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I 

The ground e l e c t r o n i c  s t a t e  o f  a  n-n e l e c t r o n  d o n o r / a c c e p t o r  

(EDP.1 complex, generally c h a r a c t e r i s e a  by c o m p a r a t i v e l y  minor 

chanqes i n  t h e  g e o ~ ~ e t r i c  and  e l e c t r o n i c  s t r u c t u r e s  of t h e  

components on  c o n ? l e x a t i o n ,  can  be s t u d i e d  by  a  v a r i e t y  o f  p h y s i c a l  

methods ,  i n c l u d i n g  v i b r a t i o n a l  s p e c t r o s c o p y .  Al though t h e * i n f r a r e d  

q e c t r a  uf a few --- EDF. c3mpTexes Kad been o b t a = p r i T o r F p  

tkis  r e s e a r c h ,  no s u c c e s s f u l  Raman e x p e r i m e n t s  had been r e p o r t e d .  

T h i s  r e s e a r c h  i s  the f i r s t  d e t a i l e d  Raman s p e c t r o s c o p i c  i n v e s t i g d -  

t i o n  of a  s e r i e s  o f  --- complexes.  

In t h e  p r e s e n t  s t u d y ,  t h e  Raman s p e c t r a  o f  EDA complexes 

h a a n g  t e t r a c y a n o e t h y l e n e  (TCNE) a s  e l e c t r o n  a c c e p t o r  and a r o m a t i c  

e l e c t r o n  d o n o r s  a r e  examined i n  d e t a i l .  The s p e c t r a  s t u d i e d  a r e  

f o r  room t e m p e r a t u r e  s o l u t i o n s  i n  e i t h e r  t h e  . ( l i q u i d )  donpr  o r  an  

i n e r t  s o l v e n t .  Because  of t h e  s t r o n g  a b s o r p t i o n  of t h e s e  

complexes , .  t h e  c o n v e n t i o n a l  geometry o f  t h e  Raman e x p e r i m e n t  i s  

i n a p p r o p r i a t e ;  instead, a new " b a c k s c a t t e r i n g "  geometry had t o  b e  
\ 

deve loped .  The r e s u l t i n g  Raman s i g n a l s  from t h e s e  c o l o u r e d  
Z 

s o l u t i o n s  a r e  v e r y  weak, r e q u i r i n g  t h e  e o f  s o p h i s t i c a t e d  o p t i c a l  

J 
equipment  and pho ton  c o u n t i n g  e l e c t r o n i c s .  

The p r i n c i p a l  r e s u l t s  o b t a i n e d  for t h e  +-+man s p e c t r a  of t h e  

EDA complexes of  TCNE are t h e ' f o l l o w i n g :  (i) the t o t a l l y  symmetric  
- - - - -  -- -+- --- - - 

bands o f  TCNE exhibit c o n s i d e r a b l e  i n t e n s i t y  enhancements  on 
- -  

complexat Ion;  (ii) b o t h  the i n t e n s i t i e s  and t h e  p o s i t i o n s  o f  t h e  

donor  bands a r e  n o t  g r e a t l y  a f f e c t e d  by complexa t ion ;  (iii) s m a l l ,  

y e t  s y s t e m a t i c  changes  a r e  obse rved  i n  t h e  o f  some df 

the TCNE bands w i t h  complexa t ion .  Because t h e y  e x h i b i t  t h e  most 

iii 1 



for mcre detailed in-zestigations. The intensity changes in the 

TCNE Ranan spectrm oz complexation are found to arise from the 

preresonance or resozance Raman effects, depending on -the location 

of the excitation frequency with respect to the absorption band 

(or S a ~ d s )  of each con2lex. 

display intensity changes of about an order of magnitude in the 

TCXE C=C and C 3 4  stretching bands. The excitation frequency 

dapehence2 of the intensities of both bands establishes the role 
.F 

of the first excited states of the complexes as intermediate 

states, and also shows that the higher excited states of the 

components or of the coaplex take part in the scattering. The 

depolarisation ratios of the C=C stretching bands at preresonance 

approach 1/3, which indicates that the first excited states of the 

complexes (with the possible exception of benzene/TCNE) are not 

degenerate. 

The resonance Raman spectra of the complexes show intensity 

- increases up to an order of magnitude greater than those in the 

? * 
preresonance Ranan spectra. The resonance Raman excitation 

! 

profiles of the C=C and CZN bands of a number of complexes are 
i 

+ shifted by about 1000 - 2000 cm-I to the low energy side of the 
- - -  

bands, and generally ZispPay the same ~~aracteri~tics whTthex t h e  

XLS w e x i ~ b  i thi;it+&e f *st M e  s e c o ~ ~ ~ ~ ~ b a f ~ ~  - 

* 

of a complex. The resonance Ranan excitation spectra were found 

to be red shiftez w i L 5  respect to the absorption prof i les .    his 

red shift is interpreted in terns of the vibronic theory  of 

iv - 
-3 Z t 



4 

excited states zre 2onra+iativellr.damped by icteractions with the 

environment. The i -deaendent  resonance~vit~h either absorption 

kart2 of a cozpiex favozrs the argument that when there are two 

absor2tion bands these Sands arise from different geometrical 

A neii metho5 f i r  the deterxination of equilibrium constants 

for the formati02 of 31% complexes wzs developed using the 
- 

i a t e n s i t y  changes iz the Tf3.T C=C and C Z N  bands. The results of 

this new method agree well with p u b l i s h e d  data obtained by 

previonsly e s t a b l i s h 6  methods, where comparative data are avail- 

able, and thus c o ~ f i m .  the usefulness of this method. 

The low enerTy 3amn spectra of the EDA complexes contain a 

resonance-enhance2 acceptor band which leads to a revised vibra- 

tional assignment of TCSE in this region .  These investigations 

resulted in a neSd assigrxent of the entire Raman spectrum of TCNE. 
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1, INTRODUCTION , 
- -- 

3 
I 

The t h e o r y  o f  T-r e l e c t r o n  d o n o r / a c c e p t o r  (EDA) ' complexes ,  P 

- 
t r 

g i v e n  a  number o f  y e a r s d a g o  by ~ u l l i k e n ~ ~ ,  h a s  s e r v e d  a s  t h e  b a s i s  
d 

ior t h e  i n t e r p r e t a t i o n  o f  a  v a s t  amount o f  s p e c t r o s c o p i c  d a t a .  

Many of t h e s e  i n v e s t i g z t i o n s  have  been c a r r i e d  o u t  i n  a n  a t t e m p t  

t o  e l u c i d a t e  t h e  n a t u r e  o f  t h e  d o n o r / a c c e p t o r  i n t e r a c t i o n  i n  t h e  

m a j o r i t y  of t h i s  work i n v o l v e s  t h e  s t u d y  of  e l e c t r o n i c  a b s o r p t i o n  

s p e c t r a  f o r  t r a n s i t i o n s  between the ground and e x c i t e d  c h a r g e  

transfer (CT)  s t a t e s ;  t h i s  pGeponderance o f  a b s o r p t i o n  s p e c t r a  i s  

a t  leas t  p a r t l y  due t o  the ready  a c c e s s i b i l i t y  of a b s o r p t i o n  

s p e c t r a  i n  t h e  v i s i b l e  and t h e  u l t r a v i o l e t  r e g i o n s ,  where  t h e  CT 

t r a n s i t i o n s  u s u a l l y  o c c u r .  

I n  c o n t r - a s t  t o  e l e c t r o n i c  s p e c t r a ,  v i b r a t i o n a l  s p e c t r a  have  

been s t u d i e d  f o r  o n l y  a - r a t h e r  l i m i t e d  number o f  EDA complexes.  

I n  s p i t e , o f  t h i s ,  v i b r a t i o n a l  s p e c t r o s c o p y  i s  c e r t a i n l y  a  s u i t a b l e  

method w i t h  which t h e  ground s t a t e s  of EDA complexes  can  b e  p r o b e d ,  

s i n c e  the v i b r a t i o n a l  t r a n s i t i o n s  o c c u r  w i t h i n  t h i s  l o w e s t  
* 

e l e c t r o n i c  s t a t e .  Both i n f r a r e d  and Raman s p e c t r a  can  t h u s  b e  

c o n s i d e r e d  a s  p o s s i b l e  means t o  p r o v i d e  i n f o r m a t i o n  on t h e  n a t u r e  

o f  t h e  complexes.  

& c a u s e '  bf t h e  r o l e  of . v i r t u a l  ( i n t e r m e d i . a t e f  s t a t e s  i n  Rarnan 
- - -- - - -  

scatzering,  vibrational %man spectroscopy aiso y i e l d s  i n f o r m a t i o n  

- 
A slcLzxary of a b b r e t r i a t i c n s  is given i n  Appendix A. 

-- 
3 e  i m p o r t a n t  e a r l y  papers by X u l l i k e n  on EDA complexes a r e  
r e s r i n t e d  I n  re f .  I .  



s p e c i e s .  Thus, %man s p e c t r a  can f u r n i s h  in fo rma t ion  n o t  a v a i l a b l e  

from i n z r a r e d  a b s o r p t i o n  s p e c t r a ,  and i n  a p p r o p r i a t e  c a s e s  a l low 

examinat ion of bo th  t h e  ground and t h e  e x c i t e d  e l e c t r o n i c  s t a t e s  
' , 

A > 

'of EDA complexes. I , 

  he s u i t a b i l i t y  of Raman spec t roscopy  f o r  t h e  s tudy  of EDA 

complex? a l s o  a r i s e s  from Lp t h e  - f a c t  - t h a t  v i b r a t i o n a l  - f r e q u e n c i e s  
- - - pp - 

range from about 1 0  l4 s-l t~ 1 0  13s-' , whereas t h e  lifetimes of 

complexes i h  s o l u t i o n s  a t  room tempera ture  a r e  v a r i o u s l y  e s t ima ted  
2 

-12 
t o  be between s and f O  s .  This  means t h a t  many v i b r a t i o n s  

can t a k e  p l a c e  b e f o r e  t h e  complex, which i s  presen t  i n  equ i I ib r ium 

w i t h  i t s  components, can d i s s o c i a t e .  The Raman s p e c t r a  o f  bo th  

f r e e  and a s s o c i a t e d  s a e c i e s  can t h u s  be  i n  t h i s  ca se ,  

5 t h e  complex i s  s a i d  t o  be s p e c t r o s c o p i c  , i . e .  t o  have a  mean 

l i f e t i m e  longe r  t han  t h e  measurement t i m e  o f  t h e  s p e c t r o s c o p i c  

method. ~ l t h o u g h  t h e  e f f e c t s  of  weak complex format ion  on t h e  

com2onent s p e c t r a  a r e  i n  g e n e r a l  n o t  ve ry  g r e a t ,  t h e  o p t i c a l  and 

e l e c t r o n i c  equipment which a r e  used t o  o b t a i n  Raman s p e c t r a  make 

t h e  i d e n t i f i c a t i o n  of bands o f  bo th  complexed and uncomplexed 

s ~ e c i e s  p o s s i b l e .  

The- s tudy  o f  t h e  Rarnan s p e c t r a  o f  an EDA complex l o g i c a l l y  

i n c l u d e s  t h e  fo l lowing  a s p e c t s 6  : 

(a3 t h e  cuEpar ison o f  t h e  ~ s i t i u n s  qf the bands i n  t h e  

s g e c t r a  o f  t h e  f r e e  com2onents w i t h  t h o z e  i n  thesSDeec~rxn_af _the_ 

,co~?,plex; 

( b )  the con~arison of band i n t e n s i t i e s  i n  t h e  s p e c t r a  of t h e  
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of the possihle existence of more.than one geometric isomer for " 

a cozPlex7; as shom in aapter 5, the Raman spectra help to 

clarify this matter. 

- In order that the intermolecular interactions of the EDA - 
complexes are not subjecf to the additional forces present in a 

crystal lattice, the present investigation of the Raman spectra 

is omfirred to s d m i o n  studies a?- ordinary tefipTiefZ€GF5ii7TEs 

proT7es to be advanta2eous, because the strong visible absorption 

of the TCXE co~~lexes neans that Raman spectra are more easily 

obtained for solutions than for crystalline complexes. ~urthermore, 
* 

since most of the,published data for theGe comgexes (see above) 

h a s  b e e n  obtainee f o r  solutions, the results of the present study 

can be directly coqared to the relevant literature results. 

The Raman spectra of a limited number of EDA complexes had 

been obtained prior to the time at which the research described 

@re was undertaker,, although no ~Clccessful. studies of T-.rr 

complexes had been reported. Some data were available.for complexes 

between 3 acceptors and - donors such as I complexes with benzene . 2 
4 cr nethylbenzenes , and for complexes between a acceptors and n 

donors4 especially halogen and interhalogen complexes with pyridine 

3 and related donors . These spectra show generally that the effect 

gf complexation on the component bands increases with the strength 
- - - - 

95 the corplex forzeS, A much more significant result was found 
3- - - -- 

- - 

-,- =,, the strong pyriZFxe-iodine system, where a band at 163 cm -1 

3 xas i n t e r ~ r e t e d  a s  the :;-I intermolecular stretching mode . This 

s-qcssted t h e  i z - ; e s t i z a t i o n  of the Raman spectra of n-n compJexes 

. . -. t h e  goal of i l a r . t i f i c a t i o r ,  of the intermolecular vibration, 



s- + 
- 4  

-- 
pp - - 

which however i s  e x p e c t e d  t o  o c c u r  a t  c o n s i d e r a b l y  dower energy  C 
A 

t h a n  t h e  1 6 3  cm-1 q u o t e d  above b e c a u s e  of  t h e  weaker n a t u r e  o f  2 

- 

--r complexes .  

The o l d e r  Raman s p e c t r a  o f  EDA complexes ment ioned above w e r e  2 

3 
5 

o b t a i n e d ,  of c o u r s e ,  u s i n g  a n  e x c i t a t i o n  s o u r c e  t h e n  i n  common u s e ,  

in p a r t i c u l a r  t h e  H~lium-Weon l a s e r .  Many of t h e  complexes whose 

. * 

a t  6 3 2 . 8  nm, hence  rggonance  Raman s c a t t e r i r q  was u s u a l l y  n o t  

o b s e r v e d .  I n  c o n t r a s t ,  when t h e  e x c i t a t i o n  l i g h t  i s  absorbed  by 
I 

L 

t h e  complexes ,  t h e  r e s o n a n c e  e f f e c t s  which o c c u r  p r o v i d e  much new 
- 

i n f o r m a t i o n ,  a s  i s  shown by t h e  Raman s p e c t r a  of TCNE EDA complexes 

d e s c r i b e d  i n  t h i s  t h e s i s .  

The i n f r a r e d  a b s o r p t i o n  s p e c t r a  o f  s e v e r a l  TCNE EDA complexes 
i 

have b e e n  r e p o r t e d  20-24 . S i n c e  v i r t u a l l y  a l l  o f - these  s p e c t r a  

w e r e  o b t a i n e d  for s o l i d  c o n p l e x e s ,  where t he  &aige t r a n s f e r  

i n t e r a c t i o n  i s  weaker t h a n  i n  s o l u t i o n ,  t h e  I R  s p e c t r a  a r e  

g e n e r a l l y  n o t  v e r y  u s e f u l  i n  the i n t e r p r e t a t i o n  o f  t h e  Raman 

s o l u t i o n  d a t a .  The t o t a l l y  symmetr ic  TCNE C=C and CEN s t r e t c h i n g  
x 

v i b r a t i o n s ,  -J and uCZx - a c t i v e  b n l y d  i n  t h e  Raman spec t rum o f .  C=C . - -  

uncom2lexed TCBE - , a p p e a r  i' t h e  i n f l a r e d  s p e c t r a  o f  t h e  c r y s t a l l i n e  

complexes and a r e  s h i f t e d  w i t h  r e s p e c t  t o  t h e  vC=C and V~-'~ bands  

- - - -  

charge transfer i n  t h e  ground e l e c t r o n i c  states of t h e  complexes. 
- ' 

- - - - 

Sixilar s h i f t s  i n  t h e s e  bands  o c c u r  i n  t h e  Raman s p e c t r a  0fX 

zwber o f  TCNE complexes a s  i s  shown by t h e  r e s u l t s  of t h e  p r e s e n t  

7 m o n ~  t h e  2ublished i n f r a r e d  a b s o r p t i o n  spectra of TCNE EDA 



complexes, t h e  f a r  i n f r a r e d  d a t a  o i   arki in dale and ~ i r n k i n ~ ~  a r e  s 
- - - - - I 

-1 ii 
of p a r t i c u l a r  i n t e r e s t .  These a u t h o r s  r e p o r t e d  a band a t  115 cm i 

A 

i n  t h e  spectrum of mesityfene/TCNE which t h e y  a s s e r t e d  was n o t  I 
. i 

p r e s e n t  i n  the s p e c t r a  of e i t h e r  of  t h e  uncomplexed compounds, and 
I 

they as s igned  t h i s  band t o  t h e  i n t e r m o l e c u l a r  s t r e t c h i n g  v i b r a t i o n  

of t h i s  complex, which made t h i s  t h e  f i r s t  pub l i shed  ass ignment  

I of such a v i b r a t i o n  f o r  a 7-T complex. Even though some doubt 8s 
-A- - - - - -+ - - 

t o  t h e  v a l i d i t y  of t h k - a s s i g n m e n t  e x i s t s  because o5 t h e  pub l i shed  
- 

a 
I R  d a t a  f o r  uncomplexed ? C N E ~ ~ , .  t h e  p o s s i b l i t y  of  t h e  occur rence  

of a n  i n t e r m o l e c u l a r  v i b r a t i o n  i n  t h i s  f requency r e g i o n  i s  an x 

impor t an t  r ea son  f o r  i n v e s t i g a t i n g  t h e  low frequency Raman s p e c t r a  

of t h i s  and r e l a t e d  TCNE complexes. 

While t h e  r e s e a r c h  d e s c r i b e d  i n  t h i s  t h e s i s  was under way, t h e  

2.a;na.n s p e c t r a  of  t h e  complexes benzene/TCNE 2 8  
27  r 2 8  , toluene/TCNE , 

"g, 
r n - x ; l e n e / ~ ~ ~ ~ ~  * and =isole ~ T C N E ~ '  were r e p o r t e d .  Although t h e  

i n v e s t i g a t i o n s  d e s c r i b e d  i n  t h e s e  papers  a r e  q o t  n e a r l y  a s  

e x t e n s i v e  as t h o s e  d e s c r i b e d  h e r e ,  t h e  da ta ,  i n  them on i n t e n s i t y  , 

changes and f requency s h i f t s  of some TCNE bands on complexation 

conf i rm t h e  r e s u l t s  of  t h e  p r e s e n t  r e s e a r c h .  The conc lus ions  i n  

these p u b l i c a t i o n s  a r e  d i s c u s s e d  i a p p r o p r i a t e  d e t a i l  i n  

Chapter  5 .  X I  

1.1 Organ i sa t ion  of t h e  Thes i s  

The main ? a r t  of this t h e s i s  i s  a r ranged  a s  - - desc r ibed  - - - -  i n  - t h e  
h 

- ,,=wing paragraph. I n  Chapter  2 ,  a  b r i e f  summary of  Raman 
- 1; '-3 ' - - -  - 

intensity t heg ry  i s  given; t h i s  review i s  n o t  comprehensive, b u t  

r s t y - e r  is  intendec? t o  2rovide t h e  r e a d e r  w i t h  s u f f i c i e n t  background 

for t h e  scbsequent  i n t e r p r e t a t i o n  of r e s u l t s .  Chapter  3 reviews 



the t h e o r y  of 7 - -  EDA complexes; like C h a p t e r  2 ,  i t  i n c l u d e s  
- - - - -pp _7C_- 

t o ? i c s . c h o s e n  Zrom a large f i e l d  and i s  t h e r e f o r e  s e l e c t i v e  i n  

s u b j e c t  n a t t e r .  . The % apparatus and methods used  t o  o b t a i n  t h e  

Ranan s p e c t r a  of TC3E ZDA complexes a r e  d e s c r i b e d  i n  C h a p t e r  4 .  + 
4 

T h e s e  spectra are pre~e~ted'in C h a p t e r  5 and $ i scussed  i n  d e t a i l ;  

t r i i s  c h a p t e r x n s t i t u t e s  t h e  main , p a r t  of t h e  , t h e s i s .  The 

p r e r e s o n a n c e  Rarnan 2% r e s o n a n c e  Rarnan e f f e c t s  t h e  TCNE bands  

i n  t h e  s p e c t r a  of the  corsplexes a r e  d e s c r i b e d  i n  t h e  f i r s t  t w o  

s e c t i o n s  o f  Chap te r  3 and a r e  then u s e d - t o  d e t e r n i n e  e q u i l i b r i u m  

cc-ctzrtts ~f the ~ q l c x s ,  which is a new met;_hod. Also d i s c u s s e d  ., 
* in t h i s  - c h a p t e r  are the low energ-y bands and the r e m a i n i n g  bands 

. - 
' in t h e  s p e c t r a .  The i n t e n s i t i e s  i n  t h e  Raman spectra O f  t h e  

\ com?lexes . l e a d  t o  an ingro-fed  v i b r a t i o n a l  a s s i g n m e n t  of TCGE, which 

F i n a l l y  i n  C h a p t e r  7 ,  c o n c l u s i o n s  

5 are given ,  as are some s d g g e s t i o n s  

f o r  f u r t h e r  work. - 

Several appendices fcllow the m a i n  t e x t  of t h e  t h e s i s .  I n  

the f i r s t  o n e ,  all a b b r e v i a t i o n s  used  are  def ined .  The Raman 

s p e c t r a  of t h e  c c m p u n d s  ~ s e d  as  e l e c t r o n  donors are n o t  e s s e n t i a l  

to the m i n  i n v e s t i g a t F o z ,  an2 are t h e r e f o r e  g i v e n  a s  Appendix B. 
t 

Calculations of r e s o n a n c e  &man e x c i t a t i o n  p r o f i l e s ,  & s o r p t i o n  

spec t ra  an3 fluorescence s j e c t r a  which are based  .. on a model of 

r e s c z a c e  Sma_r: s c a t t e r r z g  n  Chapter - - -  5 are - d e s c r i b e d  -- i n  - 

the last t he  r e s u l t s  of a p h o t o c o n d u c t i v i t y  
- - ~ - - - - -- - 

e x ~ e r i r i e n t  which c a z  d e t e c t  t h e  i o n i c  d i s s o c i a t i o n  of t h e  complexes 

--sdel of resonx-ce  ?zraz s c d t t e r i r - g  n e n t i o n e d  a'mve , are presented. 

i /  - 
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Before t h e  r e s ~ l t s  of t h e  Raman i n t e n s i t y  s t u d i e s  o f  t h e  

7,-.-- ,,..,r. ELL. ccor,?ler.es * a r e  d i s c u s s e d ,  i t  i s  n e c e s s a r y  t o  j e v i e w  some 
Gz 

of the p r i z c i p l e s  9 5  t h e  t h e o r i e s  of Raman s c a t t e r i n g .  T h e r e f o r e ,  4 

f h l s  c m t - e r  i s  intnr.5eZ t o  p r o v i d e  s u f f i c i e n t - t h e o r e t i c a l  

;ic:~:groacc? f o r  t h e  ~ z z e r z r e t a t i o n  of t h e  Raman s p e c t r a  p r e s e n t e d  

I n  Ci ia ; t e r  5. For a z D r e  comprehens ive  s u r v e y  of t h e  t h e o r i e s  
- - - - - - * 

? - or :.a;in i n t e n s i t y ,  t h e  recent review o f   ester' can be c o n s u l t e d ;  

A s  shown i n  C h a s t e r  5 ,  t h e  p r e r e s o n a n c e  Rman e f f e c t  and t h e  

t k e  T.2-Z EDA conp2exes .  These  t x o  p a r t i c u l a r  t y p e s  o f  Raman 

s c a t t e r l n q  a c c o u n t  for t k i e  a p p e a r a n c e  o f  t h e  TCSE bands  i n  t h e  

~ : e  ? r e s e n t  c h a p t e r .  G t h e r  Sands i n  t h e  s p e c t r a  a r e  d u e  t o  

- P F  .LdLLresonance s c a t t e r i r , q ,  so a. section of t h i s  cha3ter is also 

devote5 t o ' t h i s  p r c c e s s .  I n  t h e  d i s c u s s i o n s  of  each t y p e  of 

s c z ~ z e r i a q ,  p a r t i c c l a r  a t t e n t i 0 2  i s  p a i d  t o  t h e  e x c i t a t i o n  

freqiie:,cy de?en?er.ce cf rte R&ian  i n t e n s i t y ,  s i n c e  this dependence 



K 

the 

Fig. 1 Schic-at lc  representation of three 
types of hicar: scattering. (a), nonresonance 
%man; (5) , ?reresonance Xarnan; (c), resonance 
Paman. k is the grounZ electronic state 
and r is LT excited electronic state; v,  v 1  
an2 v" E r e  vibratiogal quantum numbers. 

p ,  4-hsy 
2 

-, -,,,, t h e  classical or ' F , k  qcanturr! mechanical theories; 

picture light scattering, the 

->a -..- -,-.7 ...,- eccie ,  p e r t . ~ r 3 s  izs wasref;lr,ction. This approach to 

. . 
5 = 3 t ? e r i n $ ,  i;i~:. 17.-;ol-:es the sxmation over states problem of 



d ~ s p e r a i ~ n .  Based on their results, the quantum mechan ica l  
- - - -  - 

ez2ress ioz  f o r  the s c a t t e r i n g  t e n s o r  i s  4 
J 

-tihere h i s  P l a n c k ' s  c s n s t a n t ;  p and G a r e  t h e  C a r t e s i a n  a x e s  

0 V " V '  
x ,  y aria 1; A i s  t h e  9 t h  comxonent o f  t h e  v i b r o h i c  m a t r i x  

~ 1 e r r . e ~ t  3: "'Iv' = < k r 7 '  z Y : r  
r k  . , ! , , v " >  w i t h  IY t h e  e l e c t r i c  d i p o l e  o p e r a t o r ;  

% 

t h e  V" a r e  t h e  v i b r a t i o n a l  l e v e l s  o f  t h e  i n t e r m e d i a t e  s t a t e s  r ;  
-- 

k Zenotes t h e  g r o u ~ 5  e l e c 5 r o n i . c  s t a t e ;  v  and v '  a r e  t h e  i n i t i a l  

an2 the f i n a l  v i b r z t i o n a l  l e v e l s  i n v o l v e d  i n  t h e  t r a n s i t i o n ,  
,' b 

r e s p e c t  i y , ~ e l y .  T h e  s u ~ ~ ; : z t i o n  i n  e q u a t i o n  ( 2 .  $)  can  b e  e v a l u a t e d  

e i t h e r  Sy r.eans o f  a v i k o n i c  e x p a n s i o n  o r  else i n  t e r m s  o f  t h e  

g r o ~ n z  s t a t e  p o l a r i s a b i l i t y ;  t h e  v a r i o u s  p r o c e d u r e s  f o r  t h e  

s i n s l i f i c a t i o n  of t h i s  sm have been reviewed by Tang and 

5 A l b r e c h t  . 
T ~ P  t o t a l  i n t e n s i t y  o f  t h e  S t o k e s  Raman l i g h t  o f  f r e q u e n c y  

- J s c a t t e r e d  i n t o  the s o l i d  a n g l e  4 ~ r  i s  5 
" G n 

- - -dd - -  n = - a T 7 c ~  of t h e  5 e z o m i z a t o r s  i n  e q u a t i o n  ( 2 . 1 )  , (zpo)vv' depends 

3- the  excitatim frq~:ezcy.  Hcwever ,  f a r  f r o m  r e s o n a n c e ,  t he  
- 

=+i3r.itOn -A-ydL..c;. d e n o r . i n a t s r s  i n  e q u a t i o n  ( 2 . 1 )  v a r y  s l o w l y  w i t h  vo,  and 

- i . 5  - - s c a t r e r e 2  i n t e r i s i t y  h a r d l y  d e v i a t e s  from t h e  Iw, " ( v 0  - vm) 
4 

5-9 2 - 1  7. . , .  .n:s -.4 epezdence o f  t h e  s c a t t e r e d  i n t e n s i t y  i s  

----.*- ,, ..-..,.. II .. ~ b s e r - ~ e d .  Lr. z k e  s ~ e c t r a  ~f a  wide v a r i e t y  of molecu les .  



Accordin9 to eqnations (2.1) and ( 2 . 2 ) ,  when t h Q  e x c i t a t i o n  

frequency a p p r o a c h e s  an a b s o r p t i o n  band, t h e  i n t e n s i t i e s  o f  t h e  

P.anan bands of t h e  absorbing compound c a n  no l o n g e r  b e  e x p e c t e d  

4 t o  follou t h e  .~, l a w .  The f i r s t .  t e r m  i n  e q u a t i o n  (2 .1 )  b e g i n s  t o  

ou twe igh  t h e  secon2, and the s c a t t e r e d  i n t e n s i t y  i n c r e a s e s  w i t h  

f a s t e r  t h a n  ,? i n s r e a _ s e s ,  The e x c i t a t i o n  f r e q u e n c y  i s  s a i d  t o  
' 0  - 

be i n  t h e  p r e r e s o n a z c e  r e 9 i o n ;  t h e  p r e r e s o n a n c e  Raman i n t e n s i t i e s  

a r e  g e n e r a l l y  a b o u t  one o r d e r  o f  magni tude  g r e a t e r  t h a n  t h e  non- 

r e s o n a n c e a ~ a r n a n  i n t e n s i t i e s .  P r e r e s o n a n c e  s c a t t e r i n g -  o c c u r s  wheh 

-1 
the e x c i t a t i o n  f r e q u e n c y  i s  a p p r o x i m a t e l y  3 , 0 0 0  crn-I t o  10 ,000  c m  

f ron t h e  a b s o z s t i c n  t h e  o & e t  o f  p r e r e s o n a n c e  f o r  

a cornsound i s  n o t  -);ell d e f i n e d ,  s i n c e  i t s  v a r i o u s  Raman bands  may 

f i r s t  show d e G i a t i o n s  fro= t h e  y 4  law a t  d i f f e r e n t  e x c i t a t i o n  

L L r e q u e n c i e s .  
1 

.- 
B e s i d e s  h a v i n g  a  s t r o n g e r  o dependence  t h a n  t h e  o r d i n a r y  

* 

?acan  e T f e c t ,  p r e r e s o n a n c e  Raman s c a t t e r i n g  i s  a l s o  d i s t i n g u i s h e d  
' j  

by changes  i n  t h e  d e 2 o l a r i s a t i o n  r a t ' i o s  o f  t h e  i n t e n s i f i e d  bands  

w i t h  r e s p e c t  t o  t h e i r  r o n r e s o n a n c e  v a l u e s .  The e x p l a n a t i o n  f o r  

t h e s e  changes  i s  q i v e n  in Sec .  2 . 2 . 2 .  

2 . 2 . 1 , S o u r c e s  o f  P r e r e s o r ~ a n c e  Pznan I n t e n s i t y  

Whefi t h e  e x c i t z t i o n  f r e q ~ e n c y  i s  i n  t h e  p r e r e s o n a m r e g i o n ,  

7 =kern  a r e  two h 2 c r t a n t  s o u r c e s  of Raman i n t e n s i t y  . The f i r s t  i s  - 

. . ?.~z.zn a c t i - / e  v l s r a t i o - a l  c o o r d i n a t e  upon e x c i t a t i o n  o f  t h e  

8 zzlecule; s u c h  a % a ~ m  band i s  Condon allowed , and derives its 

- La.,-..a,,, -car -; C-, fro, t h e  C i f Z e r e n c e  bet'deen t h e  g e o m e t r i e s  o f  t h e  two 



'intensity involves a vibronic coupling of the first excited 

electfonic state with one or more higher excited electronic states; 

this mechanism is closely connected with the activity of the 

10 
vibrations in the vibronic spectra of the molecules . 

These two t y p e s  of scattering can be distinguished experi- 

mentally by means of their different excitation frequency 
-- 

pip- 

dependences. Expressions for these v o  dependences were derived 

by Albrecht and 8utley7 through a modification of the vibronic 

5 
expansion of equation ( 2 . 1 ) .  The results of their analysis are 

/ - 
the frequency factors 

ahere .J and ., are the transition frequencies to the first ~k tk 

excited electronic state r and to a higher excited state (or 
$ 

average ofdstsrtes) t, respectively; v is the frequency of the 

scattered light. If the preresonance Raman band derives its 
i 

i~tsnsity from the Cocdon mechanism, its intensity is predicted 

L 
to 5e proportional to FA: if vibronic coupling is important, then 

the intensity shou ld  vary as F B' These results were derived for 

'2 totally s ~ ~ e t r i c  ~zibration by assuming that only one component 

sf the s c a t t e r k g  tensor is exhanced under the preresonance - 

2 133 z3zdit im tcf. 3 .  2.2.2.1.  Exmples of FA &qe&exe+d a f  - 

- 2  12 
i B  Bepende~ce s ?reresonance Raman intensities can be found in 

t h e  literature. 

An esser.zi31 f e a z ~ x e  of che 
F~ term is that the Raman 



i n t e n s i t y  depends  on t h e  v i b r o n i c  c o u p l i n g  m a t r i x  e l e m e n t  which 
- - -- 

c o n n e c t s  s t a t e s  r and t ,  and i n  o r d e r  t h a t  t h e s e  s t a t e s  may b e  

7 c o u p i e d ,  t h e  t r a n s i t i o n s  t o  t h e n  must  have  t h e  same p o l a r i s a t i o n  . 
I n  t h e  t h e o r y  o f  v i j r o n i c  c o u p l i n g l o ,  t h e  v i b r a t i o n s  which c o u p l e  , 

s ta tes  r and t a r e  2 r e d i c t e d  t o  g i v e  p r e r e s o n a n c e  enhanced bands .  

The a c t i v i t y  i n  t h e  p r e r e s o n a n c e  Rarnan s p e c t r a  of  v i b r a t i o n s  

known to  mix t h e  f i r s t  e x c i t e d  s t a t e  w i t h  h i g h e r  e x c i t e d  s t a t e s  

3 2 , 1 3  r. - - - -- 

s u p p o r t s  t h i s  v i b r o n i c  t h e o r y  

One e s s e n t i a l  a s p e c t  o f  t h e  p r e r e s o n a n c e  Raman s p e c t r a  i s  t h e  

d e p o l a r i s a t i o n  6ata f o r  t h e  bands  which a r e  enhanced i n  i n t e n s i t y .  

I n  t h i s  s e c t i o n ,  t h e  t e n d e n c y  o f  t h e s e  d e p o l a r i s a t i o n  r a t i o s  t o  

approach  c e r t a i -  l i n i t i n g  v a l u e s  i s  e x p l a i n e d ,  and shown t o  depend 
f 

on t h e  degeneracy of t h e  e x c i t e d  s t a t e  r which i s  n e a r  t h e  Raman 

f ( e x c i t a t i o n  f r e q ~ e n c y .  F i n a l l y ,  t h e  a n a l y s i s  i s  e x t e n d e d  t o  

l n c l u d e  r e s o n a n c e  Rwian s c a t t e r i n g ,  and a s e l e c t i o n  r u l e  f o r  t h e  

enhanced Raman baacis i s  g i v e n .  

The d e p o l a r i s a t i o n  r a t i o  of a Ramaq band when e x c i t e d  w i t h  

3 ?lane p o l a r i s e d  l i g h t  i s  / 

where t h e  s 2 h e r i c a l  ? a r t  o f  t h e  p o l a r i s a b i l i t y  d e r i v a t i v e  i s  

and i t s  a n i s o t r o p l ~  i s  



where t h e  9' a r e  t ? e  conponen t s  o f  t h e  p o l a r i s a b i l i t y  , d e r i v a t i v e  i j 

w i t h  r e s p e c t  t o  t h e  v i S r a t i o n a 1  c o o r d i n a t e .  - 
When a s i n g l e  e l e c t r o n i c  s t a t e  i s  t h e  dominant  s o u r c e  o f  t h e  

p r e r e s o G c e  Ranan i n t e n s i t y ,  and t h e  t r a n s i t i o n  t o  t h i s  s t a t e  i s  

b 14 
i n  a  s p e  i f i c  d i r e c t i o n ,  e . g .  x ,  a l l  a i i  e x c e p t  a '  v a n i s h  . I n  XX 

2 ---- - - - - -- - 
. i 1 t h i s  c a w ,  u, = - ( s t -  ) 

2 
= 3'  a n d  e q u a t i o n  ( 2 . 4  ) becomes 

3 x x * -  X X  

The  l i m i t i n g  v a l u e  2 -  1 0 . 3 3  o c c u r s  i n  t h e  p r e r e s o n a n c e  Raman 
A. 

15  
enhanced bands of nany 2 i f f e r e n t  compounds . 

I f  t h e  p r e r e s o n a n t  e x c i t e d  s t a t e  i s  doubly  d e g e n e r a t e ,  t h e n  

t h e  d i p o l e  t r a n s i t i c n  czn be i n  e i t h e r  of  t w o  d i r e c t i o n s  w i t h  

r 5 s p e c t  t o  t h e  n o l e c u l e .  Thus e .g .  ukx = a '  # 0, w i t h  a l l - o t h e r  
YY 

- 4 '  = 0; i n  t h i s  c a s e  $<ua t ion  ( 2 . 4 )  . r e d u c e s  t o  p2 = l / 8 .  I f  t h e  
'ij 

deqeneracy is any h i g h e r ,  z -  = 0 .  Observed d e p p f a r i s a t i o n  r a t i o s  
L 

e q u a l  t o  1 / 8  f o r  r e s o n a n c e  Ranan bands have  b e e n  c i t e d  a s  e v i d e n c e  

of t h e  degeneracy  of the r e s o n a n t  e x c i t e d  s t a t e  
11 ,16  

I n  t h e  case of resonance,?arnan s c a t t e r i n g  (Sec. 
% \ 
x - 

t a k e  o n  ne-d r . e a ~ i ~ ~ s ,  an2 t h e 2  c o r r e s p o n d  t o  t h e  abs 

3f t h e  t r a n s i t i s n  r . s r s z t s  a l o n 5  o r  a c r o s s  t h e  bond a x i s ,  
- - 

17,18 ,- r e s ~ e c t i v e l y  . ~ ~ : + : e v e r ,  Cne l i m i t i n g  v a l u e s  o f  
- - - - -  

: sa t ion r a t i o s  a r e  t>e c a r e  as t h o s e  g i v e n  above f o r  p r e r e s o n a n c e  

1 7  
2zr.m s c a t t e r i n 7  . 

E q s a t i o n  ( 2 . 4 a j  -,errnits a  c o n c l u s i o n  r e g a r d i n g  t h e  a c t i v i t y  



Because &is less t h a n  0.75 only f totally symmetric vibra-, 

4 tions ., the above anaiysis implies t h k  only totally symmetric 
r 

a. t 

vibrations are alloxed in the preresonance or re&ance.Rarnan - &* +* - 
effects. A somei~hat different approach for the case of resonance 

Raman scattering leads to the sane conclusion regarding the 

symmetry of the allowed vibrations, provide3 that the symmetry of 

the riolecule in the excited state is the same as that in the 
- - - A- - - - - - 

2.3 Resonance ?.aman Intensities 

When the waveiengt3 of the excitation light f a l l s  within an 

absorption band of the sample, the resonance Raman effect may be 

observed. The most obvious characteristic of this effect is an 

increase of up to sey~eral orders of magnitude in the intensities of 

the affected bands. RP. scattering, like preresonance Raman$ 
I 

scattering, is characterised by changes in depolarisation ratios 

- cf the iatensity enhanced bands with respect to their nonresonance 

7~alues (Sec. 2.2.2) . 
kt resonance, equation (2.1) is not valid, and must be 

zo6ified by the introduction of a damping term into the frequency 

this is done, the denominators account for many 

of the featares of 23 scatterins, including the RR intensity 

erhazcez-ents ac2 tke Zoninance of the first term under the summation. 

- s;r,ce '3 ; is of the order of -dm, the summation must be r , v J ' ; k , v  9 

atended over 7 ~ " .  Consistent with the above discussion of .-. 

?reresonance -?.2=c7 scattering, t3e RR scattering region can be 
I 

u 



-1 d e f i n e d  ko i c c l u d e  e x c i t a t i o n  f r e q u e n c i e s  w i t h i n  a b o u t  3 0 0 0  cm , 
- - - - - -- 

r on e i t h e r  s i d e  o f  t h e  a b s o r p t i o n  maximum. 

Because o f  t h e  c o r ~ s i d e r a b l e  amount o f  m a t e r i a l  on  t h e  s u b j e c t  

s c a t t e r i n g  r e c e n t  y e a r s ,  d e t a i l e d  rev iew 

c l e a r l y  beyond t h e  s c o p e  o f , t h i s  s e c t i o n .  I n s t e a d ,  a n  o u t l i n e  o f  

t h e  t heo r i e s  cf RR s c a t t e r i n g  which a r e  used  i n  t h e  i n t e r p r e t a t i o n  

o f  t h e  s s e c t r a  of  t?:e TCXE cornplexe~,~5.s  p r e s e n t e d  h e r e .  For  

con?rehens ive  r e v i e i ~ s  of t h e o r e t i c a l 1 7  and e x p e r i m e n t a l f 4  a s p e c t s  

of RR s c a t t e r i n g ,  t h e  g ~ u 5 l i c a t i o n s  o f  Behr inger  s h o u l d  be 

c o c s u l t e d .  

2 . 3 . 1  Theory o f  B e h r i n g e r  

The s i m p l i f i c a t i o n  o f  t h e  F 3  s c a t t e r i n g  t e n s o r  c o n s i d e r e d  

20 
f i r s t  i s  t h e  one  proposed a  number o f  y e a r s  ago by B e h r i n g e r  . 
. In t h i s  approach ,  t h e  t e n s o r  i s  decomposed i n t o  r e a l  and imaginary  

p a r t s ,  and t h e  b e h a v i o u r  o f  e a c h  p a r t  i s  i n v e s t i g a t e d  as t h e  

e x c i t a t i o n  f r e q u e n c y  v a r i e s  a c r o s s  t h e  a b s o r p t i o n  band.  T h i s  

method i s  d i s c u s s e d  h e r e  b e c a u s e  o f  i t s  s i m i l a r i t y  t o  t h e  a p p r o a c h .  

xsed f o r  t h e  c a l c u l a t i o n  o f  RR e x c i t a t i o n  p r o f i l e s  i n  Appendix C. 

Beginning w i t h  e q u a t i o n  ( 2 . 1  t h e  damping f a c t o r  7 r , v l ,  i s  

ictroduced i n t o  t h e  s c a t t e r i n g  t e n s o r ,  and t h e  second term under  

t h e  s u i r ~ a t i o n  i s  n e 5 l e c t e d .  R e e x p r e s s i n g  t h e  v i b r o n i c  t r a n s i t i o n  

noxents a s  p r o d u c t s  of p m e  e l e c t r o n i c  t r a n s i t i o n  moments and 

-1FSrationa1 overla? i n t e g r a l s  t h e n  g i v e s  
- - 

v::erein t n e  s .x -~na t ion  oTJer a l l  t h e  s t a t e s  r , v n  i s  reduced  t o  a 



F i g .  2 Frequency dependence o f  t h e  resonance  
Raman i n t e n s i t y  acco rd ing  t o  t h e  t heo ry  of  
Behringer .  

4 

summation over  t h e  v i b r a t i o n a l  l e v e l s  v" of t h e  s i n g l e  r e s o n a t i n g  

s t a t e  r ;  equa t ion  ( 2 . 5 )  # is  e q u i v a l e n t  t o  t h e  r e t e n t i o n  of  only  

t h e  f i r s t  term i n  t h e  v i b r o n i c  expansion o f  t h e  s c a t t e r i n g  t e n s o r  
\ n .. 

(Sec.  2 . 3 . 2 ) .  ~ e h r i n g e r ~ '  r e s t r i c t e d  h i s  a n a l y s i s  t o  t h e  c a s e  

v = v' = 0, i . e .  to resonance  Rayleigh s c a t t e r i n g ,  b u t  t h e  r e s u l t s  

can be  g e n e r a l i s e d  t o  inc,Lude resonance Raman s c a t t e r i n g  i f  t h e  
- 4 potential energy s u r f a c e s  o f  s t a t e s  k and r are d i f f e r e n t  . 

3 Assuming t h a t  t h e  a b s o r p t i o n  p r o b a b i l i t y  i s  c o n s t a n t  between 
- - - 

frequencies T;' and v " ,  and van i shes  e l sewhere ,  a r e c t a n g u l a r  
- -- 

aSso rp t ion  band i s  in t roduced .  Approximatipn of t h e  summation by 

an i n t e g r a l  over  t h e  e x t e n t  of t h i s  a b s o r p t i o n  band t h e n  g i v e s  

?$," 



where 

where v '  and >J" are the lower and the upper limits of the 
9 

absorption (Fig. 2 )  . As shown in equation (2.6 f , the RR + 

-\ 

scatter=rrg tensor cozfains  both real and imaginaryom~Ti'en€~.s- 

According to equation ( 2 . 2 ) ,  the Raman intensity is propor- 
P 

tional to the squared nodulus of the scattering tensor; thus the 

2 
I In Fig. 2, this sum 2R excitation profile varies as a + aII. 

and its componeats are plotted in the vicinity of the rectangular 

absorption band. AS shown in the Figure, far from resonance the 

contribution of 2 ~ 1  
is comparatively unimportant; on the other 

hand, in the centre of the absorption band the scattering tensor 

is imaginary, i.e- only the a component determines the Raman I1 

intensity. The inclusion of the damping term iy r ,vtl  in the 

ex~ression for the scatterinq tensor, which mathematically leads 

to the existence of a I 1 ,  is therefore most essential. In the 

context of this theory, the excitation frequency dependence of the 

sun 22 + a2 is responsible for the deviation of the scattered I I1 

intensity from the :j4 law. 

2 . 3 . 2  Vibronic Expansion of the Scattering Tensor gob 

- -- - -  - - 

/ There has been z considerable amount of research into the  

vibronic expansion theories of 2R intensity recently 5,6,10,21-24 

05 special interest here is the theory of ~lbrecht'' and some of ' 

its refinements, ~ ? ~ l z ? !  are amenable to experimental verification. 



gil,ren by the expression 

.J H 5 0 where hQ = < t / (Er - E ) i s  t h e  v ib ron ic  c o ~ p l i n g  
tr 3 Q t 

o p e r a t o r  i n  wh ich  t h e  H a z i f t o n i a n  H i s  d i f f e r e n t i a t e d  w i t h  

r e s p e c t  t o  t h e  c o ~ r s i n a t e  Q a t  t h e  e q u i l i b r i u m  p o s i t i o n  of  t h e ,  

nuclei, and a l l  pf t he  o t k z  s y ~ 3 u l s ~ h a v e  the sarre neanings 'as 

p r e v i o u s l y  s.tate.5. A s  can be seen from the f r e q u e n c y  denomina to r ,  

e q n a t i o n  ( 2 . 7 )  c o r e s  f r o .  the e x e a n s i o n  o f  t h e  f i r s t  tern o n l y  

i n  e q u a t i o n  ( 2 .  f }  . 
I n  t h e  vibrobic t h e o r y  of 7-7 i n t e n s i t y ,  t h e  s e l e c t i o n  r u l e s  

are t h e  for n o n v a n i s h i n g  t h e  v i b r a t i o n a l  

o v e r l a p  inxegrals < v r v w >  a n d  < v " ' v t >  and o f  t h e  m a t r i x  e l e m e n t s  
- - - -  - - -  

C T J '  Q t I J ~ > ,  etc. These s e l e c t i o n  x l e s  depend upon t h e  l o c a t i o n  of 
-- - - - -- 

' 
- -- 

t h e  r e s o n a n c e  f r e ~ u e n z y  * d i t h  r e s p e c t  t o  t h e  p u r e  e l e c t r o n i c  

t r a ~ s i t i ' o n  f r eq~e r . cy  s f  t h e  n c l e c u l e ,  and on t h e  d i f f e r e n c e s  which 

e x i s t  s u r f  aces t h e  
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I ~ E O Z Y  OF --" ELECTRO;: DCIKOR/ACCEPTOR COMPLEXES 3.  "" .. " 

* 
X brief theorztical 5acP.gro~md t o  t h e  e l e c e r o n i c  and t h e  

v ~ b r a t i o s z l  s2ectra of .- ' - -  - EDA c o x p l e x e s  is  g i v e n  i n  t h i s  c h a p t e r .  

T h i s  d i s c - ~ s s i c - n  is not_ i c t e ~ d e d .  t o  be  comprehens ive ,  b u t  r a t h e r ' t o  

d e s c r i j o  certain z s 2 e c t s  of  the n a t u r e  o f  EDA complexes.  For more 

de t a i i ed  t3eoretica2 d e s c r i p t i o n s  of t h e s e  complexes ,  o t h e r  

ref-rcrrces can be c31rsitlted1 ' * . The goal of this e k a p t e r  is to - 

o c t l i n e  t h e  most i x so r t an t  t h e o r i e s  o f  t h e  e l e c t r o n i c  s p e c t r a ,  and 

t3 ? r e s e n t  some 2rz2icti~ns r e g k r d i n g  t h e  v i b r a t i o n a l  s p e c t r a  o f  

--r EDA cor tp lexes ,  so  that t h e  e x g e r i m e n t a l  r e s u l t s  d e s c r i b e d  i n  

C a s t e r  5 can  b e  nore f u l l y  u n d e r s t o o d .  

3 . 1  E l e c t r o n i c  S s e c t r a  

I n  t h i s  s e c t i o n ,  the e l e c t r o n i c  a b s o r p t i o n  s p e c t r u m  c h a r a c t e r -  

istic of t h e  EDALcorpler .  i s  e x p l a i n e d  i n  terms o f  i t s  e l e c t r o n i c  % 

staces. The  v a l e r a c e - b m d  t r e a t m e n t  o f  Mul l iken  and t h e  m o l e c u l a r  

orbital d e s c r i p t i c n  of ED$- corn2lexes are d i s c u s s e d  h e r e ;  a l t e r n a -  

t i v e  d e s c r i p t i o n s  o f  xeak Conor /accep to r  i n t e r a c t i o n s - a r e  g i v e n  

2 else-?;here . 
3 . 1 . 1  Valence-Bond Xodel 3 

According t o  t h e  va lence-bond model o f  EDA complexes,  t h e  

groznd state ( " n o r z a l  state") xavef7mct ion  f o r  a weak complex i s  

K!e s o - c a l l e d  "co-bond" w a v e f u n c t i o n ,  and 

complex i n  which t h e  bonding 

f o r c e s ,  London d i s p e r s i o n  



... + 
f o r c e s ,  e tc .  ,i, (D . . -9.-) r e p r e s e n t s  t h e  d a t i v e ,  o r  c h a r g e  

t r a n s f e r ,  w a v e f u n c t i o n ,  a n d  c h a r a c t e r i s e s  t h e  complex i n  which an  

e l e c t r o z  has been t r a n s f e r r e d  from t h e  donor  t o  t h e  a c c e p t o r .  For  

weak coxplexes, such as  t h e  T-T  complexes s t u d i e d  i n  t h e  p r e s e n t  

r e s e a r c h ,  a  > >  b. 

The c o e f f i c i e n t s  a  and b d e t e r m i n e  t h e  r e l a t i v e  c o n t r i b u t i q n s  

o f  t h e  3 o r m a l i s e d  so-bond and  d a t i v e  w a v e f u n c t i o n s .  These 

c o e f f i c i e n t s  s a t i s f y  t h e  n o r m a l i s a t i o n  c o n d i t i o n  

2 ( a  + abS)  + (b2 + abS) = 1 

where t h e  o v e r l a p  i n t e g r a l  S i s  d e f i n e d  by 

and is p r o p o r t i o n a l  t o  t h e  o v e r l a p  i n t e g r a l  between t h e  h i g h e s t  

f i l l e e  m o l e c u l a r  o r b i t a l  o f  t h e  donor  and t h e  l o w e s t  u n f i l l e d  

molecular o r b i t a l  of the a c c e p t o r .  According t o  the o v e r l a p  and 

o r i e n t a t i o n  p r i n c i p l e ,  t h e  donor  and t h e  a c c e p t o r  m o l e c u l e s  t e n d  

t o  o r i e n t  t h e m e a v e s  s o , a s  t o  make S a  maximum. The q u a n t i t y  

ib2 + aSS) i s  a  measure  o f  t h e  e x t e n t  o f  c h a r g e  t r a n s f e r  i n  t h e  
- 

9 r ~ ~ a d  e l e c t r o ~ i c  s t a t e .  ' 

The e x c i t e d  s t a t e  of the complex h a s  a s  i t s  wavefunc t ion  



-- -. 
*. * where t h e  c o e f f i c i e n t s  a and b  s a t i s f y  a  n o r m a l i s a t i o n  r e l a t i o n  

analogous t o  equa t io r i  f 3'. 2 )  . I n  t h e  e x c i t e d  s t a t e ,  t h e  complex 
/' * 

has a  h i g h  degree of i o n i c  c h a r a c t e r ,  i . e .  a*;> b  -4 
*" 

The w a v e f u n c t i o n s  i n  e q u a t i o n s  ( 3 . 1 )  and  ( 3 . 4 )  may a l s o  

c r ~ n t a i n  c o n t r i b u t i o n s  • ’103  l o c a l l y  e x c i t e d  donor  o r .  a c c e p t o r  

* 
s t a t e s  [ e .  g.  i ( D  A) 1 ; s u c h  c o n t r i b u t i o n s  a r e  o r d i n a r i l y  i n s i g -  

- .- p L  - - - - - -- 

n i f i c a n t  for 'F but cax be i m p o r t a n t  i n  t h e  c a s e  o f  Y E ,  e s p e c i a l l y  
1.I ' 

when t h e  e n e r g y  of t h e  l o c a l l y  e x c i t e d  s t a t e  i s  comparable  t o  t h a t  

The e n e r g y  l e v e l s  of t h e  EDA complex which emerge from t h i s  

4 r e s o n a n c e  s t r u c t u e  t h e o r y  a r e  shown i n  F i g .  3. The i n t e r m o l e c -  

ular c h a r g e  t r a n s f e r  t r a n s i t i o n  e n e r g y  hv i s  g i v e n  by t h e  
CT 

e q u a t i o n  5 

< 
where I i s  t h e  v e r t i c a l  i o n i s a t i o n  p o t e n t i a l  ( i o n i s a t i o n  e n e r g y ) ;  D 

E i s  t h e  v e r t i c a l  e l e c t r o n  a f f i n i t y  o f  t h e  acceptbr; Go i s  t h e  A 

s1.m of ground state no-bmd terns i n c l u d i n g  e l e c t r o s t a t i c  e n e r g y  

a x i  vaz de r  Waals er.ergy; G1 i s  t h e  sum of d a t i v e  s t a t e  terms 
6 

@ i ~ c l u d i n g  t h e  C o c l o ~ 3  i n t e r a c t i o n ;  X o  and X a r e , t h e  r e s o n a n c e  
1 - 

- energies betwee2 t h e  no-bond and  the d a t i v e  s t r u c t u r e s  i n  t h e  

;r0'--~2 and excite2 stazes, r e s g e c t i v e l y .  Because of t h e s e  

resmazce ezerq:es, hb,, i s  n o t  s imply e q u a l  t o  t h e  e n e r g y  r e q u i r e d  
b- 

tg t r a c s f e r - a n  e i e c t r s n  i ron t h e  donor t o  t h e  a c c e p t o r  ( i . e .  t h e  

_y differezce Bet-,,-eer, t h e  no-bond and t h e  d a t i v e  , s t a t e s ) ;  2111ra7 

. ---a ;I .3, ,aSf  it i3 50, e11ezyy of the t r a n s i t i o n  between t h e  s t a t e s  

. - - * -  #:.lac r a V e f ~ ~ ~ t i 3 ~ 5  iT5 r , .  and t - .  The sum Go + X o  equals the -. C 



F i g .  3 Energy l e v e l  d iagram o f  a n  EDA complex. 
The u n d e r l i n e d  s t r u c t u r e s  a r e  t h e  dominant  o n e s  
f o r  t h e  ground and the  e x c i t e d  e l e c t r o n i c  states. 

b i n d i n g  e n e r g y ,  i .e .  t h e  e n e r g y  g i v e n  up when t w o  m o l e c u l e s  

i n t e r a c t  and form a com2lex i n  t h e  ground e l e c t r o n i c  s t a t e .  T h i s  

i~ternolecular b i n 2 i n q  e n e r g y  i s  t h e  thermodynamic q u a n t i t y  AH. 

for 7-7 complexes s u c h  as t h o s e  s t u d i e d  h e r e ,  ID i s  t h e  

d ~ z i n a n t  tern i n  e q u a t i o n  ( 3 . 5 ) ;  b e c a u s e  o f  t h i s ,  fo r  a series of 

c o r q l e x e s  h a v i n g  t h e  s a n e  a c c e p t o r ,  hvCT h a s  a n  a l m o s t  l i n e a r  
- -- 

r e l s t i o n s h i p  xith t h e  i o n i s a t i o n  p o t e n t i a l s  of t h e  donors .  The 

&qen6ezce of the ensroy of t h e  CT band  on t h e  donor  i o n i s a t i o n  

2 , 4  s c t s n t i a l  h a s  beer d i s c u s s e d  e x t e n s i v e l y  e l s e w h e r e  . 
T' , 

I t  s h o u l d  be y i n t e d  o u t  t h a t  t h i s  a n a l y s i s  s t r i c t l y  a p p l i e s  : 

o z l g  t3 29;. co2y;lexez i n  t h e  vapour phase ,  and that the energetics 



- - - - - - -- - 

o f  t h e s e  complexes are somewhat changed i n  s o l u t i o n .  However, 
Q 

x o s t  e x 2 e r i m e n t a l  d a t a  a r e  o b t a i n e d  f o r  s o l u t i o n s  and o f t e n  must 

be  i n t e r p r e t e d  w i t h o u t  s ? e c i f i c  c o n s i d e r a t i o n  o f  s o l v a t i o n  e f f e c t s ,  

t h e  e x t e n t  o f  which a r e  known f o r  o n l y  a l i m i t e d  number40f c a s e s .  

3 .1 .2  F o l e c u l a r  O r b i t a l  ~ r e a t m e n t  

- A  s i m p l e  m o l e c u l a r  o r b i t a l  p i c t u r e  o f  the,EDA complex 6,7 can 
- - - - - 

be used t o  d i s c u s s  i t s  e l e c t r o n i c  t r a n s i t i o n s  w i t h o u t  recou;se - to  

t.he valence'-dond model d e s c r i b e d  above.  I n  t h i s  m o l e c u l a r  o r b i t a l  , 

a p p r o a c h ,  t h e  CT band o f  t h e  complex, o r  t h e  l o w e s t  e n e r g y  CT 

band o f  a complex which  h a s  m u l t i p l e  CT bands ,  i s  a t t r i b u t e d  t o  t h e  

t r a n s f e r  o f  an e l e c t r o n  from t h e  h i g h e s t  o c c u p i e d  m o l e c u l a r  o r b i t a l  

,* of  t h e  donor  t o  t h e  l o w e s t  v a c a n t  m o l e c u l a r  o r b i t a l  o f  t h e  a c c e p t o r .  

Some comments on t h e  m o l e c u l a r  o r b i t a l  i n t e r p r e t a t i o n  o f  t h e  
* 

CT t r a n s i t i o n s  i n  t h e  c o m p l ~ s h e r e  ,- s u b s t i t u t e d  benzenes  a r e  

t h e  e l e c t r o n  donors  are a p $ r o p r i a t e  h e r e ,  s i n c e  t h e s e  d o n o r s  are 

used e x t e n s i v e l y  i n  t h i s  work. I n  benzene ,  t h e  h i g h e s t  occup ied  

e l e c t r o n i c  s t a t e  i s  of E symmetry, and i s  t h u s  doubly  d e g e n e r a t e .  
lg 

s u b s t i t u t i o n  on t h e  benzene  r i n g  removes t h i s  d e g e n e r a c y ,  and 

+ 
produces  two o c c u p i e d  o r b i t a l s  whose energy  d i f f e r e n c e  depends  

on t h e  n u i i e r  o f  s u b s t i t u e n t s ,  t h e i r  n a t u r e ,  and t h e i r  p o s i t i o n s  

8 on the r i n g  . A s  a coGsequence,  two CT bands  a r e  u s u a l l y  o b s e r v e d  

for Z D k  complexes h a v i n g  s u b s t i t u t e d  benzenes  a s  e l e c t r o n  d o n o r s  
- - 

( e x c e 2 t ' x h e n  the s u b s t i t u t i o n  d o e s  n o t  remove t h e  d e g e n e r a c y ,  e - g .  

ic h e x a m t h y l b e n z e n e ) .  For  TCNE complexes,  a c o r r e l a t i o n  h a s  been 
4 

o b s e r T ~ e d  between t h e  d i f f e r e n c e  i n  t h e ' e n e r g i e s  o f  t h e  two h i g h e s t  

. - 
occ2;1e2 donor  orbitals and t h e  s p a c i n g  o f  t h e  CT a b s o r p t i o n  

bazj,sS ' , which i s  c o o s i s t e n t  with this a n a l y s i s .  



30 
1 
- -- 

t h e  c o q l e x e s  where t h e  degeneracy  o f  t h e  h i g h e s t  f i l l e d  
- - - - - 

o r b i t a l  ha s  been removed by s u b s t i t u t i o n ,  t h e  o v e r l a p  and ' 

o r i e n t a t i ~ n  p r i n c i p l e  (Set. 3 . 1 . 1 )  p r e d i c t s  two d e f i n i t e  c o n f i g u r -  

a t i o n s  of t h e  cozi2lex; i n  f a v o u r a b l e  c a s e s ,  t h e s e  g e o m e t r i c  

i s o n e r s  can b e  c o r r e l a t e d  w i t h  t h e  two CT b a n d s ,  a l t h o u g h  it s h o u l d  

be remenbered t h a z  fo r  rocx t e r 2 e r a t u r e  s o l u t i o n s ,  t h e  b a r r i e r  t o  

t h e  r o t a t i o n  b-etween t h e s e  c o n f i g u r a t i o n s  i s  s m a l l  enough t h a t  t h e  

2 - - - -- 

d i s t i z c t i o n  betwee2 the;?. may b e  l o s t  . The q u e s t i o n  o f  t h e  

c o r r e l a t i o n  o f  t h e  t?;o d i s t i n c t  g e o m e t r i c  s t r u c t u r e s  o f  a  

c o r q l e x  w i t h  i t s  r n ~ l t i 2 l e  

2 o i n t  of t h e  e x p e r i z e c t a l  

C h a p t e r  5. 

, , r a  3 . 2  V i b r a t i o n a l  $?em+ 

CT bands  i s  

r e s u l t s  f o r  

c o n s i d e r e d  from t h &  s t a n d -  

t h e  TCNE EDA complexes i n  

&' 

The t h e o r y  o f  t h e  v i b r a t i o n a l  s p e c t r a  of  EDA complexes, i n  

c o n t r a s t  t o  t h a t  of t?ie e l e c t r o n i c  s p e c t r a ,  has n o t  been deve loped .  

very e x t e n s i v e l y .  Because o f  t h i s ,  o n l y  a  b r i e f  d i s c u s s i o n  can  

be  ? r e s e n t e d  i n  t h i s  s e c t i o n ,  f o r  an e x t e n s i v e  r e v i e w  of t h e  

t h e o r e t i c a l  a s p e c t s  of these v i b r a t i o n a l  s p e c t r a ,  t h e  r e c e n t  

?&ijlication o f  p e r s c n l 0  s h o = l d  be  c o n s u l t e d ,  e s p e c i a l l y  w i t h  r e g a r d  

t c  the i n f ~ a r e d  absorptioz s p e c t r a  o f  EDA complexes.. 

One a r e a  of t h e  y i b r a t i o ~ a l  s p e c t r a  f o r  which some t h e o r e t i c a l  

? r e d i c t i o n s  c a n  5s n a a e  c o n c e r n s  t h e  f r e q u e n c y  s h i f t s  i n  t h e  donor  

and a c c e p t o r  bands which accornpazy c o m p l e x a t i o n .  These  f r e q a e n c y  - 

s k i f t s  ic g e n e r a l  can  5e c a u s e d  by t h e  c o u p l i n g  of t h e  a f f e c t e d  
- 

v i b r a t i o n s  x i t h  o t h e r  donor  o r  a c c e p t o r  v i b r a t i o n s ,  by g e o m e t r i c  

- & - ; ? - & :   re changes  o f  t h e  conponent  m o l e c u l e s  on c o m p l e x a t i o n ,  o r  

by ehanqes  i n  t h e  - ; i 5 r a t i o n s  xnich a r e  due t o  e l e c t r o s t a t i c  o r  ,, 



10 
dis~ersion e f f e c t s  . k-.;. t h e o r y  - - which - - a c c o u n t s  - f o r  t h e s e  e f f e c t s  

x u s t  p r e d i c t  changes  i n  t h e  f o r c e  c o n s t a n t s  o f  t h e  bonds which a r e  

a f f e c t e d  by t h e  c o n 2 l e x a t i o n .  

A c c o r d i n g  t o  t h e  va lence-bond t h e o r y  d e s c r i b e d  i n  Sec.  3 . 1  .'I, 
'= 

t h e  chslnges i n  t h e  force c o n s t a n t s  which' accompany t h e  f o r m a t i o n  

of  --- ZDA c o r p l e x e s  a r e  e x p e c t e d  t o  be  v e r y  s m a l l .  Tf s e v e r a l  

2=C bonds a r e  i n v o l v e 2  i n  t h e  donor  v i b r a t i o n  ( e . g .  i n  a r i n g  
A - - - - - -- 

node o f  benzene  o r  a  s u b s t i t u t e d  b e n z e n e ) ,  a l t h o u g h  a  s l i g h t  c 

-'&- 

weakening o f  t h e  s t r e t c h i n g  f o r c e  c o n s t a n t s  i s  e x p e c t e d  because? 

or' the  sacrificiaf ,rkar&cter of the d o n o r ,  when this e f f e c t  i s  

uelocalised o v e r  a number o f  bonds ,  i t  may b e  too weak t o  be 

o b s e r v e d .  The C=C s t r e t c h i n g  f r e q u e n c y  i n  a  E a c c e p t o r  s u c h  a s  

TCNE s h o u l d  b e  lowere2  by c o m p l e x a t i o n ,  s i n c e  t h e  e l e c t r o n  a c c e p t e d  

hy t h e  m o l e c u l e  goes  i n t o  a n  a n t i b o n d i n g  o r b i t a l ,  weakening t h e  

C=C boad ;  s i n c e  the d e l o c a l i s a t i o n  i s  much less e x t e n s i v e  i n  a  

s n a l l  m o l e c u l e  s u c h  as TCXE, t h e  chance  o f  o b s e ~ v i n g  such  a  

d e c r e a s e  i n  f r e q u e n c y  is  much g r e a t e r  t h a n  i n  t h e  c a s e  o f  a  

~ o i e c u l e  s u c h  a s  benzene .  

The " c l a s s i c a l "  e l e c t r o s t a t i c  and d i s p e r s i o n  i n t e r a c t i o n s  

'mentioned above can  a l s o  a f f e c t  t h e  p o s i t i o n s  o f  t h e  component 
.. - 

- ~ i b r a t F o ~ a l  bands ;  i n  the case of T-T complexes ,  t h e  r e s u l t i n g  

f r e q u e n c y  s h i f t s  c a n  be a s  g r e a t  a s  t h o s e  which a r e  due  t o  

c o q l e x a t i o n ,  Because of t h i s ,  t h e  s o l v e n t  e f f e c t  o f  l i q u i d  

e l e c t r o n  d o n o r s  such as benzene  and some o f  t h e  s u b s t i t u t e d  

be?.zenes on t h e  bane 2 o s i t i o n s  must be t a k e n  i n t o  c o n s i d e r a t i o n  

xhez t h e  donor  s e r v e s  a s  t h e  s o l v e n t .  r( 

The s u b j e c t  of ?zzan i n t e n s i t y  e f f e c t s  i n  the  s p e c t r a  o f  T-T  
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EDA complexes, w h i c h  i s  t h e  c e n t r a l  theme of t h i s  t h e s i s - ,  i s  a , 

new one; c o n s e q u e n t l y ,  no  r e f e r e n c e s  t o  t h i s  topic c a n  b e  c i t e d  

. here. I n s t e a d ,  Razan i n t e n s i t y .  t h e o r y  i s  d i s c u s s e d  - f rom a some- 

w h a t  more g e n e r a l  v i e w p o i n t  i n  C h a p t e r  2 .  
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4 . 1  E x c i t a t i o n  and D e t e c t i o n  

t h e  Raman s p e c t r a  r e p o r t e d  i n  t h i s  t h e s i s  were 

o b t a i n e d  w i t h  a  Coheren t  ~ a d i a t i o n  Model 52G Argon Ion  l a s e r  a s  
f 

t h e  e x c i t a t i o n  s o u r c e .  The e i g h t  v i s i b l e  l i n e s  o f  t h i s  l a s e r  

r a n g i n g  from 514.5 nn ( 1 9 , 4 3 0  cm-') t o  457.9 nm 121,831 c m - l )  a r e  
- - A -  

each  o f  s u f f i c i e n t  p w e r  t o  p roduce  s a t i s f a c t o r y  s p e c t r a  o f  t h e  

EDA complexes o f  TC::E; a n o t h e r  l i n e  a 7  454.5 nm i s  t o o  weak f o r  

khe s t u d y  o f  t h e  cowlexes. 

- S p e c t r a  e x c i t e d  w i t h  t h e  Argon l a s e r t a r e  c o m p l i c a t e d  i n  some 

c a s e s  by plasma emfss ior .  l i n e s 1 ,  which a r e  o f  comparable  i n t e n s i t y  

t o  t n e  weak Raman b m d s  o f  t h e  EDA complexes.  The appearance  o f  

these  plasma l i n e s  i n  t h e  s p e c t r a  may b e  c o n v e n i e n t l y  k e p t  t o  a  

m i ~ i c m  t h r o u  h  c a r e f u l  c h o i c e  of t h e  a p p r o p r i a t e  e x p e r i m e n t a l  

geometry;  v a r i o u  a c h e c k s  w e r e  made t o  e n s u r e  t h a t  none of t h e  

o b s e r v e d  bands i n  t h e  s p e c t r a  a r e  a t t r i b u t a b l e  t o  t h e  plasma l i n e s .  

k few Raman s p e c t r a  of t h e  EDA complexes were e x c i t e d  w i t h  a 

S p e c t r a - P h y s i c s  Bfodel 125 Belium-Neon l a s e r ,  which h a s  a n  o u t p u t  

wave lezg th  bf 632.8 nrn (15 ,798 mi-') . Because o f  t h e  c o m p a r a t i v e l y  

l o x  ( a b o u t  5 0  mw) power o f  t h i s  l a s e r ,  it can  b e  used  f o r  t h e  

s p e c t r a  of t h e  c o c ? l e x e s  o n l y  when t h e  a b s o r p t i o n s  o f  t h e  samples  

a t  the lsser wave leng th  are s m a l l .  Raman specera excited with a 
/ 1 

5eliw:-Xeon laser can be i n t e r f e r e d  w i t h  hy Neon emission lines : 
: 

a s  in t h e  c a s e  o f  $--19on l a s e r  e x c i t a t i o n ,  e x p e r i m e n t a l  s a f e g u a r d s  

2re~:ent t h e s e  l i n e s  frcz k e i n g  i n t e r p r e t e d  a s  P a a n  bands of t h e  

A s z a l l  nunher of  zLe Rarnan s p e c t r a  were e x c i t e d  w i t h  a 



-+,. F~ t5e Lrgofi Las=.r. 'r.,?F -y"dye was fficiodar.ine 6(;  dissolved 

ir ethyiene g f y c c l ,  2-6 t h e  wa7:elength o f  t h e  dye  l a s e r  r a d i a t i o n  

w a s  r n  the  v l c i - i t y  ~f 6 0 0  nm, 

Because o f  t kp  s t roz5  a b s s r ~ t i o n  of t h e  laser light by most 
8 

of t h e  E 3 A  cox?lexes, t?,e l a s s r  pwer had t o  3e kept  below about 
+. 

2 5 0  mii to a v o i d , s i g , r ; i f i c m t  h e a t i ~ g  of t h e  saz~les. The use of 

- -  ssur iozs  hea t in :  e z r e c t s  i n  the spec t ra  (relative i n t e n s i t i e s  

* 2 &penden t  upon ?oxer  ~ s s d )  . T h i s  h e a t i n g  e f f e c t  i s  f i r s t  

zoticeable wher, zkz l a s e r  po;-;er is about 400 s w ;  w i t h  t h e  power 

. - 
at 2 5 0  I*.~; o r  less, -2 z z a s u r z s i e  tenperature rise occurs w i t h i n  

t h e  tire r e p i r e 5  r s  r e m r d  a s2ectru.m.  The neasurement o f  t h e  

S t o k e s / a n t i S t o k e s  i.zter:si+>* ,, r a t i o  for the bancis of a  s t r o n g l y  

a ' s sorb i rg  ED.: c o q l s x  s ~ l z t i c ~ z  xhea e x c i t e d  x i t i ?  about  200 mw 

- .  
l a s e r  poirer c o c r ~ r z c 5  t k a t  r;,o e e t e c t a b l e  temperature r i s e  o c c u r ~ s  

wi th in  such a  s o l a t i o n .  

T h e  s o l u t i o n s  t o  be s t u e i e d  w e r e  contained i n  o rd ina ry  1 c m  2 

+ '  ~ e s e  cxve t t e s  sszstisss c o ~ k a i n  t h e  i n t e r f e r i n g  broad q u a r t z  

-1 -1 -1 ?azzn L m d s  3t a k 3 - 2 ~  4 5 5  cz , 800  cn and l O S O  cm ; t hese  

q x a r t z  bands te22 co z a s k  medim. or weak ban6s arising from the 





535; ' ' .----" -1 
- -,,.., ~ b t a ; r , e 5  - -  YL::-. - ~ : F . G  S ~ e x  13131 was a l s o  x i t h i n  - i3 cia . --  A 

C s s s z t z a  s -  tke ~or;le:~:zs z o z ~ s s l ~ s t e  1051 backqrcund c o u n t  rate 

2 - - 1  * * - - - -  . . . . 
,..& -..-;=-; 3 z =  - ; ~ C . - . L ~ - . - Z =  5.: Z S S ~ ~ ~ Z  t h e  PKT w i t n  a d r y  ice-metha 

2'LXE'LZ? s 

F4 
-?>a ,,., s i ~ n a l s  frzZ : ks  z h o t s z ~ ~ f t i z l i e r  were d e t e c t e d  with 

- L ~ . - ~ ~ T  p. p * - -- ,r.s ~ L : L = L : . ~  337pZs CC. .Z*~  rates 50s an S / S  r a t i o  of +*  L A . . . .  - .. 



. . . _ P C  3 ;  an anql- cif 33: .*;it:? respect to the i2cident bean. 

7 :  J - - - - -  
, - - -  - -:. =; . Z . .  -:.-= zrrar,~errt-,r.=, the laser be&'?fs incident on 

- -  ^ .... - C L ^ . . -  - - -.-? -,- .=  --= .-,e-- hzf:. 2--.;12 5f a > ~ r ~ x i r a t e l y  - 3 0 r  xitn respect to 

- - -  -^I - -  - _ - - -  - .  . = - Z = Z ~ ~ ? Z  -I;.-,T is c ~ l l e c f , e S  iti t h e  direction 



F i g .  4 B a c k s c a z t e r i n g  geometry used  t o  o b t a i n  
%man s p e c t r i  c;f ; t r o r . ~ l y  a b s o r b i n g  EDA complex 
sof i i t i o n s .  

. .  7 

of approximately -60' i i l i n  respac t  t o  t h e  normal: Thus,  t h e  

C i r e c t i o x  of obser-:azicr i s  still a+ r i g h t  a n g l e s  w i t h  r e s p e c t  t o  

t h e  i n c i E e n t  l i g h t ,  an< t h e  d e p o l a r i s a t i o n  r a t i o s  o b t a i n e d  w i t h  

chis h c k s c a t t e r i c ~  q e g z e t q  c a n  be compared w i t h  t h o s e  obse rved  

-, 'or transparent so lx t io - s  x i t h  c o n v e n t i o n a l  90•‹ geometry. When 

 he c o ~ c a n t r a t i o ~  of t h e  c o z p l e x  i s  a b o u t  1.1 (I50lar) o r  l q s ,  no 

s i g n i f i c a n ~  reabsorgcion pzoblens a r e  e n c o u n t e r e d  w i t h  t h e  

k a c k s c z t t e r i n g  g e m . s t r y ,  s i n c e  the s c a t r e r e d  l i g h t  i s  c o l l e c t e d  
L 

only Erg?. the s - ~ r f a c e  l a y e r s  o f  the sample.  A t  h i g h e r  c o n c e n t r a -  

-1 
&r.t raso2arice 2- ir.-:estigatio.-.s were e i t h e r  t h e  CH C1 283  cm 

- 2 2-  
-1 . -1 - ? 1  . i j +  cn s a z 8 s ,  31 the donor Sands a t  about 1 6 0 0  c m  

C 

. . - - .  ~;.-.-: c>.ey -&esz 35 i ~ r ~ : c i e r . t  s t r e n g t h ) .  The l a t t e r  r e f e r e n c e  i s  

4 a - = - d D - A Q  -- T i ?  G • ’  z3-z --. - + p = p  Saz5, dve t o  t h e i r  p r o x i d t y  and . - - 



---I - - -- 

jazd (aboa t  2230  cm j a l s o  can  be  s t u d i e d  s u c c e s s f u l l y  w i t h  
-- - -- -- - 

thls i n t e r n a l  s t a n d a r d ,  e x c e p t  a t  r e l a t i v e l y  h i g h  c o n c e n t r a t i o n s .  

T:?s intensities of t h e  bands used a s  i n t e k n a l  s t a n d a r d s , w e r e  

4 correct& f o r  the {nonresonance)  Y e x c i t a t i o n  f r e q u e n c y  

-1 
d e p e ~ 3 e n c e .  For t h e  c a s e  of benzene/TCNE, t h e  1585/1604 cpl 

bnnzeze d o x b l e t ,  -&-ic?, i s  used  a s  t h e  i n t e r n a l  s t a n d a r d ,  h a s  been 

4 skown t o  f o l l o w  t h e  =J law o v e r  t h e  wave leng th  r a n g e  c o v e r e d  by 

4 . 4  A b s o r p t i o n  and 3 l z o r e s c e n c e  S p e c t r a  

The a b s o r p t i o z  sssectra of t h e  TCNE EDA complexes were t a k e n  
- 

32 a  Cary Kodel 1 4  or a  Cary Model 17 s p e c t r o p h o t o m e t e r .    he ' 

r e a s ~ x e n e n t s  w e r e  xade zt room t e m p e r a t u r e ;  i n  most  c a s e s  t h e  

solvent was used  a s  the r e f e r e n c e .  3 

F l u o r e s c e n c e  s s e c t r a  of t h e  EDA complexes i n  s o l u t i o n  w e r e  

meascrec i  a t  77 K a n 2 ,  x;l~n t h e y  x e r e  o b s e r v a b l e , '  a t  300  K.  The 

77 K s s e c t r a  w e r e  055aFt.ed by p l a c i n g  t h e  samples  i n  c a p i l l a r i e s ,  

-,jhich xere t h e n  i ~ i ~ e r s e t 3  i n  a  d e x a r  c o n t a i n i n g  l i q u i d  n i t r o g e n ,  . 
anti vieiring t h e  lisnt f r o 3  t h e  sample  a t  a n  a n g l e  o f  ,9Q0. The 

r3oz t e z 2 e r a t u r e  f l u o r e s c e n c e  s p c t r a  w e r e  r e c o r d e d  i n  a  manner 

si~ilar fo that i n  wh ich  t h e  Raman s p e c t r a  o f  t h e  complexes w e r e  

TC;E ar,5 t > e  -:zrirj-ls c o n ~ o - m d s  used as -  e l e c t r o n  d o n o r s  w e r e  

c L t 2 i n e 5  i n  either r s a y e z t ,  s p e c t r o q u a l i t y  o r  c h r o m a t o q u a l i t y  

; rzies froz the fclls- , :Fzy s ~ ? p l i e r s :  Eastman Kodak Company; 

-, - - 7  

r. 3 n L a S 2 r a t o r i e s ;  .L!zt?.eson Coleman & B e l l ;  F l u k a  A G ;  F i s h e r  

- - . - z y <  - szr?.;zif ic C c z s ~ ~ y ;  .-.,,- , c -  C3ex.lcal Company; and J. T. Baker 



Chez~szf Cor;any. %hen n e c e s s a r y ,  - s o l i d s  - w e r e  pp p u r i f i e d  by 

r e c r y s t a l l i s a t i o n  or s u b l i m a t i o n  and l i q u i d s  w e r e  p u r i f i e d  by  

d i s t i l l z ~ i o n s .  

Because of i t s  h i g h  r e a c t i v i t y ,  t h e  p u r i f i c a t i o n  and s t o r a g e  

of T C X  were g i v e n  riore a t t e n t i o n  t h a n  t h a t  f o r  most  of t h e  o t h e r  

chen ica l s .  I n  p a r t i c u l a r ,  t h e  TCNE used  f o r  t h e  p r e p a r a t i o n  o f  

c - - 5 l i x e d  t : ~ i o ~ O r  more t i m e s ,  and  s t o r e d  i n  t h e  t k e  cor .p lexes  w a s  ,, 
a? 

d a r k  i r .  a  d r y  atr ; .cs?hrre.  Pihen TCNE i s  t r e a t e d  i n  t h i s  manner,  

i t  r e n a i n s  p u r e  f c r  s e v e r a l  months.  
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The Raman s p e c t r a  o f  EDA complexes o f  TCNE a r e  d i s c u  s e d  i n  B 
d e t a i l  i n  t h i s  c h a p t e r .  The main t o p i c s  o f  i n t e r e s t  i n  t h e s e  

s ~ e c t r a  a r e  t h e  i n t e n s i t y  e f f e c t s  and t h e i r  a p p l i c a t i o n s ,  t h e  low . 

e n e r g y  s p e , c t r a ,  and t h e  band p o s i t i o n s .  The o r g a n i s a t i o n  o f  t h e  

c h a p t e r  i s  t h e r e f o r e  a s  f o l l o w s :  t h e  p r e r e s o n a n c e  Raman e f f e c t  
- -- 

and t h e  r e s o n a n c e  Ranan e f f e c t  d e a l  w i t h  t h e  i n t e n s i t i e s  o f  bands ,  

and a r e  t h e  s u b j e c t s  o f  t h e  f i r s t  two s e c t i o n s ; -  t h e  r e s o n a n c e  
1 

?.aman i n t e n s i t i e s  a r e  used  f o r  t h e  d e t e r m i n a t i o n  o f  e q u i l i b r i u m  

c o n s t a n t s  i n  t h e  n e x t  s e c t i o n ;  t h e  low energy  Raman s p e c t r a  a r e  

d i s c u s s e d  i n  a  s e p a r a t e  s e c t i o n  because  o f  t h e i r  s p e c i a l  i n t e r e s t ;  

and f i n a l l y ,  t h e  c o n p a r i s o n  o f  t h e  band p o s i t i o n s  i n  t h e  s p e c t r a  

of  t h e  complexes w i t h  t h o s e  i n  t h e  s p e c t r a . o f  t h e  uncomplexed 

components is  t h e  t o p i c  of  t h e  l a s t  s e c t i o n .  

The CT a b s o r p t i o n  Sand (or bands )  o f  t h e  TCNE complexes 

d i s c u s s e d  i n  t h i s  c h a p t e r  o c c u r  between a b o u t  350 nrn and 7 0 0  nm. 

Thus when t h e  Argon l a s e r , i s  u s e d  f o r  e x c i t a t i o n ,  b o t h  i n c i d e n t  

and s c a t t e r e d  l i g h t  a r e  a b s o r b e d  t o  some d e g r e e ,  and t h e  r e s u l t l n g  

Ranan s p e c t r a  a r e  c o m p a r a t i v e l y  weak; p a r t  o f  a t y p i c a l  s p e c t r u m  

i s  shown i n  F i g .  12 .  B e c a u s e  t h e  s p e c t r a  a r e  g e n e r a l l y  weak, o n l y  

a  l i x i t e d  number of  Ranan bands  a r e  o b s e r v e d ,  and t h e  measured 

i n t e n s i t i e s  and p o s i t i o n s  o f  t h e s e  bands c a r r y  g r e a t e r  u n c e r t a i n t i e s  

t h a n  Raman s p e c F r a  o f  nonabsorb ing  samples  do. 

5.1 P r e r e s o n a n c e  Razan E f f e c t  i n  EDA Cdmplexes of TCNE 1 1 2  

I n  t h i s  s e c t i o n ,  t h e  p r e r e s o n a n c e  Rarnan e f f e c t  i n  s u i t a b l e  

nn\-- i ~ i z  complexes i s  2 i s c u s s e d .  S p e c i f i c  i n f o r m a t i o n  on t h e  i n t e r -  
, 

- ... e 5 i a t e  s c a t e s  i n  t i y e  ? r e r e s o n a n c e  s c a t t e r i n g  p r o c e s s  i s  o b t a i n e d  



- - - - - -- - 

by s tudy ing  t h e  e x c i t a t i o n  f requency dependence o f  t h e  i n t e n s i t i e s  
- - - - - - - - 

of t h e  t o t a l l y  symetrici C=C and C E N  TCNE Rarnan bands,  and by 

neasu r ing  t h e  d e p o i a r i s a t i o n  r a t i o s  of t h e s e  bands.  The s t r o n g e r  

p re resonance  e f f e c t  i n  t h e  vCZC band i s  a l s o  shown t o  cause  t h e  

e x c i t a t i o n  viavelenoth dependence o f  t h e  I ( v  ) / I  (vCEN)  i n t e n s i t y ,  
< C=C 

d 

r a t i o .  

A s  d i s c u s s e d  i n  Sec.  2 . 2 ,  t h e  pre,resonance 

impor t an t  when t h e  wavelength o f  t h e  e x c i t a t i o n  

long  xave length  a b s o r p t i o n  edge of t h e  sample.  

Raman e f f e c t  i s  

sou rce  Z s  nearPThe---- 

I n  t h e  p r e s e n t  

-study t h i s  c o n d i t i o n  occu r s  w h e n - e l e c t r o n  donors  a r e  chosen such 
.. 

' 

t h a t  t h e  CT a b s o r p t i o n  bands o f ' t h e i r  TCNE complexes have t h e i r  
. * 

maxim nea r  4 0 0  rm ( t h e  s h o r t e s t  u s e f u l  wavelength a v a i l a b l e  from 

t h e  Argon l a s e r  i s  4 5 7 . 9  m ) ,  which i s  t h e  c a s e  f o r  t o l u e n e  and 

f luorobenzene  a s  donors .  The CT absorption--maxima of  t h e  TCNE 

complexes w i th  t h e s e  donors  a r e  g iven  i n  Table  I ,  and t h e  long 

wavelength a b s o r p t i o n  ed7es  f o r  t h e s e  complexes a r e  shown i n  

F i g .  5 ,  a long  w i t h  t h e  p o s i t i o n s  of  t h e  Argon l a s e r  l i n e s .  

5 . 1 . 1  Preresonance i n  TCNE V i b r a t i o n s  ,- 

A s  t h e  e x c i t a t i o n  wavelength approaches  t h e  a b s o r p t i o n  maxima 

o f  a  complex, t h e  i n t e n s i t i e s  of  t h e  bands a s s igned  t o  t o t a l l y  

s y ~ m e t r i c  v i b r a t i o n s  i n  t h e  spectrum of  uncomplexed TCNE i n c r e a s e  
.-.> 

r e l a t i v e  t o  t h e  i n t e n s i t i e s  of t h e  n o n t o t a l l y  symmetric bands. 

The bands which show t h i s  p re resonance  i n t e n s i t y  enhancement a r e  

l i s t e d  i n  Table  11, t o ~ e t h e r  w i t h  t h e i r  ass ignments .  S ince  t h e  

syxrtetry of a  TC;E ED-: complex i s  lower t h a n  t h a t  of TCNE, 

' T h i s  refers t o  t h e  syr f ie t ry  o f  an uncomplexed TCNE molecule  
( C h a p t e r  6 )  . 



- <  - - 

~ i g .  5 Long wavelength absorption edges of TCNE EDA complexes 

which yield preresonance Raman spectra. (a) toluene/TCNE in 

CHZCIZ; (b) benzene/TCNE in CHZCl2; (c) fluorobenzene/TCNE. 



T a b l e  I .  Absorpt ion 'maxima of  
- - pp pp pp 

t h e  TCNE EDA complexes whose Raman 
s p e c t k a  show p r e r e s o n a n c e  i n t e n s i t y  e f f e c t s  

Complex 
-1 

S o l v e n t  h r k ( m )  vrk(cm 1 

fluorobenzene/TCNE f l u o r o b e n z e n e  358 27,900 

T a b l e  11. TCNE v i b r a t i o n s  i n c r e a s e d  i n  i n t e n s i t y  i n  t h e  
p r e r e s o n a n c e  Raman s p e c t r a  o f  TCNE EDA complexes 

-1 a b,c 
V(cm D e s c r i p t i o n  

combina t ion  band 

C-CEN bend 

1 5 2 6  c o m b i n a t i o n  band 

1 5 6 7  .C=C s t r e t c h  

2236 CEN s t r e t c h  

a 
Band d po-sit-ions are for s o l i d  funcomplexed) T C N E .  

B ~ l l  bands  a r e  o f  a symmetry i n  uncomplexed TCNE. 
g - 

C Ass icpments  a r e  d i s c u s s e d  i n  Chap te r  6 .  



vibratiorts hi& are t e t a l l y  symmetric in uncomplexed TCNE, which 

belongs to tha D Z h  point group, are also totally symmetric in the 

EDA com2lex. The preresonance-intensity behaviour is therefore 

consistent with the predicted activity of the bands in the 

preresonance Earnan spectra, as discussed in Sec. 2.2 .2 .  

Even when only totally symmetric bands are considered, their 

relative intensities in the preresonance region vary w i t h  -- - 

excitation wavelength. (This is shown below to be the result of 

the different positions of th& principal intermediate states for 

the vibrations involved.) The change which is most noticeable in 

the preresonance Raman spectra is the increase in intensity of 
h 

the 'JC,C Land with respect to the vCEN band; the I ( v ~ = ~ ) / I ( v ~ = ~ )  - 

intensity ratio in the  benzene/^^^^ spectrum increases from 1.2 

for 514.5 nm excitation to nrn excitation. Both of 

these intensity ratios are observed for uncomplexed 

TOTE, about 0.5 (Table 111) . - 
TCNE has two Raman active modes, one of a 

g 

symmetry and one of b symmetry. I n  the preresonance Raman 
39 

spectra of TCNE complexes, the intensity of the a v  g  CZN band is 

considerably increased relative to that of the b3gvC-zN band. For 

the preresonance intensity studies, the a /b intensity ratio 
g  353 

was further increased by viewing only the parallel component of 

the scatterea light. Thus to a very good approximation; the 

a 
the following disc~ssion is based on this premisK 

/ 

The excitation xavelength dependence of th& Raman intensities 

sf the totally s;~-~s:zic TCNE bands has also been observed by 



< 
3 
4 

Table  111. I n t e n s i t y  changes i n  TCNE bands on complexat ion 9 
( e x c i t a t i o n  wavelencjth 514.5 nm) 

Sample 

TCfJE ( s o l i d )  --- 
TmE - CH2CL2 

f luorobenzene/TC:JE f luorobenzene  

a - G n c e r t a i n t i e s  i n  i n t e n s i t y  r a t i o s  are + .2 o r  less. 

b ~ h e  two c l o s e - l y i n g  CZX s t r e t c h i n g  bands a r e  n o t  r e s o l v e d .  
\ 

o t h e r s  3 f  4 .  Although n e i t h e r  of t h e s e  s t u d i e s  i nc luded  a l l  of t h e  

bands i n  Table  11, They do c o n f i r n  t h e  r e s u l t s  of  t h e  p r e s e n t  

i n v e s t i g a t i o n  f o r  t h e  'C=C and v C E N  bands. ' 

5.1.2  I n t e r m e d i a t e  S t a t e s  

According t o  the t h e o r y  o f  A lb rech t  and ~ u t l e ~ ~  (Chapter 2 ) ,  

t'e preresonance  Raman i n t e z s i t y  i s  p r o p o r t i o n a l  t o  one of  t h e  

2 2 Fequency f a c t o r s  F o r  FB, w i t h  FA and FB g iven  by equa t ion  ( 2 . 3 ) .  i A 

n- i n e  2 3 A  complexes have a l a r g e  n-mber of  e x c i t e d  e l e c t r o n i c  s t a t e s  

(d2zor, a c c e s t o r  sr  cha rge  t r a n s f e r  o r i g i n )  which can be cons idered  

the i x t e r n e & a t e  s t a t e s  E S S ~  be taken i n t o  account .  Accorainq to 

5 ~ h e  FreresoEance t heo ry  , . j  an& . n u s t  s a t i s f y  t h e  fo l lowing  r k  ' t k  . 

c r i t e r i a :  

(I) e l e c t r o ~ i c  state r is tl;.e,major , . a c t i v e  v i r t u a l  e l e c t r o n i c  - 



s t a t e  iil t h e  nez r -  resonance cofidit ion;  

(2) t h e   articular I a n d  v t k  gua ran tee  t h a t  on ly  on rk 

corr.~onerit of the scattering t e n s o r  i s  enhanced; 

( 3 )  t h e  a c t i v e  v i r t u a l  s t a t e s  t l i e  a t  e n e r g i e s  

h i g h  t o  permit  t h e  i;sk of some average v t k ;  "t 
( 4 )  t h e  t r a n s i t i o n s  v and v must have t h e  sane p o l a r i  rk tk 

s a t i o n .  
i 

For t h e  a n a l y s i s  of t h e  pre resonance  Raman s p e c t r a  of fhe 

TCXE EDA complexes i n  t e r m s  of t h i s  t h e o r y ,  v i s  taken  a s  t h e  
rk 

f r e q u e n c i e s  were ssee for , 
t i c '  The f i r s t  one,  36 ,170  cm-l, i s  the 

f 
f requency of  t h e  TC:;': abso rp t ion4band  f o r  TC:iE i n  CH C 1  which 2 2' 

6 1 

by analogy wi th  t h e  TC:Z a b s o q t i o n  s p e c t r m  i n  e t h a n o l  s o l u t i o n  
I 

i s  as s igned  t o  a n  n-+-* TCXE t r a n s i t i o n .  T h i s  is  t h e  lowest  
7 

energy s i n g l e t  t r a n s i f i o n  of. TC?iE which i s  p o l a r i s e d  perpendicula ' r  
'* 

-1 t o  the molecula r  p l a n e .  The second vtk, 5 5 , 5 6 0  c m  , r e p r e s e n t s  

an average f a r  V'Y' (180 rm) t r a n s p t i o n ;  when ..> i s  i n  t h e  f a r  UV, 
t k  

t h e  e x a c t  f requency u s e d  h a r d l y  a f f e c t s  t h e  F~ v a l u e s .  
B 

These chcices f o r  ,rk a25 ., a r e  c o n s i s t e n t  w i t h  t h e  above t k  ' *  

z e q ~ i r e r ~ e n t s  of the pre re sonacce  t h e g r y ,  a s  will now be shown. 
< .. 

( i f )  T>e f i r s t  excited e l e c t r o n i c  s t a t e s  of t h e  EDk complexes 

-1 -1 i n  Table  I (27 ,900  c~ t o  2 4 , 6 0 0  c m  ) are comparat ively  close t o  
'7 

- i 
& 2 1 , 8 3 1  c z  . Zhese s t a g e s  a r e  t h e  on ly  o n e s  in t-his rea_iQs and , 

- - I T  ,:,,s I: 2reresszzzzs zce3.irs, ic i s  l i k e l y  t h a t  t hey  a re  t h e  major 

acti7:e v i r t l ~ z l  s t a t s s .  The i r 2 o r t a n c e  o f  t h e  f i r s t  excited CT 



. inco-lexeB . :C::E l a z k s  ssc?& a n  c iec t ron ic  state, and yields 

s takes  ir?: t>.e T.* ;L-s+ --- -- .  *- t.'. _ g e s e  polyato;lic zolecilles, or 

b * 
+ha rh3 ---- -- - -  . . -..- ----- --. .--l=xes, vr:ich =i??;t act as iz temediate states. 

! I T  , +  1 $y ?::aL2.~-,~ 7;:::- . . rhe r e s ~ l t s  for a nt&itber of 2CA 
d - 

- - - - ?  8 .  I -,- . .:-. - -  - -  9 -i..ty-zxes , s-?e T2!;5 1-- co~plei t ,  , the CT t r a n s i t i o n s  

. . - .  &:f~i =Fie P Z , ? . ~ ?  0 y 3 -  - - -  n -  - - - a -  --2 &--.-a C - A - . j  -.i~-iaa=r here car! S e  assine6 to be 
A %d 

are thus  assumed to 
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Fig. 6 Intensity of vC-C as a function of excitation frequency - 
- for benzene/TCNE in CH2C12. Upper FB 2 curve: v = 36,170 crn-l; 

2 -1 tk lower F curve: v = 55,560 cm . Intensity normalised at 
-1 tk 

19,430 cm . 



F i g .  7 I n t e n s i t y  of vCEN a s  a h n c t i o n  of e x c i t a t i o n  f r e q u e n c y  

f o r  benzene/TCNE i n  C H 2 C l Z  D e t a i l s  a r e  t h e  name as i n  F i g .  6 .  



F i g .  8 I n t e n s i t y  of vC-C - as a f u n c t i o n  of e x c i t a t i o n  f r e q u e n c y  

f o r  toluene/TCNE i n  CH C1 2 2 '  
Deta i l s  are  t h e  same as  i n  F ig .  6 .  



F i g .  9 I n t e n s i t y  o f  vtzN a s  a  f u n c t i o n  of e x c i t a t i o n  f requency  

for toluene/TCNE i n  CH2C12 .  D e t a i l s  a r e  t h e  same a s  i n  F i g .  6 .  



Fig. 10 Intensity of vC,C as a function of excitation frequency 

for fluorobenzene/TCNE. Details are the same as in F i g .  .6 .  -- 

9 

- 

I i 

22,000 21,000 20,000 19,000 
. 

- 

Vo (cm') 



21,000 
vo (cm') 

? 
\ 

Fig. 11 Intensity of vCZN - as a function of excitation frequency 

for fluorobeszenetTCNE. Details are the same as in Fig, 6. 
8 



lines arq-rar enougx E o m  €fie aFso~ptlon bands or th 
54 

ese TCNE 
4 - 

intensities of the v and vCEN bands. 
C=C i - 

2 Because the frequency dependence of the lower FB curves is 

u 2  weaker than that of the upper Fn curves, the intensity ratio ' - 
i s  

I(vC=C)/I(vCzN).in~rea~es + as v approaches the absorption maximum. ' 0 . 

This increase is observed in the Raman spectra of all three 
. ,> r 

4 

complexes, and is greatest for t'he complex with the stroneest Vg 

dependence,' toluene/TCNE. 

The,comparison of the preresonance Raman inten,sity data -for 

the TCNE EDA complexes kith. the calculations based on th6 theory , ' 

of Albrecht and ~ u t l e ~ ~  is's;mmarised in Table VLI. Inspection of 

this Table confirms the conclusions based on consideration of 
P 

Figs. 6 to 11 given above. For fluorobenzene/TCNE, 

-1 
Vtk = 36,170 crn a n d v  = 55,560 cm-I give about the same tk 

agreement with the observed v intensities; otherwise, the C=C 

conclusions are the same as before. 
~. 

As shown in Sec. 2.2.2, the depolarisation ratios of the 
' 

preresonance-enhanced Raman bands approach limiting values which 

are characteristic of the degegeracy of the principal intermediate 

state. The depolarisation ratios for the vCmC - Raman bands in the 

spectra of the TCNE EDA komplexes are observed to increase from 

0.21 for fluorobenzene/TCNE to 0.29 for benzene/TCNE and 0.35 for 

toluerie/TCNE, parallel to the red shift in the absorption maximum 

with the change in the donor. Thus, the vCZC depalarisrtion r a t i o  

approaches 1/3; therefore, the first excited states of the above 

EDA complexes are not degenerate, with the possible exception of 



benzene/TCNE. The f a c t  t h a t  t h e  a g  yCZN d e p o l a r i s a t i o n  r a t i o s  
- 

A- " 1  
q. 

have n o t  i n c r e a s e d  measurably  above t h e  nonresonance  v a l u e  o f  . L O  , 

w i t h  c o m p l e x a t i o n  s u g g e s t s  t h a t  t h e  vCZC mode i s  s u b j e c t  t o  a  

s t r o n g e r  p r e r e s o n a n c e  e f f e c t  t h a n  i s  t h e  v C.,R mode. 
VI 

The p r e r e s o n a n c e  e f f e c t  i n  t h e  vC,C v i b r a t i o n  a p p a r e n t l y  - 
e x t e n d s  w e l l  beyond the  CT a b s o r p t i o n  e d g e s ,  a s  i n d i c a . t e d  by t h e  

- - - -  

f a c t  t h a t  1 ( v ~ = ~ ) / I  ( v C Z N )  f o r  benzene/TCNE i s  s t i l l  a b o u t  1.1 even 

when t h e  e x c i t a t i o n  wavelength  i s  601.2-hm, I f  it i s  assumed t h a t  

preresonance-enhancement o f  t h e  vCEC band i s  r e s p o n s i b l e  f o r  t h e  
m 

i n c r e a s e  i n  t h i s  r a t i o  above t h e  nonresonance  v a l u e  o f . 0 . 5 ,  t h e n  

one  c o n c l u d e s  t h a t  p r e r e s o n a n c e  Raman s c a t t e r i n g  i s  i m p o r t a n t  even 

when t h e  e x c i t a t i o n  f requency  i s  9000 cm-''away from t h e  a b s o r p t i o n  ' 

maximum, presumably because  of t h e  c o n s i d e r a b l e  w i d t h s  of  t h e , C T  

a b s o r p t i o n  band.s, which i n  t h e  c a s e  o f  benzene/TCNE e x t e n d  t o  
1 

a b o u t  550 nm. $P 

5 L . 4  D i s c u s s i o n  o f  t h e  R e s u l t s  

Figures: 6 ' t o  11 show, a s  d e s c r i b e d  above: t,hat?T6c=c) and 

,4 
I ( V  C =N - ) e x h i b i t  F: r a t h e r  t h a n  f requency  dependence  o f  t h e  , 

i n t e n s i t y .  S i n c e  b o t h  of t h e  f r e q u e n c i e s  vrk and vtk  o c c u r  i n  t h e  

e x p r e s s i o n  f o r  F w h i l e  o n l y  v r k  i s  i n c l u d e d  i n  FA, it c a n  be  
B '  

concluded t h a t  s t a t e  r ( t h e  f i r s t  e x c i t e d  s t a t e  o f  t h e  EDA complex) 

i s  n o t  t h e  o n l y  i m p o r f a n t  s c d t t e r i n g ,  s k a t e ,  s i n c e  . F ~  A - f r e q u e n c y  - 

-dependence i s  n o t  o b s e r v e d .  I n  view of t h e s e  r e s u l t s ,  t h e  
f 

s u g g e s t i o n  by Kaya e t  a 1 . 4  t h a t  t h e  f i r s t  e y c i t e d  CT s t a t e  i s  t h e  

dominant  s c a t t e r i n g  s t a t e ' s h o u l d  t h e r e f o r e  be  c l a r i f i e d .  The 

impor tance  o f  t h i s  s t a t e  i s  i n d i c a t e d  by t h e  f a c t  t h a t  t h e  

f r e q u e n c i e s  v  a r e  e s s e n t i a l  i n  e ' x p l a i n i n g  t h e  v o  dependence o f  r k  
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6 4  

t h e  Raman i n t q n s i t y ;  a t  t h e  same t i m e ,  t h e  F~ dependence of  t h e  
B . 

i n t e n s i t y  i m p l i e s  t h a t  one or more h ighe r  s t a t e s  o f  t h e  compbnents 

o r  of  t h e  complex a r e  e s s e n t i a l  t o  account  f o r  +he magnitudes o f  ' ,  

t h e  observed g re re schance  Raman i n t e n s i t i e s .  

P I n  Sec. 2 .2 .1  t h e  r o l e  o f  v i b r o n i  coup,ling i n  t h e  pre-- 

resonance Raman e f f e c t  was d i scussed .  Using t h e  nomenciature 
-- 

2  in t roduced  i n  t h a t  c h a p t e r ,  t h e  FB dependence o f  t h e  i n t e n s i t y  
.A 

which i s r o b s e r v e d  i n  t h e  Raman s p e c t r a  of  t h e  TCNE EDA complexes 

i m p l i e s  t h a t  t h e  pre resonance  Raman i n t e n s i t y  i s  de r ived  most ly  

from a  v i b r o n i c  coup l ing  mechanism, r a t h e r  t h a n  from a  d i s t o r t i o n  

of  t h e  C=C o r  C-N boneas i n  fhe f i r s t  e x c i t e d  CT s t a t e s  of t h e  

complexes. The v i  r 6 n i c  coupl ing  occu r s  v i g  t h e  m a t r i x  e lements  S 
connec t ing  s t a t e s r  and t; t h u s ,  t h e  TCNE vCFC and vCEN v i b r a t i o n s  

couple  t h e  f i r s t  e x c i t e d  s t a t e  of  t h e  complex w i t h  h ighe r  e x c i t e d  
< ,  

s t a t e s  o f  t h e  a c c e p t o r ,  donor o r  complex. The W a b s o r p t i o n  , 

spictra o f  TCNE' i n d i c a t e  t h a t  t h e  C=C d i s t a n c e  a l s o  i s  n o t  much C 

changed i n  t h e  ' f i k s t  e x c i t e d  s t a t e  of  TCNE. - I 

5.2 Resonance Raman (RR)  E f f e c t  i n  EDA Complexes of TCNE 1,11 

When t h e    am an e x c i t a t i o n  wavelength f a l l s  w i t h i n  t h e  r eg ion  
' ? 

of s t r o n g  a b s o r p t i o n  oF'a3TCNE FDA complex, t h e  RR e f f e c t  i s  

observed i n  some of  t h e  TCNE' bands. These kR bands d i s p l a y  change$ 

i n  t h e i r  a b s o l u t e  and r e l a t i v e  i n t e n s i t i e s  aspcompg-red-with t h e i r  - -  pp-  

i n t e n s i t i e s  f a r  from resonance.  The d e p o l a r i s a t i o n  r a t i o s  o f - t h e  

a f f e c t e d  bands,are  a l s o  changed wi th  r ega rd  t o  t h e i r  nonresonance 

va lues .  Othelr f e a t u r e s  of  t hempR s p e c t r a  which g i v e  u s e f u l  
6s+. 

& 8' 
in format ion  on t h e  EDA complexes i n c l u d e  t h e  e x c i t a t i o n  p r o f i l e s  

of t h e  RH b a n d s 9 h e  ha l fwid ths  o f  t h e  Raman bands,  and th; f a c t  



-- - 

~abie"111. CT absorption maxima (CH#12 solution2) - q f  TCNE EDA 
complexes which display the resonance R m  effect 

+  or A (nm) 

\ 

o-xylene 436 
m-xylene 440 
p-xylene 415, 470 '. 

466 mesitylene 
durene . 490 
isodurene - -;; 488 
&ntame,thylbenzene $ 521 - 

hexamethylbenzene *' ~$54~1 
anisole - 383, 510 
o-dimethoxybenzene 429, 592 
m-dimethoxybenzene 441, 559 

I p-dimethoxybewene 380, 637 
1,2,3-trimethoxybenzene 515 
1,2,4-trimethoxybengene 427, 685 
1,3,5-erimethoxybenzene 552 
acenaphthene 442, 654 
fluorene 

2 < ,  402, 417, 571 
naphthalene 427, 550 , 

pyrene- s f  391, 495, 725 
?? 

). 

d I ,  - 
- - 

5 . , 
t t resonance also occurs when the excitation falls within the 9 

. - seaond CT-absorption bancl,of these complexes. The excitation 
8 

-pro iles also account for the wavelength dependence of the 5 1 

a . I(V~,~)/I(V,~=~) intensity ratio which is observed for some - 

complexes. a 

'A large number of electron form EDA complexes with 

3 TCNE which have CT absorption the same wavelength range 

ps the output lines of -the Argon lase*. The donors studied-here - - - -  

and) t h e - C T S e t i o n  maxi. are listed - - in - . Table VIII. The Raman - - 

= ,  
spectra of all of these complexes as obtained with this excitation 

Source display at least some of the reso ance characteristics \ 
mentioned above; the complexes studied most extensively with 



r ega rd  t o  t h e  RR e f f e c t  a r e  t h o s e  i n  which methylbenzenes o r  2 

methoxybenzenes a r e  t h e  e l e c t r o n  donors ,  f o r  r ea sons  s t a t e d  i n  
r 3 

2 
Sec.  5 . 2 . 3 .  T h e  g r e a t e s t  i n t e n s i t y  changes on complexation a r e  

observed i n  t h e  s p e c t r a  o f  t h e  methylbenzene/TCNE complexes; they  

w i l l  be d i s c u s s e d  i n  t h e  fo l lowing  s e c t i o n s .  

5 .2 .1  Resonance i n  TCNE V i b r a t i o n s  

The i n e r e a s e  i n  t h e  i n t e n s i t i g s  o f  t h e  t o t a l l y  symmetric 
- --3 

4 
TCNE bands v i s  5 v i s  t h e  n o n t o t a l l y  symmetric bands,  f i r s t  1 

-1 9 
observed when t h e  e x c i t a t i o n  frequency i s  s e v e r a l  thousand cm 

L , -  

4 
\ 

away from t h e  CT t r a n s i t i o n  (Sec. 5 . 1 . 1 ) ,  a l s o  o c c u r s  i n  t h e  
P 4 

- { 
r e g i o n  where t h e  e x c i t a t i o n  s o u r c e  i s  i n  resonance w i t h  t h i s  @ * 

I - 3  

t r a n s i t i o n .  Because o f  a b s o r p t i o n  problems, t h e  o v e r a l l  i n t e n s i t y  4 
'I - 

of t h e  RR s p e c t r a  i s  lev; t h e  r e l a t i v e  r e n s i t y  i n c r e a s e  s f  f h e  - +$ ', 3 
2 a bands e n s u r e s  t h a t  t h e  on ly  TCNE bands which can be i d e n t i f i e d  

- = g  h 

4 f 3 
a r e  - t h e  t o t a l l y  symmetric ones  ( ~ a b i e  I X )  ,- f ihereas i n  t h e  pre-  

% <% : 
, r esonance  s p e c t r a  n o n t o t a l l y  symmetric methy bands a r e  s t i l l  

obse rvab le .  

-1 The TCNE bands a t  4 9 0  cm and 532 cm-I (Table  11). cannot  be 

i d e n t i f i e d  i n  t h e  p r e s e n t  RR s p e c t r a  of t h e  TCNE EDA complexes 

because t h e  q u a r t z  c u v e t t e s  used t o  c o n t a i n  t h e  s o l u t i o n s  produce 
B 

a broad , s t r o n g  q$art,z Raman band c e n t r e d  nea r  450 crn-' (Sec, 4 . 1 )  , 
r 

which masks t h e s e  weak TCNE bands.  S ince  t h e s e  two TCNE bands a r e  
- - - * -  - - - - - - -  

of no s p e c i a l  i n t e r e s t  i n  t h i s  s t u d y , . n o  f u r t h e r  a t t e m p t s  t o  
- 

- -- - pp-ppp - - - --- < 

observe ' them have beek made: On t h e  b a s i s  of  t h e  pre resonance  
3 

* 
j: 

~a inan  and resonance,Raman a c t i v i t i e s  o f  t h e  1526, 1567 and v 1 
t 

2236 c m - I  TCNE bands (compare Tables  I1 and IX), t h e  bands a t  

4 9 0  and 532' cm-I can  be a s s w e d  t o  occur  i n '  t h e  RR s p e c t r a  of  ' t h e  



d 
-- -- - 

Table IX. TCNE vibrations active in the resonance Raman spectra 
e of TCNE EDA complexes 

-1 a 
V(cm ) Description b,c - 
15 0 (CN) -C- (CN) scissoring 
1526 combination band 
1567 C=C stretch 
2236 CEN stretch, 

a Band positions are for solid (uncomplexed) TCNE. 

b ~ l l  bands are of a symmetry. 
C 4 
Assignments are discussed in 'chapter 6. 

TCNE E ~ A  complexes, albeit with less intensity than those of the 
. 

other TCNE bands. , . 

  he RR spectra of the TCNEgDA.complexes also contain 
-1 resonance-enhanced bands at-155-167-cm , which are not detectable 

=n the 'preresonance Raman spectra. These bands are discussed in 

detail in Sec. 5.4, where it is show'n that the most likely origin 

of them is the totally symhetric TCNE vibration v5. The assign- 

ment of this TCNE vibration is also discussed in Sec. 6.1. 

An increase in I (v ) /f(vCEN) C=C above- the nonresonance value 
, 

of 0.5 is observed in the RR spectra of the TCNE EDA complexes 
e 

(Table X); a typical spectrum showing these two TCNE bands is 
, 

given in.Figure 12. For some of the complexes in Table X, 
- - - - - - - -  - 

I (vCEN) varies considerably within the wavelength range of 
- - .  - - - - - - - - - - 

the Argon laser. The relationship of this result to the RR ' , 

t ~ h e  absolute intensity increases with complexation (~ables XV-XVII~ 
quantify the RR' intensification of these bands, whereas the 
intensity ratios indicate only the relative intensity changes. 







Table A. Intensity ratios for TCNE GDA complexes (excitation 
-- -pp 

wavelength 488.6 or 514.3 n m y  - 

Donor b [Donor] ,M= 

o-xylene (R) .10 2.8 - .- 
m-xylene (R) .083 3.4 
p-xylene (R) .11 2.3 
mesitylene ( t )  .083 2.6 
durene (s) .69 .10 3.5 
isodurene (2 ) .056 2.3 -- 
pentamethylbenzene (s) .74 .091 2.9 
hexamethylbenzene (s) 1.1 .097 3.0 
anisole IR) .099 2.0 
o-dimethoxybenzene (R) .098 2.0 
m-dimethoxybenzene ' (2) ,094 2.2 
p-dimethoxybenzene (s) 1.0 .086 1.9 
1,2,3-trimethoxybenzene (s) 3.2 .18 1.9 
1,2,4-trimethoxybenzene (R) .092 1.6 
1,3,5-trimethoxybenzene (s) 1.1 % 2.1 
acenaphthene (s) .94 2.5 
fluorene ( s )  -20 1.8 
naphthalerk (s ) .86 .099 . 1.3 
pyrene (s) , .  .17 .011 3.1 

a The ratio for uncomplexed TCNE is about 0.5. 

&(k) = liquid; (s) = solid. 
> C 

, ~efers to CH2C12 solutions and solid donors. In all ofher 

solutions the donor is the solvent. 

duncertainties in intensity ratiosrare t.2 o s. 
i: 

. 3 .  
excitation profiles of the affected bands "is discussed in 

s;: / 
Set. 5.2.3. In addition, some .of e. ratios in Table X are , 

misleading insofar as they are seribus&y , affected d B  by reabsorption , 

of the s'cattered light (Sec, :-5.2.5) . Because of thepconcentration 

and wavelength depentkrirre of tfre ~ea t r sor~ t ion-e f fe&~tk!  h t - w  

ratios in Table X should be regarded as characteristic of the 

complexes only at the specified excitation wavelengths and. + 

concentrations. When the concentration of a complex is reduced 



I ( V ~ , ~ ) / I ( V ~ ~ )  may be changed cons ide rab ly  (Table  X I V ) .  

' Because of t h e  i n c r e a s e d  i n t e n s i t i e s  o f i  t h e  t o t a l l y  symmetric 

a c c e p t o r  bands a t  resonance ,  t h e  a g 'CEN 
band i s  much-s t rovger  

t han  t h e  b3g. vCa band; when a l a r g e  excess  o f  t h e  donor i s  a 

p r e s e n t ,  'only t h e  a band dan be i d e n t i f i e d .  Therefore  through- 
g ' 

o u t  Sec.  5.2,  ' vCzN ' i s  used o n l y  i n  r e f e r e n c e  t o  t h e  ag vezN - 
. 

v i b r a t i o n .  

5.2.2 Observed F e a t u r e s  o f  t h e  Resonance Raman E f f e c t  
- X 

Before  t h e  RR e x c i t a t i o n  p r o f i l e s  o f  t h e  VC-C bands -7- - and V C E N  -7% 3 
7s 

a r e  d i s c u s s e d ,  some o f  t h e  o t h e r  f e a t u r e s  of  t h e  s p e c t r a  w i l l L b e  - 3 'r j 
desc r ibed .  ~ a r t i c u l a y  a t t e n t i o n  i s  p a i d  i n  t h i s  d i s c u s s i o n  t o  ? i 

4 '  
b 

t h o s e  a s p e c t s  of  t h e  s p e c t r a  which supply  in fo rma t ion  on t h e  EDA * I 

As mentioned i n  Sec.  5 .1 ,  t h e  d e p o l a r i s a t i o n  r a t i o  of  t h e  : 
1 
i 

TCNE VCeC - band i n c r e a s e s  from i t s  nonresonance va lue  o f  0.21 t o  a , 
t 

va lue  apprbaching 1/3  i n  the'  p re resonance  Raman s p e c t e a  Qf 

TCNE EDA complexes. A t  resonance,  d e p o l a k i s a t i o n  r a t i o s  f 

h 

bands i n  t h e  p 2  = 0.33 f . 0 3  a r e  observed f o r  t h e  vC-C , 
2 

- and vczN 
I- 

TCNE EDA complexes w i t h  t h e  e l e c t r o n  donors-p-xylene,  mes i ty l ene ,  

- hexamethylbenzene ( H M B ) ,  m-dimethoxybenzene and a h i s o l e ,  and f o r  - > 

t h e  167 c m - l  band i n  t h e  spectrum of  HMB/TCNE. The f a c t  t h a t  t h e  - 

d e p o l a r i s a t i o n  r a t i o s  o f  t h e  vC-C and v bands, e q u a l -  1 1 3  a t  - - - - CSN , . T  

resonance- h a s  a l i o  been r e p o r t e d  hy oather w a r k e r h s i n  the case of -- 
4 .  

. . 
I 

m-xylene/TCNE . These r e s u l t s  imply t h a t  o n l y  one component o f  . x 

.=. 

t h e  s c a t t e r i n g  t e n s o r  i s  enhanced i n  khe c a s e  of each of t h e s e  

t h r e e  v i b r a t i o n s ;  it fu r the rmore  i n ' d i ~ a t e s ,  as mentioned i n  



Sec. 5 .1 .3 ,  t h a t  t h e  f i r s t  e x c i t e d  states- €lieseEDAcomplexes 

I 
' need n o t  be degene ra t e .  S ince  on ly  one component o f  t h e  s c a t t e r i n g  

C t e n s o r  i s  ehhanced, t h e  CT t r a n s i t i o n  oc QrS i n  a  wel l -def ined  

d i r e c t i o n  wi th  r e s p e c t  t o  t h e  molecular  omplex, a s  d i s c u s s e d  i n  
i '  

Sec. 5 .1 .2 .  f h e  f a c t  t h a t  t h e  vC-C - and ,he= d e p o l a r i s a t i o n  

r a t i o s  a r e  e s s e n t i a l l y  e q u a l  t o  1/3 f o r  / r n - d i m e t h o x y b e n z e n e / ~ c ~ ~  

shows thatz-.the same l i m i t i n g  v a l u e  occu r s  when t h e  e x c i t a t i o n  fal-ls----- 
- .  

between t h e  two CT a b s o r p t i o n  maxima. 
1 

11 A f t e r  t h e  p u b l i c a t i o n  o f  t h e s e  r e s u l t s  , Jengen r e p o r t e d  
8 

12 sonie s u r p r i s i n g  d e p o l a r i s a t i o n  d a t a  f o r  t h e  anisole/TCNE complex . 
' According t o  t h i s  pape r ,  t h e  d e p o l a r i s a t i o n  r a t i b s  of  t h e  VC,C 

= 

i' _ and V - (  bands i n  t h i s  complex a r e  about  L/3 when t h e  e x c i t a t i o n  - 
C =N \ 

i s  i n  resonance w i t h  t h e  f i r s t  CT a b s o r p t i o n  band, b u t d e  t o  

about  .45 f o r  t h e  vCZC nd and . 7 0  f o r  t h e  vC - band when t h e  

e x c i t a t i o n  i s  between\t!he two CT a b s o r p t i o n  ~ - maxima. These r e s u l t s  

were -oc t a ined  f o r  s o l u t i o n s  where a o i s o l e  i s  t h e  s o l v e n t ,  i . e .  I 
under c o n c e n t r a t i o n  c o n d i t i o n s  cons ide rab ly  d i f f e r e n t  t han  t h o s e  

4 
f o r  t h e  d i l u t e  CH2C12 s o l u t i o n s  mentioned above. Because of  t h e  ., 

discrepancy  between t h e s e  two s t u d i e s ,  t h e  anisole/TCNE complex 

i n  which t h e  donor i s  t h e  , so lven t  was i n v e s t i g a t e d  f u r t h e r  t o  kee . 

i f  t h e  . r e s u l t s  o f  ~ e n s e n l *  could  beT;repeated.  The GC=C depola r -  
. '  1 .  

i s a t i o n  r a t i o s  found a r e  .33 f .03- for  514.5 nm e x c i t a t i o n ,  . 
{;r. 

i 

.36 f . 0 3  f o r  488.0 nm e x c i t a t i o n ,  and . 3 6  .f .05 T o f 4 7 6 . 5  nm 
b 

excr i ta t i rm.  These d a t a  &o not confi rm t h e  i r icreasesr 'epor t red i n  
.a 

,> 

 e ens en's paper .  I t  must be  ,emphasized t h a t  t h e s e  resul ts  f o r  

anisole/TCNE are n o t  a s  a c c u r a t e  as t h o s e  f o r  some of  t h e  o t h e r  

complexes mentioned above, s i n c e  t h e  RR i n t e n s i t y  enhancement i s  



- - -- 

weaker i n  anisole/TCNE. The exper imenta l  u n c e r t a i n t i e s  quoted 

f o r  anisole/TCNE i n  t h i s  paragraph r e f l e c t  t h i s  f a c t ;  t h e r e f o r e  

i t  i s  concluded t h a t  w i t h i n  exper imenta l  u n c e r t a i n t y ,  t h e  

d e p o l a r i s a t i o n  r a t i o  does  n o t  r i s e  above 0 .33 f o r  t h e  vC-C - band 

i n  t h e  spectrum of anisole/TCNE where t h e  donor i s c t h e  s o l v e n t .  

The c o ~ c l u s i o n s  of  Jensen  t h e r e f o r e  must be r ega rded  w i t h  some 
- -  - 

scep t i c i sm.  

The proposa l  t h a t  t h e  m u l t i p l e  CT bands of  TCNE complexes 

a r i s e  f rom d i f f e r e n t  geometr ic  isome+s13 i s  suppor ted  by t h e  - 
o b s e r v a t i o n  t h a t  when t h e  e x c i t a t i o n  f a l l s  w i t h i n  t h e  second 

R 

a b s o r p t i o n  band of  a complex (F igs .  20  and 21), an  RR e f f e c t  i s  

observed which has  t h e  same c h a r a c t e r i s t i c s  a s  t h o s e  observed i n  

complexc!s where t h e  e x c i t a t i o n  i s  i n  t h e  f i r s t  CT a b s o r p t i o n  band. 

I f  t h e  m u l t i p l e  CT bands o f  a  complex a r e  due t o  a  s i n g l e  

geomet r ic  s t r u c t u r e ,  t hey  can bo th  be expec.ted t o  c o n t r i b u t e  4 

s i ?p i f i can t , l y  t o  t h e  s c a t t e r i n g  t e n s o r ,  and produce a n  RR e f f e c t  
i 

which i s  d i f f e r e n t  from t h a t  observed f o r  cor&lexeg w i t h  a S i n g l e  
a .  

" a b s o r p t i o n  band, The independent  resonance observed f o r , t h e  CT 
1 

' absorpt ion bands t h e r e f o r e  i s  ~ o n s i S t e n t  w i t h  t h e  s u g g e s t i p n , t h a t  
0 T 

each band' i s  'due t o  ha' d i f f e r e n t  s p e c i e s  o f  t h e  same cdmplek. 'I 

, . 
The s t r e n g t h  o f  t h e  'RR e ; fect  In *thew TCNE ~ D A  complexes 'i.; ' - 

- ,.- 1 

i n d i c a t e d  by t h e  f a c t  t h a t  t h e  vC-C - and vCsN i n t e n s i t i e s  i n c r e a s e  
- - - -  - - -  - 

by a s  much a s  two o r d e r s  of  magnitud,e i n  t h e  - t r a n s i t i o n  from 
- - A - -- - - -- - - 

nonresonance t o  resonance ;  however, a  ve ry  cormion f e a t u r e . o f  $he 

RR e • ’ f e c t ,  t h e  appearance of  over-tones o r  combination bands* 
% * - 

i nvo lv ing  t h e  enhanced- bands,  cannot  be d e t e c t e d  i n  t h e s e  s p e c t r a .  

According t o  t h e  vkbronic  t heo ry  o f  RR s c a t t e r i n g  (Sec. 2.3.2), 



t h e  f a i l u r e  t o  ~ b s e r v e ~ o v e r t o n e s  'is due t o  smal l  v a l u e s  of t h e  
- - - -  -- 

v i b r a t i o n a l  o v e r l a p  i n t e g r a l s  <v"  1 v l >  where t h e  quantum nimber of 

t h e  l e v e l  on which t h e  t r a n s i t i o n  t e r m i n a t e s  i s  v '  = 2 ,  3,  e t c .  

A l t e r n a t i v e l y ,  t h i s  f a i l u r e  may ar ise  from t h e  s t r o n g  damping of  

t h e  CT s t a t e s  (Sec.  5 . 2 . 3 ) .  

The RR enhanced TCNE bands a r e  much broader  t han  a r e  t h e i r  
9 * 

c o u n t e r p a r t s  i n  t h e  spectrum o f  uncornpl~xed- TCNE. S p e c i f i c a l l y ,  
- - - - - - - A - - 

i n  t h e  spectrum of  hexamethylbenzene/TCNE t h e  h a l f w i d t h  of t h e  

-1 
TCNE' vC,C band i s  16 f 2  cm , whexaas t h e  spectrum o f  a  CH2C12 

3 

s o l u t i o n  of  TCNE shows a vC-C - ha l fwid th  of 9 f 1 cm-'. S i m i l a r l y .  

i n  t h e  spectrum o f  HMB/.TCNE t h e  167 cm-l band ( a t t r i b u t e d  t o  TCNE 

v i b r a t i o n  v5)  has  a  h a l f w i d t h  o f  17 t 1 c m - l .  These broad bands 

could  be  c h a r a c t e r i s t i c  of  t h e  resonance s c a t t e r i n g  p r o c e s s ,  o r  

t hey  could  be due t o  a  change i n  t h e  molecular  motion o f  TCNE a s  

a  consequence of complexat ion.  S ince  t h e  resonance  Raman c o n d i t i o n  

cannot  convenien t ly  be  s e p a r a t e d  from t h e  complexat ion,  t h e  

p o s s i b l e  causes  canno t  be  examine3 t l y  and t h e  source  of  
u 

broadening i d e n t i f i e d .  It should t h a t  r e s t r i c t e d  ' 

r o t a t i o n a l  motion i n  s o l u t i o n s  o r d i n a r i l y  l e a d s  t o  narrowing of 
( ,  \ 

v i b r a t i o n a l  bands; however, c a s e s  where such r e s t r i c t e d  m o t i o n d i s  

accompanied by band broadening have a l s o  been observed14.  Fu r the r  

i n v e s t i g a t i o n  of  t h e  broadening of t h e  Raman bands r e q u i r e s  t h e i r  - 
1 5  r e s o l u t i o n  i n t o  p a r a l l e l  and pe rpend icu la r  p o l a r i s e d  components . 

- - - - 

Bands 5.2.3 E x c i t a t i o n  P r o f i l e s  o f  vW - and vCZN 
- - - - - -  - - . - . , , , - -- - 

- - - 

- 
The RR e x c i t a t i o n  p r o f i l e ,  i . e .  t h e  p l o t  of ~ ~ ~ : X r & e n s i t y  

4 " ( d i v i d e d  by v ) v s .  e x c i t a t i o n  f requency,  shows t h e  e x k t a t i o n  
/ I  

f requency dependence of  t h e  s c a t t e r i n g  t e n s o r  (apo)vv, and can 



i 
h 

i 

-- - - - - 

1 
7 4  i 

3 

- - - - -- - - - I 
give informatkon which leads to the simplification of the i 3 

', 

expression for the tensor. The excitation profiles of the TCNE 
- 

and vC_k bands also explain some of the features of the v ~ = c  
Rarnan spectra of .the TCNE EDA complexes, and some of the details 4 

. >  q . C S  

of the excited stat& of the cgmgl;xes. a- , .... ~he'kx~itation profiles 
' A  *.a .. I" _ 

6. . - .  > 
' I \  

of these particular bands are' studied because.of their very . < 

- - _ _  - - _ d  

noticeable intensity increases on complexation, and because fhe 

bands are sufficiently strong that quantitative measurements of 

their intensities with all of the excitation lines of the Argon 

laser are possible. 

RR excitation profiles of the vC-C - and vC-'N bands are sh0w.n 

in Figures 13 to 19 for the complexes where the excitation 
* i 

frequency fa.11~' in the first CT absorption band, and in Figures 20 
1 

and 21 for the co plexes where the excitation is within the. 1 
second-CT absorption band. These Figures show that the excitation 

profiles roughly parallel the absorption spectra, except that the 

profiles are~displaced by about 1000 - 2000'cm-l toward lower 
energy with respect to the correspoqding absorption maxima. This 

unusual result is discussed in detail below, and is interpreted 

according to both existing and' new RR theories'.. Not all of the 
- 

complexes listed in Table vIII' are included in the excitati P" 
- profile data. Some of them are not suitable for study ,with Argon 

- - -  - - 

laser excitation because of the wavelengths of their CT absorption 
- - - -- - - - - 

bands, while others give weak intensity enhancements which prohibit 
1 

quantitative measurements. 

,In the complexes where the excitation profiles have identi- 

fiable maxima, for each complex the vCeC - profile peaks at lower 



? t - - - - -- - - 

F i g .  13 Excitation profiles of the v and v,-, TCNE vibrat&ms - - 

- - c-e - -  L 1J - 
for mesitylene/TCNE in CH2Cl2. Open circles : vC,C ; filled 

circles: vCgi. The solid line is the absorption spectrum. 



/Fig.  14 E x c i t a t i o n  p r o f i l e s  o f  t h e  vd+ and vCEN TCNE v i b r a t i o n s . .  - 
. D e t a i l s  are t h e  same as  i n  Fig.  13. 

. I  

A * - - - - - - - - - -- - - -  - 

- 



Fig. 15 Excitation profiles of the V C=C and vCEN TCNE vibrations - 

for m-xylene/TCNE in CH2C12. Details are the same as -- in Fig. - -  - 1 3 .  



f 
Fig .  1 6  E x c i t a t i o n  p r o f i l e s  o f  t h e  vC-C - and vCSN TCNE v&,bra t ions  

f l y , l e n e / l ? ~ ~ ~  i n  C H 2 G l i .  D e t a i l s  are t h e  same . as i n  F ig .  13 .  

4 



', 4 
' 9  

F i g .  1 7  E x c i t a t i o n  p r o f i l e s  of t h e  vC-C - and TCNE v i b r a t i o n s  

f o r  h e ~ a r n e f h ~ l b e n z e n e / ~ ~ ~ ~  i n  C H ~ C ~ ; .  Detai ls  are t h e  same a s  i n  

- \ F i g .  1 3 .  
Y 



i9 t 

Fig. 18 Excitation profiles of the vCZC and vCEN TCNE vibrations 
for isodurene/TCNE in CH2C12. Details are the same as in Fig. 13. 



- 

-# 

Fig, 19 Excitation profiles of the vC-C - and v €EN TCNE vibratjons -- 

for an is ole/^^^^ in CH2C12 .  Details are the same as in Fig. 13. -. 



Fig. 20 Excitation profiles of the v and vC=N TCNE vibration 
C=C 

'for the second CT transition of pyrene/TCNE in CH2ClZ. Jetails 

are the same as In Fig. 13. . 



Fig. 21 Excitation profiles o • ’  the yee - and veZN TCNE vibrations - 

for the second C T  transition of a ~ e n a ~ h t h e n e / ~ ~ ~ ~  in CH C1 2 2 '  
2 < 

C 

Details are the same as in Fig. 13. e , -.. .- "- 
'r 
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Table XII. Intensity ratios for mesitylene/TCNE in CH2Cl2. 

Mesitylene concentration, 1.0 M ~ ;  TCNE concentration, 

. 0 0 9 2  M 

buncertainties in intensity ratios are f . 2  or lesS. 

frequency than does the vCa profile (Table XI). Because of this, 
0 

at excitation frequencies close to the low frequency edges of the 

profiles, the 1 (VC-C)/I(vC%) - ratio is greater than that obtained 

when the excitation frequency is near the centres of the profiles. 

Therefore, the displacement of the excitation piofiles leads to a 

wavelength dependence of -1 ( v  )/I (vCm) in the p m a n  spectra of C=C 

complexes such as o-xylene/TCNE or mesitylene/TCNE (Table XII). 

The Raman spectra of a number of different kinds of 
. 

molecules 16-18 have RR excitation profiles whidh are approximately - 

proportional to their respective absorpt2on curves: Comparl'son : 

with the excitation profiles Q • ’  the TCPJs EDA c~mp&exe~shws bhat----- 

the approximate proportionality between the molar absorptivity and 

the excitation profile may occur over part of the spectrum, but 

once the maximum in the absorption curve is reached, the proportion- 
1 

ality breaks down. ~ttehpts 'to determine the maximum of the 



~ a b i e  X I I I .  TCNE complex a b s o r p t i o n  maxima i n  CH2C12 h a v i n g  

e x c i t a t i o n  p r d f i l e s  w i t h o u t  obse rved  maxima 

Donor 

d u r e n e  490: 
i s o d u r e n e  - 488 

- - 

hexame thylb-ene 5-4 2 
a n i s o l e  510 
m-dimethoxybenzene 4 4 1  
p y r e n e  495 - .  L I a cenaph thene  . 442 , 

. . 
t 

aTho s t r o n g l y  o v e r l a p p i n g  CT a b s o r p t i o n  bands.  i 

# 

v e x c i t a t i o n  p r o f i l e  f o r  HMS/TCNE u s i n g  t h e , d y e  l a s e r  as t h e  
C=C 

\ 
\ 

e x c i t a t i o n  s o u r c e  were  u n s u c c e s s f u l ,  because  o f  kbe p- s i g n a l -  

t o - n o i s e  r a t i o  i n  . the  s p e c t r a .  The a b s o r p t i o n  maxima o f  t h i s  and 

' o t h e r  complexes f o r  which t h e  e x c i t a t i o n  p r o f i l e s  do n o t  have  

I 
maxima o b s e r v a b l e  w i t h  Argon l a s e r  e x c , i t a t i o n  a r e  l i s t e d  i n  

0 

Table  X I I I .  

The anisole/TCNE and m-xylene/TCNE RR e x c i t a t i o n  p r o f i l e s  

o b t a i n e d  by o t h e r  a u t h o r s  4r12 a r e  i n  godd agreement  w i t h  t h o s e  i n  

F i g s .  15  and 19.  Both o f  t h e  s t u d i e s  c i t e d  used d i f f e r e n t  i n t e r n a l  

s t a n d a r d s  t h a n  t h e  s o l v e n t  band used i n  t h i s  work; t h e  agreement  - 

o f  t h e  p u b l i s h e d  r e s u l t s A w i t h  t h o s e  r e p o r t e d  h e r e  i n d i c a t e s  t h a t  

t h e  e x c i t a t i o n  ~ o f i l e s  i n  Figs. 11 t o  21 actuLl* re-fleck &he 

e x c i t a t i o n  f r e q u e n c y  dependence o f  t h e  s c a t t e r i n g  t e n s o r ,  and t h a t  

t h e y  a r e  n o t  by e x p e r i m e n t a l  a r t i f a c t s  such  a s  r e a b s o r p t i o n  

of  o r  o t h e r  e f f e c t s .  

I n  Tab le  X I  t h e  e x c i t a t i o n  p r o f i l e s  a r e  summarise iLfor  t h o s e  



TCNE complexes incIIuCed i* t h e p r e s e n t  s t u d y  whose RR e x c i t a t i o n  

p r o f i l e s  have i d e n t i f i a b l e  maxima. For e a c h  complex, t h e  e x c l t a -  

t i o n  p r o f i l e  maximum f o r  t h e  vCEN band o c c u r s  a t  h i g h e r  ene rgy  * 

t h h n  f o r  t h e  vC=C band.  T h i s  can  o c c u r  i b  t h e  r e s o n a n c e  i s  w i t h  

' t h e  v i b r o n i d  ( e l e c t r o n i c  + v i b r a t i o n a l )  t r a n s i t i o n s  i n v o l v i n g  khese 

v i b r a t i o n s -  I' I * O .  s i n c e  t h e  v i b s a t i b n l e s s  e l e c t r o n i c  t r a n s i t i o n s  

of t h e s e  complexes a E e  nek a e t i v e  i n  t h e i r  -absorpt-ion--spec%r-q~---- 

t h e i r  f r e q u e n c i e s  &an be  e s t i m a t e d  by s u b t r a c t i n g  t h e  frequeAcy o f .  

I t h e  a p p r o p r i a t e  v i b r a t i o n a l  i n t e r v a l  from -each e x c i t a t i o n  p r o f  l e  

maximum; The 0-0 f r e q u e n c i e s  e s t i m a t e d  by t h &  method a r e  e n t e r e d  
li+ 

R 

i n  column 4 o f  T a b l e  X I .    he comparison o f  t h e s e  e s t i m a t e d  

f r e q u e n c i e s  w i t h  t h e  puke e l e c t r o n i c  t r a n s i t i o n  f r e q u e n c i e s  

(column '5) : c a l c u l a t e d  a s  t h e  m i r r o r  p o i n t  o f  CT a b s o r p t i o n  and 

f l u o r e s c e n c e  spec t ra2 ' ,  shows s a t i s f a c t o r y  agreement ,  and t h u s  

c o n f i r m s  t h a t  t h e  e x c i t a t i o n  a r e  a  r e s u l t  o f  r e s o n a n c e  

w i t h  t h e  v i b r o n i c  t r a n s i t i o n s  i n v p l v i n g  t h e  v 
C=C and vCzN modes. 

W i t h i n  t h e  framework o f  t h e  v i b r o n i c  t h e o r y  o f  R R s p e c t r a  22 

( ' ~ e c .  2 . 3 . 2 ) ,  t h i s  i s  e q u i v a l e n t  t o L t h e  s t a t e m e n t  t h a t  t h e  vi,bfa- 

t i o n a l  quantum number v "  of t h e  i n t e r m e d i a t e  e l e c t r o n i c  s t a t e  i n  

t h e  RR s c a t t e r i n g  p r o c e s s  h a s  Ghe v a l u e  1 f o r  e i t h e r  v i b r a t i o n . .  
d 

These r e s u l t s  p e r m i t  some comments on  t h e  form o f  t h e  

' s c a t t e r i n g  t e n s o r  ( a  ) 
PO vv '  ' According t o  t h e  v i b r o n i c  t h e o r y  ~ f  

- - 

RR s p e c t r a , ,  t h e  s c c t t e r i n g  t e n s o r  i n  g e n e r a l  c o n t a i n s  t h r e e -  

+ c o n t r i b u t i o n s ,  i . e :  t h e  three terms of equa€im CZ.7: W h e n  

' t o t a l l y  symmetric  v i b r a t i o n s  s u c h  a s  v c=c and vCEN a r e  enhanced i n  

/ 

t I m p l i c i t ' i n  t h i s  a n a l y s i G h e  assumpt ion  t h a t  t h e  v i b r a t i o n a l  

. 

f r e q u e n c y  o f  e a c h  mode i s  t h e , s a m e  i n  b o t h  e l e c t r o n i c  s t a t e s .  



i n t e n s i t y  i n  RR spec t r a ,  t h e  p o t e n t i a l  energy s u r f a c e s  of the. 
* 

ground and f i i s t  e x c i t e d  electronic s t a t e s  a r e  g e n e r a l l y  

B' - d i f f  r e n t 2 3 ;  tB3s i s  c o n s i s t e n t  w i th  t h e  impl ied  d i f f d r e n c e s  i n .  

' the.  p o t e L t i a l  surfac ,es  o f  t h e  ground and e x c i t e d  e a t e - s  of TCNE EDA 

complejtes 21'24. Whkn t h e  p o f e n t i a l  energy s u r f a c e s  o f  e l e c t r o n i c  ' 

Q ., 
s t a t e s  k and r a r e  d i f f e r e n t ,  a l l  t h r e e  terms bf e q u a t i o n  (2 .7 )  

can  contri32ute t b  ' ( a  ) vv' ' and t h e  e x c i t a t h n  prafTxee-KanSmrineeded-- 
P O  

3 , not  c o i n c i d e  wit!h e h h e r  t h e  0-0 o r  t h e  0-1  f r eguenc ie s25 ;  f o w e ~ e r f  

t b e  bbserved resonance  w i t h  t h e  0-1  f r e q u e n c i e s  f o r  t h e  TCNE 

complexes s u g g e s t s  t h e  dominanck of  c e r t a i n  terms i n  t h e  exp res s ion  
- 

f o r  t h e  s c a t t e r i n g  t e n s o r .  
, . 

The expekimentalh r e s u l t s  which a r e  r e l e v a n t  t o  t h e  s i m p l i f i -  
I 

c a t i o n  of t h e  s c a t t e r i n g  t e n s o r  a r e  ( a )  on ly  t o t a l l y  s y m W x i c  
a 

+ 3 v i b r a t i o n s  a re .enhanced  i n  i n t e n s i t y  i n  t h e  RR s p e c t r a ;  
. i 

\ (b)  d e p o l a r i s a t i o n  r a t i o s  o f  t h e  RR bands are ( w i t h i n  exper imenta l  
C 

u n c e r t a i n t y )  equa l  t o  1/3;  ; c ) - t h e  resonance i s  w i t h  t h e  f i r s t  

v i b r o n i c  t r a n s i t i o n s ;  ( d )  t h e  e x c i t a t i o n  f requency dependence o f  

t h e  pre resonance  Raman i n t e n s i t i e s  fo l lows  t h e  F: f requency 

f a c t o r s .  R e s u l t s  ( a )  and ( b )  imply t h a t  p = a and hence t h a t  t h e .  

s c a t t e r i n g  t e n s o r  can be w r i t t e n  (a ) 20;  ' t h e  c o n d i t i o n  of 
PPvvl 

resonance v - v 0 d e s c r i b e d  i n  (c)  i m p l i e s  t h a t  v" = 1 r r v " ; k f v  , 0 

and v = 0 ;  and p o i n t  ( d )  s u g g e s t s  t h e  importance of  t h e  v i b r o n i c  
* 

coupl ing  o p e r a t o r  ha f o r  t h e  vC-C t r  - and vCCN - i n t e n s i t i e s .  The re fo re ,  
. . 

t h e  second term of equatzon (2.7) is ,  t h e  most impor t an t  one f o r  
> 

( t h e  i n t e n s i t i e s  of the .  v and vCZN C=C - bands i n  t h e  RR s p e c t r a  of t h e  

\ TCNE EDA complexes, and t h e  s c a t t e r i n g  t e n s o r  has  t h e  approximate 
I 

i ' 

form 



where v = 0 ,  v t . =  1 ahd v" = 1.- 9 I 

The r ed  s h i f t  o f  t h e  R e x c i t a t i o n  p r o f i l e s  w i t h  r e s p e c t  t o  P 
. - their  r e s p e c t i v e  a b s o r p t i o n  maxima can b e  i n t e r p r e t e d  i n  t e r m s  of 

+ - - -  --s L L  

- -- - -- -- - - 

e q u a t i o n  ( 2 . 1 )  , r a t h a  t han  t h e  v i b r o n i c  expansion d e s c r i b e d  a b o ~ e " .  ' 
. - -r The asymmetry of  t h e  CT a b s o r p t i o n  bands and t h e  l a r g e  S tokes  ( r e d )  

'? 
-1 s h i r t  (about  6 0 0 0  cm ) . between a b s o r p t i o n  and fluores,cence - - -  

maximal1 i n d i c q t e  a c o n s i d e r a b l e  d i f f e r e n c e  between t,he p o t e n t i a l  

energy cu rves  of  t h e  i r o u n d  and e x c i t e d  s t a e e s  of  each complex. 
,. 

The absorption i n t e n s i t y  i s  governed the,. m a t r i x  e lements  

coupl ing  t h e  ground ( i n i t i a l )  st'ate, t b  t h e  Ckci ted  ( r e s o n a n t )  

, s t a t e ,  and t h e  Raman a n t e n s i t y  i s  determined by  t h e  produc t  of  
? I 

t h e  ma t r ix  e lements  coupl ing  t h e  groun?i and e x c i t e d  s t a t e s  and . * 

t h o s e  coupl ing  t h e  e x c i t e d  a n d ~ c f i n a l s t a t e s .  Therefore ,  t h e  s h i f t  
\ 

I 

i n  t h e  p o t e n t i a l  energy cu rves  produces  a2displacement of  - t h e  

?' 
Raman e x c i t a t i q n  prof i i l e  wi$h r e s p e c t  t o  fie a b s o r p t i o n  profile . 
i n  t h e  same d i r e c t i o n  as t h e  s h i f t  i n  t h e . f l u o r e s c e n c e  spectrum. 

Furthermore,  i f  t h e  a b s o r p t i o n  band can be  cons idered  t o  a r i s e  
* 

, - from a  s u p e r p o s i t i o n  of  h igh ly  damped Loren tz i an  v i b r o n i c  

t r a n s i t i o n s ,  whose damping i n c r e a s e s  w i th  t h e  energy of  t h e  
- - - - - - - - - - 

t r a n s i t i o n s ,  h t h e  asymmetry:of t h e  a b s o r p t i o n  banas and of t h e  R R I  
- - - - -- - - - - - 

e x c i t a t i o n  p r o i i l e s  i S  p red i c t ab l e , .  ' This  d e s c r i p t i s n  of  t h e  

RR p roces s  i n  EDAz complexes i s e b a s i s  f o r  t h e  . c a l c ' h a t i o n  o f  

RR h x c i t a t i o n  p r o f i l e s ,  f l uo re scence '  s p e c t r a  and absorptio-ra 

o f  a  h y p o t h e t i c a l  system p re sen ted  i n  Appendix C. 



i s  p o s t u l a t e d 2 t o ' a r i s e  f s o q  i n t e  c t i o n s  between t h e  EDA complex . . a 
' . + 

and t h e  s o l v e n t ,  which l e a d  tro a  l i f e t i m e  f o r  t h e  h ighe r  4 

I 

v i b r a t i o n a l  l e v e l s  sf t h e  ground and/or e x c i t e d  e l e c t r o n i c  s t a t e s .  + 

r. s 
I n  p a r t i c u l a r ,  n o n r a d i a t i v e  damping i n  t h e  e x c i t e d  s t a t e  -may 

0 

.. occur  v i a  i o n i c  d i s s o c i a t i o n  of  t h e  complex a f t e r  i t s . e x c i t a t i o n ,  3 
1 

2 6 r 2 7 *  An expe r i -  T a p r o c e s s  which,. i s  s t r o n g l y  s o l v e n t -  dependent .t 

+ - Lp % 

- L  - - -  - pLL 

-4%- - - i_  

1 . m e n t a l . t e s t  f o r  t h e  e x i s t e n c e  o f  t h i s  mechanism i s  d e s c r i b e d  i n  . 
4 

i 

Appendix D. 
I - - .  a + 

- 
It  i s  a p p r o p r i a t e  to: mention h e r e  t h a t  yea s h i f t s  o f  t h e  RR - 

. + 

' 4 
e x c i t a t i o n  proi$i- les  f o r -  t h e  v i s i b l e  iod- ine  t r a n s i t i o n  krith r e s p e c t  - 

\ .  
t o  ~ h e ' a b s o r p t i o n  s p e c t r a  f o r  I2 i n  complexin4 s o l v e n t s  have'been - 

' observed ,  and have been a t t r i b u t e d  t o  a  d e s t r u c t i v e  i n t e r f e r e n c e  

between t h e  -contr$but ions  t o  - t h e  s c a t t e r i n g  t e n s o r  from t h e  
A 

( r e s o 5 a n t )  I2 s t a t e  and:the ( p r e r e s o n a n t )  CT stHtes i n  t h e s e -  

c&nplexes2*. It i s  r e a s o n a b l e  t o  expec t  h i g h e r  l y i n g  s t a t e s  t o  - 
make some c o n t r i b u t i o n  t o  t h e  s c a t t e r i n g  t e n s o r  even a t  % 

1 
r I 

w - 
F ; 

resonance2';  howeve'r, ' t h e  r e l a t i v e  s t r e n d t h s  o f  t h e  p re re sdn ipce  
I 

and r e sosance  Raman e f f e c t s  observed i n  t h e  p r e s e n t  s tudy  oY T C ~ E  1 
$ 

EDA complexes i m p l i e s  t h a t  such a n  e x p l a n a t i o n  i s  'mt. l i k e l y  i n  

11 this  c a s e  . 
6 

5.2.4 The T r a n s i t i o n  from Preresonance  t o  Resonance Raman 

S c a t t e r i n g  - 

I t  has  been khown i n  S e c t i o n s  %5.1 and 5.2, that.the 7 

d e q u e n c . i e s  of  t h e  e x c i t a t i o n  l i n e s  v i s  1 v i s  t h e  p o s i t i o n  i 
Y 

of  t h e  CT a b d r p t i o n  band fo r -$ -g iven  complex d e t e m d n e  whether 

t h e  pre resonance  o r  t h e  resonance  Raman e f f e c t  i s  observed i n  t h e  
i 

I 

- 
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F i g .  2 2  T r a n s i t i o n  from p r e r e s o n a n c e  t o  r e sonance  Raman \ 

s c a t t e r i n g  f o r  o-xylene/TCNE i n  CH C1 
2 4 

2 2' Broken l i n e :  FB/v . 
2 4 f o r  yC=C ( v t k  = 3 6 , 1 7 0  an-') ; dashed l i n e :  FB/v . f o r  vCZN - 

(v tk  = 5 5 , 5 6 0  em-1).  





- 

.Table X I V .  f o r  m ~ ~ ~ ~ ~ ~ ~ n  CH - 2-2 b 

+ . -  f o r  s e v e r a l  e x c i t a t i o n  wavelengths ynd TCNE 

. c o n c e n t r a t i o n s .  a ' b  Mesi tylene c o n c e n t r a t i o n  = 1 . 0  M 

oe ( nm) 

a - 
U n c e r t a i n t i e s  i n  t h e  i n t e n s i t y  r a t i o s  are ,  ? . 2  o r  l e s s .  

b ~ h e  CT a b s o r p t i o n '  maximum f o r  t h i s  complex i s ,  a t  4 6 6  nm. 

e x c i t a t i o n  i s  on t h e  long  wavelength si* of  t h e  F D A  complex 
A . 

a b s o r p t i o n  maximurn. 3ec.ause o f  t h e  "very * s i g n i f i c a n t  e f f e c t  o • ’  
\ 

r e a b s o r p t i o n  on r e l a t i v e  i n t e n s i t i e s ,  t h e  i n t e r p r e t a t i o n  of  RR 
Q 

e x c i t a t i o n  p r o f i l e s  i n  Sec. 5 . 2 . 3  i s  conf ined  t o  t h e  r e s u l t s  f o r  

d i l u t e  s o l u t i o n s ,  where r e a b s o r p t i o n  i s  mrrch l e i s  troublesome 

Whenever a complex abso rbs  t h e  l a s e r  beam s t r o n g l y ,  @.g. f o r  , - 
I mesitplene/TCNE and 514.5 nm e x c i t a t i o n ,  measuremept of t h e  - 

c o n b e n t r a t i o n  dependence *of t h e  i n t e n s i t y  r a t i o  of two-bands which 

a r e  s u b j e c t  t% - r e a b s o r p t i o n  t o  d i f f e r e n t :  deg rees  makes p o s s i b l e  
. I a' 

$ 

t h e  c a l C u l a t i o n  of  t h e  dep th  of  p e n e t r a t i o n  gf  t h e  beam i n t o  t h e  , 

n 30 
, s o l u t i o n .  . 

4 
and vCEN bands the a p p r o p r i a t e  e q u a t i o n  

, J 

, . 
= 



where t h e ,  s u b s c r i p t s  "observed1 '  and " t r u e "  d e n o t e  t h e  measured and 
- - -  - 

R -  i n t r i n s i c  r a t i o s  r e s p e c t i G e l y ,  b  i s  t h e  p e n e t r a t i o n  d e p t h ,  c  i s  

t h e  c o n c e n t r a t i o n , o f  t h e  complex, and A E  i s  . t h e  d i f f e r e n c e  between 

t h e  mola r  a b s o r p t i v i t i e s  a t  t h e  V and u wave leng ths .  c=c .C SN 

. According t o  e q u a t i o n  ( 5 . 2 ) ,  a  p l o t  o f  obse rved  i n t e n s i t y  r a t i o s  
fr ' 

v s .  C A E  y i e l d s  a  r o v i d e d  t h a t  t h e  s c a t t e r i n g  

l e n g t h  i s  c o n s t a  e e q u a l  t b  -b and t h e  i n t e r c e p t ,  
- -- --- - 

o b t a i n e d  by e x t r  c o n c e n t r a t i o n ,  equal to t h e  t r u e  
? 
7 i n t e n s i t y  r a t i o .  itylene/TCNE in CH2C12 ,  when 

I 

. . a n a l y s e d  a c c o r d i  n , ,  imply t h a t  t h e  penetration 
A 

d e p t h  o f  t h e  514.5 nm 1 , i g h t  i s  1.0085 t .0011) c m ,  and t h a t  t h e  

t r u e  i n t e n s i t y - r a t i o  i s  6 .0  2 1 . 0 .  Thus, a c c o r d i n g  t o  Tab le  X I V ,  

e v e n . a  TCNE c o n c e n t r a t i o n  of .029 M i s  s u f f i c i e n t  t o  c a u s e  
t- 

- s i g n i f i c a n t  r e a b s o r p t i o n .  The c a l c u l a t e d  p e n q t r a t i o n ,  d e p t h  of 

a b o u t  .0085 cm i s  r e a s o n a b l e  i n  view o f  t h e  molar  a b s o r p t i v i t i e s  

and t h e  c o n c e n t r a t i o n s  o f  m e s i t y l e n e / ~ ~ . ~ 2  used.  .. 

5 .3  E q u i l i b r i u m  C o n s t a n t  Measurements by   am an S p e c t r o s c o p y  
Y 

I n  t h e  p r e c e d i n g  two s e c t i o n s ,  t h e  i n t e n s i t y  i n c r e a s e s  i n  t h e  
d 

V 
C=C 

and v bands o f  TCNE on complexa t ion  w i t h  a r o m a t i c  e l e c t r o n  
CZ N 

. donors  were d i scu , s sed  i n  d , e t a i l  and shown t o  r e s u l t  fro; 

preresonan-ce o r  r e s o n a n c e  Raman sc S t e r i n g .  The p;eresonance - o r  
. . P il 

re's-onance' c o n d i t i o n s  a r i s e  from ehe  p r o x i m i t y  o f  t h e  Raman 

e x c i t a t i o n  f r e q u e n c i e s  t o  t h e  CT a b s o r p t i o n  bands;  t h e  c l o s e  'k., 
-- - 

-- - 

* I  r e l a t i o n s h i p .  between t h e  Raman i n t e n s i t y  dhanges and t h e  a b s o r p t i o n  - 
- -- 

. i n t e n s i t i e s  makes i t  p o s s i b l e  tq use  t h e  Rafnan i n t e n q b t i e s ,  i n s t e a d  * 

L: 
/--',> 

o f  t h e  a b s o r p t i o n  i n k e n s i t i e s ,  t o  c a l c u l a t e  t h e  c o n c e n t i a t i o r n e f  , 

t h e  complex i n  s o l u t i o n ,  and from q t h e r e  t h e  i 



(e) f o r  t h e  complex F e r n t i e n .  - Tki-s eww+&--tbd 

o f  d e t e r m i n a t i o n  o f  ~k~ f o r  TTIT EDA complexes.  
- v '  $ 

The p r e s e n t  de t . e rmina t ion  o f  e q u i l i b r i u m  c o n s t a n t s  by Raman G 

s p e c t r o s c o p y  i s ' a n  a p p l i c a t i o n  o f  some of t h e  i n f o r m a t i o n  g a i n e d  

r: i n  t n d i n ~ e s t i ~ a t i o n  o f  t h e  RR e f f e c t  i n  TCNE EDA complexes.  The 
1 2' a r e  found f o r  TCNE complexes i n  which v a r i o u s  methy l  o r  methbxy 

c h o s e n ~ f r o r n  among t h o s e  d i s c u s s e d  i n  S e c t i o n s  5 . 1 - a n d  5 . 2 , b e c a u s e  

t h e y  d i s p l a y  s u f f i c i e n t l y  l a r g e  i n t e n s i t y  changes  i n  t h e .  TCNE , 

vc=c and vCZN - bands w i t h  complexa t ion  when u s i n g  t h e  Argon l a s e r  

f o r  e x c i t a t i o n .  TCNE complexes which have c o m p a r a t i v e l y  s m a l l  

e q u i l i b r i u m  c o n s t a n t s  a r e  o m i t t e d ,  s i n c e  t h e  u n c e r t a i n t i e s  i n  t h e  
' 

~2~ f o r  such= complexes a s  c a l c u l a t e d  from t h e  Raman s $ e c t r a  a r e  

a f  t h e  same o r d e r  o f  magni tude  a s  t h e  . " e q u i l i b r i u m  c o n s t a n t %  

themse lves .  

The s o l v e n t s  used  f o r  Raman s t u d i e s  ofcEDA complexes must  b e . -  
I G 

chosen s o  t h a t  t h e y  s a t i s f y  c e r t a i n  c x i t e r i a .  The* m o s t  i m p o r t a n t  

o f  t h e s e  a r e  t h a t  t h e  s o l v e n t  d i s s o l v e  b o t h  o f  t h e  componenks o f  

t h e  complex i n  s u f f i c i e n t  c o n c e n t r a t i o n  t h a t  t h e  Raman bands  o f  

. i n t e r e s t  a r e  o f  r e a s o n a b l e  i n t e n s i t y  o v e r  a  r a n g e  o f  d o n c e n t r a t i o q $ ;  

t h a t  t h e  s o l v e n t  d o e s  n o t  have Raman bands which i n t e r f e r e  w i t h  

t h e  component b a n d s ' t ~  b e - a n a l y s e d ;  and . 4  f i n a l l y ,  t h a t  t h e  s o l v e n t  . 
I 

d o e s  n o t  i n t e r a c t  s t r o n g l y  w i t h  e i t h e r  o f  t h e  components.- - S i n c e  - 

d i c h l o r o m e t h a n e  m e e k s d l  khe aboue criteria, ict w a s c h o s e n  _as 
a 

$7. t h e  priT&ipei s o l c e n t  f o r  t h i s  i n v e s t i g a t i o n .  An a d d i t i o n a l  ' 
.* 

% - f a c t o r  I n  f a v o u r  o f  t h i s  c h o i c e  o f  s o l v e n t  i s  t h e  f a c t  t h a t '  

- e q u i l i b r i u m  c o n s t a n t s  Betermined by o t h e r  methods have  been 



pp -- - - -- - - 

F, 

r e p o r t e d  f o r  many TCNE EDA complexes i n  C H 2 C l 2 ,  so t h a t  a  * 
compar ison of  some o f  t h e  Raman r e s u l t s  w i t h  o t h e r  p u b l i s h e d  

z. 
A 

r e s u l t s  i s  p o s s i b l e .  The o t h e r  s o l v e n t s  used  f o r  t h e  ~ a m d n  

d e t e r m i n a t i o n  Q E ~ K ~ ~  a r e  dibromomethane and 1 . 2 - d i c h l o r o e t h a n e ;  

t h e s e  s o l v e n t s  were chosen  f o r  t h e  same r e a s o n s  a s  was CH2C12.  

5 . 3 . 1  The intensity R a t i o  ~ e t h o d  
- 

- - A -  -- -- 

The i n c r e a s e  i n  t h e  i n t e n ' s i t y  o f  t h e  v  band i s , g r e a t e r  
L * -> C=C 

t h a n  t h e  i n c r e a s e  i n  t h e  v band on complexa t ion ,  which f e s u l t s  
C 3  .. 

i n  a n  i n c r e a s e  i n  t h e  I ( v  ) / 1 ( v C + )  i n t e n s i t y  r a t i o s .  Q u a n t i t a - -  
C=C - 

t i v e  u s e  o f  t h e s e  i n t e n s i t y  i n c r e a s e s  can  t h e n  b e  made by measur ing  

t h e  i n t e n s i t y  r a t i o s  of  t h e s e  bands  under  v a r i o u s  c o n d i t i o n s .  
%J 

S p e c i f i c a l l y ,  t h e  measurement o f  i n t e n s i t y  r a t i o s  f o r  s o l u t i o n s  o f  
'. 

a p p r o p r i a t e  known c o n c e n t r a t i o n s  makes p o s s i b l e  t h e  c a l c u l a t i o n  o f  

t h e  e q u i l i b r i u m  c o n s t a n t s .  A s  shown below, c a l c u l a t i o n  o f  K * ~  f o r  
C 

a  complex o n l y  r e q u i r e s  t h e  measurement of  one & n t e n s i t y  r a t i o  

once  t h e  i n t e n s i t y  changes  w i t h  complexa t ion  a r e  known. Thus, t h e  
L 

I (vc=c)/ l  ( v c E N )  i n t e n s j t y  r a t i o s  a r e  o b t a i n e d  f o r  s o l u t i o n s  which 
/ 

have s u i t a b l e  s m a l l  f r a c t i o n s  o f  t h e  a c c e p t o r  c o m p l e x e d ; , t h e  

e x p e r i m e n t a l  r a t i o s  a r e  ' t hen  used  t o  c a l c u l a t e  t h e s e  f r a c t i o n s  - 
4 

* I 

and t h e  c o n c e n t r a t i o n s  o f  t h e  s p e c i e s  i n  t h e  s o l u t i o n s .  T h i s  

a l l o w s  c a l c u l a t i o n  o f  t h e  e q u i l i b r i u m  c o n s t a n t s  f o r  complex 
I 

f o r m a t i o n .  d 
- - - - -  - - 

The complexat ion '  o f  TCNE r e s u l t s  i n  a n  i n c r e a s e  i n  
- -  -- - 

I (vc=c ) / l ( v C r N )  from t h e  v a l u e  f o r  uncomplexed TCNE ( a b o u t  0 .5 ) ,  

t o - a  l a r g e r  v a l u e  c h a r a c t e r i s t i c  o f  t h e  complex and o f - t h e  e x c i t a -  
, . 

t i o n  f r e q u e n c y  used (Tab le  X ) .  I n  a  s o l u t i o n  where a  s m a l l  p a r t  
L 

o f  t h e  TCNE i s  complexed, t h e  vCZC and vCzN i n t e n s i ' t i e s  o r i g i n a t e  



/ 

i n t e n s i t ;  r a t i o  somewhere between t h e  t w o  l i m i t i n g ,  v a l u e s  o c c u r s .  * . ' 

A mathematkcal  r e l a t i o n s h i p  b i tween  t h i s  i n t e n s i t y  r a t i o  an&the 

f r a c t i o n  o i  TCNE complexed i s  a  p r e r e q u i s i t e  f o r  t h e  c a l c u l a t i o n  

of  K ~ ~ ;  such  an e q u a t i o n  i s  d e r i v e d  i n  t h &  f o l l o w i n g  p a r a g r a p h s .  
C 

For a TCNE ~ D ~ \ c o m ~ l e x  " i n  s o l u t i o n  i n  which a  f r a c t i o n  y  o f  
\ 

t h e  TCNE i s  a s s o c i a t e d  wLth t h e  donor i n  t h e  form of a_ 1 ~ 1  cam&--- 
- ~- 

and i f  the'TCNE vC-C a d  a  vCZN bands a r e  d e n o t e d  by t h e  sub-* - g  - 
s c ? i p t s  1 and 2 r e s p e c t i v e l y ,  t h e n  t h e  o b s e r v e d  i n t e n s i t i e s  o f  

t h e s e  Raman bands  a r e  

where t h e  s u b s c r i p t s  c  and  u  r e p r e s e n t  complexed TCNE and 

uncomplexed TCNE, r e s p e c t i v e l y .  From e q u a t i o n s  ( 5 . 3 a )  and (5.3b)  

one  o b t a i n s  ' 

The e q u i l i b r i u m  ' c o n s t a n t  f o r  t h e  f o r m a t i o n  o f  t h e  complex accord-  

i n g  t o  , t h e  e q u i l i b r i u m  D + A : AD i s  

- - E.5) - 

where [DlO and [ A ] ~  a r e  t h e  i n i t i a l  a c c e p t o r  c o n c e n t r a -  
* ,  

-, t i o n s ,  and t h e  c o n c e n t r a t i o n  r a t i o  y = [AD]/[A]~. 

The i n t e n s i t y  r a t i o s  on t h e  r i g h t - h a n d  s i d e  o f  e q u a t i o n  ( 5 . 4 )  



a r e  o b t a i n e d  a s  f o l l o w s :  IZq /I  kt comes from t h e  spectrlam of 
- - - -  

-- 
1 uncomplexed TCNE;  IZc/Ilc i s  t h e  l i m i t i n g  v a l u e  c h a r a c t e r i s t i c  of , 

t h e  p a r t i c u l a r  complex and  e x c i t a t i o n  f r e q u e n c y  under  c o n s i d e r a t i o n ;  

t h e  o t h e r  two r a t i o s  a r e  n o t  measured d i r e c t l y ,  b u t  a r e  i n s t e a d  
%?% 

c a l c u l a t e d  a s  t h e  p r o d u c t s  IZu/Ilc (12u/Ilu) (I lu/I lc)  and 
TL.. 
3 i 

I2C/IlU = (12c/Ilc) (I lc/I lu) ,  where I - IT i s  t h e  r e l a t i v e  
qq y l u  k 

/ 

i n c r e a s e  i n  t h e  i n t e n s i t y  of  t h e  v band on complexa t ion .  T h i s  C=C - a 

- - ------ 

. , i n t e n s i t y  i n c r e a s e  q u a n t i f i e s  t h e  r e s p n a n c e  enhancement  o f  t h i s  Lb 
d , 

band ,  an'd i s  d e t e r m i n e d  u s i n g  a  s t r o n g ' s o l v e n t  b a n d ' a s  i n t e r n a l  
7- ";F 

@ 8. 
s t a n d a r d  i n  o r d e r  t o  compensate  f o r  tbg$oss  i n  o v e r a l l  i n t e n s i t y  

, *" =; '.. 
$ _ "  

r e s u l t i n g  from t h e  a b s o r p t i o n  o f  t h e : & c i t a t i o n  l i g h t  by t h e  EDA 
"-, .at 

complex. 

The 11/12 i n t e n s i t y  r a t i o ,  which v a r i e s  between Ilu/12u and 
- 

.IlC'I2Cf i s  f o r  y < <  -1 a p p r o x i m a t e l y  e q u a l  t o  

Y 

According t o  t h e  d a t a  i n  T a b l e  XV, which a r e  t y p i c a l  f o r  t h e  TCNE 

I 2 c  complexes ,  - > I 2 c  and . - 1 2 ~  . When y i s  veey I 2 u  > 
='I I l c  lc I l u  Y T -  

\ 
s m a l l ,  e q u a t i o n  ' (5.5)  becomes s imply  y  z K ? D [ ~ ]  

C 
With t h e s e  " , 

a p p r o x i m a t i o n s ,  t h e  i n t e n s i t y  y t i o  i s  g i v e n  by 
I 

\ 

When t h e  k i n d  o f  complex and t h e  e x c i t a t i o n  f r e q u e n c y a r e  f i x e d ,  

IZAD and I 
C 

lc/Ilu a r e  c o n s t a n t ;  t h u s ,  e q u a t i o n  ( 5 . 7 )  p r e d i c t s  an  



Table.  XV!' 1 n t e n ~ i ' ~ ~ ' r a t i o s  used  f o r  t h & . c a l c ~ l a t i o n  o f  ~f~ f o r  

, , 
7. 

TCNE EDA complexes i n  CH C 1  s o l u t i o n s  a , b , c  
," - 2 2 

Donor E x c i t a t f  on - I 2 c  - I.2U 5 - I l c  
wave leng th  (nm) Ilc - I l c  I l u  I l u  . 

> 
d u r e n e  488.0 .26 .031 1 5  59 * 

514.5 .23  .. 019 22 96 

. 3 1  pen tamethy lbenzene  488.0 -016 36 115 'b 

*9 514.5 .32 .010 61  188 

488.0 hexamethylbenzene  . 4 1  .012 - 62 150 
514.5 . 4 1  .0068 110 275 

a F o r  b o t h  e x c i t a t i o n  wave leng ths  i n  t y e ,  I ~ ~ / I ~ ~  i s  , 

a b o u t  2 ' 0 .  -4. 4 @ 

b u n c e r t a i n t i e s  i n  t h e  . i n t e n s i t y  . r a t i o s  a r e  l e s s  t h a n  1 0 %  o f  
* 

.- . t h e i r  magni tudes .  :T+, 

C S u b s c r i p t s  1 and 2 s i g n i f y  TCNE VC,C and a v C-N bands 
' .  

I 

r e s p e c t i v e l y :  c and u d e n o t e  complexed and uncomplexed TCNE 

r e s p e c t i v e l y .  

. approx imate  p r o p o r t i o n a l i t y  between 11/12 

complex. 

The g raph  of  11/12 v s .  [Dl O/[Al f o r  

TCNE EDA complexes ( F i g u r e  23)  shows t h a t  

a l i t y  between t h e s e  two q u a n t i t i k s  o c c u r s  
I., - 

c o n c e n t r a t i o n  (and t h e r e f o r e  t h e  f r a c t i o n  

A s  t h e  donor  c o n c e n t r a t i o n  i n c r e a s e s ,  t h e  

and [DlO f o r  e a c h  

s e v e r a l  d i f f e r e n t  

t h e  e x p e c t e d  p r o p o r t i o n -  9 

a s  l o n g  a s  t h e  donor  - - 

y )  i s  c o m p a r a t i v e l y  low. 
-- - - 

a p p r o x i m a t i o n s  used  i n  

t h e  d e r i v a t i o n  o f  e q u a t i o n  ( 5 . 7 )  l o s e  t h e i r  v a l i d i t y ;  t h e r e f o r e ,  
', 

t h e  1i ;near  r e l a t i o n s h i p  no l o n g e r  - e x i s t s ,  and  t h e  e x a c t  h u a t i o n  



- - - 

Fig. 23 Intensity ratio of TCNE vCZC and vCZN bands as a functioh 

of relative donor concentration. Donors are o-xylene (x), 

- mesitylene'( o and m), and durene ( 1 .  E~citation wavelength 
d 

514.5 nm in all cases except mesitylene/TCNE ( , 488.0 nm. The & 
uncertainty in 11/12 is t .2 or less. 



-- - 
i n t e n s i t y  r a t i o s .  ' I n  t h e  r e g i o n  where Xi/- I r2  

- - - - - - - - - - - - - - , 
i s  a slowly varying funcGion o f  donor  c o n c e n t r a t i o n ,  t h e  p r e c i s i o n  

. - 
i n  the calculated r e s u l t s '  i s  n o t  v e r y  good,  s i n c e  s i g n i f i c a n t  

variation7 i n  the donor c o n c e n t r a t i o n  h a r d l y .  a f f e c t  the - i n t e n s i t y  
t 

r a t i o .  Because of t h i s ,  K: a r e  b e s t  d e t e r m i n e d  f o r  s o l u t i o n s  i n  
b .  

which only  a small f r a c t i o n  ( l e s s  t h a n  1 /10)  o f  t h e  a c c e p t o r  i s  
. 

complexed; 
-3- _-- -- 

P 
Eigure 2 3  shows a l s o ,  f o r  t h e  m e s i t y l e n e / ~ c ~ G  d a t a  f o r  two - - 

P 

excitation wavelengths t h a t  t h e  r a t e  o f  i n c r e a s e  2  with 
3 

[D] depends on - the  magni tudes  o f  Ilc/12u 
AD 

0 and o f  Kc , a s  i s  
-, 

predicted by equation ( 5 . 7 )  . F o r  t h i s  complex, t h e  Ilc/12u which, < 

i s  obtained w i t h  514.5 nm e x c i t a t i o n  is g r e a t e r  t h a n  t h a t  found 

w i t h  488 .0  nm e x c i t a t i o n ;  a s  e x p e c t e d ,  t h e  s l o p e  o f  11/12 VS. [Dl 

is  steeper w i t h  the  514.5 nm l a s e r  l i n e .  These r e s u l t s -  emphasise  

t h e  fact that the complex - and t h e  e x c i t a t i o n  wave leng th  must b e  

specified when equakions ( 5 . 4 )  or ( 5 . 7 )  a r e  t o  b e  used .  a 

, 

The 
important  f e a t u r e  o f  .Fig. 23 ,  t h e  o c c u r r e n c e  of 

$\ D steeper slopes f o r  complexes w i  h  h i g h e r  , i s  c o n s i s t e n t  w i t h  
+,. 

'equation ( 5 . 7 )  i n  V i e w  of  t h e  i n t e n s i t y  r a t i o s  i n  T a b l e  XV. 

5.3.2 Results 

?he ~t~ ca lcu la ted  from e q u a t i o n s  ( 5  4  and (5 .5 )  a r e  

sumnarised for  the  TCNE complexes i n  CI-I C 1  s o l u t i o n s  i n  Ta&I 
2 2  

and for the C H i B r 2  and d i c h l o r o e t h a n e  s o l u t i o n s  i n    able XVII. 

The conparisbn of t h e s e  r e s u l t s  w i t h  t h e  eD i n  t h e  . l i t e r a t u r e  i s  

discussed i n  Sec. 5.3.3. I t  

constant for the CH2C12/TCNE 

0 . 2 ,  i.e.. it i s  c o n s i d e r a b l y  

s h o u l d  be n o t e d  t h a t  t h e  

EDA complex ' 31,32 is l e s s  

s m a l l e r  t h a n  a n y "  of t h e   fin 



9I 
Table XVI. Equilibrium coistants f,ortTCNE EDA complexes in 

.-lrT - 
- - - ---- ~ ' 1 ~ ~ 1 ~  m l ~ t i o n ~  at room termperature (about 21 ) 

P i' 
Donor K~~ 

C 
i IlC/IlU 

a,b 

b 

o-xylene .42 + .15 
m - x v l  enn - 

75 2 25 
-.. --J ----- 
p-xylene 
mesitylene , 
durene 
i s o-d uren-e - -- +- - - - -  - 

6 
4-&7 f -T 71- - -- 11_'588888888 

pentamethylbenzene 7.4 + .6 188 
hexamethylbenzene 17 f 2 ,' 275 
anisole . S  .52 f .14 20 2 5 
o-dimethoxybenzene - 1.0 f . 3  12 _+ 3 
m-dimekhoxybenzene 
p-dimethoxybe-*--- 

' 

- 
a C . - 
Intensity increase of the'TCNE v band on complexation; C=C 
excita-tion wavelength 514 ' 

I- 
.2 nm. - 

u Values quoted with uncertainties are estimated (see. text). k 
. 

Table XVI: 

' The equilibrium constants*in Table XVI are based *on 'I. /I_ 
1- L 

measured at several excitation wavelengths between 457.9 and 
- 

514.5 nm. Since 11/12 for a solution ies with eicixation 

avelength, the data are ana~~se'd in terms of the appropriate 
- \ 

/ equations (see above)-. The intensity ratios do not indicate any 

systematic variation'of the calculated y wi-th wavek&ngth.-There- - - - -  

fore for each solution, the averaqe o f - t h e r a ~ a t e ~ ~ E & ~ + A = ~ &  
f - 

AD excitation wavelengths employed is used. to c.alculate,Kc , and the 

K~~ for a series of solutidns' ( 5  to 15) of one complex are 
C 

averaged and entered in Table XVI. Only one or two excitation .' 



Tale XVII. Equilibrium- constants f ~ x  .TCNE ~ ~ ~ e x ~ s  in .- 

/ solvents other than CH2C12 at room temperature 
I, .. 

Donor 
8 .. 

Solvent + K ~ D  (fl) a 
c .  IlC/IlU 

p-dimethoxybenzene ,CH2Br2 1.0 * .3 9 + 3  b 

hexamethylbenzene CH2Br2 23 + 2 -  206 

hexamethylbenzene C H C1 19 + 3 153 2 4  2 

a P 

Intensity increase of the TCNE vC-C - band on,complexation; 
ex'citation wavelength 514.5 nm. ' 

b~stimated. yalue (see text). 

wavelengths were used to calculate the K:~ summarised in Table XVII 

since the results for the CHZC12 solutions showed that by using a 

~ider'ran-~e of laser- lines no further information is obtained. 

In addition to the calculated equilibrium constants, ~ables 
7 

XVI and , , XVII contain the vC-C - intensity enhancements on complexa-. 

tion, as observed with 514.5 nm excitation. From equations (5- -4)  
\ 

and (5.71, it can be seen that the determination bf Xy using 
- 

Raman intensicy ratios is only as accurate as are the measured , 

b 1 b 

IlC/IlU* Thus for completeness, both and Ilc/Ilu are entered 
C 

in the Tables. Comparison of these ratios with the prereionance -- 

Raman results of Sec; 5.1 shows that the RR intensity increases 
4 

are in most cases ano order of magnitude larger than- the- preres- . - - 

4 
anance Raman intensity enhancements in ' the TCNE ED+ complkxes. - 

D For this feason, the < were obtained only for TCNE complexes in 
which the RR effect occurs with Argon laser excitation. 

- 
One limitation of the intensity ratio metYwd is the *s.- -; - 

7'' 



 small.^*^. For  such'  comple-xes t h e  a d d i t i o n  o f  even  a l a r g e  excesq  
w C 

ii 

of  t h e 9 d o n o r  t o  a TCNE s o l u t i o n  does  n o t  b r i n g  a b o u t  t h e  complexa- 
P 

b i o g  o f  most o f  t h e  TCNE. Atgempts t z % e a s u r e  I lc/f lu f o r  t h e s e  
+ 

complexes y i e l d e d  a r t i f i c i a l l y  low r e s u l t s ,  b e c a u s e  t h e  c o n c e n t r a -  

t i o n  o f  TCNE r e s p o n s i b l e  f o r  t h e  band w i t h  i n t e n s i t y  Ilc i s  less  

t h a n  t h e  c o n c e n t r a t i o n  which p roduces  i n t e n s i t y  Ilu. ( T h i s  - 

-21 

s i t u a t i o n  does  n o t  o c c u r  f o r  cbmplexes w i t h  h i g h e r  K:~, where 1 

a n  e x c e s s  of  donor  e n s u r e s  t h e  complexa t ion  o f  v i r t u a l l y  a l l  o f  

t h e  T C N E ) .  I f  a  l a r g e  amount o f  donor  i s  added t o  a s o l u t i o n  i n  

a n  d t t e m p t  t o  complex a l l  o f  t h e  TCNE, a c o n c e n t r a t i o n  g r a d i e n t  

w i t h i n  t h e  c u v e t t e  sometimes d e v e l o p s ,  f u r t h e r  c o m p l i c a t i n g  t h e  

r e s u l t s .  

Because o f  t h e s e  c o n s i d e r a t i o n s ,  t h e  Ilc/Ilu o b s e r v e d  

e x p e r i m e n t a l l y  f o r  t h e  weaker complexes a r e  used  p n l y  a s  a - b a s i s  

f o r  t h e  e s t i m a t e  o f  t h e  t r u e  r a t i o s .  The Ilc/~Ilu which a r e  

. e s t i m a t e d  a r e  t h o s e  f o r  which ' u n c e r t a i n t i e s  a r e  q u o t e d  i n  

T a b l e s  X V I  and X V I I .  For  example ,  m e s i t y l e n e  o r  one  o f  t h e  

x y l e n e s ,  when added t o  a  TCNE s o l u t i o n ,  p roduces  a n  i n t e n s i f i c a t i o n  

i n  t h e  TCNE vC-C - band by a f a c t o r  between p e r h a p s  50 and 100 ;  f o r  . 

o n e  o f  t h e s e  complexes,  Ilc/Ilu i s  t h e r e f o r e  a b o u t  7 5  k 25,  ~ h e s e  

f a i r l y  wide l i m i t s  a r e  der ' ived-f rom t h e  r e s u l t s  o f  a  
4- I 

a t t e m p t s  t o  measure  t h e  r a t i o s  f o r  t h e s e  complexedd f r o m  t h e .  - 

estimate t h a t  a b o u t  - 3  t o  ,7 o f  t h e  a c c e p t o r  &s actually camplexed -' * 

I l c / I l u  a& n o t  a s  r e l i a b l e  - 
which Ilc/Ilu i s . k n o w n  more 

D - 4 

i n  e a c h  s o l u t i o n . .  Obvious ly ,  t h e  c a l c u l a t e d  u s i n g  e s t i m a t e d  

a s  t h o s e  c a l c u l a t e , d  • ’ o r  complexes i n  

a c q u r a t e l y  . I?. 



~ h g  R J m  nu++&'& determining cD af .EDA complexes was 

s i cces s fu l ly  a p h l i e d . t o  TCNE EDX complexes i n  t h e  s o l v e n t s *  

C H 2 C l 2 ;  C H 2 B r 2  and d i c h l o r o e t h a n e  (Tables  X V I  and X V I I ) .  Readi ly  
I 

a v a i l a b l e  conven t iona l  nonpolar  s o l v e n t s  . could  n o t  be  used p a r t l y  
, - 9  

because of t h e  l i m i t e d  i o l u b i l i t y '  o f  TCNE i n  t h e s e  ' s d l v e n t s ,  and 
I # 

p a r t l y  because of i n t e r f e r i n g  s o l v e ~ t  bands.  S o l v e n t s  such a s  

cyclohexane and C C l q  were t r i e d ,  b u t - i n  o r d e r  t o  d i s s o l v e  r ,  
. , -- ---- 

s u f f i c i e n t  TCNE i n  one o f  them t o  produce a  r e l i a b l e  Raman 

spectrum,  an exces s  of t h e  e l e c t r o n  donor had to be e x  adaed. I n  

t h a t  c a s e ,  however, t h e  r e s u l t i n g  s o l u t i o n  i s  n o t  s u i t a h l e  f o r  

e q u i l i b r i u m  c o n s t a n t  d e t e r m i n a t i o n  by t h e  Raman i n t e n s i t y , r a t i o  

method, s i n c e  it has  much more than  1 / 1 0  o f  t h e  d i s s o l v e d  TCNE 

complexed ( s e e  above): Because of  t h i s ,  t h e  Raman method w a s  n o t '  

a p p l i e d  t b  TCNE comple,xes ih  such s o l v e n t s ;  d e s p i t e  

of  such d a t a  foy comparison w i t h  r e s u l t s  i n  s o l v e n t s  such a s  
, I 

CH2C12 .  
$ 

5 . 3 . 3  Comparison w i t h  Other  Meth0d.s 

I n  Table  XVIII t h e  K? .•’or C H 2 C l Z  s o l u t i o n s  ' a s  de te rmined  

A D  from t h e  ~dmafi i n t e n s i t y  r a t i o s  a r e  compared w i t h  pub l i shed  Kc 

o b t a i n e d  by a b s o r p t i o n  spec t roscopy .  T h e  r e s u l t s  o f  t h e  Raman , . 

s p e c t r a  a g r e e  very  w e l 1 , w i t h  t h o s e  of  t h e  a b s o r p t i o n  method, 

showing t h a t  t h e  a p p l i c a t i o n  of  Raman s p e c t r o s c o p y ~ t o  t h e  d e t e r A  

mina t ion  of K A ~  of  EDA complexes is '  v i @ h l e A F  For t h e -  o t h e r - F  
C 

s o l v e n t s ,  t h e  HMB/TCNE eD determined from t h e  Raman s p e c t r a  

(Table  X V I I )  a r e  e q u a l ,  w i t h i n  exper imenta l  u n c e r t a i n t y ,  t o  t h e  
4 

v a l u e s  ob ta ined  from a b s o r p t i o n  s p e c t r a  33,34 

Raman and t h e  a b s o r p t i o n  methods f o r  o b t a i n i n g  

'z 
The r e s u l t s  of t h e  

are grea tLy  a t  Ke 
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T a b l e  X V I I I .  Comparison o f  e q u i l i b r i u m  c o n s t a n t s  f o r  TCNE EDA 

complexes i n  C H 2 C 1 2  s o l u t i o n s  o b t a i n e d  by v a r i o u s  ' 

methods 

T h i s  worka L i t e r a t u r e  
Donor Raman A b s o r p t i o n  Absorbt ion> 

o-xylene  8- . 4 2  rt .15  . 4 1  . 4sc 

m-xylene .50 + .18 --- C 
- 3 8  

p-xylepe  .52 2 .19 .47 . 4 g c  . 

m e s i t y l e n e  

d u r e n e  

i s o d u r e n e  4.7 f .7  4 .7  
i --- 

8 

hexamethylbenzene 17  f 2 --- 16.8C;  21.6 d  

a n i s o l e  .52 k . 1 4  --- . 28e 

a  Room t e m p e r a t u r e  ( a b o u t  21• ‹ )  . 
b ~ b t a i n e d  under t h e  c o n c e n t r a t i o n  condi%i,on [Dl = [A] a c c o r d i n g  

t o  t h e  method o f  r e f .  34. 
C Ref .  8 ;  o b t a i n e d  f o r  r e l a t i v e  c o n c e n t r a t i o n s  [Dl >>  [A] a t  22'. 

d ~ e f .  31; o b t a i n e d  f o r  r e L a t i v e  c o n c e n t r a t i o n s  [Dl > [A] a t  25'. 
e C a l c u l a t e d  from t h e   value i n  - ref .  32,  measured a t  22O. 

35 v a r i a n c e  w i t h  t h o s e ' d e r i v e d  from a  c a l o r i m e t r i c  method . 
" k T h e  e q u i l i b r i u m  c o n s t a n t s  c a l c u l a t e d  from t h e  Raman s p e c t r a ,  

f o r  s o l u t i h s , w i t h  [ D l  -- [A] (column 2 ,  T a b l e  XVIII) , a g r e e  w e l l  

w i t h  t h o s e ' o b t a i n e d  from a b s o r p t i o n  s p e c t r e  f o r  - s o l u t i o n s  hav ing  - 

[Dl = [A] ( c o l G m  3 )  o r  [Dl > >  [ A ]  (column 4 ) .  Since only-l:1 

complexes a r e  l l k e l y . t o  o c c u r  when t h e  donor c o n c e n t r a t i o n  i s  
G 

comparable t o  t h a t  o f  t h e  a c c e p t o r ,  and when t h e  o v e r a l l  c o n c e n t r a -  

t i o n  i s  low, t h e  c o n s i s t e n c y  o f  t h e s e  r e s u l t s  s u p p o r t s  
d 

ghe 
' assumpt ion  t h a t  o n l y  1:l complexes o c c u r  under  t h e  cond i$ ion  



-her comment on t h e  accuracy of t h e  K~~ determined from 
C 

Raman s p e c t r a  i s  p o s s i b l e  i n  view o f  t h e  r e s u l t s  of  t h e  NMR 

measurements of K E ~  f o r  n-n EDA complexes us ing ,  however, 

a c c e p t o r s  o t h e r  t h a n  TCNE. - The ~t~ c a l c u l a t e d  from abso rp t ion  

s p e c t t a  -for s o l u t i o n s  @ t h  [Dl = [A] a"geel w e l l  w i th  t h e  NMR , 

r e s u l t s ,  w i c h  a r e  independent  o f  t h e  r e l a t i v e  c o n c e n t r a t i o n  . I  - - -  - A - - - - - - - ----\ - 

[D~/IA]*. 'The la 
t 

r e l a t i v e  c o n c e n t r a t i o n  dkpendence i n  t h e  *- a NMR d a t a  imp l i e s  t t h e  same k ind  of complex i s  d e t e c t e d  i n  each 
3 

. - s o l u t i o n ;  by i n f e r e n c e ,  t h i s  i s  t h e  1;l complex. This  suppor t s  

t h e  assumption t h a t  t h e  ~z~ determined- by a b s o r p t i q n  spec t roscopy  

f o r  s o l u t i o n s  .w i th  [Dl = [A] a r e  t h e  t r u e  e q u i l i b r i u m  c o n s t a n t s  , 

f o r  t h e  format ion o f  the l : l k o m p l e x e s .  S ince  t h e  a b s o r p t i o n  and 

Raman r e s u l t s  t e n d  t o  a g r e e ,  t h e  Ramdn r e s u l t s  a r e  t h u s  suppor ted  
.C  * - 

by t h e  NMR d a t a .  The g o a l  o f - - t h i s  i n v e s t i g a t i o n  has  been $0 show , 

t h a t  t h e  a p p l i c a t i o n  o f  Rarnan spec t roscopy  ' to  t h e  s tudy  of  EDA 

complex e q u i l i b r i a  i s  f e a s i b l e ,  and t h e  agreement of  t h e  Raman eD 
and t h e  a b s o r p t i o n  K? ( a s  w e l l  as, t h o s e  from NMR) i n d i c a t e s  t h a t  

t h i s  i s  s o .  

5 . 4  Low Energy spe=tra 36 

A s  mentioned i n  Chapter  1, an impor tan t  asgect o f  t h e  Raman 

$ s p e c t r a  o f  EDA complexes is t h e  low energy r eg ion  o f  t h e i r  s p e c t r a ,  

because it i s  i n  t h i s  r eg ion  t h a t  one e x p e c t s  a new band or bands - 

t o  appea r ,  c h a r a c t e r i s t i c  o f  t h e  complex butlaat afxither a•’ its - 

components. ~ n t e m o l e c u l a r  s t r e t c h i n g  and behding v i b r a t i o n s  a r e  

-1 ' expec ted  t b  occu r  below about  150 c m  f o r  IT-IT complexes, because 

of  t h e  weak i n t e r m o l e c u l a r  i n t e r a c t i o n  i n  t h e  ground s , t a t e .  - 
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- -- S 

The EDI)A complexes i n v e s t i g a t e d  h e r e  a l s o  d e s e r v e  specla - 
rP 

/ 
f 

a t t e n t i o n  i n  t h g  low e n e r g y  r e g i o n  because  o f  t h e  e x i s t e n *  o f  
/ 
/ 

s e v e r a l  low e n e r g y  Raman bands  i n  t h e  spec t rum o f . u n c o & l e x e d  
/' 

3 

a r e  n o t  v e r y f k e l l  e s t a b l i s h e d ( c h a p t e r  6 ) .  
/ 

TCNE v i b r a t i o n s  i n  t h e  pr#esonance o r  
/ 

t e s o n a n c e  Raman s p e c t r a  o f  t h e  cdmplexes c a n  help i d e n t i f y  t o t a l l y  - / 
symmetr ic  vib-ratSons and t h e r e f o r e  s i m p l p $  t h e  s i t u a t = i n ~ - B f F a C i s e  

of t h e  l a c k  o f  a  s a t i s f a c t o r y  f o r  TCNE ia t h i s  r e g i o n ,  
. I 

t h e  low energy  Raman spec t rum o f  ncomplexed TCNE a s  w e l l ,  a s  of 1 
complexed TCNE i s  d i s c u s s e d  i t h i s  s e c t i o n .  /P/ 
5.4 .,l Low Energy Raman 

, , 
S i n c e  a  t h o r o u g h , d n v e s t i g a t i o n  o f  t h e  low f r e q u e n c y  Raman 

/ 

/' 
spec t rum o f  TCNE h a s  n o t  been p u b l i s h e d  p r i o r  t o  t h i s  work, it  i s  

/' 

n e c e s s a r y  6 .examine t h i s  s p e c t r u m  b e f o r e  i n t e x p r e t i n g  t h e  low 

o f  t h e  complexes.  I F i g .  24a t h e  low e n e r g y  
'. 

> 
spe,ctrum o f  p o l y c r y s t a l l i n e  TCNE i s  shown. The spec t rum h a s  two I 

i - 
bands  i n  t h e  r e g i o n  o f  immediate  i n t e r e s t ,  a t  134 cm-' and 150 cm-l. 

rrrP 

-1 When. TCNE i s .  d i s s o l v e d  i n  noncomplexing s o l v e n t s ,  t h e  134 c m  

I 
band i s  n o t  o f  s u f f i c i e n t  i n t e n s i t y  t o  b e  o b s e r v e d  i n  t h e  s o l  

- 'F- 
s p e c t r a  (Chap te r  6 ) .  S i n c e  t h e  t o t a l l y  symmetr ic  v i b r a t i o n  

7 

( F i g .  25a)  i s  e x p e c t e d  i n  t h i s  r e g i o n ,  t h e - 1 5 0  cm-' band i s  

a s s i g n e d  t o  v5  ahd t h e  134 c m - l  band i s  a t t r i b u t e d  t o  a  n o n t o t a l l y  
P 

symmetr ic  v i b r a t i o n ,  c o n s i s t e n t  w i t h  i t s  d e p o l a r i s e d  c h a r a c t e r .  

The f a c t  t h a t  t h e  150 c m - l  band i s  o b s e r v e d  o n l y  i n  t h e  , 

spec t rum o f  s o l i d  TCNE migh t  b e  c o n s i d e r e d  a s  e v i d e n c e  t h a t  i t  

arises from a  l a t t i c e  v i b r a t i o n ;  s i n c e  n o  ass ignment  o f  t h e  



Fig. 2 4  Low enqrgy Raman s p e c t r a  of uncomplexed TCNE and of 

complexed TCNE. ( a )  s o l i d  TCNE; (b) hexarnethylbenzene/TCNE i n  



F i g .  25 P l a n a r  s c i s s o r i n g  v i b r a t i o n s  o f  TCNE. 

l a t t i c e  modes o f  TCNE h a s  been p u b l i s h e d ,  t h i s  p ~ s s i b i l i t y  c a n n o t  

b ~  r u l e d  o u t  w i t h  c e r t a i n t y .  However, t h e  p r e s e n c e  o f  t h i s  band 
I _  

i n  t h e  s o l u t i o n  s p e c t r a  o f  t h e  complexes (Sec: 5 . 4 . 2 )  s t r o n g l y  

s u g g e s t s  t h e  e x i s t e n c e  of a  TCNE fundamenta l  n e a r  150 c m - l .  Thus 

-1 - 
t h e  d a t a  a r e  c o n s i s t e n t  w i t h  t h e  ass ignment  o f  t h e  150 c m  band - 

C 

, t o  V 5 .  

5 . 4 . 2  Low Energy Raman Bands o f  EDA Complexes o f  TCNE 

. -1 5 
A s  shown i n  T a b l e  X I X ,  a Raman band i s  found between q55 cm 

and 167 c m - I  i n  t h e  s p e c t r u m  o f  each  TCNE complex h a v i n g  a  k t h y l -  

benzene  o r  a  methoxybenzene P l e c t r o n  donor .  These a r e  t h e  o n l y  

bands i n  t h e  s p e c t r a  o f  t h e  complexes i n  t h e  a c c e s s i b l e  low energy  

r e g i o n  ( a b o u t  90 c m - I  t o  200 c m - l ) ,  e x c e p t  f o r  a few u n s h i f t e d - -  ' 

0 

~&(oiior bands  n e a r  200 c m - l .  For  m o s t  o f  t h e  c o m p l e x e s m ~  t h e s e - l o w  - 

energy  bands  a r e  v e r y  weak ( s i g n a l s  a s  s m a l l  as  1 0  p h o t o n s / s ) ;  an  
f 

-- - -- - -- - - 

- e x c e p t i o n  t o  t h i s -  i s  t h e  167 c m - l  b a n d  o f  HMB/TCNE, whose i n t e n s i t y  
... 

i s  o f  t h e  o r d e r  o f  100 p  o n s / s  (Fig: 2 4 b ) ,  o r  a b o u t  2 /3  t h a t  o f  
+ b 

B 

t h e  TCNE vCZC -1 band a t  15  m . S i n c e  ' the 167 c m - l  band i s  t h e  ii 

I 

- 

Y 

i 



a 

Table IXTX. Low EfIFrFy Raman B a n d s  ofTCNE D A  complexes' ana of 

uncomplexed donors between 100 cm-I and'200 cm-I , 

Neat Donor 
TCNE 

This &rorka arc Donor Low temp. complex 3 

benzene 
toluene 
o-xylene 
m-xylene 
p-xylene 
mesitylene 
durene 
isodurene 
pentamethylbenzene 
hexamethylbenzene - 
anisole 
o-dimethoxybenzene 
m-dimethoxybenzene 
p-dimethoxybenzene 
1,2,3-trimethoxybenzene 
1,2,4-trimethoxybenzene 
1,3,5-trimethoxybenzene 

none 
n'one 
179 
none 
none 
none 
101 161 
none 
'104 
114 165 
none 
171 
none 
114 
106, 149 

none 
155 
158 
160 
151- - 
159 
160 
157 
163 
167 
157 
15.8 
159 - 
156 
162 

197 
128,- 192 

a ~ n c e r t G t i e s  in bahd positions are 2 2 cm-' or.less. 

b~iterature values; refs. 39 and 40. 
e Solv nt used was CH2C12. Donor and acceptor concentrations 

werGdjusted so that the complex concentration in each solution 

was between 10-~'and M. 

strongest low enefgy band observed, it was selected or the more f 
detailed investigati6ns described below which attempt to asdertain 

the origin of these low energy bands. - - 
- - 

The $55 - 167 cm'l bands in the spectra of the TCNE-EDA 

- - complexes may have o n e - m  more of the foflming or lg lns :  (a) the 

bands arise from the totally symmetric TCNE vibration v 5 ,  and 

appear because of resonance enhancement; (b) the (infrared active) 

TCNE vibration v is activated in the Raman spectra of the 12 



\ 

a -  

/ 

' * 

- - ---- 

1 1 3  

9' 
-- - - 

complexes;  ( c J  CorsTonal  v i b r a t i o n s  o f  t h e  methyl  o r  methoxy donor 

s u b s t i t u e n t  g roups  a r e  t h e  s o u r c e  o f  t h e  bands;  ( d )  t h e  bands a r e  

du'e t o  t h e  s t r e t c h i n g  v i b r a t i o n s  o f  t h e  complexes. These  I 

p o s s i b i l i t i e s  a r e  d i s c u s s e d  below, and t h e  f i r s t  one  i s  shown t o  , 
be t h e  most l i k e l y  s o u r c e  o f  t h e  bands i n  t h e  s p e c t r a  of  t h e  

complexes. tf 

-- 

( a )  Resonance Raman e f f e c t  i n  t h e  TCNE v i b r a t i o n  v  
5 ' 

Accep t ing  t h e  p r o p o s , i t i o n  t h a t  t h e  150 cm-I TCNE band i s  due 

t o  v5, t h e  a c t i v i t y  i n  t h e  s p e c t r a  af t h e  complexes o f  t h e  o t h e r  

t o t a l l y  symmetric  v i b r a t i o n s  o f  TCNE s u g g e s t s  t h a t  t h e  150 cm -1 

band might  a l s o  b e  r e s o n a n c e  enhanced i n  t h e  s p e c t r a .  Indeed ,  
\ ,  

t h e  155 - 167 cm-1 bands  d i s p l a y  s e v e r a l  c h a r a c t e r i s t i c s .  o f  RR 

s c a t t e r i n g ,  i n c l u d i n g  t h e  f o l l o w i n g :  

. (1) Using t h e  CH2C12 band a t  283 c m - l  a s  a n  i n t e r n a l  s t a n d a r d ,  

t h e  i n t e n s i t i e s  o f  t h e  bands  a r e  weaker f o r  complexes i n  which t h e  
. f 

r e s o n a n c e  e f f e c t  i s  weaker ( e .g .  p-xylene/TCNE) t h a n  f o r . c o m p l e x e s  
I -' 

i n  which t h e  r e s o n a n c e  e f f e c t  i s  s t r o n g e r  ( e .g .  HMB/TCNE) . (The 

. s t r e n g t h  o f  t h e  r e s o n a n c e  i s  i n d i c a t e d  by t h e  i n t e n s i t y  i n c r e a s e s *  

b of  t h e  vC,C and v bands on  complexa t ion ;  T a b l e  X V I ) .  
C EN 

I 

( 2 )  A s  shown i n  F i g u r e  26, t h e  e x c i t a t i o n  p r o f i l e  o f  t h e  

HMB/TCNE 167 c m - l  band i s  v e r y  s i m i l a r  t o  t h a t  of t h e  vC-C' and - 
t h e  vCZN bands i n  t h i s  c o  

f i g u r e .  

( 3 )  The d e p o l a r i s a t  band i s  

p i  = .33  t .O3, t h e  same a s  t h o s e  o i  t h e  v and vCfN bands ,  a n  
C=C 

i n d i c a t i v e  of  t h e  RR e f f e c t  where t h e  r e s o n a t i n g  s t a t e  i s  n o t  

d e g e n e r a t e  (Sec .  2 . 2 . 2 )  . e 

\ 



400  450 500 - 550 , 
- - - 

r X (nm) 
-1 

Fiq .  26  E x c i t a t i o n  p r o f i l e s  of  t h e  167 cm band and t h e  vCWC - . 

and VCeN TCNE v i b r a t i o n s  f o r  h e ~ & e t h ~ l b e n z e n e / ~ ~ ~ ~  i n  CH 2 C 1  2 '  L 

- I 
oSquares: 1 6 7  cm-I band; open c i r c l e s !  vC=C: f i l l e d  circles: v C E N .  I 

J 
> 



14) ~ a r t i a i  e x c i t a t i o n  p r o , f i I e s - T O T  t h e  m - x y l e n e / T W ~  and ' 

&durene/TCNE low f r e q u e n c y  bands  a r e  c o n s i s t e n t  w i t h  t h e  v and 
C=C 

p r o f i l e s  f o r  t h e s e  complexes.  
'CZN 

-1 ' 
( 5 )  Again u s i n g  t h e  283 c m  s o l v e n t  band a s  i n t e r n a l  

s t a n d a r d ,  t h e  157 c m - I  p-xylene/TCNE band i s  found t o  be mare t h a n  

f i v e  t i m e s  weaker when e x c i t e d  a t  632.8  nm t h a n  when e x c i t e d  a t  

488.0  nm, S ince  t he  f i r s t  CT a b s o r p t i o n  band af-thk c a r n f l d ~  - 

a t  470  nm, t h i s  r e s u l t  i m p l i e s  a n  i n c r e a s e d ' r e s o n a n c e  enhancement 

= o f  t h e  157 c m - I  band a s  t h e  Raman e x c i t a t i o n  wave leng th  approaches  
- - 

t h e  CT a b s o r p t i o n  maximum. 

Low energy  RR bands  have  a l s o  been o b s e r v e d  i n  t h e  s p e c t r a  o f  

TCNE a n i o n  s a l t s 3 7 .  I t  i s  n o t  c e r t a i n  t h a t  t h e s e  bands  have an 

a n a l o g o u s  o r i g i n  t o  t h o s e  o b s e r v e d  i n  t h e  s p e c t r a  o f  t h e  TCNE EDA 

complexes ,  b u t  t h e  s i m i l a r i t y  o f  t h e  r e s u l t s  i n  t h e  two s t u d i e s  i s  - 
-1 

c o n s i s t e n t  w i t h  a  TCNE o r i g i n  i n  b o t h  c a s e s .  The 150 - 180 c m  

TCNE a n i o n  s a l t  bands  were a t t r i b u t e d  t o  l a t t i c e  modes 3 7 f 3 8 ,  b u t  

s7uch a n  ass ignment  i s  r u l e d  o u t Z f o r  s p e c t r a  o f  EDA complexes i n  

s o l u t i o n .  
4 

( b )  Raman a c t i v a t i o n  o f  t h e  TCNE v i b r a t i o n  V- 12' 
, 

The s m a l l  donor  dependence  o f  t h e  p o s i t i o n s  o f  t h e  

155 - 167 cm-' bands  i m p l i e s  t h a t  t h e y  have  a TCNE o r i g i n  . 
a n  a l t e r n a t i v e  t o  v 5 ,  t h e  TCNE v i b r a t i o n  v12 ( F i g .  25b) c a n  be  - 
c o n s i d e r e d  a  p o s s i b l e  s o u r c e  o f  t h e  bands .  V i b r a t i o n  v12 i s  act irve 0, - 
o n l y  i n  t h e  i n f r a r e d  s p e c t r u m  o f  uncomplexed TCN&~-, & m u s t  be 

, somehow . a c t i v a t e d  i n  o r d e r  to*appear  i n  t h e  Raman s p e c t r a  o f  t h e  . . 
complexes.  The d a t a  do  n o t  c o n t a i n  any e v i d e n c e  o f  s u c h  a n  

a c t i v a t i o n ;  f u r t h e r m o r e ,  e x t e n s i v e  i n v e s t i g a t i o n  of  t h e  Raman 



Raman a c t i v a t e d  ungerade  TCNE v i b r a t i o n s .  ~ h e i e f o r e  it i s  

u n l i k e l y  t h a t  t h e  155  - 167 cm-I bands a r e  due t o  t h e  TCNE 

v i b r a t i o n  v  1 2  ' 2 * 
( c )  T o r s i o n a l  v i b r a t i o n s  o f  donor methy l  o r  methoxy g r o u p s .  "k 

-$ 
E 3  

5 
Both durene  and M M B  have  low t e m p e r a t u r e  Raman bands  which + 

-r, .., 

I 
1 

a r e  o f  e s s e n t i a l l y  t h e  same f r e q u e n c y  a s  t h o s e  o b s e r v e d  a t  o r d i n a r y  -- - - - - - -- 
4 

_fl 

t u r e s  i n  t h e  s p e c t r a  o f  t h e i r  r e s p e c t i v e  TCNE complexes 
I 

( T ~ ~ x I X ) .  These low t e m p e r a t u r e  bands have been a s s i g n e d  t o  
C - 

t o r s i o n a l  v i b r a t i o n s  o f  t h e  methy l  g roups  on t h e  b a s i s  o f  t h e i r  - 

vH/vD i s o t o p i ' c  r a t i o s  39 ,40 

%e UV a b s o r p t i o n  s p e c t r a  o f  H M E ~ ~ I  and o f  t h e  dimethoxy- 

benzenes  4 2 r 4 3  have v i b r a t i o n a l  i n t e r v a l s  o f  a b o u t  150 - 165  c m - l ,  
0 

which i n  t h e  c a s e  o f  t h e  dimethoxybenzenes have  been a s s i g n e d  t o  

t o r s i o n a l  v i b r a t i ~ n s ~ ~ .  Of t h e s e  compounds, o n l y  o-dimethoxy- 

benzene h a s  a  Raman band below 200 c m - I  a t  room t e m p e r a t u r e  

(Tab le  X I X ) .  

The f a c t  t h a t  t h e  Raman spec t rum o f  benzene/TCNE does  n o t  

have  a  measurab?& band n e a r  160 c m - I  i s  n o t  i n c o n s i s t e n t  w i t h  t h e  

3 
-1 

ass ignment  t o  s u b d b i t u e n t  t o r s i o n a l  v i b r a t i o n s  of  t h e  155 - 167 cm 
t 

bands i n  t h e  s p e c t r a  o f  complexes hav ing  s u b s t i t u t e d  benzenes  a s  

donors .  However, t h e  p r e r e s o n a n c e  Raman i n t e n s i t y  i n c r e a s e s  i n  
9 

=9 

, the  benzene/TCNE V 
C=C 

and V - bands ( F i g s .  8 and 9 )  a r e  weaker 
C =N 

/ 
r t h a n  t h o s e  I n  t h e  t a l u e n e / ~ &  hands (F igs ,  1Q and 111, and much 

weaker t h a n  t h e  RR i n t e n s i t y  i n c r e a s e s  obse rved  f o r  t h e  o t h e r  

complexes i n  Tab le  X I X .  I+e 155 - 167 cm-I bands a p p e a r  by 
B 

v i r t u e  o f  r e sonance  enhancement a s s o c i a t e d  w i t h  ( a )  o r  ( b )  above,  



- - - -- - pp -- 

the weaker resonance effece in benzene/TC~E would probably produce 
' 

a band below the limits of detection. Thgrefore, the absencLe of 
\ 

a low energy band for this complex canndt really be considered as 
I 

evidence i< favouk of the assignment. of the- I55 - 167 cm-T bands. 
N 

I to substituent torsiona1.vibrations. 
w 

t 
I' " J 

(d) Intermolecular vibrations,of the qomplexes. 
;--- 

' The least Ykely of the origins conside-re+~-r&--t~oti 

energy bands &n the spectra of the complexes is that t'hey7ar$se 
. - 

from the intermolecular'stretching vibrations of the complexes. 

Although the trend in the frequencies of these bands as the donor 

is changed is consistent with that expe te or such vibrations, v 
this assignment is very improbable, since ntermolecular ' 

vibrations of these weak complexes are expected to occur at much , 

lower energies, and to vary more in energy depending on the strength 

of the complex than the.lr2 cm-l obsecved. 

In view of the evidence presen,ted under (a) to (d) , khe most 

likely origin of the 155 - 167 cm-I bands in the Raman spectra of 

the EDA complexes of TCNE having substituted behzenes as donors is 

the TCNE vibration v5.  The observed RR characteristics of the 

bands, similar to those of the vCeC - and vcEN bands,pintply that 

they arise from such a totally symmetric vibration. The decrease 

in the frequencies . . of the bands with the strength of the complexes 
can be explained in terms of the charge redistribution on the CN 

groups in the complexes, and the effect o E  EXese charges=-tKe - 

\ 

vibration which brings the groups closer together. 
- 
, 

I 5.5 ~requency Shifts on Complexation 

In this section, the positions of the Raman bands of the donor 



and a c c e p t o r  molecules  i n  t h e  s p e c t r a  o f  -Me ~-e-s-~~e-e--v~tf3-a-r~ 
4TT. 

t o  t h e  posiLg$s i n  t h e  s p e c t r a  of t h e  uncomplexed compounds. 
@ %%= 

Thi s  comparison shows t h e  e f f e c t s  of complexation on t h e  bond 

, s t r e n g t h s  of t h e  component molecules .  The f r e q u e n c i e s  observed 

a r i s e  from t r a n s i t i o n s  between t h e  v i b r a t i o n a l  l e v e l s  of  t h e  

ground e l e c t r o n i c  s t a t e s ,  and no s p e c i f i c  c o n s i d e r a t i o n  of  t h e  
, 

p a r t i c i p a t i o n  of the e x c i t e d  s t a t e s  i n  t h e ' s c a t t e r i n g  i s  necessary .  - - - - - - 

Donor v i b r a t i o n s  and act-eptor v i b r a t i o n s  a r e  d i s c u s s e d  s e p a r a t e l y ;  

p a r t i c u l a r ' a t t e n t i o n  i s  p a i d  t o  t h e  TCNE f requency s h i f t s  with 

complex at ion^, s i n c e  they  a l l o w  an e s t i m a t i o n  o f  t h e  d a t i v e '  

c h a r a c t e r  of t h e  ground e l e c t r o n i c  s t a t e s  o f  t h e  complexes. 

5 .5 .1  Frequency S h i f t s  i n  Donor ~ a n d s '  

t h e  TCNE complexes w i t h  benzene o r  s u b s t i t u t e d  benzenes why& a r e  

a t t r i b u t a b l e  t o - d o n o r  v i b r a t i o n s  are l i s tea .  S ince  t h e  vibrat ' ional  

- s p e c t r a  o f  some o f  t h e s e  donors  have n o t  ' been  complete ly  ass igned  , 
F. 

and because> no s y s t e m a t i c  s h i f t  o f  donor bands i s  observed on 

complexat ion,  no a t t e m p t  is  made h e r e  t o  i d e n t i f y  a l l  of t h e  dono; 
? .' 

v i b r a t i o n s ' w h i c h  a r e  a c t i v e  i n  t h e  s p e c t r a  of  t h e  complexes. T h e ,  

v i b r a t i o n a l  ass ignments  o f  many of t h e  compounds used a s  e l e c t r o n  - "  

4 4  donors  have been summarised by Varsanyi  . 
Comparison of  Tables  XX and X X I  shows t h a t  t h e  preresonance . 

4 b =, 

Raman s p e c t r a  of  TCNC EDA complexes a r e  somewhat r i c h e r  i n  'dofior. - 

bands t h a n  a r e  t h e  resonance Raman speetra. T h i s  rnai&y - z e s u l t s  

from t h e  f a c t  t h a t  t h e  a b s o r p t i o n  and r e a b s o r p t i o n  e f f e c t s  a r e  l e s s  

t roublesof ie  i n  t'he p re resonance  Raman s p e c t r a . .  The complixes which 
# 

s t r o n g l y  absorb  t h e  l a s e r  beam y i e l d  very  weak Raman spec t r a , ,  and T 
2 
< 

4 
% % 
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Table xX. Donor bands i n  t h e  preresonance-Raman s p e c t r a  of  
TCNE EDA complexes (donor a s ,  s o l v e n t )  4 ,  

G 

- 1 ) a . b  
Band p o s i t i o n s  (cm Donor I 

B 
* . 

f luorobenzene 
, 241 1 0 1 0  (249) (1010) ; 519 ; 1157 (517) (1158) ; 613 ; (641) 1219 (1220) 804 ( 8 0 3 ) r  ; 

3076 (3075) . 
Pi 

benzene 498  (405) ; 6 0 7  (608) ; 671 (68011;p802 (802) ;  
845 (845) ; 992 (992) ; 1176 (1177) ; 
1588 (1585) ; 1604 ($604) ; 29481(2948) ; 

/ 3057 (3057). 
I 

4 a  The f i r s t  of each p a i r + o f  nurKbers is t h e  band p o s i t i o n  obserGed 
i n  t h e  spectrum of  t h e  complex,- . the second ( i n  p a r e n t h e s e s )  i s  
t h e  @and p o s i t i o n - i n  t h e  spectrum of  t h e  n e a t  donor. 

-2 ' ~ n c e r t a i n t ~  i n  band p o s i t i o n s .  i s  k 3 -  cm. o r  less. 

t h e r e f o r e  only  t h e  s t r o n g e s t  donor bands ( u s u a i l y  t h o s e  .assigned - 

t o  t o t a l l y  symmetric v i b r a t i o n s )  can be i d e n t i f i e d .  The donors 

. - which produce s t r o n g  RR e f f e c t s  i n  t h e  TCNE bands,  e .  g. 

pentamethylbenzene -- - -  (PMB),  g i v e  comp16xes w i t h  s t r o n g  CT abso rp t ion  . 
bands;  on ly  a  few donor bands can be i d e n t i f i e d ' i n  t h e i r  s p e c t r a  

- ~ e n s e n l ~  r e b e n t l y  r e p o r t e d  'a resonance e f f e c t  f o r  sorn$y-  t h e  
- - 

t o t a l l y  symmetric donor bands i n  t h e  spectrum-of  anisole/TCNE.- I f  
' i  - - - -- - - 

*such .an  e f f e c t  odcurs  i n  t h e  s p e c t r a  o f  o t h e r  TCNE complexes, it 

, might account  f o r  t h e  predominance o f  t o t a l l y  symmetric.bands i n  

Table  X X I .  ? thorough i n v e s t i g a t i o n  of t h e  donor bands which a r e  
'J--L- 

a c t i v e  i n  t h e  RR s p e c t r a  o f  t h e  TCNE EDA complexes,would e l u c i d a t e  



Table XXI. Donor bands in the r c s o n ~ e -  X w a n  spectra oiT 
e 

TCNE EDA complexesa . I 

. , 

b -1 c,d 
Donor ~and>positions (cm . 

o-xylene (R) 

m-xylene (-1) 532 (536) ; 724 (723) ; 998 
, 1249 (1248) ; 1378 (1377) 

pp -- - 

p-xylene (R) 

mesitylene (R) 233 (228) ; 272 (273) ; 520 (514) ; 578 (576) ; * 

947 (996) ; 1296 (1299) ; ,1368 (1378) 
1604 (1605) ; 2873 (2868) ; 2916 (2919) ; 

durene ( s - )  . . 

isodurene (k) 
I 

pentamethylbenzene ( s )  -a 

hexamethylbenzene (s )  

J , ,  m-dimethoxybenzene (R) 

p-dimethoxybenzene ( s )  

^ 1;2,3-trimethoxybenzene (s) 1296 (1297) 



Table X X I ,  (tong. 1 Donor bands i n  thgre .sonance Raman s p e c t r a  

of TCNE EDA complexesa 
t 

-1 c , d  Donor Band pos i t i on ' s  ( c m  ) 

l , 3  ,5-tr imethoxybenzene ( s )  986 (990) ; 1 2 1 2  (1209) ; 1 3 4 9  (1337) 
2990 (3004) 

a  Band p o s i t i b n s  f o r  complexes having s o l i d  donors  a r e  f o r  C H 2 C 1 2  
- - - - - - - - 

s o l u t i o n s ;  f o r  complexes having l i q u i d  donors ,  t g e  donor s e r v e s  
. * 

a s  t h e .  s o l v e n t .  
b  (29 = l i q u i d ;  ( s )  = s o l i d  
C The f i r s t  of  each  p a i r  o f  numbers i s  t h e  band p o s i t i o n  observed 

' 
i n  t h e  spectrum of  t h e  complbx; t h e  second ( i n  p a r e n t h e s e s )  , i s  t h e  

band p o s i t i o n  i n  t h e  spectrum of t h e  n e a t  donor .  
-1 d u n c e r t a i n t y  i n  band p o s i t i o n s  i s  23 crn o r  less. 



- t h i s  s i t b & i e n ,  but i s  beyond ,Ehe s c o ~ F o T . t h i s  work. 

The d a t a  i n  Tables  XX and XXI i n d i c a t e  t h a t  v i r t u a l l y  a l l  of 

t h e  donor bands i n  t h e  sp-ectra of  t h e  TCNE complexes a r e  s h i f t e d  

by l e s s  i han  1 0  c m - I  w i th  r e s p e c t - t o  t h e  band p o s i t i o n s  i n  t h e  

s p e c t r a  o f  t h e  uncamplexed donors .  ' Many o f  t h e  bands i n  t h e s e ,  

t a b l e s  a r e  ( w i t h i n  exper imenta l  u n c e r t a i n t y )  u n s h i f t e d  by ., 
-- - -- 

complexation.  These r e s u l t s  a r e  i n  accord  w i t h  t h o s e  r e p o r t e a  

f o r  t h e  i n f r a r e d  4 5 f 4 6  and  ama an^' 4 r 1 2  s p e c t r a  o f  TCNE EDA 

complexes., A s  men t ioned ' i n  Chapter  3 ,  t h e  e f f e c t s  of complexation 

of T e l e c t r o n  donors  a r e  expec ted  t o  be s m a l l  c o n s i s t e n t  w i th  
. . - t h e  d a t a  i n  Tables  XX and X X I .  S ince  t h e  s p e c t r a  from which t h e  - - 

B 
d a t a  i n  t h e s e  t a b l e s  a r e  taken a r e  f o r  s o l u t i o n s  i n  which t h e  

-l donor i s  i n  excess ,  t h e  donor bands most ly  o r i g i n a t e  from 

uncdmplexed donors.  The donor bands would have & - b e  s i g n i f i c a n t l y  

a f f e c t e d  by complexation t o  be i d e n t i f i e d  a s  s h i f t e d  bands,  and 

t h i s  i s  n o t  observed.  

1 5.5 .2  Frequency S h i f t s  I n  Acceptor Bands - 6 

-. 
Tables  X X I I  and X X I I I  summarise t h e  observed TCNE band 

p o s i t i o n s  i n  t h e  s p e c t r a  of  i t s  EDA c.omplexes; t h e  low energy bands 

(6ec.  5 . 4 )  a r e  n o t  inc luded .  For'most of t h e  complexes, on ly  t h e  

t o t a l l $  symmetric vC=C and vC,N bands (and in-some c a s e s  t h e  

1526 cm-a band) of TCNE can be i d e n t i f i e d  o u t s i d e  of  t h e  low energy 

r eg ion  (Table  X X I I I ) .  ~ e c a u s e  t h e  da-ta i n  t h e s e  t a b l e s  a r e  f o r  
. . - 

s o l u t i o n s  having a l a r g e  excess  o f  t h e  donor,  t hey  correspond t o  

 he Raman s p e c t r a  donors s t u d i e d  a r e  g iven  i n  
Appendix B .  



- -- - n 
Table XXII. Band positions for complexed and for unc~#~lexed 

Band positions (cm -1)b 

benzene/TCNE TCNE (solid) TCNE (solutidn) 
C_ 

487 , 490 494 
531 532 533 
1524 1526 1522 
1564 1567 1559 
2228 - 2236 2224 - 

2 2 3-4 2247 2233 
v" 

a Assi-gnments are discussed in Chapter 6. 

buncertainties in band positions are t3 cm-' or less. 

Noncomplexing solvents used were CH C1 and CH3CN. 2 2 

the band positions of complexed TCNE. 

Table XXII shows that the TCNE bands in the spectrum of .& 

benzene/TCNE tend to occur at lower energies than they do in the 

spectrum of solid TCNE, but only in the case of the two CzN 

stretching vibrations are ghese shifts definitely greater than the 
-P 

experimental uncerthinty in the band positions. Thus, the ,TCNE 
4 

frequency shifts for benzene/TCNE relative to solid TCNE,are 

comparable to those observed for the spectra of TCNE in non- 

complexing solvents. Together with the results described in 

Sec. 5.5.1, this implies thak the Raman spectrum of an E 
- - - - - - - - 

such as b e n z e n e / ~ ~ ~ ~  - if only band positions are considered - 
consists of a superposition of the spectra of the components, with 

only minor changes in the vibrational frequencies as a consequence 

of complexation. 

The VC=C and VCEN band positions in the spectra of the TCNE EDA 
/ 



- -- - 

complexes (Table X X I I I )  a r e  r e d  s h i f t g d  by up t o  20  cm-l w i t h -  
- -, 

r e s p e c t  € C f X e -  band-posiFions f o r  s o l i d '  TCNE (Table  X X I I )  o r  f o r  
@ 

1 s o l u t i o n s  o f  TCNE i n  n o n i n t e r a c t i n g  s o l v e n t s  . Because t h e  a and 
g 

v - bands a r e  of  comparable i n t e n s i t y  i n  t h e  spectrum of the b3g C = N  

uncomplexed TCNE, t h e  i n t e r p r e t a t i o n  of  t h e  s h i f t s  o f  t h e  V C g N  - 

bands must c o n s i d e r  t h e  f a c t  t h a t  (wi th  fou r  excep t ions )  on ly  t h e  

a band i s  obkerved i n  t h e  s p e c t r a  of  t h e  complexes (Table X X I I I ) .  
9 

- -  - -- 
The v C Z N  hand position in t tre l o w  r e s o l u t i o n  spectrum o f  - 
uncornplexed TCNE cannot  be  compared wi th  t h e  low r e s o l u t i o n  s p e c t r a  

o f  most of t h e  complexes, s i n c e  t h i s  would sugges t  an exaggera ted  
- - -  

r e d  s h i f t .  Thus, t h e  v - band po ' s i t ions  i n  t h e  s p e c t r a  of  t h e  C = N  

complexes a s  summarised i n  Table  X X I I I  are a r ranged  accord ing  t o  

t h e i r  symmetry s p e c i e s  (determined by d e p o l a r i s a t i o n  r a t i o s )  ,, t o  . 

f a c i l i t a t e  t h e  comparison w i t h  t h e  band p o s i t i o n s  f o r  unqomplexed 

TCNE. 

The i n c r e a s e s  i n  t h e  magnitudes of  t h e  vC-c and a v - g C i N  

f r e q u e n c y s h i f t s  w i t h  change of donor p a r a l l e l  each o t h e r  and i n  

, t h e  c a s e  of t h e  methylbenzene donors ,  t e n d  t o  i n c r e a s e  w i th  

i n c r e a s i n g  f r e e  energy of  format ion of t h e  complexes i n  CH-Cl-  
L L 

4 7  s o l u t i o n s 3 * ;  t h i s  i s  a l s o  t h e  c a s e  f o r  t h e  ~ e t h o x y b e n z e n e  donors  . 
The g r e a t e s t  s h i f t s  a r e  observed i n  t h e  s p e c t r a  o f  HMB./TCNE, which 

on t h e  b a s i s  of  i ts  f r e e  energy o f  fo rmat ion  as. r e f l e c t e d  i n  t h e  

e q u i l i b r i u m - c o n s t a n t  f o r  complex format ion (Table  X V I )  i s  t h e  
2 - - - - 

s t r o n g e s t  complex i n v e s t i g a t e d .  The s m a l l e s t  s h i f t s  i n  t h e  band 
- - -  - - 

p o s i t i o n s  o c ~ u r  f o r  1,2,3-trimethoxybenzene/~~~~, and a r e  
/ 

a t t r i b u t e d  t o  s t e r i c  hiridrance a s s o c i a t e d  w i t h  t h e  t h r e e  a d j a c e n t  

rnethoxy groups which   re vents f u l l  con juga t ion  o f  t h e s e  groups wi th  
L 



i . , 125 
L - -- - - -- - - 

(cm-l) -Table XXIII. Band positions for complexed TCNE 

benzene ( R )  
toluene (2) 
o-xylene ($)  ' w m-xylene 9) - - -  
p-xylene (R) 
mesitylene (2) 
durene (s) 
isodurene ( R) 
pentamethylbenzene (s) 
hexamethylbenzene (sJ , 

anisole ( i l l  
o-dimethoxybenzene (9 , )  
m-dimethoxybenzene ( R) 
p-dimethoxybenzene (s ) 
1,2,3-trimethoxybenzene 
1,2,4-trimethoxybenzene 
1,3,5Ltrimethoxybenzene 
fluorobenzene. ( R) 
hexafluorobenzene (R) 
acenaphthene (s) 
chrysene ( s )  
fluorene (s) 
naphthalene (s) 
pyrene (s) 

/'I 
a' / 

Band pwitions for cbmplexes having solid donors are for C H ~ C ~ ~  

solutions; for complexes having liquid donors, the donor serves 

as the .s&vent. f 
b~xcess donor was present in each solution. 
- 
C (R) = liquid; (s) = solid. 
d 9 Symmetry species refer to uncomplexed TCNE. 



The obse rved  r e d  s h i f t s  o f  t h e  v and v 
, C=C C ZN 

Raman bands  on 

complexa t ion  a r e  i n  t h e  same d i r e c t i o  a s  t h e  s h i f t s  of  t h e  C 
i n f r a r e d  a c t i v a t e d  vCZC and "sN bands i n  t h e  s p e c t r u m  o f  t h e  TCNE 

a n i o n 4 6 f 4 8 :  i n  t h e  a n i o n  s p e c t r a  t h e s e  bands  o c c u r  i t  a b o u t  

t r a n s i t i o n  +rqm TCNE t o  t h e  TCNE a n i o n ,  a n d  assuming t h a t  t h e  

magni tude  o f  t h e  s h i f t  i s  p r o p o r t i o n a l  t o  t h e  d e g r e e  o f  e l e c t r o n  
I .  

. .* 

t r a n s f e r  t o  TCNE, one  c a l c u l a t e s  t h e  ground s t a t e s  o f  t h e  s t r o n g e r  

complexes t o  have  up t o  10% d a t i v e  c h a r a c t e r ,  w h i l e  f o r  t h e  weaker 

complexes t h e  ground s t a t e  i s  less t h a n  5% i o n i c ;  These e s t i m a t e s  

o f  t h e  i o n i c  c h a r a c t e r  a r e  a b o u t  t h e - s a m e  a s  t h o s e  bqsed bn d i p o l e  

moments o f  t h e  m e t h y l b e n z e n e / ~ c ~ E  complexes49 o r  on i n f r a r e d  s p e c t r a  

48 o f  glassy-HMB/TCNE-samples . The r e d  s h i f t s  i n  t h e  vC-C 
I - and vCzN 

-bands f o r  - t h e  complexes i n  s o l u t i o n  can b e  a t t r i b u t e d  t o  t h e  f a c t  
> 

t h a t  t h e  e l e c t r o n  a c c e p t e d  by. t h e  TCNE molecu le  goes  i n t o  a n  
P 

a n t i b o n d i n g  n o r b i t a l ;  s i n c e  t h i s  o r b i t a l  i s  l o c a l i s e d  on t h e  

Ad 
C=C bond,  t h e  bond i s  weakened and i t s  s t r e t c h i n g  f r e q u e n c y  .is 

lowered.  T h i s  e f f e c t  i s  a l s o  n ? a n i f e s t e d  i p  t h e  C 3 N  bonds,  p r o b a b l y  

b e c a u s e  o f  c o n j u g a t i o n  i n  t h e  TCNE molecu le .  
i 



/ 
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ASS IGNP43NT QF TEE RAMAN S Z ? l X ! T W - O F  TETRACYANOETHYZENE 

, The investigation of the Raman spectra of the EDA complexes 
I 

of TCNE has made apparent the need for an improved assignment of 

the TCNE Raman spectrum. In particular, V the published assignments 

of three of the totally symmetric vibrations and several of the 

low energy nontotally symmetric.vibrations ne d t be reevalu+ed. fl 
Thus, in this chapter, a new assignment of the Ramanactive - -- 

, 

fundamental vibrations of TCNE is proposed. It contains changes 

to some of the previous assignments, including those for the . 

6ut-of-plane vibrations, Aich are consistent with published%and 

new polarisation and intensity data. - Moreover, it is based on 

the resonance Raman and preresonance Raman intensity behavi~ur .,: of 

the totally symmetric TCNE bands in the spectra of TCNE complexes, 

as described in Chapter 5. New Raman spectra of TCNE, which . 
r 

='-- .a 

augment the previously published data, are also reboi-ted. The ' 

infrared absorption spectra of some TCNE EDA complexes as published 

by several authors are also taken into consideratibn. 

A number of authors have published vibrational-?assignments of 

TCNE~-*. The early paper of Miller et ale3, together with the 

recent one on the Raman spectra of TCNE and  anio anion by Hinkel 

and ~evlin*, are*the most representative works and therefore selve 
-. 

as the starting point for the improved assignment given in this 

chapter, '- 

- - + The TCNE molecule belongs to the Dgh point group. Taking €.he - 

x axis perpendicular to the molecular plane and the 2 axis 

parallel to the C=C bond, the 24 molecular vibrations are 

' ,  divided into the symmetry ,classes 



where t h e  gerade v i b r a t i o n s  a r e  p r e d i c t e m g r o u p  theo ry  t o  be 
' - 

I ' 

Raman a c t i v e ,  and t h e  Llngerade v i b r a t i o n s  ( excep t  a,) a r e  a l lowed 

i n  t h e  i n f r a r e d  spectrum. ~ c c o r d i n g  t o  t h e  X-ray a n a l y s i s  of  

Bekoe and   rue blood^ a  TCNE molecule  i n  t h e  c r y s t a l  occupies  a  
?-, 

s i t e  of  symmetry Ci ;  t u a l  ex  us ion  r u l e  t h e r e f o r e  should f i  * A .- 
- -- - - LP - ---. 

govern t h e  a c t i v i t i k s  o f  i n  t h e  v i b r a t i o n a l  s p e c t r a  of 
, . 

\ 

s o l i d  TCNE. A'comparison o f  t h e  Raman bands observed  f o r  s o l i d  

T C N E * ~ ~  t h e  p r e s e n t  work (Table  X X I V )  w i t h '  t h e  pub l i shed  i n f r a r e d  

2-4,6-  ! s p e c t r a  shows no bands common t o  bo th  k i n d s  o f  s p e c t r a ,  

c o n s i s t e n t  w i t h  t h i s  s t a t emen t .  1 
Y 

I n  t h e  fo l lowing  d i scus . s ion ,  , t h e  band p o s i t i o n s  r e f e r r e d  t o  
/' -.. 

/e t h o s e  observed i n  t h e  Raman spectrum o f  3ol i .d  TCNE. The L 

/ nunibering of t h e  TCNE v i b r a t i o n s  (Table  XXV) is  t h e  same a s  t h a t  
-. 3 sugges ted  by M i l l e r  e t  a l .  

6 . 1  a  V i b r a t i o n s  
9 
The ass ignments  of  v l  and v 2  i n  Table  XXV a r e  t h e  s y e  a s  

1 

t h e  p rev ious ly  pub l i shed  ones  3 f  '"*. Both of  t h e s e  v i b k a t i o n s  
1 .  

g i v e  i i s e  toi Raman bands which a r e  resonance-enhanced oh 

complexation;  - s imi l a r  i n t e n s i t y  behaviour  i s  used a s  ev idence  i n  

t h e  ass ignment  of  some of  t h e  o t h e r  TCNE bands t o  t o t a l l y  

s y m m e t ~ i c  v i b r a t i o n s .  

I n  a  change from t h e  pub l i shed  ass ignments ,  t h e  592 c m - I  
- 

- - -- - -- - - P- - 

band i s  now a t t r i b u t e d  t o  v j .  Th is  new ass ignment  i s  sugges ted  
1 

by t h e  appearance o f  bands nea r  580 cm-' i n  (he i n f r a r e d  s p e c t r a  

o f  c r y s t a l l i n e  TCNE complexes 1 0 , l l  

The I R  s p e c t r a  of  TCNE EDA complexes a r e ' o f  s p e c i a l  i n t e r e s t  



-1' a 
r. 

Band p o s i t i o n s  (cm . ) 
, '. 

c  ,a 
s o l i d b  ' S o l u t i o n  , '2i3signmentse 

1 P 

' a a t t i c e  mode 

6 4  s ~ a t t i c e '  mode 
I 

e 

74 s h  ' ' ~ a t t i c e  mode 

97 s r . - *. L a t t i c e  mode 

2191 w TCNE anion? 

a -1 u n c e r t a i n t y  i n  band p o s i t i o n s  i s  2 3 c m  or less. 
b s = s t r o n g ;  m = medium; w = weak; s h  = ' s h o u l d e r .  
C ~ d l v e n t s  used w e r e  CH C 1  CH3CN and &cetone.  2 2 '  
dp = dp = d e p q l a r i s e d .  b e 

I 

A l t e r n a t e  ass ignments  a r e  g iven  i n  pa ren theses .  



TCNE..-This a c t i v a t i o n  i s  g e n e r a l l y  thought  t o  be  due t o  t h e  * 

q 12 " e l e c t r o n  v i b r a t i o n ' '  mechanism f i r s t  sugges ted  by Ferguson , , 
b h e r e i n  , the v i b e a t i o n  i s  a c t i v a t e d  because of  i t s  inf . luence on ' 

. . . 
t h e  i o n i s a t i o n  energy'of t h e  donor o r  on t h e  e l ech ron  a f f i n i t y  of  

0 
- 

s 

t h e  a c c e p t o r .  From t h e  _discuss ion i n  ~ h a b t e r  3 ,  it can be seen  

of  t h e  components i n  the. complex. The r e s d t  i s  a  charge  

o s c i l l a t i o n  between donor and a c c e p t o r ,  o c c u r r i n g  w i t h  t h e  

f requency  of t h e  v i b r a t i o n .  For a complex i n  whiah donor and 
\ ,  -4' - a c c e p t o r  p l anes  a r e  p a r a l l e l  ( t h e  approximate c o n f i g u r a t i o n  o f  

t h e  TCGE 'EDA complexes) ,  t h i s  o s c i l l a t i o n  i s  t o  t h e  , 

molecula r  p l anes ,  and t h e  a s s o c i a t e d  i n f r a r e d  abso rp t ion ,band  i s  

1 0  t h e r e f o r e  p o l a r i s e d  i n  t h i s  d i r e c t i o n  . Only t o t a l l y  symmetric 

v i b r a t i o n s  o f  components can  be  enhanced as  e l e c t r o n  v i b r a t i o n s  
s 

1 3  
I 

i n  t,he s p e c t r a  o f  EDA complexes . 
* .  

N Return ing  t o - . t h e  ass ignment  of  v t h e  r e s u l t s  o b t a i n e d  f o r  3' 

' t h e  p o l a r i s e d  i n f r a r e d  s p e c t r a  o f  s o l i d  HMB/TCNE 10 t11 t13  and 

P M B / T C N E ~ ~  can nok be cons ide red .  ~ h e s e  complexes fohn needle-  

l i k e  c r y s t a l s ,  w i t h  t h e  donor and acc'eptog p l a n e s  pe rpend icu la r  
* > d 

t o  t h e  needle* a x i s l o f l 1 .  once  t h e  c r y s t a l s  a r e  a p p r q p r i a t e i y  . 
/ 

o r i e n t e d ,  t h e  di 'chroic behaviour  o f  t h e i r  I R  a b s o r p t i o n  bands , - 
- - 

a l lows  t h e i r  c o r r e l a t i o n  w i t h  jn-piane o r  out-of:plane v i b r a t ~ o n s f  

1 ,  r t h e  a c t i v a t e d  T C m  in-p lane  vibrat-i-ons-ul~d-~~l-s-~-ear 
1 1 

out-of-plane p o l a r i s a t i o n ,  ' c o n s i s t e n t w i t h  fhe  e l e c t r o n  v i b r a t i o n  
w . i 

model d e s c r i b e d  above. The i n f r a r e d  spectra of  ,bo th  Acomplexes - . *' 7 " 

a l s o  have bands nea r  5 8 0  cm-l, edch of which ar8, comprised of an 
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10 in -p lane  band i s  p robab ly .due - to  a  p l a n a r  TCNE v i b r a t i o n  , and 

i s  of  no s p e c i a l  i n t e r e s t .  On t h e  o t h e r  hand, Moszynska 11 

a t t r i b u t e d  t h e  ou t -of -p lane  component t o  an  e l e c t r o n  , v i b r a t i o n ,  - 

b u t  d i d  n o t  a s s i g n  t h i s  f requency t o  a  p a r t i c u l a r  t o t a l l y  , .' 
symmetric mode. z. 

These r e s u l t s  s u g g e s t t h a t  t h e r e  i s  a  t o t a l l y  - - ,-- symmetric - -- - 

e l e c t r o n  v i b r a t i o n  nea r  580, cm-I i n  t h e s e  

have t o t a l l y  symmetric v i b r a t i o n s  nearby,  

p o l a r i s e d  Raman bands a t  550 cm-l and 567 
\ 

r e spec t ive ly14  ; however, t h e s e  d6no; band 

w e l l  w i t h  t h e  observed 580 c m - l  f requehcy 

comfiexes, and t h e  e x i s t e n c e  of a  TCNE a  
9 

- ,  

s p e c t r a .  Both donors  

a s  i n d i c a t e d  by- t h e  @ 

c m - I  f o r  HMB and PMB 

p o s i t i o n s  do n o t  ag ree  
. . 

i n  t h e  s p e c t r a  o f  t h e  

-1 v i b r a t i o n  nea r  580 cm 

i s  i n t i m a t e d .   amah band o f  TCNE a t  592  cm-' t h u s  can be 7- =% 
as s igned  t o  v 3 ' c o n s i s t e n t  w i t h  t h e  c a l c u l a t i o n 3  which p l a c e s  v3 

a t  607 cm-l. The b r i g i n a l  ass ignment  of  t h e  674 cm-l band t o  
3.. 

*3 3 f 5 ' 7  i s  c l e a r l y  u n s a t i s f a c t o r y ,  s i n c e  t h e  s o l u t i o n  s p e c t r a  show 

t h a t  t h i s  band i s  pepo la r i s ed8  (see Table  X X I V ) .  _fr 
-1 Because of  t h e  change i n  t h e  ass ignment  of v 3  thep522m-mt--- . 

TCNE band i s  now a t t r i b u t e d  t o  v4,  c o n s i s t e n t  w i t h  e a r l y  

ass ignments  1 5 '  '. There  is no doubt  t h a t '  t h i s  band must be p l aced  

i n  t h e  a c l a s s ,  s i n c e  it i s  p o l a r i s e d  and fur thermore  has  i 
/a 

9 

c o n s i d e r a b l e  resonance Raman i n t e n s i t y  i n  t h e  spectra--of  KTCNE-and 

benzene/TCNE complex ( s e e  Chapter  5 )  s h o ~ ~ t h a t  t h i s  band has  an  

e x c i t a t i o n  f requency dependence s i m i l a r  t o  t h o s e  of  vl and v2.  

Since  t h e  532 cm-I band, cannot  be expl.ained a s  a combinat ion o r  



over tone  band, i t  must t h e r e f o r e  be due t o  a  t o t a l l y  symmetric 

TCNE fundamental .  a I 
AS i g d i c a t e d  by t h e  d a t a  i n  Tables  X X I V  and XXV, t h e  

p o l a r i s e d  c h a r a c t e r  o f  t h e  490 cm-I ba,nd i s  c o n s i s t e n ;  w i t h  i t s  

* * 

-1 - 
assignment a s  a cof ibinat ion o f  t h e  bands a t  134-cm-1 and 360  cm- , 

provided thaY both  o f  t h e  l a t t e r  two bands a r i s e  -. from - L 
b 

-& - 2 9 -  - 

I 

v i b r a t i o n s ,  The pre resonance  Raman i n t e n s i t y  s tudy  f o r  benzene/TCNE 

shows t h a t  t h e  i n t e n s i t y  of t h i s  band i s  i n c r e a s e d  when t h e  
- 

e x c i t a t i o n  frequency approaches  t h e  a b s o r p t i o n  maximum; t h i s  f a c t ,  . - 

J 
however, does  n o t  r e q u i r e  i t s  ass ignment  a s  a fundamental ,  s i n c e  ' , 

combination bands i n  t h e  a  c l a s s  a l s o  can be resonaice o r  . ' 
9 

t 

preresonance '  enhanced ( s e e  T a b l e s  I1 and I X )  . There fo re ,  t h e  

2 - 4 9 0  c m - I  band need n o t  be a s s i g n e d  t o  an a  fundamental  v i b r a t i o n ,  
4  

8 - as was s 'uggested by Hinkel  and Devlin . , 

A s  an a l t e r n a t i v e  t o  t h e  ass ignments  o f  v3 and v4 g iven  he re ,  

t h e  532  cm-I and 490 c m l  bands  can be' a s s igned  t o  v j  and .v* 

r e s p e c t i v e l y  . i s  a  p l a u s i b l e  ass ignment ;  however, it does 
3 

n o t  e x p l a i n  t h e  e l e m r o n  v i b r a t i o n  i n f r a r e d  bands i r i  t h e  s p e c t r a \  

o f  t h e  complexes d e s c ~ i b e d  above. 

i s  a s s idned  h e r e  t o  t h e  band The f i n a l  TCNE a  v i b r a t i o n ,  v 5 ,  
g - .  

a t  150 cm-l. This  i s  a  change from t h e  p r e v i o u s  ass ignments  of 

t h e  134 cm-I band t o  v5 3 f 5 ' 7 ;  F i l l e r  e t  a l e 3  made t h e  - l a t t e r  
- 

ass ignment  i n  s p i t e  of  t h e  f a c t  t h a t  h i e  s o l d i o n - d a t a  showeC- - -- - 

t h a t  t h e  band i s  d e p o l a r i s e d .  The 150 cm-' bana i s  t h e  on ly  o t h e r  

band i n  t h i s  r e g i o n  and therefo;e must be cons idered  a s  a 1 

3 
$ 

p o s s i b i l i t y  f o r  v 5 .  d 
9 

-1 2% 

Experimental  evidence suppor t ing  t h e  ass ignment  of t h e  150 cm 



band t o  v5 is f o u d  in-& l c w e f f e r x p y - ~  EDA 

complexes, which c o n t a i n  resonance-enharfced bands a t  155 - 167 cm'l 

(Sec. 5 . 4 . 2 ) .  A s  d i s c u s s e d  i h  Sec. 5 . 2 ,  t h e  RR e f f e c t  i n  t h e  

spec tka*  of  t h e s e  complexes m a n i f e s t s  i t s e l f  i n  t h e  '* to ta l ly  

symmetric v i b r a t i o n s  of TCNE. Thus, a s  shown i n  Sec. 5.4,  t h e s e  

bands a r e  mos't l i k e l y  t o  o r i g i n a t e  from t h e  TCNE v. ibra-t ion v5. 

6 . 2  -b V i b r a t i o n s  , 
-%I - 

The on ly  TCNE v i b r a t i o n  of b  symmetry, v i s  a s s igned  t o  
l g  * - . 8 '  

t h e  d e p o l a r i s e d  '674 cm-' band. Although t h e  p r e s e n t  work provides  

no p o s i t i v e  v e r i f i c a t i o n  of  t h i s  ass ignment ,  t h e  s t r e n g t h  of  t h i s  
, + 

bzpd i n d i c a t e s  t h a t  i t  a lmos t  c e r t a i n l y  a r i s e s  from a  fundamental 

v i b r a t i o n ;  t h e  ass ignment  o f  t h e  674 cm-I band t o  v 8 ,  t o  e t h e r  
%. - 3 

w i t h  t h e  o t h e r  ass ignments  i n  t h i s  c h a p t e r ,  ensu re s  t h a t  no s t r o n g  

o r  medium i n t e n s i t y  bands a r e  ignored .  A t  t h e  p r e s e n t  t ime ,  no 

c a l c u l a t e d  f r e q u e n c i e s  f o r  t h e  nonplanar  TCNE v i b r a t i o n s  have been 

p u b l i s h e d ,  s o  t h e r e  i s  no o t h e r 3 w a y  t o  check on t h i s  assignment.  

6 . 3  b  V i b r a t i o n s  - . -2g 

The bands a t  360 and 134 cm-l a r e  a s s igned  t o  t h e  nonplanar 

v i b r a t i o n s  v13 and vlq r e s p e c t i v e l y ,  c d n s i s t e n t  w i t h  t h e  f a c t  t h a t  . 

bo th  bands a r e  d e p o l a r i s e d  i n  t h e  s o l u t i o n  s p e c t r a .  Fur'thermore, 

t h i s  ass ignment  means t h a t  t h e  combingtion v13 + v 1 4  which has 

a symmetry, can account  f o r  t h e  p o l a r i s e d  490 qm-l band. S ince  
g  

no normal c o o r d i n a t e  c a l c u l a t i o n s  have been r e p o r t e d  f o r  t h e  - - 

TCNE b  v i b r a t i o n s ,  t h e  c o r r e l a t i o n  of  t h e s e  bands to t h e  
2s ., 

p a r t i c u l a r  b  v i b r a t i o n s  i n  Table  XXV i s  based on t h e  assumption 
2g 

t h a t  t h e  bending v i b r a t i o n  occu r s  a t  h ighe r  frequency than  does 

t h e  wagging mode. 



The a s k k g n r n e ~ s  of t h e  b  v i b r a t i o n s  i n  Tables  X X I V  and XXV 
3 g  

-agree  wi th  s e v e r a l  of t h e  p rev ious ly  p ~ b l i s h e d ~ o n e s  3 , 7 , ' 8 .  The 

on ly  new r e s u l t  ir? suppor t  of t h e s e  ass ignments  i s  t h e  o b s e r v a t i o n  

t h a t  t h e  251  crn-l and 1 2 7 8  cm-' bands a r e  d e p o l a r i s e d ,  which i s  

compat ible  w i th  t h e i r  assignment t o  n o n t o t a l l y  symrnetxic 

v i b r a t i o n s .  , 
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7. CONCLUSIONS 
d 

-- -- 

The f i r s t  d e t a i l e d  i n v e s t i g a t i o n  of t h e  Ramah s p e c t r a  o f  a  

series of  n-n EDA complexes has  been d e s c r i b e d  i n  t h e  preced ing  

c h a p t e r s .  Emphasis w a s  p lhced  on t h e  e f f e c t s  of  complexation on 

t h e  ' v i b r a t i o n s  of  t h e  a c c e p t o r  (TCNE) molecule observed for. room 

tempera ture  s o l u t i o n s  i n  e i t h e r  t h e  ( l i q u i d )  donor o r  an i n e r t  

s o l v e n t .  - - - 
i J--- 

Strong a b s o r p t i o n  of t h e  Argon l a s e r  e x c i ' t a t i o n  l i g h t  by t h e  

TCNE complexes was found t o  produce p re re sonance ' a  d  resonance 2. 
Raman i n t e n s i t y  e f f e c t s  i n  t h e  bands a s s i g n e d  t o  t h e  ' t o t a l l y  

.symmetric v i b r a t i o n s  of TCNE. These e f f e c t s  l e a d  t o  i n t e n s i t y  

changes - ( b o t h  a b s o l u t e  and r e l a t i v e )  and d e p o l a r i s a t i o n  r a k i o  ii , 
'-p 

changes f o r  t h e  a f f e c t e d  bands. 
> 

The e x c i t a t i o n  f requency dependence o f  t h e  i n t e n s i t i e s ? - o f  
A % 

t h e  above-mentioned TCNE bands ,was s t u d i e d  i n  bo th  t h e  preresonance 

and t h e  resonance Raman r e g i o n s .  The f requency dependence observed 

f o r  t h e  pre resonance  Rqman s p e c t r a  e s t a b l i s h e s  t h e  r o l e  of  t h e  

f i r s t  e x c i t e d  s t a t e s  o f  t h e  complexes a s  i n t e r m e d i a t  s t a t e s  and 
C /- 

a l s o  shows t h a t  t h e  h ighe r  e x c i t e d  s t a t e s  of t h e  
4' 

t h e  complex t a k e  p a r t  i n  s ca t t e r ix fg ,  t he reby  

r o l e  o f  ; ibronic  coup l ing  i n  t h e '  Raman s c a t t e r i n g  p r  c e s s  i n  t h e s e  ). * 

molecules .  'The resonance Rarnan exci tak, ion p r o f i l e s  of t h e  C=C 

and C Z N  s t re tch i rag  bands 'were  observed t o  b e s h i f t e d  by about  

bands whether t h e  e x c i t a t i o n  f a l l s  w i t h i n  t h e  f i r s t  o r  t h e  second 

CT a b ~ o r p ~ i o n  band of  t h e  complex. This  r e d  s h i f t  was i n t e r p r e t e d  

i n  term of t h e  v i b r o n i c  theory  of RR s c a t t e r i n g ,  and shown t o  



o c c w  a s  a  r e s u l t  o f  resonance wi th  t h e  v i b r o n i c - a b s o r p t i o n  
- - -- - 

bands invo lv ing  t h e  v C=C and v C r N  v i b r a t i o n s  . A model of t h e  RR 

s c a t t e r i n g  i n  t h e  EDA complexes i n  which t h e  h i g h e r  v i b r o n i c  

l e v e l s  o f  t h e  ground and f i r s t  e x c i t e d  CT s t a t e s  a r e  n o n r a d i a t i v e l y  

damped w a s  sugges ted  a s  t h e  exp lana t ion  o f  t h e  s h i f t s  of t h e  

p r o f i l e s ' ,  

The i n t e n s i t y  i n c r e a s e s  i n  t h e  TCNE v C=C 
and v 

C ZN 
bands on 

-- -- -- 

complexation were used q u a n t i t a t i v e l y  t o  c a l c u l a t e  t h e  e q u i l i b r i u m  

c o n s t a n t s  f o r  complex format ion ,  t h u s  e s t a b l i s h i n g  a  new method 

-- >;- 
. .  

' f o r  t h e  de t e rmina f ion  o f  e q u i l i b r i u m  c o n s t a n t s  of IT-IT complexes. 
r . F 

.. The r e s u l t s  o b t a i n e d  us ing  daman i n t e n s i t i e s  were found t o  ag ree  
- " 

m - very  w e l l  w i th  t h e  pub l i shed  r e s u l t s  a s  ob t a ined  by a b s o r p t i o n  
- 

- spec t roscopy .  /-- 
c 

Low energy Raman s p e c t r a  complexes w e r e  i n v e s t i g a t e d  
a / 

above about  9 0  cm-l. Bands it 155 - 167 cm-' were observed and by 

v i r t u e  of  t h e i n  RR c h a i a c t e r i s t i c s  a s s igned  t o  t h e  lowes t  energy 
-:? 

t o t a l l y  symmetric TCNE v i b r a t i o n ,  which n e c e s s i t a t e d  a new . 

ass ignment  of t h e  low energy Raman bands o f  uncomplexed T C ~ ~ E .  A 

Raman band which i s  d e f i n i t e l y  a t t r i b u t a b l e  t o  t h e  i n t e rmolecu la r  

s t r e t c h i n g  v i b r a t i o n  does  n o t  occur  i n  t h e  s p e c t r a  of t h e  complexes. 
1 + 

The band p o s i t i o n s  i n  t h e  s p e c t r a  of  t h e  complexes were found 

t o  be  n e a r l y  t h e  same a s  t h o s e  i n  t h e  s p e c t r a  of t h e  r e s p e c t i v e  

-1 
r uncomplexed compounds. Sys temat ic  r e d  s h i f t s  of  up t o  20  cm f o r - +  --- 

- - -- 
- 

t h e  TCNE vC-C lL - 
and vCrN bands w e r e  observed and r e l a t e d  t o  a degree  

- - 
- 

. / of e l e c t r o n  t r a n s f e r  approaching 1 0 %  i n  t h e  ground s t a t e  of  t h e  

complexes. No s y s t e m a t i c  s h i f t s  i n  t h e  donor bands w i t h  complexa- 

t i o n  occu r .  



\ 
1 4 2 .  

- - - 

- 

The Ramaa sgectrum of u u x m p k x E d  T C W M d s  i n v e s t i g a t e d  

p a r t l y  t o  improve t h e  a s s i g n m e n t s  of  t h e  low e n e r g y  v i b r a t i o n s ,  

and l a t e r  e x t e n d e d  t o  i n c l u d e  t h e  e n t i r e  spec t rum.  T h i s  l e a d  t o  

a  new ass ignment  o f  t h e  TCNE Raman spec t rum i n  which a b o u t  h a l f  

o f  t h e  p r e v i o u s l y  p u b l i s h e d  ass ignments  were changed. 

7 . 1  S u g g e s t i o n s  f o r  F u r t h e r  Work 
\ 

Because t h i s  r e s e a r c h  was t h e  f i r s t  e x t e n s i ~ a ~ ~ i r w e s t i g a t ~ ~ ~  

o f  t h e  Raman s p e c t r a  o f  TCNE EDA' complexes,  it h a s  p e r h a p s  posed 

a s  many q u e s t i o n s  as i t  h a s  answered.  The r e s u l t s  d e s c r i b e d  i n  

Chap te r  5 w e r e  o b t a i n e d  i n  t h e  a t t e m p t  t o  e l u c i d a t e  c e r t a i n  

a s p e c t s  o f  t h e s e  s p e c t r a ;  however,  o t h e r  i m p o r t a n t  p o i n t s  remain 

t o  b e  c o n s i d e r e d .  I n  t h i s  s e c t i o h ,  t h e  most i m p o r t a n t  o f  t h e s e  
! 

t o p i c s - a r e  b r i e f l y  d i s c u s s e d ,  a s  a r e  some o t h e r  i n t e r e s t i n g  
-. 

s u b j e c t s  which have  a r i s e n  o u t  o f  t h i s  work. 

The r e a d e r  i s  aware o f  t h e  emphasis  which w a s  p l a c e d  on t h e  

a c c e p t o r  bands i n  t h e  s p e c t r a  o f  t h e  complexes s t u d i e d  h e r e .  

  on or bands were a l s o  o b s e r v e d ,  b u t  t h e s e  were n o t  s t u d i e d  t o  t h e  

same e x t e n t .  T h e r e f o r e ,  f u r t h e r  i n v e s t i g a t i o n  o f  t h e  Raman s p e c t r a  

o f  TCNE EDA complexes might  w e l l  b e g i n  w i t h  a n  a n a l y s i s  o f  t h e  
- 

e f f e c t s  o f  complexa t ion  on t h e  p o s i t i o n s  and i n t e n s i t i e s  o f  t h e  

donor  bands .  Such d a t a  would p r o v i d e  v a l u a b l e  i n f o r m a t i o n  -on 

g e o m e t r i c  and e l e c t r o n i c  s t r u c t u r e  changes  i n  t h e  donors  w i t h  
- 

complexa t ion .  These s p e c t r a  would b e  m o s t  i n f o r m a t i v e  i f  o b t a i n e d p  

f o r  s o l u t i o n s  i n  which a  s i z e a b l e  f r a c t i a n  of t h e d e n o f - &  - 

complexed, i . e .  under  d i f f e r e n t  c o n c e n t r a t i o n  c o n d i t i o n s  

t h o s e  i n  t h e  p r e s e n t  i n v e s t i g a t i o n .  The s p e c t r a  a l r e a d y  

t h a n  

o b t a i n e d  ' 



have s h m  that the  effects uf complexation on t h e  donor bands .1 

! 

, a r e  n o t  a s  g r e a t  a s  t h o s e  observed f o r  t h e  a c c e p t o r ,  emphasis ing g 
t h e  importapce of t h e  r e l a t i v e  donor and a c c e p t o r  c o n c e n t r a t i o n s  f 
i n  t h e  s o l u t i o n s  used f o r  any s tudy  of donbr bands. 4 

Dichloromethane was used a s  t h e  s o l v e n t  f o r  most of  t h e  

samples which were i n v e s t i g a t e d  h e r e ,  e s p e c i a l l y  where t h e  e f f e c t s  

o f  r e a b s o r p t i o n  wexe found t~ be s igxif icant ;  res_a~n_cl& R a n a n  

e x c i t a t i o n  p r o f i l e s  were o b t a i n e d  i n  most c a s e s  u s i n g  CH2C12bands 0 
4 
d 

a s , i n t e r n a l  i n t e n s i t y  s t a n d a r d s .  %'since t h e  r e d  s h i f t  of  t h e  - ,.- 
2 
'k 

e x c i t a t i o n  p r o f i l e s  w i t h  r e s p e c t  t o  t h e  CT a b s o r p t i o n  bands was 

i n t e r p r e t e d  t o - b e ' a  consequence o f  i n t e r a c t i o n s  between t h e  

e l e c t r o n i c a l l y  e k c i t e d  complex and t h e  s o l v e n t ,  f u r t h e r  i n v e s t i -  ' 

g a t i o n  of  t h e  e x c i t a t i o n  p r o f i l e s  ought  t o  i n c l u d e  a  check f o r  I 

any s o l v e n t  -dependence of t h e  p r o f i l e s .  A s  sugges t ed  by t h e  
-I 

r e s u l t s  i n  Appendix D,.? n o n p o b r  s o l v e n t  such as  cyclohexane may 
5 -  

k 

* 

r e s u l t  i n  a  much d i f f e r e n t  solvent-complex i n t e r a c t i o n  and t h e r e -  

f o r e  c e r t a i n l y  should  be  i nc luded  i n  such a  s tudy .  

The good r e s u l t s  ob t a ined  from t h e  Raman i n t e n s i t y  r a t i o  

method f o r  c a l c u l a t i n g  e q u i l i b r i u m  c o n s t a n t s  a r e  ve ry  encouraging.  

F u r t h e r  exper iments  i n  t h i s  a r e a  should invo lve  tempera ture  c o n t r o l  
=k 

> 
3 

i n  o r d e r  t h a t  e q u i l i b r i u m  c o n s t a n t s  can be o b t a i n e d  f o r  a  S e r i e s  * 7 

of  tempera tures  and t h e  en tha lpy  o f  format ion of t h e  complexes 

c a l c u l a t e d .  T h e  l a t t e r  q u a n t i t y  is an  - impor tan t  measure of t h e  - - --- 

s t r e n g t h  of a complex and as - such h a s  been obtained-byabsorption - - 

1 

, spemtroscopy,  s o  t h a t  a s  i n  t h e  c a s e  of t h e  eqUi1 ibr i .m c o n s t a n t s  

a  comparison of t h e  Raman ' r e s u l t s  w i th  publ i shed  r e s u l t s  i s  

p o s s i b l e .  



- 2 - -  

Fhe m e t h y l  aiid methoxy s u b s t i t u t e d  benzenes employed h e r e  

as e l e c t r o n  donors  comprise b u t  one group o f  donoks which i n t e r a c t  

w i t h  TCNE t o  form EDA complexes. Many o t h e r  TCNE EDA complexes 

a b s o r b  i n  t h e  v i s i b l e  r e g i o n ,  and resonance  ama an s c a t t e r i n g  i s  

expec t ed  t o  occur  for many of t h e s e .  A s  shown by t h e  r e s u l t s  of 

t h e  p r e s e n t  work, a c o n s i d e r a Q l e  amount of i n fo rma t ion  on t h e  
- - 

e x c i t e d  e l e c t r a n i c  states of W A  complexes can be ob ta ined  From 
e 

t h e i r  RR s p e c t r a ,  and t h i s  cbndlus ion  should remain v a l i d  f o r  a 

l a r g e  number of  TCNE EDA complexes. 

The pho toconduc t iv i ty  exper iment  d e s c r i b e d  i n  Appendix D has  

e s t a b l i s h e d  t h e  e x i s t e n c e  o f  t h e  i o n i c  d i s s o c i a t i o n  p r o c e s s  i n  a  

number o f  e l e c t r o n i c a l l y  e x c i t e d  TCNE complexes. F u r t h e r  i n v e s t i -  

g a t i p n s  of t h e  pho toconduc t iv i ty  behaviour  o f  TCNE EDA complexes 
1 

s h o u l d  a t t empt  t o  q u a n t i f y  parameters  such a s  rates of  Ton 

p r o d u c t i o n ,  l i f e t i m e s  of i o n s  i n  s o l u t i o n ,  and recombinat ion of 

i o n s .  These d a t a  would p rov ide  v a l u a b l e  i n s i g h t  i n t o  energy 7. 

\ - 
t r a n s f e r  p roces ses  i n  t k s e  complexes. 

- 
The exper iments  proposed i n  t h i s  s e c t i o n  should  answer some 

of t h e  more i n t e r e s t i n g  q u e s t i o n s  which p e r s i s t  r e g a r d i n g  t h  

n a t u r e  of  EDA complexes. Al though t h e s e  complexes have been 

s t u d i e d  e x t e n s i v e l y  by a  v a r i e t y  of methods, t hey  a r e  n o t  f u l l y  

u n d e r s t o o d .  The f u t u r e  a p p l i c a t i o n  o f  Raman spec t roscopy  tb t h i s  

f i e l d  w i l l  c e r t a i n l y  improve t h i s  s i t u a t i o n .  



APPENDIX A 

NOTATION 

Table XXVI. Abbreviations used in the thesis- .. 

Abbreviation Meaning 

ac_cep*to_r - 

charge transfer 

donor 

electron donor/acceptor , 

hexamethylbenzene 
Q 

equilibrium constant for complex AD 

molar 

resonance Raman 
, k 

tetracyanobenzene 

F. 
te%gacyanoethylene 

TCNB 

TCNE 



The Raman s p e c t r a  of  ' t h e  compounds used a s  e l e c t r o n  donors i n  

t h e  EDA. complexes of TCNE a r e  summarised. i n  t a b u l a r  form f n , t h i & ; : .  

appendix.  A l l  o f  &e methyl  and- methoxy s u b s t i t d t e d  benzsnes 
1 

i n v e s t i g a t e d  i n  t h i s  work are p r e s e n t e d  f o r  completeness ,  a l though  

- s o m e ,  o f  these s p e c t r a  have -already:been r e p o r t e d  the-3i-terattwe. 

The band po*si t ions  f o r  t h e  ,uncomplexed donors  a s  g iven  in:-- 

Sec.  5 . 5 . 1  a r e  t aken  from t h i s  appendix.  
;zr 

-- -- - 

The d o n ~ r  R a ~ a n  s p e c t r a  were measured i n  t h e  f requency r eg ibn  

fTom abou t  1pCI ,cm-I t o  3100 cm-l and a r e  r e p o r t e d  i n  Tables  *XXVII 'k-- 5 
- I  s .  

to.XXXI1. The u n c e r - t a i n t i e s  i n  t h e  band p o s i t i o n s  i n  t h e s e  t a b l e s  
a 

-1 
a r e  g e n e r a l l y  w i t h i n  f 3  cm . ~he'relatiue.fntensities of  t h e  

I bands observed a r e  a l s o  i nc luded .  'It should  be  no ted  t h a t  no 
- A 

s p e c i a l  e f f o r t  w a s  made t o  observe  al latf ie weak'donor bands; such - 
- A  

, bands - g e n e r a l l y  canno t  be- r d e n t i f  i e d  i n  thk  s p e c t r a  o f  t h e  d C N E  
+ H -\ d 

EDA complexes.; because o f  t h e  o v e r a l l  low i n t e f i s i t y  o f  s u c k '  



- - - - - P - 
Table XXVII. Raman spectra of benzene and monosubstituted 

benzenes a,b , 

benzene toluene fluorobenzene , anisole 
x 

a s = strong; m = medium; 
-1' b ~ a n d  positions in cm . 

1 

.2 

very 

J 

weak; w = weak; shoulder 



T a b l e  X X V I I I  . Fgrian spectra - of - x y l e n e s  a , b  
- - 

ti 

o - x y l e n e  , m - x y l e n e  , p - x y l e n e  C& 
0 

1 

2 0 2  m  1 8 1  w  
' . 3 1 0  m 

2 5 6  w ' 2 2 7  m 
5 0 5  w 2 7 9  w 4 6 2  s 
5 8 2  m 5 1 6  m  

384 C 
6 4 7  s 

6 4 3  vw 5 3 6  s 7 0 3  w Pgr 

734  s 7 2 3  s 8 2 6  m  
9 8 7  w - 767  -VW u!L-VSd - 

1 0 5 3  m 9 9 9  s 1 2 0 4  s 9 
1 1 5 8  w 1 0 3 5  b, ' 1 3 1 2  w 
1 2 2 3  m 1 0 9 5  w 1 3 7 8  w- 
1 2 9 1  vw 1 1 6 7  w 1 4 4 8  w 
1 3 8 5  m 1 2 4 8  m  1 5 7 6  vw - 

1 4 5 1  w , + 1 2 6 2  w 1 6 1 5  w 
1 5 8 4  m t 1 3 7 7  m  2 9 2 4  m 
1 6 0 8  m 1 5 9 0  w 3 0 2 5  m 
2 9 2 1  m 1 6 1 0  w 3 0 5 4  m 
2 9 4 2  s h  2 7 2 6  w 
2 9 7 7  s h .  2 8 6 0  m 
3 0 4 8  m 2 9 1 0  s 

3 0 4 1  m  J 

- 
l 

a A b b r e v i a t i o n s  are t h e  s a m e  as  i n  T a b l e  X X V I I .  
\ 

-1 
b ~ a n d  p k s k t i o n s  i n  em . 
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, . r 

'fable XXIX. Rman .Spectra o•’ XghG methylbenzenes? 

mesitylene durene isodurene 
r' 

P 



XXX. Raman spectra of pentamethylbenzene and - 

a ,b hexame thylbenzene 

4 
pentamethylbenzene hexamethylbenzene 

i 

a ~bbreviations- are the same 

., 

3 

in Table XXVII. 
D Band positions in cm -1 . 



1 - --- 

Table X X X I .  Raman spectraof dimethoxybenzenesarD 

o-dimethoxybenzene m-dimethoxybenzene p-dimethoxybenzene 

a~bbreviations are the same as in Table XXVII. 
-1 b ~ a n d  positions in cm . 



Table XXXII. Raman spectra of trimethoxybenzenes atb 

1,2,3- 1 , 2 , 4 -  + 1,3,5- 
trimethoxybenzene trimethoxybenzene trimethoxybenzene 

's 

a Abbreviations are the same as in Table XXVII. 
-1 '~&d positions in cm . 4 



CALCULATION O F  ABSORPTION SPECTRA, FLUORESCENCE  SPEC?:*&^ 
at 

RESONANCE RAMAN EXCITATION PROFILES 
- \, 

The -ohserved r ed  s h i f t s  o f  t h e  RR e x c i t a t i o n  p r o • ’ i l e s  of t h e  
> - 

CT t r a n s i t i o n s  w i t h  r e s p e c t  t o  t h e  a b s o r p t i o n  bands o f . t h e  
> # 

complexes, d e s c r i b e d  f o r  t h e  TCNE v C ~ C  and vCeN Raman bands i n  

Set. 5 . 2 , 3 ,  was-interpreted i k f e r m s  -of aLmOdFI-07fhe EDA 

complexes wherein t h e  CT a b s o r p t i o k  bands c o n s i s t  of  a  super-  ' .  , 

p o s i t i o n  of Loren tz i an  a i b r o n i c  t r a n s i t i o n s  w i t h e  f requency 

. dependent damping. I n  t h i s  appendix,  a b s o r p t i o n  s p e c t r a ,  / 
/' 

f l u o r e s c e n c e  s p e c t r a  and RR e x c i t a t i o n  p r o f i l , e s  d r e  = a l c u l a t e d  by 
0 / % 

app ly ing  some of t h e  f e a t u r e s  o f  t h i s  model t o  a h y p o t h e t i c a l  
. - , 

/ 

c a s e .  The r e s u l t s  a r e  compared t o  t h o s e  o f  t h e  e x i s t i n g  RR . 

t h e o r i e s ,  a s  summarised i n  Chapter  2: 

The e l e c t r o n i c  spec t r a .  and t h e  RR e x c i t a t i o n  p r o f i l e s  

c a l c u l a t e d  h e r e  a r e  f o r  a  s i n g l e  v i b r a t i o n a l  c o o r d i n a t e  and two 
/ 

e l e c t r o n i c  s t a t e s .  The r e s u l t s  f o r  t h i s  assumed system a r e  

r e l e v a n t  i n  t h a t  t h e  e l e c t r o n i c  s t a t e s  a r e  a s s igned  p r o p e r t i e s  

T m i l a r  t o  t h o s e  o f  t h e  g r e t t n d p  t h e  f i r s t  e x c i t e d  e l e c t r o n i c  

s t a t e s  of  t h e  TCNE EDA complexes, i n  p a r t i c u l a r  a  deeper  p o t e n t i a l  
0 

,energy curve  and a s h o r t e r  i n t e r n u c l e a r  d i s t a n c e  i n  t h e  s x c i t e d  

I t 2  s t a t e  t h a n  i n  t h e  ground s t a t e  . Since  t h e  p o e e n t i a l  energy 
- - - - - -  

s u r f a c e s  of  t h e  TCNE EDA complexes a r e  much more complicated than  

- - t h o s e  cons ide red  h e r e ,  
- - -- 

an i n t e r p r e t a t i o n  o f - t h e  s p e c t r a  of t h e  

complexes i n  t e r m s  o f  t h e  r e s u l t s  o f  the p r e s e n t  c a l c u l a t i o n s  i s  

n o t  a t t empted .  I n s t e a d ,  t h e  c a l c u l a t i o n s  a r e  i n t ended  t o  
- 

i l l u s t r a t e  t h e  importance of A s p e c i  i c  arrangement of t h e  f 
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potshtial energy surfaces for the RR effect as well as for . the - 

absorption and the fluorescence spectra. 

In Fig. 27, a tiypical arrangement of the potential energy /' 

n 
curves used in the calculatigns is shown. The Raman active 

, ic 
vibration is assumed harmonic in both states, and the vibrational 

frequency- v is lower in the ground state k than in the excited m 

state r. The vibrational levels wbich enter into the ~a%an 

scattering and absorption processes are shown with the vibrational 

wavefunctions superimpo-sed on the energy levels. Only the first 

four vibrational levels in states k and r are considered; the 
* 

third and fourth vibrational levels of the ground state, which 
8 

9' 

appear in the expression for the fluorescence intensity, are not 

shown. 
'% 

The transitions between the two electronic states are assumed 

to obey the ~ranck-copdon' prihciple, i. e. they are assumed 
3 I 

3 vertical . This implies that the absorption and Raman scattering 

processes occur at - some' internucled- distance which is 
characteristic of the ground electronic state yibrational, 

wavefunction for which v = 0; the most probable internuclear 

separation at which these transitions occur 4 s  therefore' Qk. 

Assuming that the nuclei are ablWsto achieve th'e equilibrium 
B 

excited state configuration becore fluorescence, then this 
- - -  

transition takes place at a reduced internuclear distance 

corresponding t6 the excited electronic state vibrational 

wavefunction for v" = 0. ' 

As stated above, both absorption and fluorescence spectra are 

calculated assuming tha,t they are each comprised of the profiles 



Fig. 27 Potential energy curves used for the calculation of 
, t  

A resonance Rarnan excitatiop profiles, absorption spgctra and 
fluorescen~e spectra. 



f o r  f o u r  L o r e n t z i a n  v i b r o n i c  t r a n s i  i o n s .  S h e  i n t e n s i t y  d i s t r i -  
- 9- 

. b u t i o n  I (XU) of  each L o r e n t z i a n  profile i s  th ; t ,of  t h e  n a t u r a l  

,4 1 . , 

. *  . l i n e  w i d t h  of  a damped o s c i l l a t o r , .  I 

where 16 i s  ' t h e  t o t a l  i n t e g r a t e d  i n t e n s i t y ,  vi i s  t h e  r e s o n a n t  

, f r e q u e n c y  , and y i s  the halfwidth. , T h e  c a n t x i h u t i ~ n  ef ea& - - - 

Q 

D 

v i b r o n i c  t r a n s i t i o n  t o  t h e  o v e r a l l  a b s o r p t i o n  o r  e m i s s i o n  i n t e n s i t y  
3 

i s  a e t e r m i n e d  b y - i t s  t r a n s i t i o n  p r o b a b i l i t y ;  a c c o r d i n g  t o  t h e  
9" 

Franck-Condon p r i n c i p l e  t h i s  p r o b a b i l i t y  ' is  p r o p o r t i o n a l  t o  t h e  
L 

. s q u a r e  o f  t h e  o v e r l a p  i n t e g r a l  f o r  t h e  i n i t i a l  and f i n a l  v i b r a - ,  

. t i o n a l  l e v e l s  i n v o l v e d  i n  t h e  t r a n s i t i o n .  L a b e l l i n g  t h e  l o w e s t  . . 
li 

v i b r a t i o n a l  l e v e l  o f  t h e  ground s t a t e  v = 0  and t h e  e x c i t e d  s t a t e  

- v i b r a t i o n a l  l e v e l s  v "  ( F i g .  2 7 ) ,  t h e  t o t a l  a b s o r p t i o n  i n t e n s i t y  
1 

g i s t r i b u t i o n  i s  t h e r e f o r e  

" where t h e  symbols have t h e  same meanings as i n  @er 2 ,  and 

6 - - 
r , v t t  Y r l v  2 The damping terms 6r,v, i n  g n e r a l  v a r y  w i t h  t h e  .P 

i 

P 

v l ; , v t ' ; k l v  ' and t h e  form o f  t h i s  dependence i s  l i n k e d  t o  t h e  k i n d  

\ 

' o f  damping- ( r a d i a t i v e  o r ~ n o n r a d i a t i v e )  which o c c u r s .  Equa t ion  (C.2)  
\ 

,I e x p l i c i t l y  assumes t h a t  o n l y  t h e  l o w e s t  v i b r a t i o n a l  l e v e l  of  t h e  

\ ' g r o u n d  e l e c t r o n i c  s t a t e  i s  p o p u l a t e d  a t  o r d i n a r y  t e m p e r a t u r e s ;  

' t h i s  i s  a n  e x c e l l e n t  approx imat ion  for t h e  ground s t a t e  v i b r a t i o n a l  \ 
-1 -1 i r e q u e n c i e s  c o n s i d e r e d  h e r e ,  500 c m  and 1000 c m  . 



tlsing reasoning analog-0-Us to that described for the 
- 

- - *. 
-- - 

absorption spectrum, the fluorescence intensity distribution is 
- - 

B 

2 I<vtl lv> 1 
-1 ( v )  = 2 2 

IC. 3 )  

v= 0 (\Lrrv";k,v - v) + 6r,yll 
/ 

rS 

4 - - * 

where it is assumed that the emission originates only from the 
- .  I _  

'vibrationa121evel vll = 0. I 
- 

- - - - - - -- 
- - 

The expressiol for the RR exktation profile is 'derived u ~ i n g  
- ' 

the reasoning that only the first term of equation 2 ,  arter 
. 

- .  introductioh of the damp'ing term, contributei significantly to the 

intensity; Again assuming that the electronic-transition moment 
, >  - \  . 

is proportional to the vibrational overlap integral.,.the scattering 

tensor is written 



- - - pp -- - 

where v  = 0 and  v '  = 1. ~ ~ u a t i o n  ( C . 5 )  i s  v e r y  s i m i l a r  t o  t h e  

_ r e s u l t - d e r i v e d  by B e h r i n g e r  { e q u a t i o n  ( 2 . 6 ) )  e x c e p t  f o r  t h e  

appearance  of t h e  v i b r a t i o n a l  o v e r l a p  i n t e g r a l s  i n  e q u a t i o n  ( C . 5 ) .  
e 

From e q u a t i o n  ( 2 . 2 ) ,  t h e  R q e x c i t a t i o n  p r o f i l e  i n  t h e  p r e s e n t  c a s e  
' 

B 
i s  g i v e n  by 

< *  

The o v e r l a p  i n t e g r a l s  which a p p e a r  i n  e q u a t i o n s  K . 2 )  and 
- 

/I  . 
( C . 4 )  t o  (C.6) a r e  sumrnarised i n  T a p l e  t h e  i n t e g r a l s  f o r  

Q / 
e q u a t i o n  ( C .  3 )  a r e  l K / ~ a b l e  X X X I V .  ~ h e d e  i n t e g r a l s  are c a l c u l a t e d  

g r a p h l c a l ~ l y  between t h e  l i m i t s  d e f i n e d  by t h e  e x t e n t s  o f  t h e  

w a v e f u n c t i o n s  v o r  v "  (see a b o v e ) .  N e g a t i v e  o v e r l a p  o c c u r s  . . when 

t h e  wavefunc t ions  have  o p p o s i t e  s i g n s '  i n  a -  p a r t i c u l a r  r ,eg ion,  and 

. i n  some cases outweig-hs t h e  p o s i t i v e  o v e r l a p ,  r e s u l t i n g  i n  t h e  

n e g a t i v e  o v e r l a p  i n t e g r a l s .  

: ~ b s o r p t i o n  s p e c g s a ,  f l u o r e s c e n c e  s p e c t r a  anddRR e x c i t a t i o n  

' u s i n g  thae o v e r l a p  i n t e g r a l s  l n  T a b l e s  X X X I I . 1  and X X X I V ,  a r e  # 

p r e s e n t e d  i n  F i g s .  28 t o  31. ' F i g u r e s  28 a n d  29 c o r r e s p o n d  t o  t h e ,  

p o t e n t i a l  ene rgy  Curves i n  F i g .  2 7 , .  f o r  which v, '= 1000 an-' and 

t h e  e x c i t e d  s t a t e '  v i b r a t i o n a l  i n t e r v a l  i s  1 4 0 0  an-'; ~ i c p r x .  30 
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Table XXXIII . Vibrational over lip integrals for absorption and 
Raman excitation profile calculations 

a 
All integrals are for v = 0. 

b ~ l l  integrals are for v t  F '  I. 
i 

Table XXXIV. vibrational overlap integrals for fluorescence 
profile calculations 

a All integrals are for v" = 0. 
- - - 



+ . -i_- - - - -- - - - - 

and 31 g i v e  t h e  r e s u l t s  f o r  ano the r  s e t  of  p o t e n t i a l  energy curves ,  

-1 
which have Qk - Q, = . 1 9  and vm = 500  cm . The c h a r a c t e r i s t i c s  

0 .  

of  t h e s e  p r o f i l e s  a r e  sumrnarised i n  Table XXXV. 

P r o f i l e s  c a l c u l a t e d  us ing  va lues  o f  Qk - Qr a s  much a s  15% ,, 
d i f f e r e n t  from t h o s e  i n  Tables  X X X I I I  and X X X I V  a r e  n e a r l y  t h e  

1 

same i n  appearance a s  t h o s e  i n  F igs .  28 t o  3 $ .  The most impor tan t  
- -- 

f e a t u r e s  of t h e  s p e c t r a  and t h e  e x c i t a t i o n  p r o f i l e s  a r e - the  

fo l lowing:  

( a )  Both t h e  RR e x c i t a t i o n  p r o f i l e  and t h e  f l uo re scence  , 

+ 

spectrum a r e  r ed  s h i f t e d  w i t h  r e s p e c t  t o  t h e  a b s o r p t i o n  spectrum _ 
R 

a s  c a l c u l a t e d  f o r  each  p a i r  o f  p o t e n t i a l  e n e r g y , c u r v e s ;  t h e  s h i f t  

of  t h e  f l u o r e s c e n c e  curve  i s  g r e a t e r  than  t h e  s h i f t  o f  t h e  RR 

p r o f i l e  i n  every  ca se .  

( b )  The magnitude of t h e  damping a f f e c t s  t h e  

t h e  r e d  s h i f t  of  t h e  R R . e x c i t a t i o n  ?prof i le ,  wh i l e  i t s  

frequency dependence i n f l u & c e s  t h e  asymmetr'ies o f  t h e  p r o f i l e s .  

The asymmetr"y'oe,the RR e x c i t a t i o n  p r o f i l e  i s  g r e a t e r  t han  - 
u 

t h a t  of t h e  a b s o r p t i o n  spec t rum i n  every c a s e .  The a b s o f p t i o n  

s p e c t r a  and t h e  RR e x c i t a t i o n  p r o f i l e s  a r e  b l u e  s h i f t e d  
0 

whe? t h e  damping is changed from frequency dependent t o  

$ c o n s t a n t .  z B 

i 

> 

8 
( c )  The h a l f w i d t h s  o f  the.  RR e x c i t a t i o n  ' p r o f i l e s  t eqd  t o  

- - - -  r - \ 

exceed t h o s e  o f  t h e  cor responding  a b s o r p t i o n  bands; t h e  d i f f e r e n c b  
- - - -- - - - -- - 

i n  h a l f w i d t h s  i s  g r e a t e r  when t h e  damping i s  c o n s t a n t .  The 

f l u o r e s c e n c e  s p e c t r a  a r e  narrower  t hah  e i t h e r  a b s o r p t i o n  o r  Raman 

e x c i t a t i o n  s p e c t r a .  

These r e s u l t s  imply t h a t  t h e  r e d  s h i f t  of  t h e  RR e x c i t a t i o n  
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I 
p x o f i l e  wi th  r e s p e c t  t~~the'absor~tion~spectrum'has <he same, - ' 

I 

> .  

o r i g i n ' a s  t h e  r e d '  s h i f t  bf t h e  f luorekcence  spe&tr&, namely t h e  - 
r. .r . I 

c. - - 9 ' 

, 
d i f f e r e n c e  i n  p o t e n t i a l .  minima 'Qk. - br . " ~i"nqe *he Raman 

scat te ; ing t e n s o r  c o n t a i n s o  o v e r l a p  , . io . *  

. . ,  . .  "* ' ' 

c -,'* ,, . . . . *A .' absb fp t ion  : .. :+ A.h -. ri .. and- &. - L t q  emiss i&n,  it i s % - l o g i c . a l  t h a  the: .< ;. , . 
, . . 1 L 

, ' I \ .  . - -. ? 

RR e x c i t a t i o n  p r o f i l e  w i t h  r e s p e c t  . , to $he ab3drptio.n s p e c 5 t r q  i s  - 
r - - - k .  - - -  p L  LA-- ,r, -* 

i n  t h e  same d i r e c t i o n ,  b u t  n o t  a s  $ r e a t  as, t h e  s h i f t  >of ZKe 
* ,  

I ,  

. 3  . * 
f  1uore.scence spectrum.  Thus, a  d i s c ~ e ~ a n k y  betweenS'the maximum . - . _  :. 

, . .  
+ 

of t h e  RR e x c i t a t i o n ' p r o f k l e  and t h a t  o f -  t h e  a b s o r p t i o n  speduwti  
' 

2 -- - i.t * + Y T  - - 

f o r  a p a r t i c u l a r  ' s y s t e m  need n o t  r e q u i r e  t hd .  p a r t i c i p a t i o n  s - of - .' 
. . 

h i g h e r  i n t e r m e d i a t e  s t a t e s ,  as has  been 'psoPosed?by. .. s o m e  . ~ ~ t h 6 r h ~ , ' , ~ . ~ '  - .  , - 
When Qk = QrI  accord ing  t o  e q u a t i o n  ( C .  < a  6 )  _ t h e  Raman i n t e n s i t y  : 

v a n i s h e s ,  s i n c e  for e a ~ h  v"  one O f  t h e  overl 'ap i n t e g r a s S  e q u a l s  : ., 
- - .  r 

< .  < 
I . -  

zero-. This  i s ,  % s e n t i a l l y  tl% c o ~ c l u s i o n  reached ujith re'baf&-&o. e - .* i -. 
t h e  f i r s t  t e r m ' o  t h e  v i b r o n i d  exparision \ ~ f  t h e  s e a t e e r i n g  . . t i n s o t  ' .  

'7 C .  

{see  equa t ion  ( 2 . 7 )  1 : t h i s  t b r m  ~ a r i  c o n t r i b u t e , t o  the )I RR a 

6 , . ,  - .  
, . ' i n t e n s i t y  on ly  i f  t h e  p o t e n t 2 a l  :energy s u r f a c e s  of the gro&d and ' 

- - 0  .- 9 
, - 

e x c i t e d  e l e c t r o n i c  s t a t e ?  ' a r e  n o t  equa l .  The ' r e ' sp l t s  D x - 
\ ' - . <  

. I .  

h e r e  show t h a t  t h e  d i f f e r e n c e  must be i n  t h e  i h t e r n u c l e a q  . -. . . *  .. 
< . <  

1 

s e p a r a t i o n ,  r a t h e r  t han  i n  t h e  .shapes a of t h e  curves .  . - 
-i I , 
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'PHOTOCONDUCTIVI.TY I N  ELECTRON DONOR/ACCEPTOR COMPLEXES L-----l 
TETRACYANOETHYLENE 

4 

I n  Sec .  5 .2 .3 ,  e x p e r i m e n t a l  r e s u l t s  which s u g g e s t  t h e  non- 

r a d i a t i v e  damping o f  t h e  e x c i t e d  s t a t e s  of TCNE EDA complexes by 

d i s s o c i a t i o n  o f  t h e  complexes i n t o  i o n s  a r e  d e s c r i b e d .  I o n i c  
P 

d i s s o c i a t 5 o n  o f  EDA complexes i n  €he f i r s t  excit%a t3-T~tate- 

a l r e a d y  been s t u d i e d  i n  d e t a i l  f o r  t e t r a c y a n o b e n z e n e  (TCNB) 
. " 

~ ~ r n ~ l e x e s ~ - ~ ,  and h a s  been r e p o r t e d  i n  - a  b r i e f e r  i n v e s t i g a t i o n  o f  

4 
TCNE EDA complexes . -The e x p e r i m e n t s  d e s c r i b e d  i n  +is appendix  

were performed t o  check f o r  t h e  p r e s e n c e  of i o n s  i n  s o l u t i o n s  o f  . 

e l e c t r o n i c a l l y  e x c i t e d  TCNE komplexes,  s o  t h a t  t h e  e x i s t e n c e  o f  - 
i "..I ' - 

t h i s  n o n r a d i a t i v e  damping mechanism c o u l d  be e s t % b l i s h e d .  They* 

a l s o  p r o ~ i d z a  check dn t h e  p r e v i q u s l y  p u b l i s h e d  d a t a  •’6; TCNE 
Y 

complexes.  S i n c e  t h e ~ d o n o r  and t h e  a c c e p t o r  i o n s  which a r e  
1 

g e n e r a t e d  J f  i o n i c  d i s s o c i a t i o n  o c c u r s  can  a c t  as c h a r g e  chrriers,  . 

photocondu t i v i t y m e a s u r e m e n t s  s u c h  a s  t h o s e  d e s c r i b e d  h e r e  can b e  . 7 
5 , 

- used t o - t e s t  f o r  t h e  c r e a t i o n  o f  i o n s  i n  s o l u t i o n . -  
t f ,  

, -  The p h o t o c o n d u c t i v i t y  c e l l  used  h a s  two 1 c 2  p l a t i n u m -  
$3 2 

e l e c t r q d e s ,  w&th a  s p a c i n g  o f  2 mrn s o  t h a t  a l a s e r  beam can  be  
<%Fr 

d i r e c t e d  between them. The c e l l  i s  f i l l e d  w i t h l t h e  s o l u t i o n  t o  be 

e x a i i n e d ,  and a  p o t e n t i a l  d i f f e r e n c e - ( u p  t o  2 0 0  v o l t s )  i s  a p p l i e d  fi 

- - - -  -- - - - -  

t o  t h e  e l e c t r o d e s :  The l a s e r  beam i s  modul i t ed  a t  a f requency  o f  
b 

- -  

625 H z  w i t h  a  m e c h a n i c a l  chopper  and p a s s e d  'between t h e  e l e c t r o d e s ;  
%2*> 

i f  i o n s  a r e  produced 'in t h e  s o l i i t i o n ,  &he r e g u l t i n g  p h o t o c u r r e n t  
i 

i s  d e t e c t e d  w i t h  a  l o c k - i n  a m p l i f i e r  by measur ing ,  a t  t h e  modu- 

- l a t i o p  f r e q u e n c y ,  t h e  p o t e n ' t i a l  d r o p  across a l o a d  resistor 



b (between l o 4  and 1 0  ohms) connec ted  i n  series w i t h  t h e  conduc- 
--- 

1 t i v i F c F i r  ~ h e - a p p a r a t u s  gave  an S/N r a t i o  o f  a p p r o x i m a t e l y  

1 f o r  a  c u r i e n t  of  a b o u t '  1 0  -I1 amp. Where. p h o t o c o n d u c t i v i t y  was 

o b s e r v e d ;  c u r r e n t s  were o f  t h e  o r d e r  of  amp o r  morg f o r  
i 

cornplejt c o n c e n t r a t i o h s  o f  a b o u t d  l o - (  M. I, __ 

t@ 
'i 

TheL r e s u l t s  , o f  t h e  p h o t o c o n d u c t i v i t y  experimell'& a r e  - 

summarised i n  T a b l e  XXXVI .  The CI12ClZ s o l u t i o n s  o f  e a c h  TCNE a 
- 

complex hvestiga-cf show& measura%le 'conSUc tlTi t y  upon . - 
e x c i t a t i p n  i n - t h e i r  CT a b s o r p t i o n  bands.  For  o-dimethoxy- 

" a "  

benzene/TCNE, t h i s  o c c u r s  b o t h  f o r  e x c i t a t i o n  ? n t o  t h e  firs? , 

and i h t o  t h e  second CT a b s o r p t i o n  band. S i n c e  t h e  -two CT 
0 

a b s o r p t i o n  bands o f  m - d i m e t h o x y b e n z e n e / ~ ~ ~ ~  b o t h  abso;b t h e  

Argon l a s e r  l i g h t  used  t o  e x c i t e  t h e  p h o t o c o n d u C t i v i t y ,  Tab le  XXXVI  

i n d i c a t e s  t h a t  photoconductivity o c c u r s  f o r  e x c i t a t i o n  i n , b o t h  CT 
4 

bands  of  t h i s  complex. I 

The i m p o k a n t  r o l e  o f  t h e  s o l v e n t  i n  t h e  d i s s o c i a t i o n  p r o c e s s  

i s  a l s o  i l l u s t r a t e d  i n  XXXVI. For  c y c l o h e x a n e ,  a s o l v e n t  
- 

of  low.  d i e l e c t r i c  = 2 .  015)0, t h e  d a t a  i n d i - c a t e r , t h a t - ,  
. . 

. - any i o n i c  d i s soc .$a t ion  m & t  b e  more t h a n  a n  o r d e r  o f  magni tude  
- 

weak& t h a n  t h e  i o n i c  d i s s o c i a t i o n  i n  C H Z C I Z  ( E  8 . 9 3 ) .  These 

r e s u l t s  a r e  c o s l s i s t e n t  w i t h  t h o s e  c i t e d  e a r l i e r  t h e  e x c i t e d  TCNB. i ,  w 
eomplexes w e r e  found t o  d i s s o c i a t e  i n t o  i o n s  i n  p o l a r  media a n d &  

t o  g i v e  up t h e i r  e x c i t a t i o n  energy  i n  o t h e r  ways i n  n o n p o l a r  ''T 

- - 

so lyen t s l - ' .  The d a t a  i n   able XXXVI a i e  c o n s i s t e n t  w i t h  t h e  
- - -- 

. r e s u l t s  o f  t h e  f l a s h  p h o t o l y s i s  o f  ~ ~ ~ Z ~ ~ ~ / T C = ~ ~ H M B / T C N E  i n  

C H ~ C ~ ~  s o l u t i o n s ,  r jhere - t h e  TCNE- i o n  was i d e n t i f i e d  by means 

4 1 
, o f  i t s  a b s o r p t i o n  s p e c t r u m  . The p h o t o c o n d u c t i v i t y  s i g n a l s  . 

ZT 
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observed  fo r '  t h e  o - ; d i m e t h ~ x ~ b e n z e n e / ~ ~ N ~  and  m-dimethoxy- 
-- - . 

benzene/TCNE*complg~es when t h e  r e s p e c t i v e  l i q u i d  e l e c t r o n  donors  

were  used w e r e  a n  okder  o f  c n a g n i t u d e  weaker t h a n  when CH C 1 2  was 
I 

t h e  s o l v e n t .  - 
3 2  

, r  - - 
 he . m e ~ i t ~ l e n e / T ~ ~ ~  $and o-dimethoxybenzene/TCNE complexes* 

were s e l e c t e d  from amoFg t h o s e  l i s t e d  i n  Table. XXXVI  f o r  f u r t h e r  
4 . . I  b 

i n v e s t i g a t i o n :  The CH2C:2 s o l u t i o n s  of;ghe.se complexes gave 
- - * - 2 - -- - - 

p h o t p c u r r e n t s  w i t h  t h e s e  c h a r a c t e r i s t i c s :  (a) w i t h i n  e x p e r i m e n t a l  - 
.? / 

u n c e r t a i n t y ,  t h e  magni tude  o f  t h e  p h o t o c u r r e n t  i s  p r o p o r t f o n a l  t g  
b 

. - 

t h e  l a s e r  p ~ w e r ;  ( b )  t h e  3 - c u r r e n k  i s -  p r o p o r t i o n a l  t o  &he p 6 t e n t i ' ~ l  
/ . . 

d i f f e r e n c e  a c t o s s  t h e  e l e c t r o d e s ;  tc) any e g c i t a t i o d  wave leng th -  
t 

- 
dependence o f  t h e  p h o t a c u r r e n t  i s  t o o ~ s m a l l  @ b e  d e t e c t e d ,  i .e .  

P t h e  c u r r e n t  does  n o t  v a r y  by 'more t h a n  a b o u t . l 5 %  'over  t h e  wave- 
L 

0 a c c e s s i b l e  w i t h  t h e  Argon lsser. ~ h i q  a l s o  a p p l i e s  
* 
;. e 

i o n  w a v e l e n g t h s  n e a r  600. nm (f rom t h e  dye l a s e r )  #ares' . - 
1 .  

used.  TherGfore ,  t h e  f r e q u e n c y  a p e n d e n c e  o f  t h e  damping 
, 

mechanism proposed  f o r  t h e  TCNE complexes,  (Sec.  5.2.3) was n o t  
I 

conf i rmed by t h e s e  d a t a .  I t  s h o u l d  be  s t a t e d  ' t h a t  t h e  e x p e r i m e n t a l  
4 CI 

c o n d i t i o n s  p r e c l u d e  any ' d e d u c t i o n s  from t h i s  n e g a t i v e  r e s u l t ,  

b e c a u s e  a t  t h e  c o n ~ e n t r a t i ~ n s  r e q u i r e d  t o  o b t a i n  t r e a s o n a b l e  

p h o t o c u r r e n t s  gny, wave leng th  dependence would b e  masked by 
* 

d i f f e r e n t i a l  a b s o r p t i o n  e f f . e c t s .  - %  - . . 
So f a r  no a t t e m p t  h a s  been made t o  q u a n t i f y  t h e s e  r e s u l t s  w i t h  

L 1 + --- - - - - * 
/ 

r e g a r d  t o  r a t e s  o f  i o n  p r o d u c t i o n  and l i f e t i m e $  o f  i o n s  i n  s o l u t i o n ,  

v s i n c e  t h i s  would r e q u i r e  e x t e n s i v e  s y s t e m a t i c  work beyohd t h e  
i 

--? 
scope  o f  t h i s  p a r t i c u l a r  i n v e s t i g a t i o n ,  t h e  purp-ose ofiwhich.  was 

I . ,  1 

l i r a j t e d  tb t h e  e s t a b l i s h m e n t  o f  t h e  i o n i c  d i s s o c i a t i o n  o f  t h e  ' 
1 



' exc i t ed  ctomplexes .' Sin& &he - -magnitude - .  of  the;$pdotocurrent 
^ -  

- 4 

A . depends.  on a number of '  pa~r,am~te&, - most gf which a r e  . e i t h e r '  
0 . 7 -2 

ri % 7 -  - 
unknown o r - n o t  s u b j e c t  t o  c o n t r o l  i n  t h e  r a t h e r  s imple  exper imenta l  - 

akrangement used h e r e ,  t h e  experiment was r e s t r i c t e d '  e s s e n t i a l l y  
\ *  

t o  t h e  q u e s t i o n  of  t h e  bc?Lrrence of t h e  ' pho toconduc t iv i ty .  Hence 

. t h e  i n t e r a c t i o r j  between' the e l e c t r o n i c a l l y  e x c i t e d  complex a n d  t h e  
, 

* 

- -( 
- f . L - - -  "! 

y "  * 
s o l v e n t  molecules which i s  sugges ted  i n  Sec.  5.2-3 as t h e  source  

s 

of '  t h e  n o n r a d i a t i v e  damping does indeed ldad  t o  i o n i c  d i s s o c i a t i o n  
3 

i n  some s o l v e n t s .  
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