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PHOlDCAUIRImIC SPECIROSCOPY OF ERYTEiUlSINE AND EOSIN IN EPOXY RESIN 

TARO TOYODA, KAZUYA FLIKAO. and TAKESHI SHIGENARI 

Department of  Applied Phys ic s  and Chemistry, The Un ive r s i ty  o f  E l e c t r o -  
Communications, 1-5-1 Chofugaoka. Chofu. Tokyo 182, Japan 

Abstract Pho toca lo r ime t r i c  measurements u s i n g  t h e r m i s t o r  is a p p l i e d  t o  
s t u d y  t h e  h e a t  gene ra t ion  by n o n r a d i a t i v e  processes i n  e r y t h r o s i n e  and 
e o s i n  dyes i n  epoxy r e s i n .  Pho toca lo r ime t r i c  spectra of  them a g r e e  wi th  
pho toacous t i c  ones i n  low c o n c e n t r a t i o n  and t h e  former are d i f f e r e n t  from 
the latter i n  h igh  c o n c e n t r a t i o n  cases. The l i g h t  i n t e n s i t y  dependence o f  
h e a t  gene ra t ion  of both dyes i n  epoxy r e s i n  was l i n e a r  a l though  t h e  o p t i -  
cal a b s o r p t i o n  s p e c t r a  showed non l inea r  c h a r a c t e r .  The experimental  r e s u l t s  
were analyzed by f o u r - l e v e l  model t o  show that t h e  d i f f e r e n c e  of  l i g h t  i n -  
t e n s i t y  dependence between pho toca lo r ime t r i c  i n t e n s i t y  and o p t i c a l  abso rp -  
t i o n  was based on t r i p l e t - t r i p l e t  t r a n s i t i o n s .  

INTRODUCTION 

Ery th ros ine  and e o s i n  are xanthene dyes  which are same class as rhodamine 6G (R6 
G )  and is used as materials f o r  s e n s i t i z e r .  R6G is most widely used and i n v e s t i -  
ga t ed  dye f o r  many a p p l i c a t i o n s .  Its o p t i c a l  p r o p e r t i e s  are of p a r t i c u l a r  i n t e r -  
est. R6G forms s o l i d  s o l u t i o n s  i n  non-polar plastic materials and i n o r g a n i c  
g l a s s e s . ' "  On t h e  o t h e r  hand ,e ry th ros ine  and e o s i n  are considered as one of  t h e  
c a n d i d a t e s  f o r  low power phase con juga t ion  by degene ra t e  four-wave mixing re- 
c e n t l y . 3 . 4  Ery th ros ine  and e o s i n  are of  i n t e r e s t  i n  t h a t  a long lifetime of  t h e  
t r i p l e t  state (of t h e  o r d e r  o f  mi l l i s econds )  and a s t r o n g  a b s o r p t i o n  a t  wave- 
l eng th  of an  Ar ion  laser enab le s  u s  t o  g e n e r a t e  cw con juga te  wave.Generation of  
a phase conjugated wave by degenerated four-wave mixing is a t t r a c t i v e  f o r  appl i -  
c a t i o n s  t o  real-time holography, t u r b u l e n c e  c o r r e c t i o n ,  and improvement of high-  
power laser-beam q u a l i t y .  Although s e v e r a l  i n v e s t i g a t i o n s  have been c a r r i e d  o u t  
on t h e  op t ica l  a b s o r p t i o n  and photoluminescence, and non l inea r  p r o p e r t i e s  of 
t h o s e  dyes i n  non-polar plastic materials5, t h e r e  are few i n v e s t i g a t i o n s  on t h e  
h e a t  gene ra t ion  by n o n r a d i a t i v e  p rocesses  t h e  work by the rma l - l ens  mea- 
surements.  ' Study of h e a t  g e n e r a t i o n  by n o n r a d i a t i v e  p rocesses  is important  
because h e a t  g e n e r a t i o n  is r e l a t e d  t o  i r r e v e r s i b l e  b l each ing  i n  h igh  l ight  power 
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r eg ion .  We p r e s e n t  h e r e  t h e  experimental  r e s u l t s  o f  h e a t  gene ra t ion  spectra and 
t h e  l i g h t  i n t e n s i t y  dependence o f  h e a t  g e n e r a t i o n  us ing  pho toca lo r ime t r i c  spec- 
t roscopy  a p p a r a t u s  which measures d i r e c t  d e t e c t i o n  of  t empera tu re  changess t o -  
g e t h e r  with o p t i c a l  t r ansmiss ion  measurements. Also pho toacous t i c  spectra were 
measured i n  o r d e r  t o  s t u d y  t h e  v a l i d i t y  of  pho toca lo r ime t r i c  spectroscopy.  I t  
is worthwhile t o  i n v e s t i g a t e  d i r e c t  d e t e c t i o n  o f  t empera tu re  changes r e s u l t i n g  
from n o n r a d i a t i v e  p rocesses  fo l lowing  l i g h t  energy a b s o r p t i o n  f o r  s h o r t  pe r iod  
l i g h t  i r r a d i a t i o n  t o  avoid i r r e v e r s i b l e  b l each ing  of dyes.  The d i r e c t  tempera- 
t u r e  measurements a l low a more f l e x i b l e  sample cell arrangement than  photoacous- 
t i c  cel l .  

EXPERIMENTAL 

Optical ly  homogeneous films o f  epoxy r e s i n  having e r y t h r o s i n e  and e o s i n  dyes  
concen t r a t ion  o f  t o  l o - ’  mol/l were made wi th  t h e  t h i c k n e s s  of  about  100 
p m. For p h o t o c a l o r i m e t r i c  s i g n a l  (PCS) measurements, we employed a t h e r m i s t o r  
a s  a senso r  for t empera tu re  measurements.8.e I n  o r d e r  t o  e l i m i n a t e  t h e  effect o f  
temperature  changes of surrounding air, a d i f f e r e n t i a l  t h e r m i s t o r  was used t o  
compensate f o r  changes i n  ambient temperature .  The t h e r m i s t o r  h a s  a nominal re- 
s i s t a n c e  of 12 k!J and a s e n s i t i v i t y  o f  480 Q / K  at  20°C. For pho toacous t i c  sig- 
nal (PAS) measurements, we a p p l i e d  convent ional  microphone method. 1 E  PCS and PAS 
measurements were c a r r i e d  o u t  ove r  t h e  r ange  from 350 nm t o  820 nm u s i n g  500 W 
xenon lamp. For PCS measurements, the l i g h t  was pe rmi t t ed  t o  irradiate t h e  cell 
f o r  7 seconds. Ne i the r  t h e r m i s t o r  was i r r a d i a t e d  d i r e c t l y  by the e x c i t i n g  beam 
dur ing  t h e  experiment.  The PCS and PAS i n t e n s i t i e s  were always d iv ided  by the 
l i g h t  i n t e n s i t y  measured by carbon b l a c k  s h e e t  f o r  normalizat ion.  The modulation 
frequency f o r  PAS measurements was 30Hz. The l i g h t  i n t e n s i t y  dependence o f  t h e  
d i r e c t  temperature  changes was measured by u s i n g  an  A r  i o n  laser beam with a 
wavelength of  514.5 nm i n  which HOMO-LUMO t r a n s i t i o n  was shown i n  e r y t h r o s i n e  
and eos in  dyes. I n  o r d e r  t o  avo id  i r r e v e r s i b l e  bleaching,  i r r a d i a t i o n  time is 
r e s t r i c t e d  t o  0 .1  seconds.  

RESULTS AND DISCUSSION 

Figure  1 shows t h e  o p t i c a l  t r a n s m i s s i o n  spectra of  e r y t h r o s i n e  and e o s i n  dyes i n  
epoxy r e s i n  f o r  two d i f f e r e n t  concen t r a t ions .  Absorption peak near gt 2.3 eV 
can be seen  which i n d i c a t e s  HOMO-LUMO t r a n s i t i o n  i n  s i n g l e t  states f o r  bo th  
cases The gene ra l  f e a t u r e s  can be understood i n  t h e  framework o f  .the Jab ronsk i  
energy diagram. A peak a t  2.5 eV is observed f o r  bo th  cases and it might b e  re- 
l a t e d  t o  t h e  a s s o c i a t i o n  of  e r y t h r o s i n e  and e o s i n  i n  epoxy r e s i n .  F igu re  2 shows 
t h e  p h o t o c a l o r i m e t r i c  spectra f o r  e r y t h r o s i n e  and e o s i n  i n  epoxy r e s i n  f o r  two 
d i f f e r e n t  concen t r a t ions .  Two peaks at  2 . 3  eV and 2.5 eV are a l s o  observed i n  
bo th  cases i n  pho toca lo r ime t r i c  spectra, i n d i c a t i n g  t h a t  t h e  h e a t  gene ra t ion  by 
n o n r a d i a t i v e  processes i n  e r y t h r o s i n e  and e o s i n  i n  epoxy r e s i n  are r e l a t e d  t o  
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FIGURE 1 Opt ica l  t r ansmiss ion  spectra f o r  e r y t h r o s i n e  and e o s i n  dyes  i n  epoxy 
r e s i n  f o r  two d i f f e r e n t  concen t r a t ions .  
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FIGURE 2 Pho toca lo r ime t r i c  spectra (PCS) f o r  e r y t h r o s i n e  and eos in  dyes  i n  
epoxy r e s i n  fo r  two d i f f e r e n t  concen t r a t ions .  

o p t i c a l  abso rp t ion .  F igu re  3 shows pho toacous t i c  spectra f o r  e r y t h r o s i n e  and 
e o s i n  dyes i n  epoxy r e s i n .  The PCS and PAS band shapes depend on t h e  dye concen- 
t r a t i o n .  That o f  PCS agreed wi th  t h a t  of PAS i n  low concen t r a t ion  case and t h e  
former is d i f f e r e n t  from t h e  latter i n  high concen t r a t ion  case because of t h e  
thermal  d i f f u s i o n  l e n g t h  concerned. 

Figure 4 shows t h e  i n c i d e n t  l i g h t  i n t e n s i t y  dependence of  t h e  t r ansmiss ion  
spectra of e r y t h r o s i n e .  and e o s i n  dyes  i n  epoxy r e s i n  f o r  d i f f e r e n t  concentra-  
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FIGURE 3 Pho toacous t i c  s p e c t r a  (PAS) for e r y t h r o s i n e  and e o s i n  dyes i n  
epoxy r e s i n  f o r  two d i f f e r e n t  concen t r a t ions .  
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FIGURE 4 Ligh t  i n t e n s i t y  dependence FIGURE 5 Ligh t  i n t e n s i t y  dependence 
o f  t h e  t r a n s m i s s i o n  f o r  e r y t h r o s i n e  of  t h e  PCS f o r  e r y t h r o s i n e  and eos in  
and eos in  dyes  i n  epoxy r e s i n .  dyes  i n  epoxy r e s i n .  

t i o n s .  They d i s p l a y  i n c r e a s i n g  t r ansmiss ion  up t o  a f i n a l  level, which is below 
u n i t y .  The measured s a t u r a t i o n  i n t e n s i t i e s  (onse t  of s a t u r a t i o n )  are approximate- 
l y  2.0 W/cm2 and 0 .6  W/cm2 f o r  e r y t h r o s i n e  and eos in  dyes, r e s p e c t i v e l y ,  f o r  
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FIGURE 6 Comparison o f  experimental  
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p o i n t s  w i th  t r ansmiss ion  and PCS cu rves  
de r ived  from numerical c a l c u l a t i o n s  for  e r y t h r o s i n e  and e o s i n  dyes  
i n  epoxy r e s i n .  

d i f f e r e n t  dye concen t r a t ions .These  v a l u e s  are c l o s e  t o  t h o s e  r e p o r t e d  by S i l b e r -  
be rg  and Bar-Joseph.3 F igu re  5 shows t h e  i n c i d e n t  l i g h t  i n t e n s i t y  dependence o f  
PCS f o r  e r y t h r o s i n e  and eos in  dyes  i n  epoxy r e s i n  f o r  d i f f e r e n t  concen t r a t ions .  
F igu re  5 i n d i c a t e s  t h a t  t h e  h e a t  g e n e r a t i o n  by n o n r a d i a t i v e  processes i n  
e r y t h r o s i n e  and e o s i n  dyes i n  epoxy r e s i n  shows l i n e a r  dependence a l though  t h e  
s i g n a l  s a t u r a t i o n  i n  t r ansmiss ion  (or abso rp t ion )  occures  a s  t h e  pump laser i n -  
t e n s i t y  is s u f f i c i e n t l y  high. We c a l c u l a t e d  t r ansmiss ion  (T) and PCS (P) by 
us ing  rate equa t ion  a n a l y s i s  proposed by Giu l i ano  and Hess. ' They r e p o r t e d  t h e  
l i g h t  i n t e n s i t y  dependence of t r ansmiss ion  fo r  s e v e r a l  dyes u s i n g  t h r e e - l e v e l  
scheme inc lud ing  two s i n g l e t  and first t r iplet  sates. F igu re  6 shows t h a t  a sim- 
p le  t h r e e - l e v e l  scheme is inadequate  t o  d e s c r i b e  t h e  l i g h t  i n t e n s i t y  dependence 
of t r ansmiss ion  and PCS of  e r y t h r o s i n e  and e o s i n  dyes  i n  epoxy resin.We inc luded  
t r i p l e t - t r i p l e t  t r a n s i t i o n  i n  t h e  rate equa t ion  and modified t h e  model o f  ref-  
e rence  11. When l i g h t  i n t e n s i t y  is high,  t r i p l e t - t r i p l e t  t r a n s i t i o n  have t o  b e  
taken i n t o  account because energy d i f f e r e n c e  between t r i p l e t - t r i p l e t  t r a n s i -  
t i o n  is c l o s e  t o  t h a t  of s i n g l e t - s i n g l e t  (HOMO-LUMO) t r a n s i t i o n .  According t o  
Kasha' s r u l e ,  we proposed t h a t  t r ip le t - t r ip le t  t r a n s i t i o n  is e n t i r e l y  nonradi-  
a t i v e  process .  The s t e d y - s t a t e  s o l u t i o n  t o  t h e  rate equa t ion  i n  which t r iplet-  
t r i p l e t  t r a n s i t i o n  is taken i n t o  account  t hen  becomes 

T (I)  = exp ( -  u A ( I )  IcL) exp (- u r C  (1) I d )  
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328 T. TOYODA, K. FUKAO AND T. SHIGENARI 

where os and u T  are c r o s s  s e c t i o n s  of  ground state and first e x c i t e d  t r i p l e t  
s tate,  A ( 1 )  and C ( 1 )  are popu la t ions  of ground s ta te  and first e x c i t e d  t r i p l e t  
s t a t e  as a f u n c t i o n  of i i g h t  i n t e n s i t y ,  r e s p e c t i v e l y ,  and c, L, ks are dye con- 
c e n t r a t i o n ,  l i g h t  pas s  l e n g t h  and t r i p l e t - s i n g l e t  rate c o n s t a n t , a n d  a ,  0 .  y are 
c o n s t a n t  c o e f f i c i e n t s  f o r  e r y t h r o s i n e  and e o s i n  dyes, r e spec tyve ly .  F igu re  6 
shows t h e  t h e o r e t i c a l  cu rves  u s i n g  t h e  v a l u e s  o f  parameters and they  show i n  
good agreement between t h e  experimental  p o i n t s  and t h e  f o u r - l e v e l  f i t t i n g  cu rves  
i n  t r ansmiss ion  and PCS except  t h e  case of  PCS a t  h igh  l i g h t  i p t e n s i t y  r e g i o n  
f o r  e r y t h r o s i n e  dye i n  epoxy r e s i n .  The experimental  p o i n t s  are smaller than  
t h e o r e t i c a l  cu rve  i n  t h e  PCS case f o r  e r y t h r o s i n e .  The cause  of  t h e  d i f f e r e n c e  
between the experiments  and t h e o r e t i c a l  c a l c u l a t i o n s  are t h e  t r ea tmen t  of  nonra- 
d i a t i v e  p rocess  i n  t r i p l e t - t r i p l e t  t r a n s i t i o n  and t h e  u n c e r t a i n t i e s  o f  t h e  v a l -  
ues  of parameters i n  e r y t h r o s i n e  dye i n  epoxy r e s i n .  The r e s u l t s  of o u r  a n a l y s i s  
a r e  i n  agreement q u a l i t a t i v e l y  wi th  t h e  phase-conjugated r e f l e c t i v i t y  c a l c u l a -  
t i o n  u s i n g  f o u r - l e v e l  model by Miyanaga et  a1.12 
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