 1295 1195
1160 1165 1165 1165
1150 1152 1124 1153
1 1 2 0 1123 1106 1124

1088 1090
1068 1070 1070

1050 1050
1024 1030 1 0 2 2

975 1009 1 0 1 0 1009
806 890 897 890
775 859 775 859
766 700 700
730 730

660 660
651 630 660 630
611 525 520

484
455 450

421 419 422 418

C-H s t re tch

DMF

ring st re tch
(C = C and C = N)
DMF
r ing st re tch
(C = C and C = N)
r ing s t re tch
(C = C and C = N)
+ C-H bend
DMF

ring stre tch
(C = C and C = N)

r ing s t re tch  +
i n t e r - r i n g  s tre tch

ring-■H in -p lane
bend

DMF
ring stre tch
ring--H out -o f -p lane
bend
r ing s t re tch  (breathing)

r ing-H o u t -o f -p la ne  
bend

3  DMF

^  r ing bend

^  i n t e r - r i n g  deformation 

J  r ing  to rs ion
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Theory predicts  th a t  when the l igands are reduced the main d i f fe rences

in the in f ra red  spectra w i l l  occur in the C-N ske le ta l  bands, with some

bands moving to higher energies and some moving to lower energies.

When the spectra of  the reduced complexes are compared with those of

the s ta r t in g  complexes i t  is  found that  th is  appears to be the case.

For example the strong ske leta l  band at approximately 1600 cm’  ̂ in

and _H is s h i f te d  some 25 cm  ̂ to higher energy in the reduced 

3- 3-complexes and H_ whereas many of the other bands in the reduced 

complexes are at lower energies than in the non-reduced complexes.

The most surpr is ing fea tu re  about the reduced spectra however is  the 

e f f e c t  th a t  reduction has had on the hydrogen bending and stre tch ing  

modes. In p a r t i c u la r  the hydrogen s tre tch ing modes are very d i f f e r e n t  

in the reduced complexes compared to the non-reduced complexes. They

appear to be more intense in the reduced complexes and are sh i f ted  by

-1 3-approximately 120 cm to lower energy leaving only one band in I

above 3000 cm ^.

The in f ra red  spectra of  the reduced complexes have very s im i la r  band

energies to those of  Libipy  (Table 4 ) ,  although the complexes have more

v ib ra t io n a l  modes than L ib ipy .  This is most noticeable  in the C-H

s tre tch ing  region where the C2v symmetry of  Libipy  is  expected to

113produce e ight in f ra red  act ive  C-H stre tch ing modes. Whereas in 

the complexes each bipy l igand contr ibutes e ight  C-H s t re tches.  The 

re s u l t in g  twenty -four  frequencies transform with in  the overa l l  D3 

symmetry of  the complex according to 4Â  + 4A^ + 8 E. Of these only the  

A2 and E modes are in f ra red  act ive  and thus twelve C-H stre tch ing  

v ib ra t ions  are expected.  In pract ice  only f i v e  bands are d ist inguished
3-

in L ib ipy  and only e ight bands are v is ib le  in I_ due to low i n t e n s i t y  

and poor reso lu t ion  of  the spectra.



151

The f a c t  th a t  the band energies in the osmium and ruthenium complexes 

and the band energies in Libipy are so s im i la r  to those of  the reduced 

complexes re in forces  the assumption th a t  the centra l  metal ion confers  

only minor perturbations to the co-ordinated l igands in the complexes.
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CHAPTER 6

SPECTROSCOPY OF [Ir(bipy)3I3+, III, AND ITS REDUCED ANALOGUES
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The t r i s ( 2 , 2 ' - b i p y r i d i n e ) i r i d i u m ( I I I ) ion was f i r s t  prepared in 1973

14by Flynn and Demas. Since then various workers have character ised  

i t s  a b s o r p t i o n ,^  luminescence^’ ^  and n . m . r . ^ ’ ^  spectra  and i t s

e l e c t r o c h e m i s t r y ^ ’ ^ * ^  and s p e c t r o e l e c t r o c h e m i s t r y ^ ’ ^  have 

re c e n t ly  been reported .  Pr io r  to th is  work, however, the complex had 

not been o p t i c a l l y  resolved .  This has now been achieved and the c i r c u l a r  

dichroism spectrum of  A - L I r ( b ipy ) 3 ^ ,  I I I , and i t s  chemical ly  reduced 

analogues have been obtained.

C i r c u la r  Dichroism

The absorption and c i r c u l a r  dichroism spectra of  I I I  are shown in

Figure 48. The n e a r - in f ra re d  and v is ib le  regions of  the

absorption spectrum are e n t i r e l y  feature less and the f i r s t  major

absorption band at  318 nm is  thought to be the i n t r a l ig a n d  tt6 - >  tt7 

38t r a n s i t io n  of  b ipy.  The c i r c u la r  dichroism spectrum of  I I I  is  almost

c e r t a i n l y  of  reduced i n t e n s i t y  due to the small amount o f  sample

a v a i la b le  fo r  re s o lu t io n .  The spectrum is  s im i la r  to those of  the

12 13 22analogous cobalt  and rhodium complexes ’ ’ and the bands are

s i m i l a r l y  assigned. The f i r s t  two pos i t ive  c i r c u l a r  dichroism bands

have the c h a r a c t e r is t i c  pattern  of  s im i la r  3+ metal complexes and th is

confirms tha t  the complex is the A-enant iomer.  The energy of  the

f i r s t  po s i t ive  band at  320.5 nm (31,201 cm” b  is  also very s im i la r  to

13 22 3those of  the corresponding cobalt  and rhodium complexes ’ (31 .2  x 10

3 -1and 31.3  x 10 cm re s p e c t iv e ly ) .  However, in other metal 3+ complexes 

the two pos i t ive  (E mode) c i r c u la r  dichroism bands are fo l lowed by a 

higher energy (A2  mode) negative c i r c u la r  dichroism band. This is  absent 

from the spectrum of  E l r ( b i p y ) ^ 3 s o  there is  possibly  some other  

t r a n s i t io n  l i k e  a charge-transfer band present which has cancel led with  

the mode of I I I  in t h is  region of the spectrum.
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Unfortunate ly ,  not enough [ I r ( b i py ) ^ 3 was synthesised to be able 

to run any spectroelectrochemical  experiments, however, the complex was 

successful ly  reduced chemical ly with l i th ium ,  the absorption and 

c i r c u l a r  dichroism spectra of  which are shown in Figure 49.

The absorption spectrum of the reduced complex is id e n t ic a l  with th a t  

of the t r i p l y  reduced species reported previously by Yel l  owl e e s ^ ’ ^
3_

and confirms th a t  i t  is  the t r i p l y  reduced complex I I I  . The 

absorption spectrum in t h is  work has been extended to below 300 nm to  

reveal  the intense band at  approximately 285 nm with a low energy 

shoulder at approximately 315 nm. Y e l lo w le e s ^ ^ s^ ^  assigned the bands 

centred on 500 nm to the t t7  — >  t t !0 t ra n s i t io n  of  bipy and the bands centred  

on 380 nm to the n6 —=> t t 7  t r a n s i t io n  of  bipy’ . I t  is  in t e r s t in g  to  

note th a t  the p r o f i l e s  of  these two groups of bands are v i r t u a l l y  the 

same, the only d i f fe re n c e  being that  one set are less intense and are 

s ituated  at lower energies.  Also the in te n s i t y  of  th is  n6 —> t t 7  t r a n s i t io n  

of bipy (£= 2 . 6  x 1 0 ^) is  less than h a l f  of those found f o r  the 

corresponding ruthenium and osmium complexes (Chapter 4 ) .

On examination of  the c i r c u l a r  dichroism spectrum, i t  is  found 

unexpectedly th a t  there  is  no exciton couplet centred around 380 nm f o r  

the t t 6  — >  t t 7  t r a n s i t io n  of  bipy . Like the absorption bands, the  

p r o f i l e  of  the two c i r c u l a r  dichroism bands centred on 380 and 500 nm 

are v i r t u a l l y  the same with again the only major d i f fe re n c e  being 

th a t  one is  lower in i n t e n s i t y  and at a lower energy.

When the high energy absorption band centred on 300 nm is  considered,  

i t  is  found th is  band has a comparable in te n s i t y  to  those of  the
3-

n6 t t 7  t r a n s i t io n s  of  bipy in the t r i p l y  reduced complexes l_ and
o_

I I  . Furthermore there  is what appears to be an exciton couplet under
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FIGURE 4 9 : The absorption and c i r c u la r  dichroism spectra of

A - [ I r ( b i p y ' ) 3 J, I I I 3"
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t h is  absorption band which has the correct energy ordering of  the bands 

(p o s i t i v e  band at low energy, negative band at high energy) f o r  the  

A  enantiomer.

I t  i s  there fore  concluded th a t  the absorption band centred on approximately  

300 nm is in fa c t  the rr6 —> tt7 t r a n s i t io n  of  bipy and th a t  the band 

centred on approximately 380 nm is the t t 7 - >  ttIO t r a n s i t io n  of  bipy~.

This assignment leads to speculat ion of  what the lowest energy v i s i b l e  

absorption band i s .  One p o s s i b i l i t y  is  tha t  th is  is  some sort  of  

charge - t rans fe r  band, however as the bands in both the absorption and 

c i r c u l a r  dichroism spectra are so s im i la r  i t  is  perhaps more l i k e l y  th a t  

t h i s  is  a spin- forbidden tt7 —> tt10 t r a n s i t io n  of  bipy . Presumably
3-

the ground-state f o r  the t r i p l y  reduced complex I I I  is  a quarte t

s t a t e ,  there fore  the spin-forbidden t r a n s i t io n  would have to be from a

qua r te t  ground-state to a doublet e x c i te d -s ta te .  The in t e n s i t y  of  t h is

band is  very large for a spin-forbidden band, however, spin- forbidden

ligand t ra n s i t io n s  of  a s im i la r  in t e n s i t y  have been noted in the past  

14f o r  I I I  . Their  unusually high in t e n s i t y  was a t t r ib u te d  to ar ise

from a large in te rna l  heavy-atom e f f e c t  (z = 77 fo r  I r )  and possibly to

14some mixing with upper c harge - t rans fe r  s ta tes .

3_
When chemical ly reducing I I I  to I I I  with l i th iu m ,  i f  the l i th iu m  was

3_
allowed to remain in the so lut ion of  I I I  then fu r t h e r  changes to the

spectra were observed. This is  l i k e l y  to be due to the formation of  the

quadruply reduced species I I I ^ ~ as according to Yel l o w l e e s ^ ,  111 ̂

is  produced at a voltage of  only -2.22V vs Ag/Ag+ and th is  reduction

4-was also reve rs ib le  suggesting tha t  I I I  is s tab le .  I t  is  thought th a t

the four th  e lectron also enters the l igand o r b i t a l s ,  th is  would give the

6 -  1 2- 2 4-
e le c t ro n ic  configurat ion I r  d bipy  ̂ (tt7 ^ b i p y  (tt7 ) f o r  I I I  .

Now-one of the bipy l igands has i t s  tt7 o r b i t a ls  completely f i l l e d  and
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so i t  cannot have a t t 6  —> tt7 t r a n s i t io n .  This means th a t  the complex
4-

111 should behave l i k e  a bis-complex f o r  exciton coupled long-axis  

polar ised t r a n s i t io n s .  Hence the absorption and c i r c u l a r  dichroism
4_

spectra of  I I I  have been compared with the absorption and c i r c u la r

dichroism spectra of  the doubly reduced carbon-bonded species,

( 2 , 2 ' -b ip y r id in y l  -C^,N'  ) b i s ( 2 , 2 ' - b i p y r i d i n y l  - N,N' ) i r i d i u m ( I I I )

135 136(Figure 50) .  * Both the absorption and c i r c u l a r  dichroism spectra

are very s im i la r .  The exciton couplet of  each species has the c h a r a c te r is t i c

p r o f i l e  of  other complexes where the central  metal has a 3+ charge and

the energy ordering of  the bands is again consistent with the complex

being the A e n a n t io m e r . The existence of  exciton couplets in both

3- 4-
I I I  and I I I  confirms tha t  both complexes have the added electrons  

lo ca l ised  on the bipy l igands consistent with the re su l ts  f o r  the 

osmium and ruthenium complexes.
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FIGURE 50: The absorption and c i r c u l a r  dichroism spectra of

A - [ I  r (  bipy )  ̂( bi py^ )] , 111 ̂  (so l id  l i n e )  and 

A - [ I r ( b i p y  ) ^ ( b ipy^) J (broken l i n e ) .

NB The i n t e n s i t ie s  of  the l a t t e r  spectra are not to scale,

AC

700300
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The v a r ia t io n  theorem states that  the energy of  an approximate wave 

function  w i l l  always be greater  than the lowest eigenvalue of  the 

Hamiltonian.  Thus, fo r  a chosen wavefunction which contains var iab le  

parameters,  i f  the energy of  the function is  evaluated in terms of the 

parameters and then minimised with respect to the parameters, the best

137approximation to the ground and excited s ta te  energies w i l l  be obtained.

So, i f  the to ta l  wave funct ion ,  Y - ,  corresponding to the j t h  excited
J

s ta te  of  the assembly, is expressed as a l i n e a r  combination of the 

unperturbed s ingly  e x c i te d -s ta te  wave functions,  I L , with mixing 

c o e f f i c i e n t s ,  C . - ,  (the v a r ia t io n  parameters) r e f e r r in g  to the i t h  function
* J

of  the j t h  le v e l ,

TP*- = Cl • + Co "IDo . . . .  + C • • + . . . .  C3 l j  1 2j  2 i j n  n j .
( 6 a)

n

or Y  = I C J .  ( 6 b)
i  = 1 1 1

r  <y i h p t > , ,  ,
then,  E = - ( 6 c)

< W >

and s u b st i tu t ing  6 b into  th is  gives,

n n

Z  2  C.C. (H.  . -  ES. .) = 0 ( 6 d)
i = 1 j  = 1

where H. . = < | .  IH IJ . )  and S . .  = < L - l l - )  ( 6 e)
I J  I J  * J  * \J

D i f f e r e n t i a t i n g  6 d with respect to C. ,  keeping the other c o e f f ic ie n ts
J

constant (remembering tha t  H. . and S. . are constants)  gives,
i j  i j



For an energy minimum, (dE/dC .) = 0, we have,
J

n

I C.(H . . -  ES. -) = 0  (7 )
-j -  1 1 > J 1 J

There is  one equation of th is  type fo r  every c o e f f ic ie n t  C. th a t  can be
J

varied ; n equations in a l l .  Now n l in e a r  equations in n unknown 

c o e f f ic ie n ts  of the type in equation 7 are consistent only i f  the  

determinant of the fa c to rs  m u ltip ly ing  the c o e f f ic ie n ts  is  zero; th a t  

i s ,

IH -  ES. .1 = 0  ( 8 )
I J  * J

The determinant, equation 7, which is  ca lled  the secular determinant,  

gives on expansion a polynomial of the nth degree in  E. The n values of  

E obtained by solving the re su lt in g  equation a l l  correspond to turn ing  

points of the function  ( 6 c ) .  The lowest value of E gives the best value  

fo r  the ground s ta te  energy th a t  can be obtained from a function  of  

the type ( 6 b ).  The c o e f f ic ie n ts  of th is  function are obtained by 

s u b s t i tu t in g  th is  energy back in to  the set of simultaneous equations (7 ) ,  

and solving in the usual way; th is  w i l l  give the r a t io  o f the c o e f f ic ie n ts  

and t h e i r  absolute value w i l l  be obtained by normalising the fu n c tio n .

137I t  can be shown th a t  the solutions of (7) give not only the best 

ground s ta te  function  but also the best excited s ta te  functions th a t  can 

be obtained from the l im ite d  expansion set ( 6 b) (subject to  the 

r e s t r ic t io n  th a t an exc ited  s ta te  function is orthogonal to a l l  states
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of lower energy).

Expanding equation 8  gives the secular determinant which, fo r  n o n - t r iv ia l  

so lu tions  to  the simultaneous equations, is  set to  zero .

11 - E S 11 H 12 -  ES 12 H13 - ES13

21 -  ES 21 H2 2
-  es22 H23 ‘  ES23

31 '  ES31 H32 " ES32 H33

1 m CO
CO CO

( 8 a)

now S . .  = 1 when i *  j ,  and S . .  = 0 when i /  j ,  and fo r  th ree  id e n t ic a l
I vi ■ J

l ig an d s , = H22  = H33  and H-j2 = H-j3 = H23  = H^  = H21 = H32, so 

the secular determinant- can be s im p li f ie d  to ,

H 11 " E

' 12

'12

12

Hn  " E

' 12

12

12
Hn  -  E

( 8 b)

In order th a t  the ground-state in te rac t io n s  may be considered and 

so th a t  the energies may be expressed as t r a n s i t io n  energ ies , the  

term Hqq = (T q IH IT q ) is  subtracted o f f  the diagonal terms in equation 8 b,

Hn  - H0 0  “ E

12
12

H
12

H11 " H00" E

12

H1 2 

H1 2 

H 11 " H0 0

(9)

(subraction  in th is  way o f f  the diagonal terms, does not a f fe c t  the 

so lu tions  to the secular determ inant.) D iv id ing  through by H^2 and 

s u b s t i tu t in g  x = ^11  ^*00 E gives,

12



164

x 1 1

1 x 1

1 1 x

(9a)

t h e  secu la r  determinant  can be solved using ,

a b c

d e f

g h i

-  b + c

thus equat ion 9a can now be w r i t t e n ,

X 1 -  1 1 1 + 1 1 X 0 (9b)

1 X 1 X 1 1

hence so lv in g  the secu la r  determinant  g iv e s ,

x ( x ^  -  1) -  l ( x  -  1) + 1(1 -  x)  = 0 (9c)

t h e r e f o r e ,  x -  3x + 2 = 0 (9d)

so, (x -  1 ) (x -  l ) ( x  + 2)  = 0 (9e)

and th e  roots  o f  t h i s  polynomial  are t h e r e f o r e ,

x = 1 or x = 1 or  x = -2

s u b s t i t u t i n g  f o r  x = 1 g iv es ,
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^11 ” *^00 ~ E
■" - ■■■ ■■ = 1 ■ *  Hn  ■ Hoo -  E = Hi 2

12

E H11 '  H0 0  '  H12

and su b s t itu t in g  fo r  x = - 2  g ives,

~ ^oo ’  E
= - 2 H11 " H00 -  E = ~2H12

12

E ~ H11 " H0 0  + 2 H 12

so the three  solutions of the secular determinant a re ,

E = H 11 " H0 0  ~ H1 2  t̂w ic e  ̂ and E = Hn  " H0 0  + 2 *"*12 

When the to ta l  Hamiltonian, H, of the system is  s p l i t ,

H -  H] + H2 + H3 + 2  ei j  ( 1 1 )
' sJ

H-j-j can be w r i t te n ,

H n  = <x' x^x^IH-j + H2 + Hg + j  -i *x i

H^-j = <x^ x^x^IH-j  + H2 + H3 + ©12 + 0 13 + ®23*x 1 x 2x 3^

expanding out the terms in the equation gives,
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H-j-j = <x̂ j I I x  '  > ( x ^ lx ^ X g )  + (x^IH2 1x^) <x̂ j X g lx j  x^>

+ teglH^IXgHx.j'Xglx^ x >̂ + (x^ x 2 I 0 -j2 Ix^ x^> (x^lx^)

+ <x^ x3 10 ^3 1x^ x3> (x^lx^) + (x2 x3 I 0 2 3 Ix 2 x3) <x| Ix^ > 

rearranging gives,

H-j-j = (x^lH-jlx^ > <x2 lx2) <x3 lx 3> + <x2 IH2 Ix 2> <x^ Ix^ ) (x3 Ix 3>

+ x̂3 1H3 1x3> (x-j' Ix-j  ̂ ) ^x2 lx 2> + <xf x2 10 1 2 1x-j'' x2> x̂3 lx3>

+ <xf  x3 iei 3 lx1" x3> <x2!x2> + <x2x3 I023Ix2x3> <x̂ " lx^x )

and since x and x"  are orthonormal, <x .lx .>  is  equal to u n ity  when n n i J

i '  = j  and is  equal to zero when i t  j ,  s im p lify in g  gives,

Ĥ -j = <x' IH-jIx-j' > + <x21H21x2> + x̂31H31x3>

+ <x-|' x2 I 0 1 2 Ix {  x 2> + (x^ x3 * 3 *x *j" x3 ^

+ <x2 x3 l 0 2 3 fx2 x3> ( 1 2 )

S im i la r ly ,

Hqo = (x1x2 x3 IH1 + H2 + H3 + 0 12  + 0 13  + 0 2 3 l x 1x2 x3>

Hqq = (x-jlH-jIx-j) + <x21H21x2> +<x31H31x3> +

<XiX2 I 0 1 2 I X i X 2> + X̂"jX3 10-j3 1X-]X3) "t" <x2x 3 I 0 2 3 I x 2x 3> ( 1 3 )

and,

H12 = <x' x2 x3 I H-j + H2 + H3 + ©i2 + 0 ) 3  + 02 3 lx-,x2 x3>

expanding out the terms in the equation gives,
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H-|2 = <x| IH-j Ix-j) (x^x^lx^ x^> + (x^tH^lx^ ) <x^ x^Ix^x^) +

x̂3 1H3 1 x^> <x-|' x^lx-jX^ > + <x-|' x 2 1 ©i2 *x i x2  ̂ ^ x3 *x3  ̂ +

<x 1  ̂x ^ I© i3 1x 1 x^> <X2 ^ 2  ̂ + <X2 X3 1 0 2 3 ^x 2 x3* x̂ {  lx l >

rearranging g ives,

H] 2 = <x^ I H ^ )  <x2 lx 2"> ^x3 lx3> + <X2 lH2 lx2" > <x^ lx-|) ^x^Ix^)^  

<x 3 lH3 l x3 > x̂-|̂  lx-j> <X2 *x^ ) + <x -ĵ  X2 l 6 -|2 *x l x 2  ̂  ̂ x̂3 *x3  ̂ +

<x} x3 I® i3 lx ] x3̂  ^ 2 ^ 2  ) (X2 X2 I 0 2 3 IX2 x 3̂  ^ 1  X̂-j^

and s im p lify in g  as in  equation 12  leaves only one term,

H 12  = <xf  x 2 10 1 2 ,x i x 2 > = V 12

The solutions o f the secular determinant (Equation 10) can now be 

re w r it te n  in terms o f Hqq, and (Equations 12 -  14) to  give  

the eigenvalues E^ , E -̂l and E^.2 (where E^l and E^.2 are degenerate in  

D3 symmetry),

E H11 “ H0 0  ‘  H12

s u b s t i tu t in g  fo r  H-^, Hqq and H-^ gives

E = <x-|'  1H 1 Ixi*^ > +  < X 2 *H 2 1 X2> + ^x 3 ^ 3 * x 3^

+ (x-j' x 2 ^ 2 *x l  ̂ x 2̂  + X̂{  x3 *013*xf  x3̂  + x̂2x3 *62 3 *X2X3̂

-  <x-j 1 H-j Ix-j> -  <X2 1 H2 1 X2 > - x̂3 *H3 *x3  ̂ “ <x-jX2 l 9 -j2 *x l x2 ^

-  ( x - j  x 3 1 0 - j  3 1 x - j  > ( 3 )  ~  ( X 2 X ^  I © 2 3 1 X 2 X ^ )  ~  ( x - j  X 2  J ® - |  2  l x - j x 2  ^



rearranging g ives,

E = (x ^ lH - j lx ^  > -  <x1 1H1 1xi> + < x ^ I I x ^ >  -  <x^IH2 1X2 >

+ <Xgl Hgl Xg> -  ( Xg l H g l X g )  + <X '  X ^ I B ^ ^ f  ^ - j  X ̂  I 9 -j 2  ̂X ] X £ ̂

+ <x-|' x 3 1 0 ] 3 1 x >(3 ) -  <x^ x 3  *®i 3  • x i x 3̂  + <X2 X^ 1 ®23 *X2X3^

-  <x2x3 I023 Ix2X3> - <x^ x2 1 2 1X1x 2 )

now tak in g  the pa irs  of terms 3 and 4, 5 and 6 and 11 and 12, these 

cancel to  zero; the pairs  of terms 7 and 8  and 9 and 10 represent 

the d if fe re n c e  between the s ta t ic  m ultipo le  moments of the excited  

s ta tes  of the molecules and the s ta t ic  multi pole moments of the ground 

s ta tes  of the molecules and i t  has been assumed th a t  th is  d iffe re n ce  

is  small and can be neglected. The f i r s t  p a ir  of terms are E^ -  E-j 

which is  equal to A E - j ,  the t ra n s it io n  energy of the long-axis  

po la r ised  tt — tt*  t ra n s it io n  of 2 , l ' - b ip y r id in e  molecule 1 and the la s t  

term is  equal to  V-^* the in te ra c t io n  between the t ra n s i t io n  dipole  

moments of 2 ,2 x -b ip y r id in e  molecules 1 and 2. The f i r s t  and'second 

so lu tions  of the secular determinant (Equation 10) reduce to ,

and by a s im i la r  method, the th i rd  so lution  o f the secular determinant 

(Equation 10) reduces to ,

E = A E - j  +  2V-j 2

and the eigenvalues E^ , E .̂1 and E^ 2  are equal to ,
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To f in d  the mixing c o e f f ic ie n ts ,  C .,  in the Hiickel secular equation
J

(Equation 7 ) ,  s u b st itu te  fo r  x = -2  in the Huckel secular determ inant,

-  2C1 + C2 + C3 = 0  (15a)

C1 -  2C2 + C3 = 0  (15b)

C1 + C2 -  2C3 = 0 (15c)

subtracting  Equation 15b from 15a g ives ,

-  3C-j +  3 C 2 = 0

hence C-j = C2 , and s u b s t itu t in g  fo r  C2 in  equation 15a g ives ,

~ 2 C-j + C-j + C3 = 0

hence C-j = C3 and hence C-j = C2 = C3 

normalising g ives ,

Cl 2 + ^2 + C3 3 = but C 1 = C2 = C3 5 th e r e fo r e , .

3C-j^ = 1 , th e re fo re  = C2 = C3 = i
/  3

A2 (x  ̂ x 2 x3 + X-|X2 x3 + X-jXr>X3 ) ,

S u b s titu t in g  fo r  x = 1 in  the secular determinant g ives ,

C1 + c 2 + c 3 = 0, ‘ C] + C2 + C3 = 0 and C] + C2 + C3 _ = 0
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As the lev e ls  are degenerate, th is  gives 1 equation and three  unknowns 

which is  impossible to  solve hence an a r b i t r a r y  choice fo r  one of 

the c o e f f ic ie n ts  must be made, th a t is  l e t  C-j = 0 hence,

C£ + Cg = 0  th ere fo re  C2 = -  Cg

normalising g ives ,

Cl 2 + C2 2 + C32 = 1# hence 2 C2 2 = hence C2 = ^

and Co = -  C0 = -  hence,
3 2 yfZ

T r 2 = -  (x -^x /xo  -  x .x 0Xo )
t  ^2 I C O  I CO

To solve f o r ^ l ,  use the orthogonality  re la t io n s ,

w A i t £2 ) = <yA pte i> = {^e2 ITe1 ) = 0  -

and l e t  T E 1 = al-j + b ^  + c ]^ ,  hence as <9^2l ^ l )  = 0 , s u b s t i tu t in g

fo r  and T e1 using Equation 5 gives,

(^1 + ^ 2  + b ^  c l 3) = 0

the only non-zero terms are,

I  <1 , 1 , 1  + t  <1 , 1 , 1  + £  <1 , 1 , 1  = 0 , hence
V3 1 1  V3 2 2 /3  3 3

hence, a + b + c = 0 (15d)
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and O F ^ W ^ l  = 0 ,

s u b s t i tu t in g  fo r  ̂ 2  and T ^ l using Equation 5 g ives,

<^2  " ®3 >ai1 + b^ 2 + c l 3> = 0

the  only non zero terms are,

J  '  r  <i3 i!C3 > = 0

b chence — -  — = 0 , hence b = c
•fz <■!

S u b s ti tu te  b = c in Equation 15d g iv in g ,  a + 2b = 0 

Normalising gives

a2 + b2 + c 2 = 1 , hence, a2 + 2 — j 2 =

3 2 fZhence — a = 1 , hence, a = —
2 f3

and so b = c = -  —
fe

hence 'WTl = ^  ( I t  ) -  — ( I?  + 1 3 ) = ~  (23U -  !
E f3 1 f6 2 6 f l  1

hence T ^ l  _ ]_ x2 x3 -  x ^ '  x3 -  x ^ x ^  )

, hence b = —  
2

1

2 " l 3 )
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As before (Appendix 1 ) ,  expanding Equation 8  gives the secular determinant 

which, fo r  n o n - t r iv ia l  solutions to the simultaneous equations, is  

set to  zero,

n - ESn H1 2  ' E S 12 H13 ES13

21 -  ES 21 H2 2  ' ES 22 H23 " ES23

31 '  ES31 H32 ‘ ES32 H33 ES33

( 2 0 a)

For a h e te ro - tr is c h e la te d  complex where ligand 1 = 2 ^ 3 ,

H n  = H£ 2  i  ^ 2 2  and = ^  I  H-^ = so the secular

determinant ( 2 0 a) can be s im p li f ie d  to ,

H11 • E

' 12

'13

H

11
H

12 
-  E

13

1 3

1 3

H3 3 - E

( 2 0 b)

In order th a t the ground-state in te rac tio n s  may be considered and so 

th a t  the energies may be expressed as t ra n s it io n  energ ies , the term 

Hqo = (’P’q IHPFq) is  subtracted o f f  the diagonal terms in Equation 20b,

H11 “ H00 " E

12
1 3

12

H11 " H0 0  '  E 

H13

H13

13

H33 ‘  H0 0  " E

( 2 0 c)

S u b s ti tu t in g  a = H-^ -  Hqq -  E, b = - Hqq -  E, c = and d = H-j^

in to  Equation 20 c g ives ,

(20d)
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The secular determinant can be manipulated by adding and subtracting  

pairs  of rows and columns and d iv id in g  by two, as fo l lo w s ,

a c d a + c c - a d 2(a + c) 0 2d
c a d -  i 2 c + a a - c d i4 0 2(a - c) 0
d d b “ 2d 0 b 2d 0 b

( 2 0 e)

and as the secular determinant is  equal to zero, Equation 20 e can be 

s im p l i f ie d  to ,

2 ( a + c) 0  2 d

0  2 ( a -  c) 0

2 d O b

( 2 0 f )

Now i f  any two rows or two columns in the m atrix  are interchanged, the  

sign of the secular determinant is  reversed, th e re fo re  exchanging 

columns 1 and 2 in Equation 20f gives,

0  2 ( a + c) 2 d

2 ( a - c) 0 . 0

0  2 d b.

( 2 0 g)

and exchanging rows 1 and 2 in Equation 20g g ives ,

2 ( a -  c) 0  0

0 2 ( a + c) 2 d

0  2 d b

(20h)
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The m atrix  in Equation 20h can be re w rit ten  as,

2 (a -  c) 2 ( a + c) 2d

2 d b
( 2 0 i )

S u b s titu t in g  back in to  Equation 20i fo r  a, b, c and d gives,

2 ^H 11 “ H0 0  " E H1 2 ^ 2 % 1  H0 0  " E + H1 2 ^ 2H13

2H13 H33 H00 " E

= 0  

( 2 1 )

and s u b s t i tu t in g  fo r  H p ,  Hqq, and H-j3 (Appendix 1, Equations 11 

to 14) and e l im in a t in g  the fa c to r  of 2 outside the determinant gives,

(AE1 -  V] 2  -  E) Z m ] + V12  - E) 2V13

2V13 AE3 -  E
= 0 (25)

The solutions to  the secular determinant are th e re fo re ,

AEi -  V12  -  E = 0 which gives E = AE-j -  V-^ = EA (26)

and 2(AE1 + .V 12  -  E) 2 V13

2V13 AE 3 -  E
(26a)

which g ives ,

2 CAE, + V1 2  -  E ) . (A E 3 -  E) -  4V^3 = 0 (26b)

expanding out the equation and e lim in a tin g  a fa c to r  of 2 g ives,

AE,AE3 -AE,E + A E 3 V12  -  V12E - A E 3E + E2 -  2 V] 3 2  = 0  (26c)
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which upon rearranging gives,

E2 + E(-AE, -  AE3 -  v12) + (AE^E 3 + A E 3 V12  -  2 V132 ) = 0  (26d)

The fac to rs  o f E fo r  an equation o f th is  form are given by, 

-b -  (b 2 -  4 ( a . c ) ) J

2 a
where in th is  case, a = 1

b = (-AE-j - A E 3 -  V12) and C = (AE]AE;3 + A E 3 V12  -  2 V] 3  ) 

Therefore the solu tions to Equation 26d are,

E =.  A E1 + A E 3 + V12 + { < ^ 1  -  AE3 '  V12>2 -  ^ 1 ^ 3  ^ 3 V12 '

-  EB+ (27)

and,

E = AE1 ^ 3  + V12 - {< ‘^ 1  '  AE3 - V12>2 '  4“ e1Ae3 +AE3V12 '  2V132)P

■ EB (28)

Note th a t  the conservation laws fo r  both dipole  strength and ro ta t io n a l  

strength  hold, as shown by,

°A + DB+ + DB* = 2 pl 2 + p32 = P i2 + p22 + p32 141)

For the proof, s u b s t i tu te  fo r  + Dg+ + Dg (Equations 35, 37 and 39) 

in  Equation 41,
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1  P l 2 + (c / ) 2 1  P ] 2 + (c 2 + ) 2 p3 2 + C] V ^ P lP3 + (c , - ) 2 1  p /  +

- i 2 2
(C2 ) Pg + ^ 2  ^ P ]P 3 ~ ^P] + P3 (41a)

but C-j C2 = -C-j C2 , there fo re  cance lling  terms in 41a gives.

1 „  2  j. ( r  +  *2 3 „  2 A l r  - * 2  3 „  2 ^  , r  +x2 2 ^  , r  - * 2  2 
—- p 1 ( 1 ' P1 1 1 2 P3 2 P3

2 2 
Pl + p3

(41b)

rearrang ing  gives

1  P ]2 + 1  P l2 [ ( c , + ) 2 + ( C , ' ) 2 ] + p32 t (C2+ ) 2 + . (C 2" ) 2 ] = 2 p ,2 + p32

Now the le f t -h a n d  side w i l l  equal the right-hand side i f

t ( C ,+ ) 2 + ( C , - ) 2 ] = 1 and [ (C2+ ) 2 + (C2 ' ) 2) = 1

so s u b s t i tu t in g  f o r  C, and C, (Equations 32 and 33) gives

(41c)

-V2V13

(2 V ,32 + Lz y (2V]3 2 + L2 ) J.

(41 d )

th e re fo re ,

2V13 + L 2 .  ,

2V, g2 + L2 2V132 + L2

(41e)

adding the  two terms g ives,



th e re fo re  the le f t-h a n d  side of Equation 41c equals the right-hand

+  -  2 7 7s id e , and so DA + Dg + Dg = p-j + p2 + p3 (41)

For the proof of equation 42, s u b s t itu te  fo r  RA, Rg+ and Rg 

(Equations 36, 38 and 40 re s p e c t iv e ly ) ,

1  rr i , r l P l 2 .+ (C, + ) 2 i  tt O ^ p , 2 + C ,+C2+ n  5 , ^ 3  +

Cl +C2+ 77 ^3r 3pl p3 + (Cl ’ )2 / f  77 W l *  + Cf C2 " TT ^ l r l pl p3 +

C-j~C2~ tt v3 r 3 p-jp3 = 0 (42a)

and as C]+C2+ = -C-j C2 , cance lling  terms leaves

i i r ^ p , 2 + <Ci + ) 2^  tt VtT , ? , 2  + ( C p ^ T r ^ p , 2 -  0 (42b)

rearrang ing  gives

I t t . v ^ ^ ^  [ ( C p 2 + ( C p 2 -  1] = 0 (42c)

but from Equation 4 1 f ,  [ (C-j+ ) 2 + p " ) 2 ] = 1, th e re fo re  Equation 42c

is  s a t is f ie d  and RA + Rg+ + Rg = 0 (42)
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2 - 3-
The concentration of _I when j[ , and are e lectrogenerated can 

be ca lcu la ted  using the Nernst equation:

E (47)

(47a)

rearranging and d iv id in g  through by —  gives,
nF

Ina ox (47b)

The c a lc u la t io n  of a is  now s tra ightforw ard  providing the fo llow ing
O X

s im p li fy in g  assumptions are made;

i )  the concentration o f the complex in the so lu tion  is  low and so 

w i l l  be approximately equal to the a c t iv i t y  o f the complex 

in the s o lu tio n ,

The concentration of I when I is  e lectrogenerated is  calcu lated

o

i i )  the system is  completely re v e rs ib le  and so Ei = E .
2

s u b s t i tu t in g  E = -1 .7 8  V, E° = -1 .5 8  V, n = 1 moll \  

C mol"1 , R = 8 .314 JK" 1 mol"1 , T = 293K and ared = aj 

in to  Equation 47b, hence;

, F = 9.6487 x 104  

* 5 x 10 4  m o ll" 1

Ina I

( -1 .7 8  - ( - 1 . 5 8 ) )  x 1 x 9.6487 x 104 

293 x 8.314
+ ln5 x 10-4
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= >  lnaj  = - 7.92 + ( -  7 .60 )

= ^ > 1 na j = -  15.52

=S> a = 1.81 x 1 0 '^ m o l l " 1
I

2 -

The concentration of l_ when J_ is  e lectrogenerated is  ca lcu la ted  

su b stitu t in g  E = -  2 .00 V and E° = - 1.58 V in to  Equation 47b,

In = ( -2 .0 0  -  ( - 1 . 5 8 ) )  x 1 x 9.6487 x 104  + , n 5 x 1Q-4
-  . 293 x 8 .314

=#> In a .  = -16 .64  + ( - 7 .6 0 )

=£>  1 na-j = -24 .24

=^> aj = 2 .98 x 10' 11 m o ll ' 1

2 -

The concentration of I_ when I_ is  e lectrogenerated is  ca lcu la ted  

s u b st itu t in g  E = -2 .3 0  V and E° = -1 .5 8  V in to  Equation 47b,

In a .  -  ( -2 -3 0  -  ( - 1 - 5 8 ) )  x 1 > l9 :_6487_xJ04 + ln 5 x 10'4
I  293 x 8.314

In a , = -2 8 .5 2  + ( - 7 .6 0 )

-3 6 .12

2.06 x 1 0 ' 1 6  m oll ' 1

Ina.
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