
National Library 1+1 of Canada 
Bibliotheque nationale 
du Canada 

Acquisitions and Direction des acquisitions et 
Bibliographic Services Branch des services bibliographiques 

395 Wellinglon Street 395, rue Wellington 
Ottawa. Ontario Ottawa (Ontario) 
KIA ON4 K l A  ON4 

NOTICE 

The quality of this microform is 
heavily dependent upon the 
quality of the original thesis 
submitted for microfilming. 
Every effort has been made to 
ensure the highest quality of 
reproduction possible. 

If pages are missing, contact the 
university which granted the 
degree. 

Some pages may have indistinct 
print especially if the original 
pages were typed with a poor 
typewriter ribbon or if the 
university sent us an inferior 
photocopy. 

Reproduction in full or in part of 
this microform is governed by 
the Canadian Copyright Act, 
R.S.C. 1970, c. C-30, and 
subsequent amendments. 

La qualit6 de cette microforme 
depend grandement de la qualit6 
de la these soumise au 
microfilmage. Nous avons tout 
fait pour assurer une qualite 
supbrieure de reproduction. 

S'il manque des pages, veuillez 
communiquer avec I'universite 
qui a conWre le grade. 

La qualite d'impression de 
certaines pages peut laisser a 
desirer, surtout si les pages 
originales ont 6t6 
dactylographiees a I'aide d'un 
ruban us6 ou si I'universitB nous 
a fait parvenir une photocopie de 
qualite infbrieure. 

La reproduction, m6me partielle, 
de cette microforme est soumise 
6 la hoi canadienne sur le droit 
d'auteur, SRC 1970, c. C-30, et 
ses amendements subsbquents. 



VIBRONIC SPECTRA AND PHOTOCHEMICAL 

TRANSFORMATION OF TERTIARY-BUTYL PHTHXOCYANINE 

IN SHPOL'SKII MATRICES 

YONGYAN HU 

B .Sc, Hangzhou University, 1982 

THESIS SUBMITTED IN PARTIAL FULFILLMENT OF 

THE REQUIREMENTS FOR THE DEGREE OF 

MASTER OF SCIENCE 

in the Department 

of 

Physics 

O Yongyan Hu 1991 

SIMON FXASER UNIVERSITY 

July 1991 

All rights reserved. This work may not be 

reproduced in whole or in part, by photocopy 

or other means, witlmut permission of the author. 



National Library /*I of Canada 
Bibliotheque nationale 
du Canada 

Acquisitions and Direction des acquisitions et 
Bibliographic Services Branch des services bibliographiques 

395 Well~r~gton Street 395, rue Wellington 
Ottawa. Ontario Ottawa (Ontario) 
K1 A ON4 KlAON4 

The author has granted an 
irrevocable non-exclusive licence 
allowing the National Library of 
Canada to reproduce, loan, 
distribute or sell copies of 
his/her thesis by any means and 
in any form or format, making 
this thesis available to interested 
persons. 

L'auteur a accord6 une licence 
irrevocable et non exclusive 
permettant a !a Bibliotheque 
nationale du Canada de 
reproduire, prgter, distribuer ou 
vendre des copies de sa these 
de quelque manihre et sous 
quelque forme que ce soit pour 
mettre des exemplaires de cette 
these 3 la disposition des 
personnes interessees. 

The author retains ownership of L'auteur conserve la propriete du 
the copyright in his/her thesis. droit d'auteur qui protege sa 
Neither the thesis nor substantial these. Mi  la these ni des extraits 
extracts from it may be printed or substantiels de celle-ci ne 
otherwise reproduced without doivent 6tre imprimes ou 
his/her permission. autrement reproduits sans son 

autorisation. 

ISBN 0-315-78191-2 



APPROVAL 

NAME : YONGYAN HU 

DEGREE : MASTER OF SCIENCE 

TITLE OF THESIS: VIBRONIC SPECTRA AND PHOTOCHEMICAL 

TRANSFORMATION OF TERTIARY BUTYL PHTHALOCYANINES IN 

SHPOL'SKII MATRICES 

EXAMINING COMMITTEE: 

Chairman : Dr. J. F. Cochran 

Dr. K .  E. Rieckhoff A -  --*  

Senior Supervisor 

L D ~ .  E. M. ~ M i g t  

Senior Supervisor 

Dr. R. F. Frindt 

Examiner 

Professor, Physics Department, SFU 

Date Approved Aua.  15, 199L 



PARTIAL COPYRIGHT LICENSE 

I hereby grant to Simon Fraser University the right 

to lend my thesis, project or extended essay (the title of 

which is shown below) to users of the Simon Fraser University 

Library, and to make partial or s i n ~ ~ e  copies only for such 

users or in response to a request from the library of any other 

university, or other educational institution, on its own behalf 

or for one of its users. I further agree that permission for 

multiple copying of this work for scholarly purposes may be 

granted by me or the Dean of Graduate Studies. It is 

understood that copying or publication of this work for 

financial gain shall not be allowed without my written 

permission. 

Title of ~hesis/Project/Extended Essay 

Author: 
(Signature) 

f 
(Name) 

(Date) 



ABSTRACT 

E l e c t r o n i c  s p e c t r a l  p r o p e r t i e s  o f  t e r t i a r y - b u t y l  

p h t h a l o c y a n i n e  (TBH2Pc) i n  a  4.2K n-hexadecane (C16) m a t r i x  were 

i n v e s t i g a t e d .  A clear d o u b l e t  i n  t h e  0-0 f l u o r e s c e n c e  r e g i o n  was 

r e c o r d e d ,  r e p r e s e n t i n g  a  -20 c m - l  S t o k e s  s h i f t  d u e  t o  a  

d i f f e r e n t  p r o t o n  geomet ry  ( m o l e c u l a r  t a u t o m e r i s m )  i n  t h e  c e n t r e  

of t h e  m o l e c u l e .  W e l l  r e s o l v e d  f l u o r e s c e n c e  a n d  f l u o r e s c e n c e  

e x c i t a t i o n  s p e c t r a  were a l s o  r e c o r d e d  a n d  assigned. 

P h o t ~ c h e m i c a l  i n t e r c o n v e r s i o n  between t h e  t a u t o m e r s  was s t u d i e d  

by  t h e  i n t e n s i t y  v a r i a t i o n  o f  f l u o r e s c e n c e  b a n d s  a s  a f u n c t i o n  

o f  t i m e .  The t r a n s f o r m a t i o n  s a t u r a t e d  i n  s e v e r a l  t e n s  t o  two 

h u n d r e d s  o f  m i l l i s e c o n d s  u n d e r  o u r  pumping c o n d i t i o n s .  S i m i l a r  

i n v e s t i g a t i o n s  o f  t h e  complex  i n  s o l i d  n - n o n a n e  ( C g ) ,  n- 

t e t r a d e c a n e  (C12) and  n - o c t a d e c a n e  ( C I S )  w e r e  a l s o  c a r r i e d  o u t  

on a less d e t a i l e d  scale.  The r e s u l t s  w e r e  compared w i t h  t h o s e  

f o r  free b a s e  p h t h a l c c y a n i n e  (H2Pc )  i n  a  mixed s o l v e n t  m a t r i x  o f  

Or-chloronaphthalene (a-CLN) a n d  n -oc tane  (Cg) . 
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Chapter 1 .  Introduction 

I n  s p e c t r o s c o p i c  s t u d i e s  of molecular  dynamics, some 

m o l e c u l a r  complexes  s u c h  a s  t h e  p o r p h y r i n s  and  t h e  

phtha locyanines  have rece ived  s p e c i a l  a t t e n t i o n .  The porphyrins  

are of importance i n  b io logy ,  medicine and b io-chemis t ry  and 

have been s t u d i e d  e x t e n s i v e l y I 1 ] .  Ph tha locyan ines  ( P C ' s )  a r e  

s i m i l a r  i n  s t r u c t u r e  t o  t h e  porphyr ins .  They a r e  v a l u a b l e  i n  

some commercia l  a p p l i c a t i o n s ,  e . g .  f o r  l a s e r  p a s s i v e  Q 

swi tching[*] ,  a s  dyes[3],  l u b r i c a n t s  [ 4 1 ,  photoconductors~51 and f o r  

t h e i r  p o t e n t i a l  a s  "o rgan ic  me ta l s " .  Besides t h e i r  commercial 

a p p l i c a t i o n  p o t e n t i a l ,  t h e  P C ' s  a r e  a l s o  of i n t e r e s t  f o r  more 

fundamental r easons .  I n  r e c e n t  years ,  t h e r e  has  been inc reas ing  

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

i n t r a m o l e c u l a r  energy t r a n s f e r  i n  l a r g e  molecules  w i t h  many 

v i b r a t i o n a l  d e g r e e s  o f  f reedom and  l a r g e  d e n s i t i e s  of 

v i b r a t i o n a l   state^[^-^]. The h igh  d e n s i t y  of s t a t e s  proJuces  

dynamical p rocesses  which do not  occur  i n  smal l  molecules .  The  

porphyr ins ,  phtha locyanines  and t h e i r  r e l a t e d  compounds a r e  a n  

i n t e r e s t i n g  s e r i e s  of  compounds i n  which t o  s tudy l a r g e  molecule 

dynamics. The molecular  s t r u c t u r e s  f o r  f r e e  base  porphyrin and 

free b a s e  phtha locyanine  molecules a r e  shown i n  F i g .  1 (a)  and 

( b ) .  The s t r u c t u r a l  s i m i l a r i t i e s  a r e  a p p a r e n t .  Many 

s p e c t r o s c o p i c  s t u d i e s  have been done on t h e s e  r n o l e ~ u l e s ~ ~ - ~ "  and 



a) Free base porphyrin 

c) n-octane (C ) 
8 

b) Free base phthalocyanine 

d) Tertiary-butyl group e) Free base tertiary-butyl phthalocyanine 

Fig. 1 The Struetrues of free base porphyrin, free base phthalocyanine, n-octane, 
tertiary-butyl group and free base tertiary-butyl phthalocyanine (all the hydrogens at 
the skeleton of molecules are not shown). 



t h e i r  dynamic b e h a v i o u r  h a s  been  u n d e r s t o o d  p r o g r e s s i v e l y  

b e t t e r .  

The s p e c t r o s c o p y  of  p o r p h y r i n s  p r e s e n t s  no  p a r t i c u l a r  

d i f f i c u l t i e s  s i n c e  a b s o r p t i o n s  and emis s ions  g e n e r a l l y  occu r  i n  

t h e  c o n v e n i e n t  r e g i o n s  o f  t h e  v i s i b l e  s p e c t r u m ,  quantum- 

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

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

i s  a d e q u a t e  i n  many s o l v e n t s  t o  o b t a i n  r e a s o n a b l e  

c o n c e n t r a t i o n s .  The p h t h a l o c y a n i n e s  ( P C ' s )  p r e s e n t  g r e a t e r  

d i f f i c u l t i e s  f o r  a number o f  r e a s o n s .  T h e i r  s o l u b i l i t i e s  a r e  

g e n e r a l l y  v e r y  low, p a r t i c u l a r l y  i n  weakly i n t e r a c t i n g  s o l v e n t s  

such  as  a l k a n e s ,  and  -wi th  t h e  excep t ion  of  t h e  f l u o r e s c e n c e  of 

some o f  them, such  as t h e  free base  PC- t h e i r  quantum y i e l d s  of 

l uminescence  ( p a r t i c u l a r l y  phosphorescence)  are e x t r e m e l y  low 

and  o c c u r  i n  a  less f a v o r a b l e  r e g i o n  f o r  d e t e c t i o n ,  i.e. t h e  

n e a r  i n f r a - r e d ,  between 700nm and 1.1p. The f r e e  b a s e  t e r t i a r y -  

b u t y l  ph tha locyan ine  ( T B H ~ P c ,  see F i g .  1 d and e )  was s y n t h e s i z e d  

s p e c i f i c a l l y  t o  overcome t h e  low s o l u b i l i t y  i n  a l k a n e s  and t h u s  

t o  e n a b l e  r e s e a r c h e r s  t o  o b t a i n  h i g h e r  c o n c e n t r a t i o n s  f o r  

v a r i o u s  s p e c t r o s c o p i c  s t u d i e s ,  b u t  i n  p a r t i c u l a r  f o r  s t u d i e s  of 

p h o t o c h e m i c a l  hole-burning[16-lgj . I t  w a s  w ide ly  e x p e c t e d  t h a t  

t h i s  m o l e c u l e  would i n  o t h e r  r e s p e c t s  s u c h  as  e l e c t r o n i c  

s t r u c t u r e  a n d  i n t r a - m o l e c u l a r  r e l a x a t i o n  p r o c e s s e s ,  behave  

s i m i l a r l y  t o  t h e  o r d i n a r y  f r e e - b a s e  p h t h a l o c y a n i n e  (HzPcf .  The 

TBH2Pc h a s  f o u r  t e r t i a r y - b u t y l  g roups  appended t o  t h e  H2Pc 

s k e l e t o n .  T h i s  raises t h e  q u e s t i o n ,  t o  which  e x t e n t  i t s  

s p e c t r o s c o p i c  and i n  p a r t i c u l a r  i t s  dynamic p r o p e r t i e s  a r e  

3 



indeed s i m i l a r  t o  t h o s e  of  t h e  H2Pc molecule  and t o  which e x t e n t  

t h e r e  e x i s t  s i g n i f i c a n t  d i f f e r e n c e s .  The s t u d y  r e p o r t e d  h e r e  

a d d r e s s e s  t h i s  q u e s t i o n  expe r imen ta l ly .  

The most e x t e n s i v e  s t u d i e s  of  t h e  v i b r o n i c  l e v e l s  o f  H2Pc 

were i n  S h p o l ' s k i i  o f  mixed s o l v e n t s ,  i . e .  a- 

c h l o r o n a p h t h a l e n e  and  n - ~ c t a n e r ~ ~ ~ ~ ~ ]  (C8 as i n  F i g .  l c )  . I n  such 

m a t r i c e s  t h e  g u e s t  molecule  occupies  s p e c i f i c  w e l l  d e f i n e d  s i t e s  

i n  an  assembly o f  m i c r o c r y s t a l s .  Also t h e  i n t e r a c t i o n  w i t h  t h e  

h o s t  m a t r i x  i s  s u f f i c i e n t l y  weak  t o  a l l o w  s t r o n g  0-0 ( t h e  0 

r e f e r s  t h e  v i b r a t i o n a l  quantum number o f  t h e  r e s p e c t i v e  

e l e c t r o n i c  s t a t e )  l i n e s  a s  w e l l  as v i b r o n i c  l e v e l s  t o  b e  

observed  i n  f l u o r e s c e n c e  and f l u o r e s c e n c e  e x c i t a t i o n .  Because of  

t h e  improved s o l u b i l i t y  o f  t h e  TBH2Pc i n  p u r e  a l k a n e s ,  a  v a r i e t y  

o f  t h e s e  a l k a n e  s o l v e n t s  w e r e  t r i e d  and t h e  sample p r e p a r a t i o n  

i s  r e p o r t e d  i n  c h a p t e r  2 .  D e t a i l e d  f l u o r e s c e n c e  and  f l u o r e s c e n c e  

e x c i t a t i o n  s p e c t r a  are p r e s e n t e d  and d i s c u s s e d  i n  c h a p t e r  3 .  

Of p a r t i c u l a r  i n t e r e s t  i n  t h e  free-base PC (as w e l l  a s  t h e  

p o r p h y r i n )  i s  t h e  p o s s i b i l i t y  o f  p h o t o t r a n s f o r m a t i o n  between 

isomers. These isomers r e s u l t  from t h e  r e l a t i v e  p o s i t i o n s  o f  t h e  

two c e n t r a l  hydrogens  i n  t h e  su r round ing  r i n g  s t r u c t u r e ,  which 

h a s  a b a s i c  m o l e c u l a r  D 2 h  symmetry w h e t h e r  i s o l a t e d  o r  

i n c o r p o r a t e d  i n t o  a r n a t r i ~ [ ~ ~ - ~ ~ ]  . Depending on t h e  e x a c t  n a t u r e  

o f  t h e  g u e s t  m a t r i x ,  t h e  two i s o m e r i c  s t r u c t u r e s  d i f f e r  i n  

a b s o r p t i o n ,  f l u o r e s c e n c e  and f l u o r e s c e n c e  e x c i t a t i o n  s p e c t r a  by 

anywhere  i n  t h e  o r d e r  o f  t e n s  o f  wavenumbers. D i f f e r e n c e s  

between t h e  s p e c t r a  o f  d i f f e r e n t  s i t e s  are o f  t h e  o r d e r  o f  

wavenumbers a n d  w i t h  l i n e w i d t h s  i n  t h e  S h p o l ' s k i i  matrices o f  



from 2 t o  5 c m - l ,  d i f f e r e n t  s i t e s  and d i f f e r e n t  i somers  can be 

s e l e c t i v e l y  e x c i t e d .  The p h o t o t r a n s f o r m a t i o n ,  i n  which 

e x c i t a t i o n  i n t o  t h e  v i b r o n i c  s t r u c t u r e  of  one isomer can r e s u l t  

w i t h  some p r o b a b i l i t y  i n  t h e  two c e n t r a l  hydrogens  s w i t c h i n g  

p o s i t i o n  t o  t h e  o t h e r  isomer ,  can t h e n  r e s u l t  i n  a r e d u c t i o n  of 

t h e  p o p u l a t i o n  o f  t h e  e x c i t e d  s p e c i e s .  T h i s  i s  t h e  b a s i s  of  

photochemical  ho le -burn ing  i n  H2Pc and T B H ~ P C [ ~ ~ - ~ ~ * ~ ~ - ~ ~ ~  where t h e  

d e p l e t i o n  o f  one s p e c i e s  shows a s  a l lho le"  i n  t h e  a b s o r p t i o n  

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

pho to t r ans fo rma t ion  i s  n o t  y e t  f u l l y  unders tood .  But whatever 

Fig. 2 Potential energy curves in the Pc molecule 



t h e  e x a c t  n a t u r e  o f  t h e  t r a n s f o r m a t i o n  pathway, one u s u a l l y  

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

p o t e n t i a l  a s  d e p i c t e d  i n  F i g u r e  2 .  Th is  double  w e l l  p o t e n t i a l  i s  

caused  by t h e  D 2 h  p o i n t  g roup  symmetry o f  t h e  molecu le  i n  t h e  

S h p o l ' s k i i  m a t r i x  r e f e r r e d  t o  e a r l i e r .  F o r  t h e  m e t a l  

p h t h a l o c y a n i n e s ,  t h e  double  w e l l  p o t e n t i a l  i s  t h e  r e s u l t  o f  a  

c r y s t a l  f i e l d  s t a b i l i z e d  J a h n - T e l l e r  e f f e c t  i n  t h e  S h p o l ' s k i i  

Fo r  t h e  TBH2Pc molecule ,  one assumes t h a t  it a l s o  

p o s s e s s e s  such a double  p o t e n t i a l  w e l l  and t h i s  model i s  used  t o  

a n a l y z e  t h e  d a t a ,  a l t h o u g h  d e t a i l e d  knowledge o f  t h i s  doub le  

w e l l  p o t e n t i a l  i s  n o t  a v a i l a b l e .  The expe r imen t s  d e s c r i b e d  i n  

t h i s  t h e s i s  on t h e  dynamics o f  t h e  p h o t o t r a n s f o r m a t i o n  and  

r e p o r t e d  i n  c h a p t e r  3 were per formed t o  assis t  i n  p r o v i d i n g  

u s e f u l  i n fo rma t ion  on t h i s  q u e s t i o n .  Such expe r imen t s  were done 

i n  t h i s  l a b o r a t o r y  by Chen e t  a l .  on H ~ P C ~ ~ ~ I  and  w e  employed t h e  

same t echn ique ,  i n  which we f o l l o w  t h e  f l u o r e s c e n c e  i n t e n s i t y  a s  

a f u n c t i o n  of  t i m e  i n  r e p e a t e d  on-off c y c l e s  of  e x c i t a t i o n .  A s  

commented on i n  t h e  d i s c u s s i o n  it was found t h a t  t h e  dynamics of  

t h e  p h o t o t r a n s f o r m a t i o n  do  behave q u i t e  d i f f e r e n t l y  i n  t h e  two 

molecu les .  

I n  summary, t h e  p u r p o s e s  o f  t h i s  t h e s i s  were  t o  

i n v e s t i g a t e  I), whether such  a l a r g e  molecule  as TBH2Pc can have 

good S h p o l ' s k i i  s p e c t r a  i n  some a l k a n e s ;  21, t h r o u g h  a d e t a i l e d  

s t u d y  o f  e l e c t r o n i c  and  v i b r a t i o n a l  s tates t o  get s t r u c t u r a l  

i n • ’  ormat i o n  on t h e  TBH2Pc molecu le  i n  Shpol  ' s k i i  matrices from 

t h e  e l e c t r o n i c  and  v i b r o n i c  s p e c t r a  and t o  compare t h e  r e s u l t s  

of TBH2Pc w i t h  t h o s e  o f  H2Pc t o  o b t a i n  i n f o r m a t i o n  on how t h e  



outside te r t ia ry-buty l  groups a f f e c t  the  e lec t ronic  and vibronic 

s t a t e s ;  3 ) ,  through t h e  s t u d i e s  of t h e  photochemical 

transformation t o  get information on energy t r ans fe r  processes. 

The number of normal modes capable of coupling w i t h  the 

observed al,(K)-eg(K*) e l e c t r o n i c  t r a n s i t i o n  i s  enormous, the  

vibronic spectra  and photochemical transformations observed are  

complicated and hence the  ana lys is  of t h e  data  i s  done only 

q u a l i t a t i v e l y .  However, it i s  believed t h a t  t h i s  work w i l l  

provide a  u s e f u l  b a s i s  f o r  f u r t h e r  s t u d i e s  of e i t h e r  a 

theore t i ca l  or  an experimental nature.  

I n  chapter 2 ,  a  de ta i l ed  descr ipt ion of the  experimental 

se tup,  apparatus  used and how t h e  samples were prepared i s  

presented.  In chapter 3, we w i l l  present t h e  r e s u l t s  of the  

Shpol ' s k i i  e f f e c t  of TBH2Pc i n  d i f f e ren t  alkane solvents .  Based 

on t h e  double we11 p o t e n t i a l  and some o t h e r  models the  

f luorescence and fluorescence e x c i t a t i o n  spec t ra  obtained i n  

various good Shpo l ' sk i i  matrices a r e  assigned and discussed.  

Comparison of t h e  r e s u l t s  of TBH2Pc and those of H2Pc w i l l  be 

made within each sec t ion .  Final ly ,  the  r e s u l t s  of photochemical 

transformation a r e  presented and some simple models t o  explain 

the  phenomenon a re  introduced. A l l  the  r e s u l t s  a re  summarised i n  

t he  chapter 4 conclusions. 



Chapter 2 .  Expeximental 

The basic experimental setup is shown in Fig.3. More 

detailed descriptions of the component parts are presented in 

the following sections: 
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Fig. 3 Experimental setup 
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2 . 1  Spectrometer and System C a l i b r a t i o n  

The spec t rometer  used was a  Spex 1 /2  m double g r a t i n g  

monochromator. The s i g n a l  d i f f r a c t e d  by t h e  spec t romete r  was 

c o l l e c t e d  by an I T T  FW130 (S20) p h o t o m u l t i p l i e r  t u b e  cooled t o  

--20•‹C with  a  d ry - i ce  a l coho l  mixture .  A f t e r  d i s c r i m i n a t i o n  and 

a m p l i f i c a t i o n ,  t h e  o u t p u t  s i g n a l  was p r o c e s s e d  by a  photon 

coun te r  (P r ince ton  Applied Research, SS1110) . The i n t e n s i t y  of 

t h e  ou tpu t  was d i g i t a l l y  s t o r e d  and could be d i sp layed  a s  photon 

count r a t e  with t h e  h e l p  of a  PC .  

There a r e  t h r e e  s l i t s  i n  t h e  spectrometer  t o  c o n t r o l  t h e  

t h e  r e s o l u t i o n  and reduce s t r a y  l i g h t  throughput .  The second and 

t h i r d  s l i t s  were kept  a t  a  f i x e d  s e t t i n g  and only  t h e  en t rance  

s l i t  width  was changed i n  t r a d e - o f f s  between i n t e n s i t y  and 

r e s o l u t i o n .  When measuring t h e  l a s e r  l i n e ,  t h e  s l i t  was s e t  t o  

25p, and when t a k i n g  t h e  f luorescence  of t h e  sample, t h e  s l i t  

was u s u a l l y  set t o  200p. This  cor responds  t o  a  r e s o l u t i o n  of 

0 .5  em-1 and 4 cm-I ( t o  6328 A l i n e )  r e s p e c t i v e l y .  

There a r e  two 5 - d i g i t  mechanical  c o u n t e r s  on t h e  

spec t romete r  which permi t  a  s e t t i n g  t o  0.1. cm-I p r e c i s i o n .  We 

o n l y  used t h e  coun te r  which d i s p l a y s  a b s o l u t e  wavenumbers. In 

f a c t ,  because t h e  spec t rometer  had been used f o r  a  long t ime,  

t h e  wavenumber d i s p l a y e d  on t h e  counter  had been s h i f t e d  from 

t h e  t r u e  wavenumber by few of  wavenumbers. Hence, w e  had t o  

c a l i b r a t e  t h e  spec t rometer .  



The c a l i b r a t i o n  o f  t h e  s p e c t r o m e t e r  s y s t e m  which i n c l u d e d  

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

t w o  p a r t s .  One was t h e  c a l i b r a t i o n  o f  t h e  wavenumber s e t t i n g ,  

t h e  o t h e r  was t h e  c a l i b r a t i o n  o f  t h e  a b s o l u t e  s p e c t r a l  r e s p o n s e  

of t h e  s y s t e m .  W e  u s e d  a  neon lamp t o  c a l i b r a t e  t h e  wavenumber 

s e t t i n g  w i t h  t h e  w e l l  known neon e m i s s i o n  l i n e s .  By compar ing  

t h e  d i s p l a y e d  wavenumber w i t h  t h e  known t r u e  n e o n  l i n e  

wavenumber ,  w e  c o u l d  g e t  t h e  wavenumber e r r o r  o f  t h e  

s p e c t r o m e t e r .  F o r  t h e  wavenumbers be tween  a n y  two  known neon 

l i n e s ,  w e  l i n e a r l y  i n t e r p o l a t e d  t h e  e r r o r .  

To c a l i b r a t e  t h e  s p e c t r a l .  r e s p o n s e  f u n c t i o n ,  w e  u s e d  a n  

EOA L - 1 0 1  S p e c t r a l  I r r a d i a n c e  s t a n d a r d  lamp w h i c h  p e r m i t s  

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

s p e c t r a l  r e s p o n s e  o f  t h e  o p t i c a l  s y s t e m  i n  t h e  w a v e l e n g t h  r a n g e  

f r o m  2500A t o  2 . 6 p .  The s p e c t r o m e t e r  was moved t o  t h e  t r u e  

wavenumber o b t a i n e d  f rom t h e  n e o n  lamp c a l i b r a t i o n ,  a n d  t h e  

i n t e n s i t y  c o u n t  on t h e  pho ton  c o u n t e r  w a s  r e a d  a n d  compared w i t h  

t h e  c o r r e s p o n d i n g  i n t e n s i t y  o f  t h e  s t a n d a r d  lamp o b t a i n e d  f rom 

t h e  p u b l i s h e d  o p e r a t i n g  c h a r a c t e r i s t i c s  o f  t h e  lamp a t  t h e  same 

wavenumber. F o r  t h e  wavenumbers be tween a n y  t w o  known l i n e s  w e  

a g a i n  u s e d  l i n e a r  i n t e r p o l a t i o n .  From t h i s  compar i son  w e  c o u l d  

o b t a i n  t h e  c o r r e c t i o n  f a c t o r s ;  i f  w e  c h o s e  some p o i n t  a s  one  

u n i t ,  t h e n  w e  knew t h e  r e s p o n s e  of t h e  s y s t e m .  Both  c a l i b r a t i o n  

c u r v e s  f o r  wavenumber  and i n t e n s i t y  r e s p o n s e  f o r  o u r  

s p e c t r o m e t e r  s y s t e m  a r e  shown i n  F i g . 4  a n d  t a b l e  1. The maximal 

error in t h e  p o s i t i o n  was t h e n  w i t h i n  f 2  c m - l .  



Fig. 4a Spectrometer readout calibration 
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Fig. 4b The spectrometer intensity response calibration. 



Table 1 The C a l i b r a t i o n  of Spectrometer 

Standard neon l i n e  Deviation of Compensation of 
p o s i t i o n  (cm-l) spectrometer  (cm-l) i n t 5 n s i t y  

2 . 2  E x c i t a t i o n  

Whereas f o r  f luorescence  s p e c t r a  t h e  sample was e x c i t e d  

a t  a s p e c i f i c  wavelength corresponding t o  an a b s o r p t i o n  and t h e  

l i g h t  emi t t ed  by t h e  sample was focused on t h e  e n t r a n c e  s l i t  of 

t h e  monochromator, which was t h e n  scanned through t h e  spectrum, 

f o r  t h e  f l u o r e s c e n c e  e x c i t a t i o n  s p e c t r a  t h e  monochromator was 

s e t  a t  a f i x e d  s p e c i f i c  f l u o r e s c e n c e  l i n e  and t h e  e x c i t a t i o n  

wavelength was scanned whi le  t h e  i n t e n s i t y  of  t h e  f luorescence  

l i n e  was monitored. 



The sample was e x c i t e d  by a  multi-mode dye l a s e r  (CR599, 

by Coherent Rauia t ion)  which was pumped through an ~ r +  laser  (I- 

S2-4, a l s o  ky Ccherent R a d i a t i o n ) .  The dye used i n  t h e  dye l a s e r  

was DCY (by Exci ton Chemical Co.) which could g i v e  t h e  d e s i r a b l e  

power i n  t h e  wavelength range of  i n t e r e s t .  The t y p i c a l  DCM dye 

l a s e r  ou tpu t  ob ta ined  i s  shown i n  Fig .5a .  The dye l a s e r  output  

might vary  under d i f f e r e n t  opera t ion  cond i t ions .  

A t  t h e  beginning of  t h i s  s tudy,  t h e  ~ r '  l a s e r  output  was 

around 4 W  a t  f u l l  power ( a l l  l i n e s ) .  Severa l  months l a t e r ,  t h e  

Arg-on l a s e r  power was reduced t o  about 3 W  which s t i l l  gave good 

r e s u l t s .  When t h e  power of t h e  ~ r +  l a s e r  was about 4W, t h e  dye 

l a s e r  had an output  0-220 mW. Afte r  t h e  power of  t h e  pumping 

Table 2 The Dye Laser C a l i b r a t i o n  

Micrometer Corresponding Dye l a s e r  
p o s i t i o n  (mm) wavenumnber ( cm-l) ou tpu t  (mW) 



Fig. 5a Dye Laser output curve 
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Fig. 5b Example of the laset output shape. 

Fig. E The rc ladow between mimmter serring and output wavenanber of dye laser. 



l a s e r  decayed t o  3W, t h e  dye l a s e r  gave an ou tpu t  of 0-130 mW. 

In  t h e  range of DCM l a s e r  output ,  t h e  l a s e r  l i n e s  had a  width of 

2  cm-l. An example of dye l a s e r  l i n e  shape i s  given i n  Fig .5b .  

The dye l a s e r  wavelength was changed by a low l o s s  

c r y s t a l l i n e - q u a r t z  b i r e f r i n g e n t  f i l t e r  i n s e r t e d  i n  t h e  highly 

s t a b l e  t h r e e - m i r r o r  c a v i t y .  The f i l t e r  c o n s i s t e d  of p l a t e s  

o r i e n t e d  a t  B r e w s t e r ' s  a n g l e  w i t h  o p t i c a l  a x i s  i n  t h e  f a c e  of 

t h e  p l a t e .  Ro ta t ion  of t h e  p l a t e s  about an a x i s  normal t o  t h e  

s u r f a c e s  changed t h e  o u t p u t  wavelength.  The r o t a t i o n  of t h e  

p l a t e  was c o n t r o l l e d  by a  micrometer which could  be c o n t r o l l e d  

by a s t epp ing  motor. To ob ta ined  opt imal  ou tpu t ,  t h e  mi r ro r s  of 

t h e  dye l a s e r  were f r eq>len t ly  a d j u s t e d .  Thus a  s p e c i f i c  p o s i t i o n  

o f  t h e  micrometer  d i d  n o t  c o r r e s p o n d  always t o  t h e  same 

wavelength.  Once t h e  adjustment  was done and t h e  micrometer vs .  

wavelength  o b t a i n e d ,  no f u r t h e r  changes o c c u r r e d .  Because 

read ing  of t h e  numbers on t h e  micrometer was very important f o r  

t h e  f luorescence  e x c i t a t i o n  experiments,  t h e  c a l i b r a t i o n  of d y e  

l a s e r  had t o  be redone a f t e r  each e x c i t a t i o n  experiment  t o  

double check t h e  wavelength f o r  each p o s i t i o n  of  t h e  micrometer. 

U s u a l l y  we o n l y  c a l i b r a t e d  some s p e c i f i c  p o i n t s  on t h e  

micrometer such as a t  500, 525, 550, . . . 875,  900mm ( a l s o  see 

Tab le  2 ) .  For  t h e  p o i n t s  i n  between t h e s e  s e t t i n g s ,  w e  used 

l i n e a r  i n t e r p o l a t i o n .  One such c a l i b r a t i o n  of t h e  dye l a s e r  i s  

shown i n  F i g . 5 ~ .  



2 . 3  Sample a n d  P r e p a r a t i o n  

A l l  t h e  TBH2PC sample  u s e d  i n  t h e  e x p e r i m e n t s  was k i n d l y  

d o n a t e d  by P r o f e s s o r  D .  Haase r  ( U n i v e r s i t a t  B a y r e u t h ,  I n s t i t u t e  

fiir E x p e r i m e n t a l  P h y s i k  I V ,  Germ.any) a n d  was u s e d  w i t h o u t  any  

f u r t h e r  p u r i f i c a t i o n .  A t  room t e n p e r a t u r e ,  t h e  TBH2Pc sample i s  

a  g r e e n i s h - b l u e  powder .  The s o l v e n t s  u s e d  i n c l u d e d  n-Octane  

( C 8 )  , n-Nonane ( C 9 ) ,  n-Decane ( C l ~ )  , n - T e t r a d e c a n e  ( C 1 4 )  , 

Nexadecane  ( C 1 6 ) ,  H e p t a d e c a n e  ( C 1 7 )  a n d  O c t a d e c a n e  ( C I 8 )  by  

A l d r i c h  Chemical  Company, n-Duodecane (C12) by  BDH Chemical  L t d  

a n d  I s o - O c t a n e  f r o m  F i s h e r  S c i e n t i f i c  Company. A l l  t h e s e  

c h e m i c a l  s o l v e n t s  have  a  p u r i t y  above 9 9 % .  TBH2Pc w a s  d i r e c t l y  

d i s s o l v e d  i n  t h e  s o l v e n t s  u s u a l l y  w i t h  c o n c e n t r a t i o n s  o f  t o  

10-5 m o l / l i t e r .  

The sample  w a s  p u t  i n  t o  a c l e a n e d  a n d  d r i e d  g l a s s  c e l l  

( p a t h  l e n g t h s l m m ) .  T o  o b t a i n  a  good S h o p l ' s k i i  m a t r i x ,  t h e  

sample  was u s u a l l y  c o o l e d  v e r y  s l o w l y  t o  i t s  f i n a l  t e m p e r a t u r e .  

T h i s  would i n s u r e  optimum e q u i l i b r a t i o n  o f  t h e  TBH2PC m o l e c u l e s  

i n  t h e  S h o p l ' s k i i  m a t r i x  i n t o  o n e  dominant  s i t e  a n d  r e d u c e  t h e  

inhomogeneous w i d t h s  o f  t h e  l i n e  s p e c t r a  a n d  t h e  i n t e n s i t y  o f  

t h e  amorphous  b a c k g r o u n d .  The c o o l i n g  was d o n e  as f o l l o w s :  

f i r s t ,  pumping t h e  vacuum o f  t h e  g l a s s  h e l i u m  dewar  t h a t  

c o n t a i n e d  t h e  s a m p l e  t o  1 0 ' ~  t o  10'~ T o r r  anc? i n s e r t i n g  t h e  

sample ;  second ,  f i l l i n g  t h e  o u t e r  N2 dewar less thar!  h a l f  f u l l ;  

b e c a u s e  t h e  l i q u i d  n i t r o g e n  a n d  sample  were t h u s  s e p a r a t e d  by a 

vacuum l a y e r ,  t h e  f r e e z i n g  p r o c e s s  w a s  v e r y  s l o w .  F o r  example,  



.it t o o k  more t h a n  o n e  h o u r  f o r  TBHzPC i n  Hexadecane  a n d  2-3 

h o u r s  i n  n-Octane t o  be f r o z e n  i n  t h i s  way. A f t e r  t h e  sample  had 

c o o l e d  t o  l i q u i d  n i t r o g e n  t e m p e r a t u r e  l i q u i d  h e l i u m  was 

t r a n s f e r r e d  i n t o  t h e  c r y o s t a t .  The s a m p l e  c e i l  w a s  d i r e c t l y  

i m m e r s e d  i n  l i q u i d  h e l i u m  a n d  t h i s  i n s u r e d  t h a t  t h e  sample  was 

a lways  a t  4.2K f o r  t h e  s u b s e q u e n t  measurements .  T h i s  t e m p e r a t u r e  

c o u l d  b e  m a i n t a i n e d  f o r  a p p r o x i m a t e l y  4 h o u r s .  

2 . 4  Da ta  A c q u i s i t i o n  a n d  P r o c e s s i n g  

The d a t a  a c q u i s i t i o n  s y s t e m  w a s  c o n t r o l l e d  a n d  m a n i p u l a t e d  

b y  a n  IBM c o m p a t i b l e  PC/AT c o m p u t e r .  The s o f t w a r e  u s e d  was 

c a l l e d  MONO, it w a s  d e v e l o p e d  by  D e n n i s  Sweatman a n d  Wayne 

G a r r e t  i n  t h e  D e p t .  o f  C h e m i s t r y  a t  t h e  U n i v e r s i t y  o f  

Q u e e n s l a n d ,  A u s t r a l i a  a n d  made a v a i l a b l e  t o  u s  b y  D r .  Peter  

M i l f o r d  (now a t  t h e  Dep t .  o f  Astronomy, S t a n f o r d  U n i v e r s i t y ) .  

The MONO c o n t r o l  p r o g r a m  was w r i t t e n  i n  F o r t r a n  a n d  

Assemble r  l a n g u a g e s  a n d  compi led  w i t h  M i c r o s o f t  F o r t r a n  4 . 0 1  and 

M i c r o s o f t  Mic ro  A s s e m b l e r  v e r s i o n  4 . 5 .  The c o n t r o l  program was 

d i v i d e d  i n t o  a main p rogram a n d  a  l a r g e  number o f  s u b r o u t i n e s .  

The main  p rogram h a n d l e d  t h e  command d e c o d i n g  a n d  many o f  t h e  

commands a n d  t h e  s u b r o u t i n e s  h a n d l e d  i n d i v i d u a l  r o u t i n e s  a n d  

attempted t o  i so la te  a l l  d e v i c e  d e p e n d e n c i e s .  

MONO c a n  m a n i p u l a t e  t h e  s p e c t r o m e t e r ,  s u c h  a s  move t h e  

rnonochromater c o u n t e r  t o  a s p e c i f i c  wavenumber by  s e n d i n g  p u l s e s  

t o  stepper m o t o r  which r o t a t e s  t h e  g r a t i n g ,  o n e  s t e p  i n  t h e  



s t e p p e r  motor e q u a l i n g  0 . 0 2  cm-I e t c .  More i m p o r t a n t l y ,  w i t h  t h e  

MONO program, t h e  monochromator s cans  ove r  a range  o f  i n t e r e s t e d  

wavenumbers o r  c o n t i n u o u s l y  t a k e s  d a t a  a t  some s p e c i f i c  

wavenumber f o r  a p r e - s e t  t i m e  which can be set from microseconds 

t o  s e v e r a l  seconds on t h e  SSR photon c o u n t e r  w i l l  b e  v e r y  e a s y .  

The p h o t o n  c o u n t e r  p r o c e s s e d  t h e  s i g n a l  f rom t h e  

p h o t o m u l t i p l i e r .  The r e s u l t  w a s  d i s p l a y e d  on t h e  c o u n t e r  i n  

u n i t s  o f  photons  p e r  second.  On t h e  o t h e r  hand, t h e  r e s u l t  w a s  

a l s o  d i r e c t l y  s e n t  t o  t h e  computer and d i s p l a y e d  on t h e  s c r e e n  

o f  t h e  computer .  The "save"  command w a s  u s e d  t o  s a v e  a l l  o u r  

o r i g i n a l  d a t a  o f  s i g n i f i c a n c e .  

The MONO program was used mainly f o r  d a t a  a c q u i s i t i o n .  Some 

f u r t h e r  d a t a  p r o c e s s i n g  such  as c a l i b r a t i n g  t h e  s aved  d a t a  and 

changing  a x i s  scales was done w i t h  t h e  h e l p  o f  programs w r i t t e n  

by D r .  W .  H .  Chen (a v i s i t i n g  p r o f e s s o r  a t  S F U  from t h e  Dept of  

E l e c t r o p h y s i c s ,  Na t iona l  Chiao-Tung U n i v e r s i t y ,  Ta iwan) .  Because 

t h e  d a t a  saved by MONO w a s  o n l y  a s i n g l e  column o f  numbers which 

r e p r e s e n t e d  t h e  i n t e n s i t y  o f  t h e  s i g n a l ,  t h e s e  d a t a  had  t o  be  

c o n v e r t e d  t o  p l o t s  of i n t e n s i t y  v s  wavenumber o r  i n t e n s i t y  v s  

t i m e  w h i l e  a t  t h e  same t i m e  i n c o r p o r a t i n g  t h e  c a l i b r a t i o n s  o f  

t h e  s p e c t r o m e t e r  and  t h e  dye l aser .  Then t h e  d a t a  c o u l d  be  

a n a l y z e d .  M o s t  o f  t h e  g r a p h i c s  p l o t t e d  a s  w e l l  as  d a t a  

m a n i p u l a t i o n  w e r e  p e r f o r m e d  w i t h  a commerc ia l  s p r e a d s h e e t  

s o f t w a r e  c a l l e d  Q u a t t r o  P r o  by Poland Company. Al though it was 

n o t  des igned  s p e c i f i c a l l y  f o r  u s e  i n  p h y s i c s ,  it performed ve ry  

a d e q u a t e l y .  



Chapter 3. Results and discussion 

B e f o r e  i n t r o d u c i n g  the  r e s u l t s  of a c t u a l  measurements ,  

t h e  S h p o l l s k i i  effect a n d  i t s  m a n i f e s t a t i o n s  as t h e y  p e r t a i n  t o  

t he  free base p h t h a l o c y a n i n e s  are d i s c u s s e d  i n  s e c t i o n  3 . 1  a s  i s  

t h e  n a t u r e  of t h e  s ta tes  o f  t h e  H2Pc ( a n d  TBHzPc) m o l e c u l e  i n  a  

S h p o l l  s k i i  m a t r i x .  I n  s e c t i o n  3 . 2  Shpo l  ' s k i i  s p e c t r a  o f  TBH2Pc 

i n  a v a r i e t y  of a l k a n e s  are shown a n d  t h e i r  c h a r a c t e r i s t i c s  a r e  

commented upon.  A v e r y  detai led p r e s e n t a t i o n  a n d  d i s c u s s i o n  o f  

t h e  S h p o l ' s k i i  f l u o r e s c e n c e  a n d  f l u o r e s c e n c e  e x c i t a t i o n  s p e c t r a  

of TBHzPc i n  Cg ,  C1zf C16 a n d  C18, w i t h  p a r t i c u l a r  e m p h a s i s  on 

C16f i s  g i v e n  i n  s e c t i o n s  3 .3  a n d  3 . 4 .  S e c t i o n  3 . 5 ,  f i n a l l y ,  

deals w i t h  t he  p h o t o t r a n s f o r m a t i o n  o f  TBH2Pc i n  C 1 6  a n d  C 1 8  

matrices ( s c h e m a t i c a l l y  shown i n  F i g . 2 6 ) .  T h i s  t r a n s f o r m a t i o n  

has s o m e  u n u s u a l  a s p e c t s  t h a t  are d i s c u s s e d .  Comparison o f  t h e  

r e s u l t s  of f l u o r e s c e n c e ,  f i u o r e s c e n c e  e x c i t a t i o n ,  photochemical 

t r a n s f o r m a t i o n  a n d  o t h e r  r e s u l t s  p e r t a i n i n g  t o  TBH2Pc w i t h  t h o s e  

of H2Pc are made w i t h i n  e a c h  of t h e  a p p r o p r i a t e  s e c t i o n s  of t h i s  

chapter. 

3.1 S h p o l ' s k i i  E f f e c t  a n d  t h e  E l e c t r o n i c  S t a t e s  of TBH2Pc 

The S h p o l ' s k i i  effect arises when g u e s t  m o l e c u l e  s p e c i e s  

dissolved i n  a host  s o l v e n t  s o l i d i f y  i n  s u c h  a way t h a t  a 

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



well defined sites inside the largely crystalline host matrix. 

In such a situation, when the host-guest interaction is 

sufficiently weak, the guest molecules associated with a 

specific local environment will, at sufficiently low 

temperatures, exhibit sharp line spectra in absorption and, if 

applicable, in emissions. The lines corresponding to specific 

vibronic and electronic transitions characterize the guest 

molecule in the specific micro-environment, the so-called 

"cage". To obtain Shpol 'skii spectra then, two conditions have 

to be met: the guest must have a reasonable fit into vacancies 

of the host-crystal, and the coupling between the phonons in the 

host matrix and the guest molecules must be weak. For the latter 

condition to be met, it is necessary, but not sufficient, to 

operate at low temperatures. Hence, good Shpol'skii spectra are 

usually obtained at liquid helium temperatures. Alkanes, with 

their low polarizability compared with aromatlc solvents and a 

well defined crystal structure at low temperatures have been 

favoured solvents for obtaining Shpol'skii spectra of porphyrins 

as we11 as phthalocyanine~[~~~~~1. Their disadvantage, in 

particular for use with phthalocyanines, lies in the fact, that 

the Pc's usually do not dissolve sufficiently well in alkanes to 

obtain the concentrations necessary for spectra with reasonable 

signal to noise ratios. The technique developed in this 

laboratory to obtain useable Shpol'skii spectra with Pc's has 

been to use mixed solvents[151 of a-chloronaphthalene (a-ClN) 

with alkanes. In this method the PC of interest is first 

dissolved in a - C l N ,  which is one of the best solvents for Pcls, 



and t h e n  t h e  s o l u t i o n  i s  d i l u t e d  wi th  t h e  a p p r o p r i a t e  a l k a n e  by 

a  f a c t o r  of  between 3 and 1 0 .  Good S h p o l ' s k i i  s p e c t r a  were t h u s  

o b t a i n e d  and it was proved t h a t  t h e  p r e s e n c e  o f  t h e  a - C 1 N  d i d  

no t  a f f e c t  t h e  spec t ra [ l31 .  

A s  mentioned i n  t h e  i n t r o d u c t i o n  TBH2Pc  was developed t o  

overcome t h e  s o l u b i l i t y  p rob lem o f  t h e  cormal  H2Pc i n  pure  

a l k a n e s  a n d  it w a s  commonly a s s u m ~ d  t h a t  i t s  e l e c t r o n i c  

p r o p e r t i e s  and t h e  dynamics of t h e  p h o t o t r a n s f o r m a t i o n  between 

i t s  two i somers  ( r e l a t i v e  p o s i t i o n  of  t h e  c e n t r a l  two p r o t o n s  

w i t h  r e s p e c t  t o  t h e  r)2h symmetry axes  of  t h e  "cagedw molecule a s  

i n  F i g .  1) would be  u n a f f e c t e d  by t h e  a d d i t i o n  of  t h e  t e r t i a r y  

b u t y l  groups on t h e  o u t s i d e  of t h e  PC r i n g  s t r u c t u r e .  

I n  g e n e r a l ,  i f  one wishes  t o  u s e  S h p o l ' s k i i  s p e c t r a  t o  

o b t a i n  i n f o r m a t i o n  on e l e c t r o n i c  and v i b r o n i c  s t a t e s  e i t h e r  i n  

a b s o r p t i o n  o r  emiss ion ,  one l i k e s  t o  have samples i n  which t h e r e  

i s  o n l y  one dominant s i t e  f o r  t h e  gues t  molecule ,  s o  a s  t o  avoid 

c o n f u s i o n  between s p e c t r a  be long ing  t o  d i f f e r e n t  s i t e s ,  t y p i c a l  

s i t e  d i f f e r e n c e s  b e i n g  i n  t h e  r ange  o f  1 t o  1 0  cm-l .  S u c h  

m u l t i p l e  s i t e  s p e c t r a  can  be s o r t e d  o u t  and i d e n t i f i e d  b e s t  i n  

luminescence e x c i t a t i o n ,  where a p a r t i c u l a r  emiss ion  l i n e  (o f t en  

t h e  s t r o n g e s t  0 -0  t r a n s i t i o n s  i n  f l u o r e s c e n c e  o r  

phosphorescence)  i s  moni tored and a narrow l i n e  ( ~ 2 c m - l )  from a 

t u n a b l e  laser i s  scanned th rough  t h e  a b s o r p t i o n .  

Often one can minimize t h e  format ion  of  m u l t i p l e  si tes by 

s l o w  c o o l i n g  o f  t h e  sample t h rough  t h e  f r e e z i n g  p o i n t ,  t h e r e b y  

f a v o u r i n g  t h e  g u e s t  s e t t i n g  i n t o  c o n f i g u r a t i o n s  t h a t  a re  

t h e r m o d y n a m i c a l l y  f a v o u r e d .  S t i l l ,  e v e n  w i t h  c l e a r l y  



i d e n t i f i a b l e  dominant  s i tes  one  u s u a l l y  f i n d s  a b r o a d  background 

a b s o r p t i o n  ( a n d  e m i s s i o n )  c o r r e s p o n d i n g  t o  a ,  f o r  p r a c t i c a l  

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

c h a r a c t e r i s t i c  of a n  amorphous m a t r i x .  Also ,  e v e n  t h e  d i s c r e t e  

s i t e s  a r e  s t i l l  i n h o m o g e n e o u s l y  b r o a d e n e d  ( p r e s u m a b l y  as a  

r e s u l t  o f  d i f f e r e n c e s  on  t h e  n e x t  t o  n e a r e s t  n e i g h b o u r  

d i s t r i b u t i . c n  of t h e  h o s t  m o l e c u l e s  f o r m i n g  t h e  " c a g e " )  . 
Moreover,  t h e  l i n e  s p e c t r a  a r e  a l s o  s u b j e c t  t o  a  t e m p e r s t u r e  

d e p e n d e n t  homogeneous  l i n e  b r o a d e n i n g  a r i s i n g  f r o m  t h e  

i n t e r a c t i o n  w i t h  t h e  phonon s p e c t r u m  o f  t h e  h o s t  m a t r i x .  I t  i s  

a p p a r e n t  f r o m  t h i s  b r i e f  d e s c r i p t i o n  of t h e  S h p o l  ' s k i i  e f fec t ,  

t h a t  s p e c t r a  r e s u l t i n g  f rom it are n e i t h e r  e a s y  t o  o b t a i n  n o r  

e a s y  t o  i n t e r p r e t  a n d  u n d e r s t a n d .  

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

g e n e r a l  s t a t e m e n t s  r e g a r d i n g  t h e  e l e c t r o n i c  s t r u c t u r e  o f  H 2 P c  

a r e  d e s i r e d .  The f r e e  m o l e c u l e  s t r u c t u r e  i s  c o n s i d e r e d  t o  have  

D2h symmetry which i s  p e r t u r b e d  i n  t h e  "cagew formed by  t h e  h o s t  

c r y s t a l  a n d  h a s  two l o w e s t  e x c i t e d  e l e c t r o n i c  s i n g l e t  s t a t e s :  

t h e  lower  u s u a l l y  r e f e r r e d  t o  a s  t h e  Q, o r ,  i n  t h i s  work, t h e  S 1  

state,  t h e  h i g h e r  a s  t h e  Qy o r  t h e  S2 s t a t e .  T h e i r  s e p a r a t i o n  i s  

t y p i c a l l y  of  t h e  o r d e r  900 c m - I .  A f u r t h e r  s p l i t t i n g  i n  t h e  

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

s p e c i e s ,  l a b e l l e d  i n  t h i s  work by  s u p e r s c r i p t s  s ( ~ )  a n d  st2) and  

d i f f e r i n g  i n  t h e  p o s i t i o n s  o f  t h e  c e n t r a l  p r o t o n s .  The 0-0 

t r a n s i t i o n s  of t h e s e  t a u t o m e r s  d i f f e r  b y  s e v e r a l  1 0 s  o f  c m - I  

d e p e n d i n g  on  t h e  p a r t i c u l a r  h o s t  a n d  s i t e .  W e  a r e  t b u s  d e a l i n g  

i n  o u r  s p e c t r a  w i t h  f o u r  p u r e  e l e c t r o n i c  t r a n s i t i o n s  



so ( L ) + + s 1  tl), so a n d  so ( 2 ) f 3 ~ l  ( 2 1 ,  .SO ( 2 ) t j s 2  ( 2 1 ,  

b e l o n g i c g  t o  e a c h  o f  t h e  two t a u t o m e r i c  s p e c i e s .  

W e  a r e  n o t  c o n c e r n e d  i n  t h i s  s t u d y  w i t h  a n y  h i g h e r  

e l e c t r o n i c  s ta tes  ( t h e  "Sore t -band")  t h a t  o c c u r  a t  m u c h  h i g h e r  

e n e r g i e s .  S i n c e  t h e  t r i p l e t  s t a t e  h a s  s o  f a r  n o t  been  o b s e r v e d  

i n  t h e  f r e e - b a s e  PC, it does n o t  e n t e r  e x p l i c i t l y  e i t h e r  i n  t h i s  

s t u d y .  However, t h e  v i b r a t i o n a l  s t r u c t u r e  o f  t h e  g round  s t a t e  

( o b s e r v e d  i n  f i u o r e s c e n c e  s p e c t r a )  as w e l l  a s  t h e  f i r s t  a n d  

s e c o n d  e x c i t e d  e l e c t r o n i c  s t a t e s  ( o b s e r v e d  i n  f l u o r e s c e n c e  

e x c i t a t i o n )  have  keen  i n v e s t i g a t e d .  

The p h o t o t r a n s f o r m a t i o n  between t h e  t a u t o m r s ,  which i s  

o n e  o f  t h e  m a j o r  m o t i v a t i o n s  f o r  t h i s  s t u d y ,  a r i s e s  when a 

m o l e c u l e  i n  t h e  o r  s t a t e  i s  e x c i t e d  b u t  d o e s  z o t  

r e l a x  t o  i t s  o r i g i n a l  s t a t e  b u t  e n d s  i n  t h e  g r o u n d  s t a t e  o f  t h e  

o t h e r  t a u t o m e r ,  i.e. i n  So ( 2 )  o r  r e s p e c t i v e l y .  I t  s h o u l d  b e  

k e p t  i n  mind t h a t  t h i s  t r a n s f o r m a t i o n  i n v o l v e s  a r e p o s i t i o n i n g  

of t h e  two  c e n t r a l  p r o t o n s  a n d  w i l l  h a v e  a n  e f f e c t  on t h e  

r e la t ive  p o p u l a t i o n  i n  t h e  g round  s t a t e  of t h e s e  tautornews.  I t  

s h o u l d  be s t a t ed  h e r e ,  t h a t  p r i o r  t o  t h i s  s t u d y  no  d e f i n i t e  

i n f o r m a t i o n  e x i s t e d  a s  t o  whether  o r  n o t  t h e r e  was a s i g n i f i c a n t  

d i f f e r e n c e  i n  t h e  g round  s t a t e  e n e r g i e s  o f  t h e  two t a u t o m e r s .  

I n  F i g .  6 w e  show t h e  two 0-0 f l u o r e s c e n c e s  o f  H ~ P c  i n  a 

S h p o l ' s k i i  m a t r i x  o f  Cg.  The t a u t o m e r i c  s p l i t t i n g  i s  s e e n  t o  be 

60 cm'l a n d  t h e  ( inhomogeneousf  l i n e w i d t h  i s  3 - 4  c m - l .  
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The doublet (0-0 transition) of HZPc in $ and aClN matrix under 

excitation of v =I5653 crn' l .  It represents a good Shpol'skii effect.  
ex6: 



3 . 2  S h p o l ' s k i i  S p e c t r a  o f  TBH2Pc 

I n  t h i s  s e c t i o n  l u m i n e s c e n c e  s p e c t r a  o f  TBHzPc i n  a 

v a r i e t y  of a l k a n e s  are p r e s e n t e d .  C g ,  C g ,  C10 ,  C 1 2 ,  C14 ,  C15 ,  C1-1 

a n d  C18  w e r e  u s e d  as  h o s t  s o l v e n t s  i n  a n  a t t e m p t  t o  i d e n t i f y  

t h o s e  a l k a n e s  b e s t  s u i t e d  f o r  f u r t h e r  s t u d y  a n d  ccmpar i son  w i t h  

H2Pc. 

I n  F i g .  7  t h e  v a r i o u s  t y p i c a l  s p e c t r a  o b t a i n e d  with 

s i n g l e  f r e q u e n c y  e x c i t a t i o n  a t  4.2K a r e  shown. The e x c i t a t i o n  

e n e r g i e s  w e r e  c h o s e n  t o  o p t i m i z e  a  d o m i n a n t  s i t e  a n d  t h e  

a s s o c i a t e d  0-0 f l u o r e s c e n c e .  B o t h  amorphous  b a c k g r o u n d  a n d  

number o f  s i t e s  o b s e r v e d  u n d e r  s i n g l e  f r e q u e n c y  e x c i t a t i o n  

v a r i e d  w i d e l y .  The best S h p o l ' s k i i  e f fec t  w i t h  a  dominant  s i t e  

was o b s e r v e d  w i t h  C16, n e x t  came C l 2 ,  C18 and  C g .  C17 t u r n e d  o u t  

t o  show p r a c t i c a l l y  n o  S h p o l ' s k i i  e f fec t  a t  a l l ,  which  may 

s u r p r i s e  i n  v i e w  o f  t h e  good r e s u l t s  o b t a i n e d  w i t h  C16 a n d  (218. 

TBH2Pc seems t o  h a v e  a  good S h p o l ' s k i i  e f f e c t  i n  Cg  and  C 1 0 .  I t  

i s  f o u n d  t h a t  t h e  h i g h  p e a k s  14476 c m - l ,  14412 c m - I  i n  Cg and 

14307 c m - l ,  14282 c m - I  i n  C l o  b e l o n g  t o  d i f f e r e n t  s i t e s .  The two 

p e a k s  o f  14417 c m - I  a n d  14409 c m - I  i n  C14 are from t h e  same si.te,  

b u t  t h e  background  f rom o t h e r  s i tes i s  r e a l l y  s t r o n g .  The 1 4 4 4 7  

crn-I a n d  14321 cm'l p e a k s  i n  C g ,  t h e  14429 c m - I  a n d  1 4 4 1 7  c m - l  

t r a n s i t i o n s  i n  C l 2 ,  t h e  14436 cm' l  a n d  14415 c m - I  p e a k s  in C 1 6  

and 14437 c m - I  a n d  14337 c m - I  i n  C l 8  a r e  f o u n d  t o  b e  from the 

same s i t e  r e s p e c t i v e l y .  Al though  t h e r e  a re  o t h e r  s i t e s  i n  t h e  

s p e c t r a ,  t h e s e  are t he  dominan t  p o s i t i o n s .  One c a n  s a y  t h a t  

TBHzPe has a good S h p o l ' s k i i  effect  i n  Cg, C12, Cis a n d  C l e .  The 
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Fig. 7 0-0 transitions of TBH2Pc in different Shpol'skii matrices. 

All of the recognizable peaks are labeled on each figure. 
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Fig. 7 (continued) 0-0 transitions of TBH2Pc in different Shpol'skii matrices. 

All of the recognizable peaks are labeled on each figure. 



exact reason for t h e  d i f f e r e n t  b e h a v i o c r  02 t h e  TBH2Pc m o l e c u l e  

in tLe v i r i o u s  a l k a n e  matrices would be  a n  i n t e r e s t i n g  s t u d y  i n  

i t s  own r i g h t  t h a t  c o u l d  l e a d  to a be t t e r  p r e d i c t i o n  o f  good 

Shpod ' s k i i  hos ts  fcr s p e c i f i c  g u e s t  s p e c i e s .  C l e a r l y  it must be 

related t o  crystal s t r u c t u r e  o f  h o s t ,  s i z e  of g u e s t ,  a n d  n a t u r e  

gf t h e i r  i n t e r a c t i o n .  Such i n v e s t i g a t i o n s  a r e  beyond t h e  s c o p e  

of this s t u d y .  

I n  F i g .  8 t h e  effect o f  f a s t  c o o l i n g  on t h e  S h p o l ' s k i i  

s p e c t r a  i n  Cg, C12 a n d  C16 i s  shown. Appearance o f  m u l t i p l e  s i tes  

i n  Cg and a s i g n i f i c a n t  b r o a d e n i n g  i n  s p e c t r a  o f  C l 2  a n d  C16 a r e  

e v i d e n t  p o i n t i n g  toward a less u c i f o r m  c r y s t a l l i z a t i o n  p r o c e s s .  

The b r o a d e n i n g  e f f e c t  a t  h i g h e r  t e m p e r a t u r e s  ment ioned  i n  

t h e  p r e v i o u s  s e c t i o n  i s  shown i n  F i g .  9 which compares t h e  0-0 

f l u o r e s c e n c e s  o b t a i n e d  i n  C16 a t  4.2K and 7 7 K  r e s p e c t i v e l y .  

D e t a i l s  of t h e  S h p o l ' s k i i  s p e c t r a  of TBH2Pc i n  Cg, C12 ,  

C16 and  C18 w i t h  s p e c i a l  emphas i s  on  C16 f o r  compar i son  w i t h  H2Pc 

are g i v e n  i n  t h e  f o l l o w i n g  s e c t i o n s .  

3.2.1 E l e c t r o n i c  T r a n s i t i o n s  of TBH2Pc i n  C16 

TBH2Pc i n  C16 shows t h e  best S h p o l ' s k i i  effect among a l l  

t h e  s o l v e n t s  t r i e d  (see F i g . 7 ;  a t o  h). A f t e r  e x c i t a t i o n  w i t h  

selected l a s e r  f r e q u e n c i e s  ( s u c h  as  15305 m i n o r  s i t e s  

w e r e  a c t u a l l y  suppressed. The t w o  0-0 f l u o r e s c e n c e s  o f  TBH2Pc 

i n  w e r e  measured a t  1 4 4 3 6  and  1 4 4 1 5  c m - I  r e s p e c t i v e l y  f o r  

S r  and S 1 t 2 )  w i t h  a 2 1  cn-I s p l i t t i n g .  The f u l l  widths  a t  
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Fig. 8 The dependence of Shpol'skii effect with the cooling raw. A fast cooling 
causes a bad Shpol'skii effect. 



0.010"~ I I I , ,  I I , ,  I I I ,  I I I ,  I I I ,  

14360 24380 14400 14420 14440 14460 1448(3 
Wavenumber (crn-l) 

Wavenmber (an-') 
Fig. 9 The Shpol'skii eIEW also strongly depends on the temperature. TBH2Pc in Ci b: 

a) at 77K; b) at 4.2K under the same other conditions. 



h a l f  maximum (fwhm) of t h e  d o u b l e t  a r e  about  5 and 4 cm-1 and 

t h e i r  shapes  are Gauss ian ,  

The 14436 cn'l and 14415 cm-I f l u o r e s c e n c e s  d e r i v e  from 

t h e  two l o w e 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  which a r e  shown a s  

f o l l o w s :  F i r s t ,  t h e s e  two t r a n s i t i o n s  a r e  much s t r o n g e r  t h a n  t h e  

rest  o f  t h e  o b s e r v e d  f l u o r e s c e n c e s  which a g r e e s  w i t h  t h e  

g e n e r a l l y  known fact  t h a t  0-0 t r a n s i t i o n s  a r e  much s t r o n g c r  t han  

0-1 bands .  Second, approximate ly  t h e  same s p e c t r a l  pos i t . ions  of 

S l ( 1 )  and  S1 ( 2 j  were  o b t a i n e d  from f l u o r e s c e n c e  e x c i t a t i o n  

s p e c t r a  ( s e e  sec. 3 . 4 )  which conf i rmed t h a t  t h e  o r i g i n s  a r e  

g e n u i n e .  The f l u o r e s c e n c e  e x c i t a t i o n  s p e c t r u m  i n  F i g .  1Oa 

observed  a t  13729 c m - I  ( ~ ~ ( 2 ) + s ~ ( ~ j + 6 8 6  cm-l) shows two peaks a t  

14436 cn-I  and 14418 c m - I  ( s h i f t e d  s ~ ( ~ ) ) ,  whereas  F i g .  l o b  

mon i to red  a t  13750 c m - l  (sl (l)+so ( l )  +686 cm'l) r e v e a l s  on ly  one 

peak a t  14435 cm-I- ( ~ ~ ( ~ 1 )  . T h i s  shows t h a t  s l ( l )  i s  h i g h e r  t h a n  

~ ~ ( ~ 1  i n  energy  and t h e r e  i s  no c r o s s  0-1 t r a n s i t i o n  between t h e  

two s p e c i e s .  T h i s  r e s u l t  w a s  v e r i f i e d  by o b s e r v a t i o n  of t h e  

f l u o r e s c e n c e s  a f t e r  d i r e c t  e x c i t a t i o n  i n t o  14436 cm'l and 14415 

cm-I r e s p e c t i v e l y ,  which a r e  shown i n  F i g .  11. A f t e r  e x c i t a t i o n  

by 14436 c m - I  ( S 1 ( l ) ) ,  two f l u o r e s c e n c e s  a t  14435 cm-I and 14415 

c m - I  w e r e  obse rved  a l t h o u g h  t h e  14415 cm'l peak was v e r y  weak. 

But i f  e x c i t e d  a t  14415 cm-l ( s ~ ! ~ ) )  , o n l y  t h e  14415 cm-I 

f l u o r e s c e n c e  w a s  obse rved ,  t h i s  t i m e  r e l a t i v e l y  s t r o n g .  Th i s  

i n d i c a t e s  t h a t  S l ( l )  i s  h i g h e r  t h a n  i n  e n e r g y  and t h e  

t r a n s f e r  r a t e  from ~ ~ ( 1 )  t o  s1t2) i s  very  s low.  

The r e l a t i v e  i n t e n s i t y  o f  t h e  0-0 f l u o r e s c e n c e  emiss iuns  

of TBHzPc i n  C16 as a f u n c t i o n  o f  t h e  e x c i t a t i o n  f r equency  is 
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Fig. 10 Fluorescence excitation spectra monitored at a) 13729 cm-'; b) l3752 cm". 

Their diffe~nce indicates S is higher than S in energy. 



1 Fig. 11 Fluorescence excitation spectra at a) 14436 cm- or b) 14415 ern-l. They also show 

that S, is higher than 5 ,  (2) in energy. 
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shown i n  F i g . 1 2 .  I t  i s  found t h a t  t h e  peak i n t e n s i t y  o f  t h e  

h i g h e r  energy component o f  t h e  0-0 double  f l u o r e s c e n c e s  r e l a t i v e  

t o  t h a t  o f  t h e  lower energy  component c a n ' t  be  accounted  f o r  by 

a  Boltzmann f a c t o r .  Th i s  i m p l i e s  t h a t  t h e  t r a n s f o r m a t i o n  between 

s1 and  s1 ( 2 )  i s  s low a t  4.2K. Such a s low t r a n s f o r m a t i o n  

i n d i c a t e s  t h e  e x i s t e n c e  o f  a  s u b s t a n t i a l  p o t e n t i a l  b a r r i e r  

between t h e  S1 ( I )  and  ~ ~ ( ~ 1  o r i e n t a t i o n s  i n  a n a l o g y  w i t h  t h e  

s i t u a t i o n  i n  H 2 P c .  Because o f  t h i s  p o t e n t i a l  b a r r i e r  between 

sl (1) and s1 (21 ,  when t h e  normal v i b r a t i o n s  o f  s1 (1) o r  s1 ( 2 )  

were  e x c i t e d ,  w e  o b s e r v e d  t h e  s t r o n g e r  S1 C 1 )  o r  s1 ( 2 )  

f l u o r e s c e n c e ,  r e l a t i v e  t o  t h a t  of  S1 ( 2 )  o r  S1 . For  example, 

when TBHzPc i n  C 1 6  was e x c i t e d  by 14647 c m - I  w a v e l e n g t h ,  

f l u o r e s c e n c e  s p e c t r a  of  S1 and  S1 ( 2 )  obse rved  were o b t a i n e d  

as shown i n  F i g . l 2 b ,  and  o b v i o u s l y  t h e  e m i s s i o n  o f  s l ( l )  i s  

s t r o n g e r  t h a n  t h a t  o f  S I ( ~ ) .  I n  s e c t i o n  3 . 4 ,  it w i l l  b e  shown 

t h a t  t h e  '~,,,=14647 cm-l i s  t h e  v i b r o n i c  l e v e l  S1 +211 cm' l .  

When TBH2Pc was e x c i t e d  by 14590 cm ' l ,  t h e  0-0 f l u o r e s c e n c e  

observed  i s  shown i n  F i g . 1 2 ~  where t h e  f l u o r e s c e n c e  from S l ( 2 )  

i s  s t r o n g e r  t h a n  from S l ( l ) .  I n  fac t ,  t h e  wavelength 14590 cm-1 

i s  j u s t  one o f  t h e  v i b r o n i c  l e v e l s  o f  t h e  S I ( ~ )  p r o g r e s s i o n  

( ~ ~ ( ~ ) + 1 7 5  c m - l ) .  T h i s  a c c o u n t s  f o r  t h e  r e l a t i v e  i n t e n s i t y  

c h a n g e s  o f  t h e  S l ( l )  and  S 1 ( 2 )  d o u b l e t  a s  a f u n c t i o n  o f  

e x c i t a t i o n  wavelength,  and it a l s o  p rov ides  a v a l u a b l e  method t o  

de t e rmine  whether a v i b r o n i c  l e v e l  above S l ( l )  o r  be longs  

t o  a g i v e n  t a u t o m e r .  I t  i s  t o  be n o t e d  t h a t  when TBH2Pc i s  

e x c i t e d  by  15305  c m - I  o r  15264 c m - I  t h e  r e s u l t a n t  0-0 

f l u o r e s c e n c e s  a re  a lways two v e r y  s t r o n g  peaks  o f  a lmos t  e q u a l  
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Fig. 12 The data show that 0-0 transitions are dependent on the laser excitation wavelength. 
a)-d) illustrated with different excitations of 0-0 transitions of TBH2Pc in Cl 6 .  



i n t e n s i t y  ( F i g . 7 f )  . The r eason  i s  15305 c m - I  and 15264 cm'l  a-re 

e x c i t a t i o n s  i n t o  t h e  two h i g h e r  e l e c t r o n i c  s t a t e s  S z ( l )  and 

~ ~ ( 2 )  be longing  t o  Qy. This  w i l l  be  d i s c u s s e d  i n  d e t a i l  below. 

I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  when TBH2Pc i s  e x c i t e d  by 

15362 c m - 1  ( S i ( l ) + 9 2 6  cm-l) t h e  r e l a t i v e  i n t e n s i t y  o f  t h e  

f l u o r e s c e n c e  o f  S l ( l )  i s  a p p a r e n t l y  s t r o n g e r  t h a n  t h a t  from 

S1 ( 2 )  a s  i n  F ig .12d .  T h i s  s u g g e s t s  t h a t  t h e  p o t e n t i a l  b a r r i e r  

between s1 and  t h e  lower l y i n g  s ~ ( ~ )  i n  TBH2Pc i s  more t h a n  

4.2K ( o r  6  c m - l )  above t h e  fundamental  l e v e l  o f  t h e  926 cm'l 

v i b r a t i o n  i n  S l ( l ) .  T h i s  i s  s i m i l a r  t o  what was obse rved  f o r  

H2Pc [lo] . 
Two ve ry  s t r o n g  f l u o r e s c e n c e - e x c i t a t i o n  bands were found 

i n  t h e  v i b r o n i c  p r o g r e s s i o n s  of S x ( l )  and  S1 ( 2 )  a t  15305 cm-I 

and  15264 cm-I i n  C16 (see F i g . 2 1 ;  ( 2 ) ,  t h e s e  two p e a k s  a r e  

e x p l i c i t l y  l a b e l e d .  ) . They are above s1 and s1 ( 2 )  869 c m - I  

and 8 4 9  c m - I  r e s p e c t i v e l y .  W e  a s s i g n  t h e s e  two bands  t o  S2 (1) 

and S2 ( 2 )  based on t h e  fo l lowing  c o n s i d e r a t i o n s  : 

1. TBH2Pc i n  a C16  m a t r i x  shows no c o r r e s p o n d i n g  spec t rum 

o f  s 1 ( l ) + 8 6 9  c m - I  i n  t h e  v i b r o n i c  p r o g r e s s i o n  o f  and 

n e i t h e r  does  t h e  S 1 ( 2 ) + 8 4 9  c m . - l  band show a v i b r o n i c  l e v e l  i n  

t h e  s1 ( I )  p r o g r e s s i o n .  I n  g e n e r a l ,  i f  l e v e l  s1 +869 c m - 1  o r  

S 1 ( ~ ) + 8 4 9  cm-I i s  one o f  t h e  v i b r o n i c  l e v e l s  i n  a g i v e n  v i b r o n i c  

p r o g r e s s i o n ,  one e x p e c t s  t o  o b s e r v e  a c o r r e s p o n d i n g  v i b r o n i c  

l e v e l  a round  S1 ( 2 )  +869 c m - I  o r  S1 +849 c m - l  w i t h  comparable  

i n t e n s i t y ,  b u t  w e  d i d  n o t  f i n d  a n y  s u c h  c o r r e s p o n d i n g  

t r a n s i t i o n s .  



2 .  F u r t h e r ,  n o  c o r r e s p o n d i n g  v i b r o n i c  h a n d s  o f  S1 +869 

c m - 1  a n d  S1 ( ) + 8 4 9  c m - I  w e r e  o b s e r v e d  i n  t h e  v i b r o n i c  

p r o g r e s s i o n s  o f  and  so ( * )  i n  f l u o r e s c e n c e .  I n  g e n e r a l ,  i f  

S1 (1) +869 c m - I  a n d  S l  ( 2 ) + 8 4 9  c m - I  a r e  v i b r o n i c  l e v e l s  o f  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 ,  o n e  e x p e c t s  c o r r e s p o n d i n g  

v i b r o n i c  l e v e l s  t o  a p p e a r  i n  S o i l )  a n d  v i b r o n i c  

p r o g r e s s i o n s  w i t h  s u i t a b l e  i n t e n s i t y ;  b u t  a g a i n ,  no  s u c h  peaks 

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

3 .  Direct t r a n s i t i o n  bands  f rom a r o u n d  15302 c m - I  ( s h i f t e d  

15305 c m - l  due  t o  weakness and  l a r g e  u n c e r t a i n t y )  a n d  from 15264 

c m - I  t o  t h e  g round  s ta tes  were s e e n  a s  weak f l u o r e s c e n c e s  when 

e x c i t e d  w i t h  ~,, ,=15987 c m ' l .  They a r e  shown i n  F i g .  13, and  

t h e i r  i n t e n s i t i e s  are e s t i m a t e d  t o  b e  a t  l e a s t  3 t o  4 o r d e r s  of 

magni tude  weaker t h a n  t h o s e  o f  S1 and  S1 ( 2 )  . 
4 .  F o r  H2Pc i n  C%ClN+Ca t h e  s 2 ( l )  a n d  s ~ ( ~ )  s t a t e s  were 

m e a s u r e d  a t  s1 +864 c m - I  a n d  s1 ( 2 )  +857 c m - I  [ l o ]  . Comparing 

these s t a t e s  t o  TBH2Pc i n  C16  w e  b e l i e v e  t h a t  a s s i g n i n g  15305 

cn-I ( S 1 ( l ) + 8 6 9  c m - l )  a n d  15264 c m - l  ( S 1 ( ~ ) + 8 4 9  c m - l )  t o  t h e  two 

S2 t a u t o m e r i c  e l e c t r o n i c  s t a t e s  i s  r e a s o n a b l e .  

5 .  I t  i s  p l a u s i b l e  t o  d e n o t e  15305 c m - I  a n d  1 5 2 6 4 ~ r n ' ~  as 

S 2 ( l )  a n d  S 2 ( 2 )  r e s p e c t i v e l y .  When TBHzPc i s  e x c i t e d  i n t o  e i t h e r  

o f  t h e s e ,  t h e  S l ( l )  a n d  s ~ ( ~ )  f l u o r e s c e n c e s  a r e  much s t r o n g e r  

t h a n  t h o s e  by a n y  o t h e r  e x c i t a t i o n  w a v e l e n g t h s  which have  been 

t r i ed  i n  e x c i t a t i o n - f l u o r e s c e n c e  (see F i g s .  21, 23-25) a n d  w i l l  

be d i s c u s s e d  l a te r  i n  s e c t i o n  3 . 4 .  The r e l a t i v e  i n t e n s i t y  of t h e  

d o u b l e t  i s  almost t h e  same a n d  d o e s  n o t  depend  on  t h e  l a s e r  

power,  which  i n d i c a t e s  t h a t  t h e  f l u o r e s c e n c e s  f r o m  sl ) and  
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Fig. 13 Direct observation of S -S transitions with excitation of uexc=15987 crn-l. 2 0 



S I ( ~ )  are r e l a x e d  from S 2 ( l )  o r  a f t e r  e x c i t a t i o n  by 15305 

c m - I  o r  15264 c m - l ,  r e s p e c t i v e l y .  I n  t h i s  c a s e  v i b r o n i c  

r e l a x a t i o n  f r o m  s 2 ( l )  o r  s ~ ( ~ )  t o  s l ( l )  a n d  s ~ ( ~ )  p r o c e d e s  

e a s i l y  a n d  w i t h o u t  i n t e r f e r e n c e  by t h e  p o t e n t i a l  b a r r i e r  between 

s1 a n d  s1 ( 2 )  . T h e i r  e q u a l  f l u o r e s c e n c e  i n t e n s i t y  a n d  

i n d e p e n d e n c e  o f  e x c i t a t i o n  power  s u g g e s t  a l s o  t h a t  t h e  

t r a n s f o r m a t i o n s  e i t h e r  f r o m  s l( l)  t o  s ~ ( ~ )  o r  from t o  

w e r e  v e r y  s low.  

I n  summary, w e  c o n c l u d e  t h a t  f o r  TRH2Pc i n  a C 1 6  

S h p o l ' s k i i  m a t r i x ,  t h e  two  l o w e s t  e x c i t e d  s i n g l e t  e l e c t r o n i c  

s ta tes  w i t h  r e s p e c t  t o  t h e i r  g round  s t a t e s  a r e :  

C l e a r l y ,  t h e  s p l i t  c a u s e d  by t h e  i n t e r n a l  c r y s t a l  f i e l d  

e f f e c t  (869  c m - I  a n d  849  c m - l )  i s  much l a r g e r  t h a n  t h e  s p l i t  

f rom t a u t o m e r i s m  ( 2 1  cm'l a n d  4 1  cm'l, r e s p e c t i v e l y )  . 
To compare t h e  s p e c t r a  o f  TBH2Pc a n d  H z P c ,  w e  cite 

p r e v i o u s  r e s u l t s  o b t a i n e d  i n  t h i s  l a b o r a t o r y  f o r  H2Pc i n  

S h p o l ' s k i i  matrices o f  a - C 1 N  a n d  Cg which  showed t h e  d o u b l e t  

o c c u r i n g  a t  1 4 4 7 5  a n d  1 4 4 1 1  c m - I  f o r  s1 il) and s1 ( 2 )  

15]. The fwhm o f  t h e  d o u b l e t  are 3 . 3  cm-I f o r  

S l  ( I)  a n d  2 .4  cm-l f o r  S1 ( 2 )  . Our r e s u l t s  f o r  TBHzPc i n  C16 show 

t h e  d o u b l e t  i s  a t  14436 a n d  14415 c m - I  w i t h  fwhm 4 cm-I f o r  

sl ( I )  a n d  5  c m - I  fo r  s1 ( 2 )  . T h i s  i m p l i e s  f o r  TBHzPc i n  C 1 6  a 



g r e a t e r  inhomogene i ty  t h a n  H2Pc h a s  i n  a n  a-CPN a n d  C8 m a t r i x .  

T h i s  can  be checked  a l s o  i n  t h e  8-0 d o u b l e t  f l u o r e s c e n c e  s p e c t r a  

o f  TBH2Pc a n d  H2Pc. With  TBHzPc i n  C16 t h e  0-0 f l u o r c s c e ~ : c e s  

a lways  have  some b r o a d  background (see F i g . 7 f ) ,  b u t  f o r  H2Pc i n  

mixed m a t r i c e s  of a-C1N a n d  Cg t h e  0-0 d o u b l e t  f l u o r e s c e n c e s  

have  o n l y  a v e r y  s m a l l  background (see F i g . 6 ) .  The main r e a s o n  

f o r  t h e  b r o a d  s p e c t r a l  background  s t e m s  f rom t h e  s t r u c t u r e  o f  

t h e  TBH2Pc m o l e c u l e  which f i t s  i n t o  t h e  C16 S h p o l ' s k i i  m a t r i x  

o n l y  w i t h  d i f f i c u l t y .  A s  c a n  b e e n  s e e n  f rom F i g .  1, TBH2Pc i s  

d e r i v e d  f r o m  H2Pc b y  a t t a c h i n g  f o u r  t e r t i a r y - b u t y l  g r o u p s  

s y m m e t r i c a l l y  a t  t h e  f o u r  c o r n e r s  o f  t h e  H2Pc m o l e c u l e .  These  

f o u r  p r o t r u d i n g  t e r t i a r y - b u t y l  g r o u p s  i n c r e a s e  t h e  i n t e r a c t i o n  

be tween  t h e  TBH2Pc a n d  t h e  m a t r i x  e n v i r o n m e n t  making a good 

l l S h p o l ' s k i i  f i t "  d i f f i c u l t .  Ano ther  c o n t r i b u t i n g  f a c t o r  t o  t h e  

background and inhomogene i ty  o f  t h e  s p e c t r a  might  b e  t h e  c o o l i n g  

r a t e  o f  TBH2Pc.  T h i s  r a t e  i s  a l w a y s  i m p o r t a n t  t o  o b t a i n  good 

S h p o l ? s k i i  m a t r i c e s .  F o r  i n s t a n c e ,  f o r  TBH2Pc i n  C g ,  f a s t  

c o o l i n g  made t h e  d o u b l e t  d i s a p p e a r  i n t o  t h e  b a c k g r o u n d  as  i n  

F i g .  8 a .  Al though w e  d i d  n o t  know e x a c t  f r e e z i n g  rates i n  c o o l i n g  

TBH2Pc o r  H2Pc matrices t o  4.2K, w e  p r e p a r e d  b o t h  s a m p l e s  (H2Pc 

a n d  TBH2Pc ) i n  t h e  same way. Thus a c o n t r o l l e d ,  v e r y  s l o w  

f r e e z i n g  r a t e  would y i e l d  be t te r  S h p o l ' s k i i  matrices o f  TBH2Pc 

i n  C16. 

A f u r t h e r  d i f f e r e n c e  be tween t h e  d o u b l e t  e m i s s i o n s  o f  

TBH2Pc a n d  HzPc i s  t h a t  t h e  i n t e n s i t y  of H2Pc i n  m i x t u r e s  o f  a- 

ClN a n d  68  i s  much l a r g e r  t h a n  t h a t  of TBH2Pc i n  C16. T h i s  weak 

f l u o r e s c e n c e  w i l l  b e  d i s c u s s e d  a g a i n  l a t e r  i n  s e c t i o n  3.3.  



However, we s u g g e s t  t h e  fo l lowing  e x p l a n a t i o n s  f o r  t h e  observed 

i n t e n s i t y  d i f f e r e n c e :  

F i r s t ,  t h e  l a r g e r  TBH2Pc molecu le  h a s  more d i f f i c u l t y  

a d j u s t i n g  i t s e l f  t o  t h e  cage  o f  C16 molecu les  t h a n  H z P c  i n  t h e  

m i x t u r e  o f  a - C 1 N  and  Cg  m o l e c u l e s .  The r e l a t i v e l y  s t r o n g e r  

backgroucd i s  due t o  emis s ion  from randomly s i t u a t e d  molecu les  

which weaken t h e  S h p o l ' s k i i  e m i s s i o n  o f  t h e  dominant site. 

Second,  t h e r e  may be a t i g h t e r  g u e s t - h o s t  f e l e c t  ran-phonon) 

c o u p l i n g  i n  t h e  TBH2Pc and C16 system t h a n  t h a t  i n  t h e  H2Pc wi th  

a - C 1 N  and  C g  s y s t e m .  Phonon wings of p rominent  f l u o r e s c e n c e  

bands appear  a t  t h e  lower  energy  s i d e  of t h i s  t r a n s i t i o n  b u t  are  

masked by  emis s ions  from o t h e r  s i t e s  and o t h e r  0-1 t r a n s i t i o n s .  

T h i r d  and most i m p o r t a n t l y ,  w e  expec t  t h e  v i b r a t i o n a l  r e l a x a t i o n  

and  i n t e r n a l  conve r s ion  r a t e s  i n  TBH2Pc t o  be  g r e a t e r  t han  those 

i n  H2Pc. 

O the r  d i f f e r e n c e s  between t h e  doub le t  o f  TBH2Pc and H2Pc 

e x i s t ,  such  as f o r  H2Pc i n  a -C1N + C g  t h e  s l ( l )  peak i s  wider  

t h a n  s ~ ( ~ ) (  3.3 c m - I  t o  2 . 4  c m - I ) ,  b u t  t h e  S l ( l )  peak i s  

na r rower  t h a n  S I ( ~ )  ( 4  t o  5 crn-l) f o r  TBH2Pc i n  C16;  and a l s o ,  

compar ing  F i g . 6  w i t h  F i g . 7 f ,  t h e  h i g h e r  e n e r g y  e m i s s i o n  i s  

u s u a l l y  less p o p u l a t e d  i n  HzPc,  b u t  t h e  d o u b l e t  e m i s s i o n s  a r e  

a lmos t  e q u a l l y  p o p u l a t e d  i n  TBH2Pc. These d i f f e r e n c e s  a r e  caused 

ma in ly  by  t h e  d i f f e r e n t  e x c i t i n g  laser  wavelengths  and by t h e  

more complex  v i b r a t i o n a l  l e v e l  s t r u c t u r e s  i n  the TEH2P c 

moleca le  . 



3 . 2 . 2  0-0 Transitions of TBH2Pc i n  C12, Cg and C18 

TBHzPc formed good S h p o l ' s k i i  m a t r i c e s  w i t h  Cg ,  C12 and 

C l g  a s  w e l l  [ see  Fig .7 ;  b)  , d )  anu h )  1 .  The r e s u l t s  f o r  TBH2Pc 

i n  C12 have some s i m i l a r i t i e s  w i t h  t h o s e  i n  C 1 6 .  The d o u b l e t  

e m i s s i o n s  of TBHzPr, occu r  a t  14429 and 14417 c m - I  a s  ~ ~ ( 1 )  and 

S1  ( 2 )  r e s p e c t i v e l y ,  w i th  a s p l i t  o f  12 cm-I (comphred t o  21 e m - I  

i n  C 1 6 ) .  T h e  fwhm of  t h e  d o u b l e t  a r e  5 . 5  cm-I and  5 c m - I  

i n d i v i d u a l l y .  Two ve ry  s t r o n g  e x c i t a t i o n - f l u o r e s c e n c e  bands were 

a l s o  found a t  15295 c m - I  and 15263 c m - I .  Us ing  o u r  p r e v i o u s  

arguments, w e  a s s i g n  them as S 2 ( l )  and S Z ( ~ ) .  L ike  TBH2Pc i n  C l 6 ,  

t h e  doub le t  i n  C12 i s  r e l a t i v e l y  s table and t h e  c o o l i n g  r a t e  has  

l i t t l e  e f f e c t  on t h e  d o u b l e t ( s e e  F i g . 8 b ) .  The f l u o r e s c e n c e  

i n t e n s i t y  o f  TBH2Pc i n  C12 i s  weaker t h a n  t h a t  i n  C16 and  t h e r e  

a re  somewhat l a r g e r  background e m i s s i o n s .  T h i s  means g r e a t e r  

phonon-elect ron i n t e r a c t i o n  and a worse S h p o l ' s k i i  m a t r i x  i n  C12 

t h a n  t h a t  i n  C16 .  The c h a r a c t e r i s t i c s  o f  TBH2Pc i n  C12 w e r e  n o t  

s t u d i e d  i n  as  much de t a i l  as TBH2Pc i n  C16. 

On t h e  o t h e r  hand, TBH2Pc i n  C18 w a s  s t u d i e d  i n  as much 

d e t a i l  as  i n  C 1 6 .  The 0-0 d o u b l e t  o f  t h e  s l t l )  and  s ~ ( ~ )  

e m i s s i o n s  i s  l o c a t e d  a t  14437 c m - I  and 14337 c m - l .  However t h e  

d a t a  of TBH2Pc i n  C18 show some d i f f e r e n c e s  w i t h  t h o s e  i n  C16. 

The 0-6 d o u b l e t  f l u o r e s c e n c e  ( p o s i t i o n  and  i n t e n s i t y )  i s  v e r y  

sensitive t o  sample  p r e p a r a t i o n  a n d  inos t ly  depends  on t h e  

r ' r e e z i n g  ra te  as w e l l  a s  on t h e  s o l u t e  c o n c e n t r a t i o n .  With 

d i f f e r e n t  sample p r e p a r a t i o n s ,  t h e  p o s i t i o n  of t h e  d o u b l e t  h a s  

25 crn-I u n c e r t a i n t y  a n d  somet imes  t h e  d o u b l e t  i s  t o t a l l y  



u n d i s t i n g u i s h a b l e  ( - t h a t  problem may have a r i s e n  from t h e  

d i f f i c u l t y  o f  c o n t r o l l i n g  t h e  coo l ing  p rocess  because C l 8  i s  a  

s o l i d  a t  room tempera ture .  Immersion of t h e  sample c e l l  i n  a hot 

water  b a t h  and c o o l i n g  s lowly would improve t h e  r e s u l t - ) .  The 

d o u b l e t  shown i n  F i g . 7 h  i s  among t h e  b e s t  we obt .a ined.  The 

double t  he re  i s  100 s m - I  a p a r t  which i s  almost 5 t imes  t h e  s p l i t  

i n  C 1 6  and shows c l e a r l y  t h e  d i f f e r e n c e  between t h e  S h p o l ' s k i i  

m a t r i x  format ion  of TBH2Pc i n  C16  and i n  C 1 8 .  The i n t e n s i t y  of 

t h e  S1 and s1 ( 2 )  double t  emission i n  C18 i s  much weaker than 

i n  C 1 6 .  A s  a  r e s u l t  t h e  f luorescence  of TBH2Pc i n  C18  was more 

d i f f i c u l t  t o  d e t e c t .  The two h igher  e l e c t r o n i c  s t a t e s  s 2 ( l )  a n d  

~ ~ ( 2 )  occur red  i n  C18 a t  15296 and 15231 cm-l, i.e. S1(1)+859  

cm-I and S 1 ( ~ ) + 8 9 4  cm-l, with a  s p l i t  of 65 cm-l. 

TBH2Pc i n  Cg  a l s o  shows a  c l e a r  S h p o l ' s k i i  e f f e c t  w i t h  a 

0-0 f l u o r e s c e n c e  as  d e p i c t e d  i n  F i g . 7 b .  A s  i n  C l 8 ,  t h e  0-0 

doub le t  i s  ve ry  s e n s i t i v e  t o  sample p r e p a r a t i o n ,  e s p e c i a l l y  t o  

t h e  f r e e z i n g  r a t e  and o t h e r  minor s i t e s  appear  a s  w e l l .  The 

dominant 0-0 f luorescences  were observed a t  1 4 4 4 7  cm-I a n d  14321 

cm-l, wi th  a  s p l i t  of  126 cm-l. The two o t h e r  h igher  e l e c t r o n i c  

s t a t e s  ~ 2 ( l )  and ~ 2 ( ~ )  occur  a t  15304 and 15235 cm-I w i t h  a 

s p l i t  of  69 emv1. The r e s u l t s  obta ined  f o r  C g  and C l 8  show some 

s i m i l a r i t i e s  such  a s  t h e i r  s l ( l )  and s1 ( 2 ) ,  s2 (lj and s 2 ( * )  

p o s i t i o n s ,  s p l i t s  etc. The reason may be t h a t  t h e  chain  length  

of Cg i s  j u s t  h a l f  o f  t h a t  C 1 8 .  However, t h e  f l u o r e s c e n c e  

i n t e n s i t y  o f  TBH2Pc i n  Cg i s  s t r o n g e r  t h a n  t h a t  i n  C 1 8 .  It is 

i n t e r e s t i n g  t o  n o t e  t h a t  TBH2Pc i n  Cg d o e s n ' t  show a g ~ o d  

S h p o l ' s k i i  e f f e c t  as t h e  chain  length of Cg i s  h a l f  t h a t  of C16. 



I n  summary, t h e  two lowes t  e l e c t r o n i c  s t a t e s  o f  TBH2Pc 

i n  f o u r  d i f f e r e n t  S h p o l ' s k i i  m a t r i c e s  are g iven  i n  Table  3: 

Table  3: P o s i t i o n s  of  lowest  e x c i t e d  e l e c t r o n i c  s t a t e s  

of  TBH2Pc i n  d i f f e r e n t  S h p o l ' s k i i  m a t r i c e s  

F i r s t  e x c i t e d  Second e x c i t e d  
e l e c t r o n i c  s t a t e  (S1=Qx) e l e c t r o n i c  s t a t e  (S2=Qy! 

3.3 Vibronic  T r a n s i t i o n s  i n  F luorescence  S p e c t r a  

The f l u o r e s c e n c e  s p e c t r a  o f  TBH2Pc f o r  a s i n g l e  s i t e  i n  

t h e  f o u r  d i f f e r e n t  S h p o l ' s k i i  s o l v e n t s  a re  shown i n  t h i s  

s e c t i o n .  They a r e  c h a r a c t e r i z e d  b y  v e r y  s h o r t  v i b r o n i c  

p r o g r e s s i o n s  e a c h  o f  which c o n s i s t s  o f  l a r g e  number o f  0 - 1  

t r a n s i t i o n s  and  t h e i r  i n t e n s i t i e s  a r e  much weaker  t h a n  t h e  

co r r e spond ing  0-0 t r a n s i t i o n s  (one o r d e r  o f  magnitude s m a l l e r  a t  

l e a s t ) .  T h i s  i s  f u r t h e r  s u p p o r t  t h a t  two e l e c t r o n i c  s ta tes  are 

invo lved  i n  t h e  f l u o r e s c e n c e s  obse rved .  The two o r i g i n s  of  t h e  

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

f l u o r e s c e n c e  s p e c t r a .  Because t h e  o v e r a l l  f l u o r e s c e n c e  o f  TBH2Pc 

is much weaker t h a n  t h a t  of HzPc, a l l  f l u o r e s c e n c e s  observed  f o r  



TBH2Pc w e r e  a s s i g n e d  t o  0-1  t r a n s i t i o n s  a n d  c o n b i n a t i o n s  and 

o v e r t o n e s  were e x c l u d e d .  

TBH2Pc i n  S h p o l ' s k i i  m a t r i c e s  c a n  g e n e r a l l y  be 

c o n s i d e r e d  as s y s t e m s  o f  weak e l e c t r o n - p h o n o n  i n t e r a c t i o n .  The 

v i b r o n i c  s p e c t r a  o f  s u c h  a s y s t e m  a r e  c h a r a c t e r i z e d  b y  a  v e r y  

s t r o n g  0-0, weak 0-1 a n d  v e r y  weak 0-2 b a n d s  ( i f  d e t e c t a b l e ) .  

T h i s  a g r e e s  w i t h  o u r  o b s e r v a t i o n  o f  s h o r t  v i b r o n i c  p r o q r e s s i o n s  

as  i s  e v i d e n t  i n  F i g s . 1 5 ,  1 8 - 2 0 .  B e c a u s e  o f  t h e  very weak 

g u e s t / h o s t  i n t e r a c t i o n  i n  S h p o l f s k i i  m a t r i c e s ,  t h e  v i b r o n i c  

s p e c t r a  of t h e  TBH2Pc g u e s t  m o l e c u l e s  &re c h a r a c t e r i z e d  by s h a r p  

0-0, 0-1 a n d  0-2 b a n d s  a s s o c i a t e d  w i t h  t h e  i n t r a m o l e c u l a r  

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

case are l o c a l i z e d .  

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

f l u o r e s c e n c e  spectra a t  4.2K c a n  b e  a n a l y z e d  v i a  t h e  f o l l o w i n g  

e q u a t i o n  f o r  t he  e l ec t r i c  d i p o l e  t r a n s i t i o n  be tween  t h e  ground 

s t a t e  IK] lk> a n d  t h e  e x c i t e d  s t a t e  I R ]  ~ r > [ ~ O j .  

i s  t h e  e l e c t r o n i c  t r a n s i t i o n  moment e v a l u a t e d  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  Uth  normal  c o o r d i n a t e  and  



I n  e q u a t i o n s  - 3 ,  Heu s t a n d s  f o r  t h e  i n t e r a c t i o n  

H a m i l t o n i a n  between t h e  e l e c t r o n i c  a n d  v i b r a t i o n a l  m o t i o n s ,  Qu 

f o r  t h e  n o r m a l  c o o r d i n a t e  cf t h e  'Uth mode, a n d  Qo f o r  t h e  

e q u i l i b r i u m  v a l u e  o f  t h e  normal  c o o r d i n a t e .  I r >  i s  d e f i n e d  as 

I O , O ,  0 ,  ru,  O , O ,  . . . . . .> i n  which t h e  Uth normal  mode o f  J R ( 0 )  ] i s  

e x c i t e d  t o  t h e  r t h  l e v e l ,  w h e r e a s  a l l  t h e  o t h e r  modes a r e  

u n e x c i t e d .  F u r t h e r m o r e ,  t h e  f a c t o r  I h,, (Qo) I <k 1 Qu 1 r >  i n  Eqn. (1) 

d e t e r m i n e s  t h e  e x t e n t  o f  t h e  v i b r o n i c  m i x i n g  be tween  the  z e r o t h  

o r d e r  e l e c t r o n i c  s t a t e  IT (0 )  1 10> a n d  I R ( 0 )  1 I O > .  

V i b r a t i o n a l  r e l a x a t i o n  o f  TBH2Pc i s  f a s t  b e c a u s e  t h e  

S h p o l ' s k i i  m a t r i c e s  ac t  as h e a t  s i n k s  a n d  it c a n  be assumed 

t h e r e f o r e  t h a t  a t  4.2K most o f  t h e  e x c i t e d  s t a t e  p o p u l a t i o n  

r e l a x e s  down t o  t h e  v i b r a t i o n l e s s  l e v e l  I R ] I O >  b e f o r e  

f l u o r e s c e n c e  t a k e s  p l a c e ,  where  lo>= 10,0 ,0 ,  . . . . .> d e n o t e s  t h e  

s t a t e  i n  which  none  o f  t h e  n o r m a l  modes a r e  e x c i t e d .  The 

i n t e n s i t y  f o r  t h e  0-0 t r a n s i t i o n  i s  t h e n  d e r i v e d  m o s t l y  f rom t h e  

f i r s t  t e r m  i n  Eqn. (1) when k=O. I t  i s  v e r y  l a r g e  f o r  t h e  PC ' s ,  

i n c l u d i n g  TBH2Pc b e c a u s e  t h e  f i r s t  t e r m  i n  Eqn. (1) i s  s t r o n g l y  

e l ec t r i c  d i p o l e  a l l o w e d  a n d  b e c a u s e  <0 10> >> <k I O> where k  = 1, 

2, 3 ,  . . . . . N o t e  t h a t  I R ( 0 )  1 i n  Eqn .  ( 2 )  s t a n d s  f o r  t h e  

e l e c t r o n i c  s t a t e s  which  are S 1  ( I B ~ , )  a n d  S2 ( I B ~ ~ )  i n  TBHzPc. 

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

fo r  t h e  c a s e s  where k=l, 2 , .  . . a n d  r=O i n  Eqn. (1) a r i s e  f rom 

c o n s t r i b u t i o n s ,  t h e  n o n v a n i s h i n g  Franck-Condon i n t e g r a l s  < k l r >  

i n  the f i r s t  t e r m .  If one  assumes  f o r  s i m p l i c i t y  t h a t  m o l e c u l a r  

symmetry  i n  t h e  g r o u n d  a n d  t h e  f i r s t  e x c i t e d  s t a tes  a r e  

i d e n t i c a l ,  t h e n  t h e  Franck-Condon i n t e g r a l s  c a n  be n o n z e r o  i f  



<kl i s  t o t a l l y  symmetr ic  a s  !0>  i s .  While a d e t a i l e d  a n a l y s i s  of 

e v e r y  f u n d a m e n t a l ' s  symmetry  a n d  t h e i r  s p e c i f i c  v i b r o n i c  

i n t e n s i t i e s  are q u i t e  beyond t h e  s c o p e  o f  t h i s  t h e s i s ,  w e  w i s h  

t o  p o i n t  o u t  t h a t  it i s  g e n e r a l l y  a c c e p t e d  t h a t  t h e  s t r o n g e s t  

t r a n s i t i o n s  b e l o n g s  t o  t o t a l l y  s y m m e t r i c  v i b r a t i o n s  a g ( D 2 h ) .  

B e c a u s e  o f  t h e  v e r y  f a s t  i n t e r -  a n d  i n t r a m o l e c u l a r  

r e l a x a t i o n  p r o c e s s e s  i n  o u r  sys tems  it  i s  p o s s i b l e  t o  u s e  a  v e r y  

s i m p l e  mode l  t o  d e s c r i b e  t h e i r  e x c i t a t i o n  a n d  s u b s e q u e n t  

d e e x c i t a t i o n s  a s  s k e t c h e d  i n  E ' l g . l 4 a ,  where t h e  j a g g e d  a r r o w  

d e n o t e s  r a d i a t i o n l e s s  d e c a y .  W e  w i l l  now d i s c u s s  some o f  t h e  

d e t a i l s  o f  t h e  f l u o r e s c e n c e  s p e c t r a  o f  TBH2Pc i n  t h e  S h p o l ' s k i i  

m a t r i c e s  s t u d i e d .  

3.3.1. F l u o r e s c e n c e  of TBH2Pc i n  C16  

The f l u o r e s c e n c e  s p e c t r u m  o f  TBH2Pc i n  C 1 6  a t  4.2K i s  

shown i n  F i g .  i 5  ( e x c i t a t i o n  a t  i5305cm-I) a n d  a l l  r e c o g n i z a b l e  

v i b r a t i o n s  of  t h e  g r o u n d  s t a t e s  a r e  l a b e l e d  a n d  a l s o  g i v e n  i n  

t a b l e  4 .  W e  see t h a t  t h e  v i b r o n i c  s p e c t r a  a r e  w e l l  r e s o l v e d .  

Fig.16 d e p i c t s  t h e  same f l u o r e s c e n c e  s p e c t r u m  a t  7 7 K .  I t  i s  

clear t h a t  most s p e c t r a l  de ta i ls  o b t a i n e d  a t  4.2K i n  7 i g . 1 5  have 

now d i s a p p e a r e d  or  c a n  n o t  b e  d i s t i n g u i s h e d  a t  7 7 K  which implies 

much r a n d o m i s a t i o n  h a s  o c c u r r e d  i n  t h e  m a t r i x  s i t e s .  The d a t a  

s h o w  f u n d a m e n t a l  p r o g r e s s i o n s  of b o t h  t a u t o m e r i c  g round  s t a t e s .  

I d e n t i f i a b l e  v i b r a t i o n s  a r e  i n d i v i d u a l l y  l a b e l e d :  t h o s e  

associated w i t h  ~ ( l )  are begun w i t h  a  ' * I  s i g n  a n d  t h o s e  w i t h  

s ( * )  are n o t .  Only  2 1  f u n d a m e n t a l s  are found  i n  c o n t r a s t  t o  t h e  
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5 5  f u n d a m e n t a l s  o b s e r v e d  i n  H 2 P c i L o ; .  The r e a s o n s  why t h e  

f l u o r e s c e n c e  i n t e n s i t y  o f  TBH2Pc i s  much weaker  t h a n  t h a t  o f  

H2Pc h a v e  been  d i s c u s s e d  i n  s e c t i o n  3 . 2 . 1 .  F l u o r e s c e n c e  e x c i t e d  

by o t h e r  f r e q u e n c i e s ,  i . e.  ~,,,=15264 c m - l ,  Uexc=14436 c m - I  etc. 

w e r e  a l s o  r e c o r d e d ;  t h e y  g a v e  t h e  same r e s u l t s  e x c e p t  t h a t  t h e  

s p e c t r a  w e r e  n o t  as  good as  t h a t  by  e x c i t a t i o n  w i t h  15305 c m - l .  

The a s s i g n m e n t  o f  t h e  f l u o r e s c e n c e  s p e c t r a  a r e  done as  

f o l l o w s :  Because  e x c i t a t i o n  w i t h  15305 cm'l g o e s  i n t o  t h e  S * ( I f  

s t a t e ,  b o t h  ~ ~ ( 1 )  a n d  a r e  pumped. When t h e  s p e c t r o m e t e r  

s c a n s  t h e  r e g i o n  below S1 states t h e  f l u o r e s c e n c e  s p e c t r a  s h o u l d  

c o n t a i n  t h e  v i b r o n i c  b a n d s  o f  b o t h  t a u t o m e r s .  They a p p e a r  i n  

p a i r s  w i t h  a s e p a r a t i o n  o f  S1 ( I )  - S 1 ( ~ ) = 2 1  c m - I  a n d  e a c h  p a i r  

shown h a s  a p p r o x i m a t e l y  e q u a l  i n t e n s i t y  when t h e  e x c i t a t i o n  i s  

i n t o  h i g h  e l e c t r o n i c  s t a t e s .  Using t h i s  a s  a g u i d e l i n e  w e  can  

e l i m i n a t e  some o f  t h e  p e a k s  o r i g i n a t i n g  e l s e w h e r e  ( s u c h  a s  

i m p u r i t i e s )  . 
W e  s e a r c h e d  a l s o  f o r  0-1 f i u o r e s c e n c e  from t h e  o r i g i n s  

of S 2 ( l )  and  S Z ( ~ )  on e x c i t a t i o n  by 15305 c m - l .  A number of  very 

weak v i b r o n i c  b a n d s  were found  which c o r r e s p o n d e d  t o  t r a n s i t i o n s  

e n d i n g  a t  686(#10  (number i n  T a b l e  4 ) ) ,  7 2 5 ( # l l ) ,  7 5 1 ( # 1 2 )  and  

8 1 0 ( # 1 3 )  f u n d a m e n t a l s  o f  S i m i l a r  r e s u l t s  were o b t a i n e d  

f o r  e x c i t a t i o n  w i t h  15264 c m - I .  T h e s e  v i b r o n i c  b a n d s  were 

i n d e p e n d e n t l y  o b s e r v e d  f o r  t h e  o r i g i n s  o f  S1 a s  t h e  s t r o n g e s t  i n  

t h e  e n t i r e  0-1 f l u o r e s c e n c e  r e g i o n  ( F i g . 1 9 b ) .  F i g . 1 7 a  s h ~ w s  

t h r e e  of t h e  v e r y  weak 0-1 f l u o r e s c e n c e s  r e s u l t i n g  from S 2 ( 2 )  

e x c i t a t i o n .  F i g  1 7 b  d i s p l a y s  t h e  e q u i v a l e n t  r e g i o n  where S1 



Table 4 V i b r a t i o n a l  e n e r g i e s  ( e m - l )  i n  t he  g r o u n d  s t a t e s  
o f  TBHzPc 

813 vw? 812 vw? 
870 vw? 869 vw? 

1097 vw? 1099 vw? 



1 5  1174 w 1175 s m  l i 7 0  VW? 1175 VW? 
1 6  1330 w 1331 m 1333 s m  1334 w 
17  1343 m 1345 s m  
1 8  1554 s 1552 s 1553 s m  1555 vw 

Note :  s = s t r ~ n g ,  m=medium, sm=small, w=weak and  vw-very weak 
?=not  s u r e  

s ta tes  e n d  a t  some v i b r a t i o n s  o f  S o .  S p e c t r a  l i k e  t h a t  of  

F i g . 9 7 a )  s h o u l d  h a v e  t h e  same i n f o r m a t i o n  a b o u t  t h e  g r o u n d  

f u n d a m e n t a l s  a s  t h o s e  p r e s e n t e d  i n  F i g .  l 7 b )  h a v e .  However, due 

t o  t h e i r  weakness ,  f a r  f e w e r  v i b r o n i c  b a n d s  were o b s e r v e d .  

N e v e r t h e l e s s ,  F i g .  1 7 a  i s  i m p o r t a n t  co i d e n t i f y  S2 ( 2 )  (15264cm-1) 

a s  t h e  o r i g i n  o f  t h e  n e x t  h i g h e r  e x c i t e d  e l e c t r o n i c  s t a t e .  

Comparing t h e  f l u o r e s c e n c e  s p e c t r a  o f  TBH2Pc i n  C16 w i t h  

H2Pc i n  C8 ,  it i s  f o u n d  t h e  number o f  v i b r o n i c  b a n d s  i n  TBH2l?c 

i s  much less t h a n  t h a t  a p p e a r e d  i n  H2Pc a n d  b a s i c a l l y  t h e  

p o s i t i o n  a n d  i n t e n s i t y  o f  v i b r a t i o n a l  bands  o f  t h e  t w o  molecu les  

d i f f e r  f rom e a c h  o t h e r .  However, f o u r  o f  t h e  most s t r o n g e s t  0-1 

f l u o r e s c e n c e  o f  H2Pc i n  C8 c o i n c i d e  w i t h  t h o s e  o f  TRH2Pc i n  C16 

b o t h  i n  v i b r a t i o n a l  s h i f t  a n d  i n t e n s i t y .  They a r e  686 ( # l o ) ,  725 

( 1 1  , 1520 (#20)  a n d  1555 (#21)  f o r  ~ ( ~ 1 ;  a n d  686 ( # l o ) ,  725 

( #  1519  (#20 )  a n d  1556 (#21)  f o r  ~ ( ~ 1 ,  r e s p e c t i v e l y .  These 

i n d i c a t e  t h a t  i n  TBH2Pc the  t e r t i a r y  b u t y l  g r o u p s  p e r t u r b  t h e  n- 

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

m o l e c u l e .  Only  a few s t r o n g e s t  bands  i n  H2Pc which a r e  t o t a l l y  

symmet r i c  t r a n s i t i o n s  are n o t  a f f e c t e d .  



13550 13600 I3650 ,13700 13750 13800 13850 
Wavenumber (mi ) 

Fig. 17. (b) Fluorescence from s ,I2) .  



3 . 3 . 2 .  Fluorescences  o f  TBH2Pc i n  Cg,  C 1 2  and C18 

The f l u o r e s c e n c e  s p e c t r a  of  TBK2Pc i n  Cg,  C l 2  and Cis a r e  

g iven  i n  Figs .18-20,  which had e x c i t a t i o n  of 15305 c m - l ,  15300 

c m - I  and  1 5 1 4 3  c m - I  r e s p e c t i v e l y .  The r e c o g n i z a b l e  peaks  a r e  

a s s i g n e d  and p r e s e n t e d  i n  Tab le  4 .  Because t h e  f l u o r e s c e n c e  

i n t e n s i t i e s  a r e  f u r t h e r  reduced  (worse S h p o l ' s k i i  e f f e c t s )  t h e  

number o f  r e c o g n i z a b l e  v i b r o n i c  bands a r e  fewer t h a n  i n  C16. W e  

can  see t h a t  m o s t  o f  t h e  bands '  p o s i t i o n s  and  i n t e n s i t i e s  

o b s e r v e d  i n  C g ,  C 1 2  and  C 1 8  a re  c o n s i s t e n t  w i t h  what was 

d i s c u s s e d  f o r  C 1 6  matrices which comfirms t h e  a c c u r a c y  of  t h e  

p o s i t i o n s  f o r  t h e  v i b r o n i c  t r a n s i t i o n s  obse rved .  On t h e  o t h e r  

hand, t h e i r  peak r e s o l u t i o n  i s  worse t h a n  t h a t  i n  C16 .  

3 . 4  F luo re scence -Exc i t a t i on  S p e c t r a  

F l u o r e s c e n c e - e x c i t a t i o n  s p e c t r a  p r o v i d e  e q u i v a l e n t  

i n f o r m a t i o n  t o  a b s o r p t i o n  s p e c t r a .  A e x p l a n a t i o n  d i ag ram of 

f l u c r e s c e n c e - e x c i t a t i o n  s p e c t r a  i s  shown i n  F i g .  l 4 b .  In  f a c t ,  

t h e s e  t r a n s i t i o n s  measure t h e  v i b r o n i c  bands b e l o n g i n g  t o  t h e  

first e x c i t e d  e l e c t r o n i c  s t a t e .  A f t e r  e l e c t r o n i c  e x c i t a t i o n  i n t o  

a h i g h e r  v i b r o n i c  l e v e l  of S1 t h e  molecule  r e l a x e s  r a p i d l y  i n t o  

the v i b r a t i o n l e s s  l e v e l  of t h a t  s t a t e  a n d  m a y  r e t u r n  t o  the 

ground s t a t e  by f l u o r e s c e n c e .  I f  one mon i to r s  t h e  i n t e n s i t y  of 

t h i s  S1-SO (0-0) f l u o r e s c e n c e  wh i l e  s cann ing  the laser over t h e  

region of t h e  v i b r o n i c  l e v e l s  o f  t h e  f i r s t  excited e l e c t r o n i c  
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s t a t e  a n d  m e a s u r i n g  t h e  l a s e r  wave leng th  a t  t h e  same t i m e ,  one 

o b t a i n s  t h e  f l u o r e s c e n c e - e x c i t a t i o n  s p e c t r u m .  The f l u o r e s c e n c e  

i n t e n s i t y  a t  t h e  peak  p o s i t i o n s  c o r r e s p o n d s  t o  t h e  i n t e n s i t y  of 

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

model .  One, t h a t  a lways  t h e  same number o f  e l e c t r o n s  a r e  pumped 

and two, t h a t  a lways  t h e  s a m e  r a t i o  o f  e l e c t r o n s  e x c i t e d  to t h i s  

l e v e l  w i l l  r e l a x  r a p i d l y  t o  t h e  z e r o  l e v e l  of 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 ta te .  

The f l u o r e s c e n c e - e x c i t a t  i o n  s p e c t r a  o f  TBH2Pc i n  s e v e r a l  

g o o d  S h p o l l  s k i i  mat r ices  a r e  p r e s e n t e d  i n  t h i s  sec t  i o n .  

G e n e r a l l y  w e  f o u n d  t h a t  i n  c o m p a r i s o n  w i t h  t h e  f l u o r e s c e n c e  

spectra d i s c u s s e d  i n  t h e  l a s t  s e c t i o n  t h e  f l u o r e s c e n c e  

e x c i t a t i o n  s p e c t r a  a re  r i c h e r  i n  s t r u c t u r e  a n d  h i g h e r  i n  

i n t e n s i t y .  A s  w e l l ,  t h e r e  i s  no  m i r r o r  symmetry be tween them. 

The asymmet r i e s  be tween f l u o r e s c e n c e  a n d  f l u o r e s c e n c e - e x c i t a t i o n  

c a n  be a t t r i b u t e d  t o  i n t e r f e r e n c e  b e t w e e n  t w o  i n t e n s i t y  

c o n t r i b u t i n g  f a c t o r s  i n  t h e  t r a n s i t i o n  moment o f  E q .  (1) : t h e  

Franck-Condon a n d  H e r z b e r g - T e l l e r  i n t e g r a l s .  F o r  n o n - t o t a l l y  

symmet r i c  v i b r o n i c  t r a n s i t i o n s  t h e  i n t e n s i t i e s  o f  e x c i t a t i o n  and 

f l u o r e s c e n c e  a p p e a r  t o  be c o m p a r a b l e  a s  t h e  H e r z b e s g - T e l l e r  

i n t e g r a l  u s u a l l y  d o m i n a t e s  ( d u e  t o  a  v a n i s h i n g  or  v e r y  s m a l l  

Franck-Condon t e r m )  a n d  t h e r e  i s  no s e r i o u s  i n t e r f e r e n c e  between 

t h e  t w o  factors .  On t h e  o t h e r  h a n d ,  f o r  t o t a l l y  s y m m e t r i c  

v i b r o n i c s  the  Franck-Condon t e r m  i s  non-van i sh ing  a n d  i n t e r f e r e s  

w i t h  t h e  H e r z b e r g - T e l l e r  t e r m  i n  t h e  t r a n s i t i o n  moment. The 

observed s t r o n g e r  0-1 a b s o r p t i o n s  r e s u l t  f r o m  c o n s t r u c t i v e  

i n t e r f e r e n c e s ,  w h e r e a s  weaker  f l u o r e s c e n c e s  a r e  a t t r i b u t e d  to 



destxuct  ive  i n t e r f e r e n c e .  Although t h i s  nor,-Condon e f f e c t  

accounts f o r  t h e  general. asymmetric c h a r a c t e r  i n  t h e  0 -1  

t r a n s i t i o n s  of exc i ta t ion  and fluorescence, some other  fac tors  

such a s  the Duschinskii e f f e c t  f311 and Fermi resonance i 3 4 ]  may 

a l s o  play a  ro le .  

The fluorescence-excitat ion spec t ra  obtained deviate  

markedly from the  mirror images of t h e i r  fluorescences and show 

g r e a t l y  increased peak numbers which appear formidable t o  

ass ign .  However, ana lys is  gives bas ica l ly  two shor t  vibronic  

progressions along w i t h  a  number of possible t r a n s i t i o n  bands. 

Assignment of a  s p e c i f i c  t r a n s i t i o n  t o  t h e  a p p r o p r i a t e  

progression i s  f a c i l i t a t e d  by the  observation t h a t  many vibronic 

bands of Sl(l) show up s t ronger  than those  of s ~ ( ~ )  when 

fluorescence from the  v ibra t ionless  leve l  of sl (I) i s  monitored 

and vice-versa. We found t h i s  a  valuable t o o l  t o  a s s i s t  u s  i n  

our assignments. 

I t  i s  obvious from the  observation of two vibronic  

progress ions  i n  t h e  f luorescence -exc i t a t ion  s p e c t r a  t h a t  

f luorescence can a r i s e  from the  v i b r a t i o n l e s s  l e v e l s  of the  

higher lying s t a t e s  a s  the  vibronic l e v e l s  of t h e  lower lying 

ones a r e  exc i t ed .  Relaxation between t h e  two v i b r a t i o n l e s s  

( f luoresc ing)  l e v e l s ,  separated by severa l  t e n s  of cm-l, i s  

expected t o  be slow a t  4.2K and we conclude therefore  t h a t  the  

population of t h e  i n i t i a l l y  prepared vibronic  s t a t e  does not 

relax so le ly  down t o  the  v ibra t ionless  l eve l  of the  sane s t a t e ,  

but instead ends up t o  some extent  on the  v ibra t ionless  l eve l  of 

t h e  tautomeric s t a t e .  



The f luorescence-exc i t a t ion  s p e c t r a  of TBHzPc shown i n  

t h i s  s e c t i o n  a r e  f u r t h e r  complicated by t h e  e x i s t e n c e  of two 

h i g h e r  t a u t o m e r i c  e l e c t r o n i c  s t a t e s  S* ( I )  and s2 ( 2 )  . These two 

h i g h e r  e l e c t r o n i c  s t a t e s  t o g e t h e r  with t h e i r  v i b r o n i c  l e v e l s  

i n t e r a c t  wi th  t h e  v i b r o n i c  l e v e l s  belonging t o  S1 t l )  and S l  f 2 )  , 

which complicated t h e  assignment of s p e c t r a  even f u r t h e r .  

The method used t o  a s s i g n  t h e  f l u o r e s c e n c e - e x c i t a t i o n  

s p e c t r a  i s  a s  fo l lows .  F i r s t ,  t h e  p o s i t i o n  of each peak r e l a t i v e  

t o  s l ( l )  ( o r  s ~ ( ~ ) )  was c a l c u l a t e d  from t h e  s p e c t r a  monitored a t  

Sl  ( l )  ( o r  S1 ( 2 )  ) . Then t h e  peak p o s i t i o n s  of another  progression 

monitored a t  S1 ( 2 )  ( o r  S1 ( I )  ) were found. Second, t h e  p o s i t i o n s  

of  t h e  two p r o g r e s s i o n s  were compared w i t h  each o t h e r  and t h e  

p o s i t i o n s  of same o r  a lmost  same p a i r s  from two p r o g r e s s i o n s  

w e r e  p i c k e d  o u t .  These p a i r s  were a s s igned  a s  h a s i c  v i b r o n i c  

bands be long ing  t o  S1 o r  s ~ ( ~ )  because ,  i n  general . ,  t h e  

v i b r a t i o ~ a l  l e v e l s  of  S l  (I) should a g r e e  wi th  t h o s e  of S 1  ( 2 ,  

except  f o r  some r e l a t i v e  i n t e n s i t y  d i f f e r e n c e s  (peak heights) . 
So t h a t  i f  w e  move t h e  v i b r o n i c  p r o g r e s s i o n  of s ~ ( ~ )  t o  t h e  

sl(l) , t h e  two v ib ro r l i c  p r o g r e s s i o n s  should  c o i n c i d e .  On t h e  

o t h e r  hand, such  co inc idence  of  t h e  two v i b r o n i c  p rogress ions  

conf i rms  t h e  v a l i d i t y  of  o u r  i n t e r p r e t a t i o n  of t h e  s p e c t r a .  

Thi rd ,  a s  r e g a r d s  t h e  assignment of t h e  remaining t r a n s i t  ions ,  

all a d d i t i o n a l  informat ion  known sbout  t h e  s p e c t r a l  behavior  of 

o u r  system had t o  be cons ide red .  We s h a l l  now d e s c r i b e  i n  some 

d e t a i l  t h e  assignment  o f  t h e  v i b r o n i c  bands of TEfHzPc i n  t h e  

d i f f e r e n t  s o l v e n t  matrices s t u d i e d .  



3.4.1. Fluorescence -Exc i t a t i on  Spec t r a  of TBH2Pc i n  C16  

The f l u o r e s c e n c e - e x c i t a t i o n  s p e c t r a  i n  C16 were ob ta ined  

by moni tor ing  t h e  i n t e n s i t i e s  o f  14436 cm-I ( s l ( l ) )  ( F i g . 2 l a ;  1 

t o  3 )  and 14415 c m - I  (sl ( 2 )  ) ( F i g .  21b; 1 t o  3)  . It i s  e v i d e n t  

t h a t  t h e s e  s p e c t r a  a r e  much r i c h e r  i n  s t r u c t u r e  and  h i g h e r  i n  

i n t e n s i t i e s  when compared t o  t h e  f l u o r e s c e n c e  s p e c t r a .  The 

s p e c t r a  show t h e  a s s i g n e d  v i b r o n i c  bands and t h e i r  i n t e n s i t i e s  

a r e  l i s t e d  i n  t a b l e  5 .  A l l  s p e c t r a  shown have been c o r r e c t e d  f o r  

i n s t rumen t  response  and l a s e r  power d i f f e r e n c e ;  t h e i r  p o s i t i o n  

u n c e r t a i n t y  i s  22 c m - l .  S p e c t r a  o b t a i n e d  from t h e  S l ( l )  o r i g i n  

w e r e  a l l  a s s i g n e d  t o  v i b r o n i c  bands of s1 . But t h e  s p e c t r a  

o b t a i n e d  from t h e  S 1 ( 2 )  o r i g i n  were a s s i g n e d  t o  e i t h e r  v i b r o n i c  

bands of ~ ~ ( ~ 1  o r  t h o s e  of s l ( l )  because  some o f  t h e  v i b r o n i c  

bands i n  S l ( l f  may a l s o  appea r  i n  t h i s  s e r i e s  t h rough  t u n n e l i n g  

o r  v i b r o n i c  c o u p l i n g .  Note t h a t  t h e  s p e c t r a  from t h e  v i b r o n i c  

bands of sl ( I )  a r e  l a b e l e d  w i t h  a s ta r  * .  Some of  t h e  v i b r o n i c s  

which appeared  wi th  t h e  s l ( l )  o r i g i n ,  i.e. 855, 1626, #56, 1650 

etc. do no t  appea r  i n  t h e  S1 (2 )  p r o g r e s s i o n ,  b u t  are i n c l u d e d  i n  

t a b l e  5 .  

I n  fac t ,  F ig .21 ;  1 t o  3 show n o t  o n l y  t h e  p rog -es s ions  

of  sl(l) and  s1 (2) b u t  a l s o  t h o s e  of s2 and s2 ( 2 )  . S i n c e  t h e  

S;2 s ta tes  o b s e r v e d  i n  TBH2Pc are  much s t r o n g e r  t h a n  most 

fundamentals  o f  S 1  ( t h i s  is no t  t h e  case f o r  H2Pc i n  C8, see [ l o ]  

) , t h e  fundamenta l s  o f  S 2  are o b s e r v a b l e  and  have  i n t e n s i t i e s  

comparable t o  t h o s e  of S l ' s .  T h i s  causes  many i n s t a n c e s  o f  band 

coa l e scence  and s t r u c t u r e  masking as w e l l  as broadening  i n  t h e  



Fig. 21. (1) Huoresce~lce excitation specva of TBH2Pc in C I 6; a) ubwrval at 1 44 1 5 cm- I ,  b) a( 144% cnl- ' 
Note the label difference among levels of S ,  and S2. 



Wavenumber (cm- I )  

1 
Fig. 21. (2) Fluorescence cxcitaton spectra of TBH,Pc in CI 6: a) observed at 14415 cm". b) at 14436 cm- . - 

The two S, states are ai 15305 an-' and 15264 cnl-'. 



1, 
b) at 14436 an-' 

Fig. 21, (3) Fluorescence excitation spectra of TBHZPc in C 6; a) observed a 144 15 crn* l. b) ai 14436 crn- 



Table  5 Vibrational e n e r g i e s  of t h e  f i r s t  e x c i t e d  s t a t e s  
of TBH2Pc in C16, C18,  C12 and C g  

14436 c m - I  

1 0 8  m 
130 s m  
142 w 
155  s m  
1 6 3  w 
178  s m  
192 w 
212 s m  
228 vw 
256 w 
310 w 
3 3 1  w 
369 w 
409 v w  
444 m 
518 s 
540 m 
561 s m  
589 s m  
600 s m  
617 w 
669 s m  
685 m 
719 s m  
750 srn 
784 w 
810 s 
828 s 
903 m 
928 s 

1013 s m  
1062 s m  
1084 s m  
1093 s m  
1109 m 
1128 m 
1138 m 
1167 s 
1188 s 
1201  s m  
1231  s 
1258 m 

931 m 
1 0 1 1  s m  
1058 w 
1084 srn 
1094 s m  
1112 s m  
1122 sh 
1137 s m  
1165  s m  
1184 m 
1192 m 
1233  m 
1262 m 



444 w 
4 6 1  w 
515  srn  
5 3 6  w 
5 6 0  sm 
584  sm 
609 w 
612 s m  
670  s m  
682 m  
?19 s m  
748  s m  
7 8 8  s 
807  sm 
824 m 

1 6 6  s m  
172 s m  174 w 
1 9 9  s m  187  v w  
212 s m  212  s rn  
222 v w  228 vw 

615 srn 
670 s m  
686 m 
723 m 
757 srn 
7 8 1  srn 
805  s 
820  s rn  



Note: s=strong, m=medium, sm=small, w=weak, vw-very weak 

energy region of 900 ern-I above the  S 1  s t a t e s .  Fig.  2 1  (1 t o  3) 

show c lea r ly  t h a t  f o r  exc i ta t ion  energy g rea te r  than 15600 cm-I 

the  peaks appear more d i f f u s e  and n o i s i e r .  Since these  spectra  

were reproducible we could conclude t h a t  t h e  congestion was due 

t o  intramolecular s t a t e  coupling between t h e  vibronics belonging 

t o  the S1 and S2 staces .  

Direct observation of fluorescence exc i t a t ions  of S z ( l )  

and S 2 t 2 )  are also t r i e d .  One region of i n t e r e s t  i s  shown i n  



Fig .22 ,  w h i l e  t h e  remain ing  s p e c t r a l  r e g i o n  i s  f l a t  w i t h  some 

f l u c t u a t i o n s .  The s m a l l  humps i n  F i g . 2 2  c o n s i s t s  0 5  t h e  

e x t r e m e l y  weak i 5 9 8 9  c m - I  ( s 2 ( l ) + 6 8 4  c m - l )  and 1 5 9 5 2  c m - 1  

(s2 (2 )+688  cm-l) 0-1 t r a n s i t i o n s .  Both a r e  d e t e c t e d  i n  $1 a s  t w o  

o f  t h e  s t r o n g e s t  v i b r o n i c s .  T h i s  shows c l e a r l y  that e x c i t e d  

v i b r o n i c  bands o f  S2 w i l l  r e l a x  v e r y  r a p i d l y  t o  lowes t  s t a t e s  

such  as S 1  o r  o t h e r  v i b r a t i o n a l  s t a t e s .  Thus i n  t h e  r e g i o n  >90O 

cm-I o f  t h e  S1 s ta tes  i n  f l u o r e s c e n c e - e x c i t a t i o n ,  one can a l s o  

o b t a i n  some i n f o r m a t i o n  about  t h e  v i b r o n i c s  a f  t h e  S2 s t a t e s  and 

o u r  r e s u l t s  are l i s t e d  i n  Table  6 .  The ass ignment  method u s e d  

was t h e  same as  d i s c u s s e d  b e f o r e .  Note a l s o  t h a t  t h e  n o t a t i o n  i n  

F ig .21 -1  f o r  t r a n s i t i o n s  from S2 ( 2 )  s t a r t  w i t h  IS'  and t h o s e  

from S Z ( ~ )  w i th  IS* ' .  

Table  6  

1 
2  
3 
4 
5  
6 
7 
8 
9 

1 0  
11 
1 2  
13 

V:. ) r a t i o n a l  e n e r g i e s  o f  t1.e second e x c i t e d  
e l6  : t r o n i c  s ta tes  of  TBH2Pc 

Note: S=strong,  m-edium, w=weak 

69 



1 Fig. 22 Ruorescence excitation spectra from SZ by moqitoring at 15264 em- . 



3 . 4 . 2 .  F l u o r e s c e n c e - E x c i t a t  i o n  S p e c t r a  o f  TBHzPc i n  Cg, C l z ,  

a n d  C18 

The f l u o r e s c e n c e - e x c i t a t i o n  s p e c t r a  of TBH2Pc i n  Cg, C l z  

a n d  C18 are g i v e n  i n  F i g s . 2 3 - 2 5 .  They were m o n i t o r e d  a t  14321 

a n d  14447 c m - 1  ( f o r  C g ) ,  14417 a n d  1 4 4 2 9  c m - I  ( f o r  C12) , 1 4 3 4 ' 7  

a n d  14437 c m - I  ( f o r  Cl8) r e s p e c t i v e l y .  As was found  f o r  t h e  

s p e c t r a  i n  C16, when t h e  f l u o r e s c e n c e  s p e c t r a  a r e  compared w i t h  

t h e  f l u o r e s c e n c e - e x c i t a t i o n  s p e c t r a  t h e  l a t t e r  a r e  r i c h e r  i n  

s t r u c t u r e ,  h i g h e r  i n  i n t e n s i t y  a n d  d o  n o t  p o s s e s s  m i r r o r  

symmetry t o  t h e i r  r e s p e c t i v e  f l u o r e s c e n c e s .  The a s s i g n m e n t s  of 

t h e  v i b r o n i c  b a n d s  w e r e  done  i n  t h e  same way a s  d i s c u s s e d  f o r  

C16 a n d  are shown on  t h e  s p e c t r a  a s  w e l l  as  summarized i n  T a b l e  

5 .  I n  g e n e r a l  w e  fol ind f  l u o r e s c e n c e - e x c i t a t  i o n  i n t e n s i t i e s  i n  

C18 weaker  t h a n  t h o s e  i n  C16. W e  a t t r i b u t e  t h i s  t o  less w e l l -  

d e f i n e d  S h p o l ' s k i i  m a t r i c e s  i n  C 1 8  t h a n  i n  C16, which a l s o  

c a u s e d  a d i m i n i s h e d  number o f  v i b r o n i c s  i n  C18 a s  compared t o  

C16. The r e s u l t s  w e  g o t  f rom f l u o r e s c e n c e  e x c i t a t i o n  spectra o f  

TBH2Pc i n  t h e  C12 a n d  Cg matrices are i n  g e n e r a l  c o n s i s t e n t  w i t h  

t h o s e  i n  C16 i n  p o s i t i o n  a n d  i n t e n s i t y  e x c e p t  f o r  some s m a i l  o r  

weak p e a k s  f o r  which t h e  v i b r o n i c  band a s s i g n m e n t s  are shown on 

the  spectra a n d  l isted i n  T a b l e  5 .  

Comparing t h e  f l u o r e s c e n c e  e x c i t a t i o n  s p e c t r a  of  TBHzPc 

i n  C16 and H2Pc i n  a-C1N+C8, w e  f o u n d  t h a t  t h e  v i b r a t i o n a l  

levels of 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 tes  i n  t h e  two 



Fig. 23. ( I )  Fluorescence excizatioo of TBH,Pc in C g; a) monitored a 14337 an-'. b) at 14437 an-'. - 
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Fig. 24, (3) Fluorescence excitation spectra of lBH2Pc in C 2: a) observed at 144 1 7 cm- b j at 14429 cm- I .  
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Rg. 25. ( I )  E%cilatirm fluaesceme spectra of TBH,Pc in C9: a) monitored at 14321 . - 







molecules  are d i f f e r e n t  i n  p o s i t i o n  and i n  i n t e n s i t y .  T h i s  i s  most 

l i k e l y  t h e  r e s u l t s  of t h e  combined e f f e c t s  of v e r y  d i f f e r e n t  and 

complex i n t e r m o l e c u l a r  c a g e  a n d  i n t r a m o l e c t l l a r  v i b r o n i c  s t a t e  

i n t e r a c t i o n s  i n  t h e s e  two systems.  

3 .5  Photochemical  Transformat ion  Dynamics 

The e l e c t r o n i c  p o t e n t i a l  cu rves  f o r  TBH2Pc i n  CI6 have 

doub le  w e l l s  i n  b o t h  ground and  e x c i t e d  s t a t e s  ( s e e  F i g . 2 )  . The 

w e l l s  o f  t h e  l o w e s t  e x c i t e d  states a r e  s e p a r a t e d  by a b a r r i e r  of 

a b o u t  900 c m - I  i n  h e i g h t  as d i s c u s s e d  i n  sec. 3 . 2 .  The energy  

d i f f e r e n c e  between doub le  w e l l s  o f  t h e  ground s t a t e  i s  no t  known, 

b u t  t h e  barr ier  h e i g h t  between them has  been e x p e c t e d  from r e c e n t  

hole b u r n i n g  experiments[163.  To induce  i s o m e r i s a t i o n ,  photon energy 

i s  u s e d  t o  promote one s p e c i e s  t o  t h e  e x c i t e d  s t a t e  which t h e n  may 

cross o v e r  t o  t h e  o t h e r  s t a t e  w i t h  a  change  t o  i t s  molecu la r  

t a u t o m e r .  However, even  u n d e r  c o n t i n u o u s  pumping o f  t a u t o m e r  

produced,  t h i s  p r o c e s s  c a n n o t  go on f o r e v e r .  I t  w i l l  s low down 

b e c a u s e  s o m e  of the  molecu le s  have changed t o *  t h e i r  t au tomer  and 

e v e n t u a l l y  it w i l l  c o m e  t o  a h a l t  when a s t e a d y  s ta te  e q u i l i b r i u m  

between the s p e c i e s  i s  e s t a b l i s h e d .  Once t h i s  c o n d i t i o n  i s  reached 

t h e  c o n v e r s i o n  is s a t u r a t e d  under  t h e  g iven  pumping i n t e n s i t y  and 

no f u r t h e r  n e t  c o n v e r s i o n  i s  o b s e r v e d .  F i g . 2 6  shows s i m p l i f i e d  

m o d e l s  of t h e  p h o t o t r a n s f o r m a t i o n  where a )  h a s  0-0 ( S r - S O  1 

exc i tat ion  with pre-pumping of fS1-So) and the 0-1 f l u s r e s e e n c e  

o b s e r v a t i o n  and b) shows t h e  0-1 e x c i t a t i o n  w i t h  p r e - e x c i t a t i o n  o f  

S2 and the 0-0 f l u o r e s c e n c e  o b s e r v a t i o n .  



Post- 
pumr 

b e -  
excitation 

donitoring 

Post- 

S 2 ~ r  higher 

vibronic 
levels of S 
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I t  i s  worth mentioning t h a t  p re -exc i t a t ion  i s  very 

important i n  c rea t ing  an excess population of one of the  two 

molecular tautomers, otherwise phototransformation cannot be 

observed. Fig. 27 shows how a f t e r  being pre-excitat ion w i t h  U =  

15305 cm-I and monitored a t  14415 cm'l (S1 
( 2 )  

1 ,  t h a t  when the 

sample was repeatedly excited w i t h  the  lower frequency of 15102 

cm-l,  t h e  i n t e n s i t y  d e c l i n e  occurred only on t h e  f i r s t  

e x c i t a t i o n .  For t h e  second and t h i r d  per iods of pumping no 

i n t e n s i t y  drops a r e  observed (see a l s o  Fig.35a i n  which some 

o ther  s i t u a t i o n s  a r e  descr ibed) ,  because t h e r e  was no excess 

population l e f t  f o r  equi l ibra t ion .  

For phototransformation t o  take place it i s  necessary tha t  

the  i n i t i a l  ground s t a t e  population (N) of one species exceeds 

i t s  equilibrium l e v e l  (No) which i s  achieved by pre-exci ta t ion.  

I f  t h e r e  2s only one dominant mechan: 3m deplet ing one excited 

spec ies  t o  t h e  o the r  a s  shown i n  Fig.26, t h e  f lucrescence 

in tens i ty  ( I)  i n  a steady s t a t e  i s  given by: 

w h e r e  t h e  coef f ic ien t  F i s  a  function of l a s e r  power, osc i l l a to r  

s t r eng th  of t h e  s t a t e s ,  and a l l  t h e  r ad ia t ive  and nonradit ive 

rates involved and Z i s  t h e  c h a r a c t e r i s t i c  time of population 

r e d i s t r i b u t i o n  o r  transformetion s a t u r a t i o n .  A s  the previous 

study of H23c i n  a-C1W+C8 has shown!i5], Z depends on l a s e r  power, 

t h e  absorp t ion  c o e f f i c i e n t  of t h e  pumping s t a t e  and  other 

processes involved. 
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Fig. 27 Monitored at 14415 cm- ' ( s ~ ( ~ ) ) ,  with pre-excitation of 

- 1 w+ u=15305 cm- l, followed by repeated pumping 15 101 crn 
(S1 

686 crn- l): only the first excitation showed an intensity decl ine.  



One s u c h  example was t h e  o b s e r v a t i o n  of t h e  0-1 13729cm-I 

( ~ ~ ( 2 )  +686 c m - 1 )  f l u o r e s c e n c e  i n t e n s i t y  a s  a f u n c t i o n  o f  t i m e  

u n d e r  t h e  c o n t i n u o u s  pumping of  14415 cm' l  ( ~ ~ ( ~ 1 )  where t h e  

e q u i l i b r i u m  p o p u l a t i o n s  had been u p s e t  by  a  brief i r r a d i a t i o n  o f  

14436  c m - I  p r i o r  t o  pumping. F i g  28 shows b o t h  t h e  

s c a t t e r e d  d a t a  p o i n t s  (circles)  a n d  the  f i t t e d  c u r v e  ( d a s h  l i n e )  

u s i n g  a s i n g l e  l i f e t i m e  of 2=34 m s  i n  Eqn. ( 4 )  . However, f rom 

a11 t h e  d a t a  a n a l y z e d  w e  f o u n d  none  of t h e s e  t races  t r u l y  

d i s p l a y e d  a s i n q l e  l i f e t ime  d e c a y .  F u r t h e r ,  t h e  model g i v e n  i n  

F i g .  2 6  i s  a g r e a t  o v e r - s i m p l i f i c a t  i o n  s i n c e  o t h e r  p r o c e s s e s ,  

s u c h  as  t r a n s f o r m a t i o n s  t h r o u g h  b a r r i e r  t u n n e l i n g  e t c .  are 

l i k e l y  c o n t r i b u t o r s .  O t h e r  f i t s  w i t h  m u l t i p l e  l i f e t i m e s  were 

t r i e d  but y i e l d e d  m e a n i n g l e s s  r e s u l t s .  T h u s ,  w e  s i m p l y  

approx imated  t h e  e x p e r i m e n t a l  d a t a  by c o n s i d e r i n g  No as a l i n e a r  

f u n c t i o n  o f  t i m e  which  decreases m o n o t o n i c a l l y .  T h e  i n t e n s i t y  

e q u a t i o n  t h e n  becomes: 

I =  ( n o - a t )  + [ ( n - ( n o - a t ) l . e x p  ( - t / ~ )  ( 5  

where no  and  n  are i s  t h e  i n t e n s i t y  c o e f f i c i e n t s  w i t h  F b e i n g  

a b s o r b e d  i n  them a n d  a i s  t h e  i n t e n s i t y  d e c r e a s i n g  f a c t o r  ( t h e  

s l o p e ) .  I n  F i g . 2 8  t h e  s o l i d  l i n e  i s  t h e  same as t h e  d a s h  l i n e ,  

e x c e p t  t h a t  t h e  so l i d  l i n e  i s  f i t t e d  w i t h  Ean.  5 a n d  g a v e  a 

bet ter  r e d i s t r i b u t i o n  t i m e  of 2=32.4rns. The r e d i s t r i b u t i o n  t i m e s  

.t, r e p o r t e d  h e r e  w e r e  a l l  c a l c u l a t e d  f r o m  t h e  " a p p r o x i m a t e "  

E q n . ( 5 )  a n d  c a r r i e d  u n c e r t a i n t i e s  n o r m a l l y  i n  t h e  r a n g e  f r o m  1 0  

t o  50 p e r c e n t  d e p e n d i n g  on e x p e r i m e n t a l  c o n d i t i o n s .  
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Fig.28 Phototransformation of TBH~PC in c1 6 by monitoring at 13729 cm-  '. 
Pre-excitation with 14436 cm- l, then pumping with 14415 cm- l; The c i r c l e s  

represent data points. The dash line was fitted by Eqn. 4, the real line by Eqn. 5. 



In general,  t he  mechanism of phototransformat ion given 

i n  Fig. 2 6  by using 0-0 exci ta t ion could happen i n  several  ways. 

For example, i f  we monitored a t  13748 cm-I ( ~ ~ ( ~ ) + 6 8 8 c m ' ~ ) ,  then 

pre-exc i ta t ion  could be e i t h e r  by pumping with 14415 cm-l 

(S1 ( 2 )  ) or  by 14436 cm-I (sl ) and post-excitat ion a l s o  could 

be a t  14415 cm-I o r  14436 cm-I. B u t  we only  observed 

phototransformation f o r  pre-excitat ion with 14415cm-I and then 

e x c i t a t i o n  w i t h  14436 cm-I and monitoring a t  s 0 ( l ) + 6 8 8  cmV1. 

This i s  c l e a r l y  shown i n  the  da ta  presented i n  Fig.  2 9  where 

only f o r  case d )  a population unbalance has been achieved. 

Similarly,  monitoring fluorescence a t  13729 cm-l (so (2)+686cm-1) 

and t e s t i n g  a l l  t h e  poss ib le  cases l i s t e d  above, one would 

predic t  i n  terms of t h e  scheme of Fig.  2 6  t h a t  corresponding 

r e s u l t s  would be formed with monitoring a t  s O ( l ) + 6 8 8  cm'l. This 

was co t  t h e  case a s  can be seen i n  Fig.  30 where curve c )  

corresponds t o  d )  i n  F i g .  2 9  and i s  expected t o  show 

phototransformation.  However i n  case b) which is  under the  

repeat  exc i t a t ion  a t  t h e  same frequency of 14415 cm-l (sl ( 2 )  ) , 

t h e  i n t e n s i t y  decl ine i s  s t i l l  occurring ( a l s o  see  Fig.35b),  

which implies t h a t  phototransformation s t i l l  took p lace .  T h i s  

happens a l s o  with 0-1 exc i ta t ion  and 0-0 observation a s  w i l l  be 

d e s c r i b e d  l a t e r  i n  F i g . 3 5 a ) .  We b e l i e v e  t h a t  t h e s e  

phototransformations can be explained i f  one assumes t h a t  the  

Sa ( 2 )  ground s t a t e  is  lower i n  energy than the  So s t a t e  (Fig. 

26) and t h a t  ground s t a t e  tunnel ing and thermally  a c t i v a t e d  

processes  from sot1) t o  occur leading t o  t h e  i n t e n s i t y  

dec l ine  a t  t h e  beginning of l a t e r  per iods  a s  i n  F ig .35b) .  
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Fig. 29 Four possible 0-0 excitations with 0-1 (so( ' j+688crn- l )  observation. 

g sl (11, s (1 ) .  b) S1 (2),  ( 2 )  C) S1(l), ~ ~ ( ~ 1 ;  d) $jl('j, s1 (I) .  Only d) has 
1 ' 1 ' 

phototransformation. 



Fig. 30 Four possible 0-0 excitations with 0- 1 ( ~ ~ ( ~ ) + 6 8 6 c r n -  l )  observation. 

have phototransformations. 



This is consistent with absorption experiments conducted 

elsewhere in which it was found that most of the population at 

equilibrium is in the state at T=77K or lowerr3". 

Furthermore, the height of each fluorescence period depended on 

the length of dark time chosen which also confirmed the 

tunneling suggested above. 

Investigation of the 0-0 transitions pumped with lower 

v-bronics of S1 ( i - e .  0-1 transitions) also revealed similar 

time dependences. Two typical examples are given in Figs.3la and 

34a: in Fig. 31a the sample was pre-excited by 15305crn-~ 

(s2 ) , then excited by 15101 cm-l (sl f2) +686cm-l) and 

monitored at 14415 cm-I (S1 ( 2 )  ) ; in Fig. 34a, pre-excitation was 

15263 cm-I (s~(~)), then the sample was excited by 15122 cm-I 

( s ~  fl) +686 cm-l) and observed at 14436 cm-I (sl (I) ) . Both show 

photoisomerisation clearly and their transformation 

redistribution times are 90 ms and 165 ms respectively. The data 

obtained in this study of 0-1 pumping and 0-0 observation 

generally departed from a single exponential function more 

seriously than those of 0-0 pumping and 0-1 observation. Using 

Eqn. 5 to compare with the data of 0-0 pumping and 0-1 

observation, the error was below 1 but for those with 0-1 

pumping and 0-0 observation the errors were bigger. This 

indicated that perhaps more complicated photochemical 

transformation mechanisms occur for 0-1 pumping and 0-0 

observation than for 0-0 pumping and 0-1 observation which is 

not surprising since for cases of 0-1 pumping and 0-0 

observation more diverse relaxation channels are available. 



Fig. 31 Phototransformations for a) monitored at 14415 cm- ' (S1 (2)) 

with excitation of 151 01 cm- l (S1 (*)+686cm-1) with rl=90ms. b) observed 

at l372%m' ( ~ ~ ( ~ ) + 6 8 6 c m -  with excitation of 1441 5cmm (S1 (*I) , 

5=52ms. Both are properly pre excited. Note their time difference. rlrr2. 

9 1 



Furthermore, the redistribution times measured were generally 

longer for 0-1 pumping and 0-0 monitoring than fcr those of 0-0 

pumping and 0-1 observation; and the relative intensity decline 

of 0-0 pumping and 0-1 observation was much stronger than that 

in the case of 0-1 pumping and 0-0 observation. We assume that 

this is due to weaker absorption in the 0-1 pumping and 0-0 

observations such as are z5own in the two examples given i.n 

Fig.31 a), lifetime ~ = 9 0  ms for ~1(~)+686 cm-I pumping and 14415 

cm-1 observation and b) 0-0 pumping and observation at 13729 cm-l 

(s0(2)+688 cm'l), the 2=52 ms. All the times Z were obtained 

using Eqn . (5) . 

Redistribution times monitored for the 0-0 fluorescence 

with different 0-1 pumping frequencies were also found to vary 

with the lattersf absorption coefficients . Those pumped with 

stronger absorption bands generally resulted in a short 

redistribution time Z. Fig.32 shows this effect for traces 

obtained by pumping with a) 15101~m-~ (~~(~)+686cm-l) T1=90 ms 

and b) 14929 cm-I ( S ~ ( ~ ) + S I ~  cm-l) 22=136 ms, using brief pre- 

excitation with 15305 cm-l. The absorption (equivalent of 

fluorescence excitation peak intensity) of 15101 cm-I is 

stronger than that of 14929 cm-I from section 3.4 and we observe 

that Z 2 > 21 , which shows that the absorption coefficient is 

important in the phototransformation. On the other hand, little 

difference was found in Zwhen observing different 0-1 

fluorescences using the same 0-0 pumping. 



Fig.32 The relation between 'T. and energy state absorption coefficients. 

Both monitored at 1441 5 cm (S ard with same pre-excitation. a) with 

excitation of 15 101cm-~, r =9Oms. b) with excitation of 14929~x11-l, r2= 

1 36x11s. a) has a bemr absorption than b). Note r2x  



W e  t h e r e f o r e  c o n c l u d e  t h a t  Z i s  a  f u n c t i o n  o f  t h e  

o sc i l l a to r  s t r e n g t h  of t h e  t r a n s i t i o n  a n d  t h e  i n t e n s i t y  of  t h e  

pumping l a s e r ;  pumping a t  0-0 i s  more e f f i c i e n t  t h a n  pumping 

a t O - 1  r e s u l t i n g  i n  a s h o r t e r  . A g i v e n  pumping f r e q u e n c y  

o b s e r v e d  a t  d i f f e r e n t  m o n i t o r i n g  p o s i t i o n s  g a v e  a p p r o x i m a t e l y  

t h e  same r e d i s t r i b u t i o n  t i m e  w h i l e  d i f f e r e n t  pumping f r e q u e n c i e s  

m o n i t o r e d  a t  t h e  same f l u o r e s c e n c e  show d i f f e r e n t  decay  t i m e s .  

I t  i s  w o r t h  n o t i n g  t h a t  t h e  t i m e  d e p e n d e n c e  of t h e  

i n t e n s i t y  due  t o  p h o t o c h e m i c a l  t r a n s 2 o r m a t i o n  was m o s t  c l e a r l y  

s e e n  when b o t h  pumping a n d  o b s e r v a t i o n  w e r e  made f o r  t h e  same 

s p e c i e s ,  S ( l )  o r  s ( ~ )  r e s p e c t i v e l y .  I n t e n s i t y  o b s e r v e d  f o r  

t r a n s f o r m e d  s p e c i e s  u s u a l l y  r e s u l t e d  i n  weak s i g n a l s  a n d  

ambiguous t i m e  d e p e n d e n c e .  F i g .  33  d e m o n s t r a t e s  t h i s  s i t u a t i o n  

where c u r v e  a )  w a s  o b t a i n e d  w i t h  14593 c m - I  ( ~ 1 ( ~ ) + 1 7 8  c m - l )  

p u m p i n g  a n d  1 4 4 1 5  c m ' l  (S1 ( 2 )  ) o b s e r v a t i o n  a n d  a 

p h o t o t r a n s f o r m a t  i o n  r e d i s t r i b u t i o n  t i m e  2x124 rns w a s  o b t a i n e d ,  

w h e r e a s  c u r v e  b )  w a s  o b s e r v e d  a t  14436 c m - I  ( s l ( l ) )  w i t h  t h e  

s a m e  pumping. O b v i o u s l y  t h e  s i g n a l  from ~ 1 ( * )  w a s  weak a n d  t h e  

i n t e n s i t y  d i d  n o t  d e c l i n e  a f t e r  a s h a r p  r i se .  T h i s  s u g g e s t e d  

p o o r  e n e r g y  t r a n s f e r  f rom t h e  e x c i t e d  s ~ ( ~ )  s p e c i e s  t o  t h e  s l ( l )  

s p e c i e s  e v e n  t h o u g h  t h e  r a d i a t i v e  r a t e s  o f  s l ( l )  were known t o  

be fas t  a n d  comparab le  w i t h  n o n r a d i a t i v e  r a t e s .  I t  i s  poss ible  

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

t h e  z e r o  p o i n t  v i b r a t i o n  o f  t h e  f i r s t  e x c i t e d  state. The  

o b s e r v e d  i n t e n s i t y  of s l ( l )  w i t h  t h e  low s1t2) v i b r o n i c  pumping 

was weak t h e r e f o r e  a n d  showed t h a t  t h e  i n t e n s i t y  d e c l i n e  of 

~ ~ ( 2 )  w a s  n o t  o f f s e t  by  t h e  i n t e n s i t y  rise o f  S I ( ~ ) .  While t h i s  



Fig. 33 Intensity responses in time with observation of 0-0 

fluorewences with pumping of 14593 c 6  ' (S (*)+178cm-l). 

a). xecmkd at S (2) with a redistribution time of 124 ms. b). 

monitored at S ('I show only a step-wise rise which means 

(1) poor energy transfer from pumped s vibronic to S . 



I I I I  - I I I I  

- - - - - - i - - 

- 
- - 

2 = 1 6 5 m s  - 
- 4 

- - 
- - 
- - 
- - 
- a) - - 
- - 
- 

:.. - 2 = 1 4  9 m s  . . . -  _ . I .  
b) 

. . . , - . I . - -  __. . - - -  '..'. , .._ . - _ _  , . -  . .__. -.--_'._. 

Fig. 34 Intensity of 0-0 fluorescence vs time of TBH2Pc in C 

.. ith 15122crn-' (sl ")+686cm-'1. a). recorded at 14436x1-I 

(s l ( l ) )  with redistribution time ~ = 1 6 5  ms. b) recorded at 14415 

- 1  (2) cm (S1 ) with7=149ms. Rarecasewherepumping was 

made into other species. 



i s  g e n e r a l l y  t h e  case ,  e x c e p t i o n s  a r e  a l s o  observed where a  

s t a t e  ~ f  one s p e c i e s  i s  f i l l e d  t o  some e x t e n t  from t h e  pumped 

s p e c i e s  b e f o r e  t r a n s f o r m a t i o n .  This  i s  shown i n  F i g .  3 4  where 

a f t e r  p r e - e x c i t a t i o n  wi th  15264 cm-l ( ~ ~ ( ~ 1 )  t h e  i n t e n s i t y  of  

s1 recorded a t  14436 cm-I d e c l i n e s  i n  t h e  u s u a l  way wi th  a  

r e d i s t r i b u t i o n  t i m e  T=165 ms when e x c i t e d  w i t h  15122cm-I 

( s ~  (1) +686 c m - l )  . However, under t h e  same pumping i n  b )  when 

observed a t  14415 crn-I (S1 ( 2 )  ) t h e  i n t e n s i t y  still d e c l i n e s  

s l i g h t l y  wi th  2=149 ms. Such behaviour  i s  found r a r e l y  when 

pumping i n t o  t h e  o t h e r  s p e c i e s  and i s  probably  due t o  a  r a t h e r  

good coupl ing  between t h e  686 cm-I v i b r a t i o n  of S l ( l )  with t h a t  

o f  S1 ( 2 )  o r  w i t h  o t h e r  v i b r o n i c s  of  s1 ( 2 )  . Checl-ing t h e  

f luorescence  a f t e r  e x c i t a t i o n  wi th  15122 cm-l, we found a  c l e a r  

peak o n l y  a t  14436 c m - I  while  t h e r e  was j u s t  s t r o n g  background 

i n  t h e  r e g i o n  a round  14415 cm-l.  T h i s  i m p l i e s  t h a t  t h e  

i n t e r a c t i o n  of  ~ ~ ( ~ ) + 6 8 6  cm-l wi th  o t h e r  v i b r o n i c s  of  s1 ( 2 )  i s  

q u i t e  complex and t h a t  t h e  e x c i t a t i o n  of  s 1 ( l ) + 6 8 6  cm-1 i s  

served  somehow by 51 ( 2 )  . 

There are a l s o  cases where 0-1 pumping i s  n e i t h e r  f e l t  by 

t h e  S1 s t a t e  of t h e  pumped s p e c i e s  nor  by t h a t  o f  t h e  o t h e r  

s p e c i e s .  For t h e s e  v i b r o n i c  l e v e l s  t a u t o m e r i s a t i o n  v i a  photonic  

e x c i t a t i o n  and f luorescence  d e c l i n e  cannot be observed even with 

proper p r e - e x c i t a t i o n .  Th i s  may be due t o  t h e  f a c t  t h a t  t h e  

pumped excited state popu la tes  t h e  ground states of b o t h  s p e c i e s  

evenly or  t h a t  t h e  pumped s t a t e  h a s  v e r y  r a p i d  n o n r a d i a t i v e  

decays which bypass  t h e  S1 states of  t h e  s p e c i e s  and xake any 

v a r i a t i o n  of t h e  i n t e n s i t y  d i f f i c u l t  t o  d e t e c t .  Many of  t h e  



h i g h - l y i n g  v i b r o n i c s  (>go0 cm-l) e x h i b i t  t h i s  b e h a v i o r  where no 

i n t e n s i t y  d e c l i n e  i s  o b s e r v e d .  

F o r  0-1 pumping a n d  0-0 o b s e r v a t i o n  of t h e  s ( ~ )  i s o m e r s  

many v i b r o n i c s  b e l o n g i n g  t o  S I ( ~ )  show t h e  i n t e n s i t y  d e c l i n e  

e v e n  w i t h o u t  p r e - e x c i t a t i o n .  One s u c h  example i s  g i v e n  i n  F i g .  

35  a ) :  The f i r s t  p e r i o d  w a s  p r e - e x c i t e d  by  15305cm-I ( s2 (1) ) ,  

t h e n  pumped w i t h  1 5 1 0 1 c m - ~  ( s ~ ( ~ )  +686cmq1) c o n t i n u o u s l y .  The 

i n t e n s i t y  d e c l i n e  ( p h o t o t r a n s f o r m a t i o n )  s t i l l  o c c u r s  i n  t h e  

l a t e r  e x c i t a t i o n  p e r i o d s .  R e c a l l  t h a t  i n  F i g .  27  w i t h  t h e  same 

e x c i t a t i o n  a n d  o b s e r v a t i o n ,  no  i n t e n s i t y  d e c l i n e  was o b s e r v e d  i n  

t h e  l a t e r  p e r i o d .  I n  t h i s  case t h e  t i m e  i n t e r v a l  be tween  two 

e x c i t a t i o n s  was o n l y  a b o u t  1 s e c o n d ,  w h i l e  i n  F i g .  35 t h e  

i n t e r v a l  w a s  a b o u t  65 s e c o n d s .  Thus t h e  h e i g h t  o f  e a c h  

e x c i t a t i o n  d e c l i n e  depends  on t h e  d a r k  t i m e .  F i g .  35b) d e s c r i b e s  

t h e  s a m e  phenomenon w i t h  0-0 pumping a n d  0-1 o b s e r v a t i o n  w i t h  

b r i e f  p r e - e x c i t a t i o n  a t  14436 c m - I  (sl(l) ) f o l l o w e d  by c o n t i n u o u s  

pumping a t  14415 cm- I  ( ~ ~ ( ~ 1 )  o n l y  and  m o n i t o r i n g  a t  1 3 7 2 9  c m - I  

( ~ ~ ( ~ ) + 6 8 6  c m - I ) .  N o t e  t h e  i n t e n s i t y  d e c l i n e s  a g a i n  i n  t h e  l a t e r  

p e r i o d s  w h i l e  n o  s u c h  b e h a v i o r  i s  o b s e r v e d  i n  0-1 pumping and 0- 

0  o b s e r v a t i o n  o r  0-0 pumping a n d  0-1 o b s e r v a t i o n  o f  ~ ( l ) .  A s  

p o i n t e d  o u t  b e f o r e  t h i s  b e h a v i o u r  c a n  be e x p l a i n e d  by assuming  

tha t  t h e  e l e c t r o n i c  s ta te  i s  h i g h e r  t h a n  t h e  s t a t e .  

P h o t o c h e m i c a l  t r a n s f o r m a t i o n  o f  TBH2Pc i n  s o l i d  C l  6 

d i f f e r s  i n  t w o  ways f rom t h a t  of H2Pc i n  One i s  t h a t  t h e  

s a t u r a t i o n  t i m e  Z i n  TBH2Pc i s  s l i g h t l y  l o n g e r  t h a n  t h a t  i n  H2Pc 

and t h e  o t h e r  i s  t h a t  t h e  e x t e n t  of  t h e  i n t e n s i t y  d e c i i n e  in 

TBH2Pc i s  less  t h a n  t h a t  i n  H2Pc. A s  d i s c u s s e d  i n  s e c t i o n s  3 . 2  



Fig. 35 a) intensity vs time for 0-1 excltatlon (S, (2)+636 

cm' I )  0-0 obsenmtion (1 441 5 cm- ' ).  NO:^ Intensity drop occurs 

in later periods. b). with 0-0 excltatbn (1 441 5 cm' l )  0-1 

observation (1 3729 cm- '1; also the phototransformation 
occurs in later periods. 



a n d  3.3,  s t r o n g e r  e l e c t r o n - p h o n o n  c o u p l i n g  f o r  TBH2Pc i n  C16 

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

i n t e n s i t y  d r o p s  t h a n  f o r  TBH2Pc i n  C8+ffC1N. 

P h o t o c h e m i c a l  t r a n s f o r m a t i o n  of TBH2Pc i n  C18  m a t r i x  was 

a l s o  s t u d i e d  w i t h  e m p h a s i s  on measurements  o f  0-1 pumping w i t h  

0-0 o t s e r v a t i o n ,  b e c a u s e  one  of i t s  0-0 t r a n s i t i o n s  (14337 c m ' l )  

c o u l d  n o t  b e  o b t a i n e d  w i t h  o u r  l a s e r .  I n  g e n e r a i ,  t h e  o b s e r v e d  

p h 0 t 0 t r a n ~ f 0 r l x 3 t i 0 n  b e h a v i o r  i s  s i m i l a r  t o  t h a t  i n  C16 a n d  a 

t y p i c a l  example i s  g i v e n  i n  F i g .  36 .  For  compar ison we c h o s e  t h e  

s a m e  pumping v i b r o n i c  ~ ~ ( ~ ) + 6 8 6  c m - l  ( i n  C16,  it was 15101 c m - I ;  

i n  CIS, it w a s  15022 c m - l ) ,  and. b o t h  w e r e  o b s e r v e d  a t  

( 1 4 4 1 5  c m - 1  i n  ~ 1 6 ,  14337  c m - 1  i n  C 1 8 . )  a n d  w e  o b t a i n e d  

r e d i s t r i b u t i o n  t i m e s  of 2=90 m s  a n d  168 m s  f o r  TBH2Pc i n  c16 and 

C18 r e s p e c t i v e l y .  I n  g e n e r a l ,  s i n c e  e l e c t r o n - p h o n o n  i n t e r a c t i o n  

i s  e v e n  s t r o n g e r  f o r  TBH2Pc i n  C18 t h a n  i n  C16, t h e  d a t a  show 

s l i g h t l y  l o n g e r  X ' s  a n d  e v e n  s h a l l o w e r  d e c l i n e  i n  f l u o r e s c e n c e  

i n t e n s i t y .  
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Chapter 4 .  Summary and Conclusions 

1) Detai led f luorescence and f luorescence e x c i t a t i o n  

spectra  of TBH2Pc i n  the  alkanes C a ,  C g ,  C I O ,  C12 ,  C 1 4 ,  C IGr  C17'  

and C l 8  a r e  presented i n  t h i s  t h e s i s .  We i d e n t i f i e d  those 

alkanes which a t  4.2K a r e  su i t ab le  hosts t o  obtain Shpolf s k i i  

spec t ra .  C16  had t h e  bes t  spectra  by having one dominant s i t e  

and a  r e l a t i v e l y  weak background. I t  was therefore  the  solvent 

of choice fo r  comparison w i t h  previous work on H2Pc i n  a  mixed 

Shpolf s k i i  matrix. C l z f  Cg and C18 were next bes t .  The remaining 

alkanes used were found t o  be not su i tab le  f o r  de ta i led  s tudies  

because of one o r  both of t h e  following d e f i c i e n c i e s :  a )  

Multiple s i t e s  making iden t i f i ca t ion  of spec t ra l  features  w i t h  a  

s p e c i f i c  s i t e  d i f f i c u l t .  b)  Strocg background luminescence 

broadened t o  an extent  typ ica l  of an amorphous matrix, obscuring 

any vibronic s t ruc tu res .  The f a c t  t h a t  C17 was very poor i n  t h i s  

respect ,  whereas C16 and C18 were qui te  su i t ab le  i s  deserving of 

fu r the r  invest igat ion t h a t  may lead t o  a b e t t e r  ins ight  in to  the 

s t r u c t u r a l  and/or dynamic propert ies  of a  host important i n  the 

formation cf Shpolf s k i i  matrices. 

2 )  A c a r e f u l  comparison of t h e  Shpol ' sk i i  spec t ra  of 

TBH2Pc i n  C 1 6  with those  of H2Pc i n  Cq showed s i g n i f i c a n t  

d i f f e rences  a t t r i b u t a b l e  t o  t h e  e f f e c t  of the  t e r t i a r y  G u t y l  

groups on t h e  vibronics a s  well a s  on the  0-0 t r a n s i t i o n s .  Aside 

from a q u a l i t a t i v e l y  observed reduction i n  t h e  lumbn~scence 



q u a n t u m - y i e l d  - n o t  u n e x p e c t e d  b e c a u s e  a  h i g h e r  d e n s i t y  o f  

v i b r a t i o n a l  l e v e l s  makes a n  i n c r e a s e d  i n t e r n a l  c o n v e r s i o n  r a t e  

( i .  e .  n o n r a d i a t i v e  d e c a y  f r o m  S 1  t o  So)  p l a u s i b l e  - t h e  

f o l l o w i n g  d i f f e r e n c e s  w e r e  n o t e d  and  commented o n :  

a )  Longer  v i b r a t i o n a l  p r o g r e s s i o n s  i n  t h e  f l u o r e s c e n c e  

e x c i t a t i o n  s p e c t r u m  o f  TBH2Pc t h a t  do n o t  b e a r  a 1-1 

c o r r e s p c n d e n c e  t o  H2Pc. 

b )  D i f f e r e n t  v i b r a t i o n a l  e n e r g i e s  i n  So ( o b s e r v e d  i n  

f l u o r e s c e n c e )  w i t h  t h e  e x c e p t i o n  o f  some o f  t h e  s t r o n g e s t  

v i b r o n i c s ,  i . e .  those w i t h  e n e r g i e s  of 686, 725, 1520 a n d  1555 

cm'l i n  TBH2Pc c o r r e s p o n d i n g  t o  686, 725, 1 5 1 9  a n d  1556 cm'l i n  

H2Pc. 

C )  F l u o r e s c e n c e  and  f l u o r e s c e n c e  e x c i t a t i o n  o f  S2+So (i . e .  

t h e  Qy t r a n s i t i o n )  c o u l d  be o b s e r v e d  i n  TBHzPc, which  was n o t  

p o s s i b l e  f o r  H2Pc i n  C 8 .  While the  s i g n a l s  a r e  weak t h e y  c o n f i r m  

S2 ( a y )  a s  t h e  h i g h  e n e r g y  p a r t n e r  o f  S1 (Q,) . 
3 )  Through  t i m e  r e s o l v e d  f l u o r e s c e n c e  s t u d i e s  u n d e r  

p e r i o d i c  s q u a r e  wave e x c i t a t i o n ,  it was p o s s i b l e  t o  o b s e r v e  t h e  

p h o t o t  r a n s f o r m a t  i o n  between t h e  two i s o m e r i c  s p e c i e s  o f  TBH2Pc.  

Upon s w i t c h i n g  o n  t h e  e x c i t a t i o n ,  o n e  c o u l d  o b s e r v e  t h e  

r e d u c t i o n  of  t h e  e x c i t e d  s p e c i e s  w i t h i n  t i m e s  o f  t h e  order o f  

t e n s  of  m i l l i s e c o n d s  (depend ing  on pumping-power, a n d  e x c i t a t i o n  

f r e q u e n c y ) .  Such t r a n s f o r m a t i o n s  had  p r e v i o u s l y  b e e n  o b s e r v e d  i n  

t h e  same manner  i n  H2Pc. However,  w h e r e a s  t h e  p o p u l a t i o n  

d i s t r i b u t i o n  between t h e  t w o  s p e c i e s  r emained  s t a b l e  i n  H2Pc i n  

t h e  a b s e n c e  of e x c i t a t i o n ,  for  TBH2Pc it w a s  f o u n d  t h a t  w i t h i n  

times of t h e  order  o f  s e c o n d s  t o  m i n u t e s  ( d e p e n d i n g  on  



t e m p e r a t u r e )  r e e q u i l i b r a t i o n  t o  t h e  o r i g i n a l  d i s t r i b u t i o n  

be tween  t h e  i s o m e r i c  s p e c i e s  t o o k  p l a c e  i n  t h e  a b s e n c e  of 

e x c i t a t i o n .  T h i s  l e a d s  t o  t h e  c o n c l u s i o n  t h a t  t h e r e  e x i s t s  an 

energy  d i f f e r e n c e  i n  t h e  ground s t a t e  of  t h e  two s p e c i e s  which 

i s  o f  a  magni tude comparable t o  kT, where k  i s  t h e  Bcltzmann 

c o n s t a n t  and  T t h e  t e m p e r a t u r e  o f  4.2K used  i n  most of t h e  

exper iments .  

I n  c o n c l u s i o n ,  t h e  r e s u l t s  r e p o r t e d  i n  t h i s  t h e s i s  w i l l  

p r o v i d e  f o r  t h e  f i r s t  t i m e  a r e f e r e n c e  f o r  a n y  f u t u r e  

s p e c t r o s c o p i c  s t u d i e s  of  t h e  TBHzPc m o l e c u l e .  Moreover t h e y  

ra i se  a  number o f  i n t r i g u i n g  q u e s t i o n s  w i t h  r e s p e c t  t o  t h e  

c a u s e s  u n d e r l y i n g  t h e  d i f f e r e n c e s  i n  t h e  behaviour  o f  t h e  TBH2Pc 

molecu le  when compared wi th  t h e  s i m i l a r  and e x t e n s i v e l y  s t u d i e d  

H ~ P C  mol-ecule, p a r t i c u l a r l y  w i t h  r e s n e c t  t o  t h e  dynamics of  t h e  

p h o t o t r a n s f o r m a t i o n  be tween  t h e  i s o m e r s ,  a  t o p i c  of  g r e a t  

fundamental  as w e l l  as a p p l i e d  i n t e r e s t .  
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