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ABSORPTION AND ALlSORPTlOrd OF OXYGEN BY A POLYDIACtTYLtNt 

N. J. POOLE AND U. I J .  BATCHELDER 
Depar tment  o f  P h y s i c s  
Queen Mary C o l l e g e ,  
London El 4NS. U.K. 

C r y s t a l s  o f  t h e  t o l u e n e  s u l f o n a t e  p o l y d i a c e t y l e n e  have  
been p r e p a r e d  i n  an o x y g e n - f r e e  env i ronmen t .  Upon 
exposure  t o  02, m i c r o - c r y s t a l s  o f  t h e  p o l y m e r  w e r e  f o u n d  
t o  abso rb  an amount o f  gas e q u i v a l e n t  t o  a p p r o x i m a t e l y  
two m o l e c u l e s  p e r  u n i t  c e l l .  A n a l y s i s  o f  x - r a y  s t r u c -  
t u r a l  d a t a  s u g g e s t e d  t h a t  t h e  abso rbed  02 must  r e s i d e  on 
t h e  s u r f a c e  o r  a t  c r y s t a l l i n e  d e f e c t s .  A d s o r p t i o n  o f  
l6O2 and 1802 on t h e  s u r f a c e  o f  m a c r o - c r y s t a l s  was 
m o n i t o r e d  by  t h e  appearance o f  e x t r a  l i n e s  i n  t h e  reson-  
ance Raman spect rum. E x c i t a t i o n  p r o f i l e s  o f  t h e  e x t r a  
l i n e s  i n d i c a t e  t h a t  t h e  p resence  o f  02 i n d u c e d  a d d i t i o n a l  
e l e c t r o n i c  t r a n s i t i o n s  a t  2.4 and 2.6 eV. T h e  l o w e r  i n  
energy has been t e n t a t i v e l y  i d e n t i f i e d  as an e l e c t r o n i c  
e x c i t a t i o n  on t h e  p e r t u r b e d  backbone w h i l e  t h e  h i g h e r  
i n v o l v e s  cha rge  t r a n s f e r  be tween  t h e  backbone and t h e  
adso rbed  02 m o l e c u l e .  
p h o t o o x i d a t i o n  o f  t h e  c r y s t a l  s u r f a c e .  

B o t h  t y p e s  o f  e x c i t a t i o n  l e a d  t o  

Oxygen p l a y s  an i m p o r t a n t  r o l e  i n  t h e  e l e c t r o n i c  p r o p e r t i e s  
( 1 , Z . I  o f  c o n j u g a t e d  po lymers  as w e l l  as b e i n g  an e f f e c t i v e  
agen t  i n  t h e i r  d e g r a d a t i o n  (31 .  The l a r g e  s i n g l e  c r y s t a l s  
fo rmed  by t h e  s o l i d - s t a t e  p o l y m e r i z a t i o n  o f  c e r t a i n  d i a c e t y -  
l enes  p r o v i d e  a w e l l  d e f i n e d  sys tem i n  w h i c h  t o  s t u d y  t h e  
e f f e c t s  o f  02. The r e s u l t i n g  p o l y d i a c e t y l e n e s  (PDAI have 
t h e  backbone s t r u c t u r e  # C R - C Z C - C R & :  t h e  a c c e s s i b i l i t y  o f  t h e  
backbone t o  02 depends upon t h e  shape and p a c k i n g  o f  t h e  s i d e -  
groups R.  The PDA d e r i v e d  f r o m  monomer c r y s t a l s  o f  t h e  
b i s  [ p - t o l u e n e  s u l f o n a t e l  o f  2 ,4-hexadiyne-1,6 d i o l  [ T S I ,  
w h i c h  has t h e  s i d e g r o u p  R = CH20S02C6H4CH3, i s  known t o  b e  
s e n s i t i v e  t o  02. C r y s t a l s  k e p t  exposed t o  a i r  i n  t h e  l i g h t  
a t  r o o m  t e m p e r a t u r e  o v e r  a p e r i o d  o f  weeks g r a d u a l l y  l o s e  
t h e i r  m e t a l l i c  l u s t r e  and t u r n  b l a c k ,  a l t h o u g h  c l e a v i n g  o f f  
t h e  s u r f a c e  l a y e r  r e s t o r e s  t h e  m e t a l l i c  appearance.  
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56 N. J. FQOLE and D. N. BATCHELDER 

The o p t i c a l  p r o p e r t i e s  o f  f r e s h l y  p r e p a r e d  PDA-TS c r y s t a l s  
are  domina ted  by an i n t e n s e  a b s o r p t i o n  band  a t  a p p r o x i m a t e l y  
2.0 eV w h i c h  i s  due t o  a t r a n s i t i o n  o f  t h e ' l T - e l e c t r o n  s y s t e m  
o f  t h e  PDA backbone w h i c h  i s  l a r g e l y  e x c i t o n i c  i n  n a t u r e  (4 .5 ) .  
Resonance Raman ( R R I  s p e c t r a  a t  300 K d i s p l a y  o n l y  f o u r  l i n e s  
o f  s i g n i f r . c a n t  i n t e n s i t y ;  2086 cm-I and  1486 cm- l  a s s o c i a t e d  
w i t h  s t r e t c h i n g  modes o f  t h e  t r i p l e  and d o u b l e  bonds r e s p e c t -  
i v e l y ,  anti 1203 cm- l  and 952 cm-1 a s s o c i a t e d  w i t h  r o t a t i o n a l  
m o t i o n  abr iu t  t h o s e  bonds [ S l .  A f i f t h  l i n e  o f  weaker  i n t e n s i t y  
a t  1467 cr7-l i s  a s s o c i a t e d  w i t h  a F e r m i  resonance  between t h e  
1486 cm- l  mode and t h e  CH2 s c i s s o r s  mode o f  t h e  f i r s t  m o l e c u l a r  
u n i t  o f  t h e  s i d e g r o u p  ( 7 ) .  

Unde:- c e r t a i n  c o n d i t i o n s  c r y s t a l s  o f  PDA-TS have been 
f o u n d  t o  e x h i b i t  an e x t r a  Raman l i n e  a t  1517 cm- l  f o r  l a se r  
e x c i t a t i o n s  i n  t h e  r e g i o n  o f  2.4 eV (8). The s i m u l t a n e o u s  
o c c u r r e n c e  o f  p h o t o d e g r a d a t i o n  and good c o r r e l a t i o n  w i t h  d a t a  
f o r  o t h e r  h y d r n c a r b o n s  l e d  t o  t h e  c o n c l u s i o n  t h a t  a weak 
complex hc3d been  fo rmed  be tween  02 m o l e c u l e s  and t h e  PDA back- 
bone which had a c h a r g e  t r a n s f e r  [ C T )  e x c i t a t i o n  a t  2.39 e V .  
T h i s  pape:? p r e s e n t s  t h e  r e s u l t s  o f  f u r t h e r  i n v e s t i g a t i o n s  i n t o  
t h e  phenomenon. 

ABSORPTION OF 02 BY PDA-TS CRYSTALS 

TS monome.: was s y n t h e s i s e d  by t h e  u s u a l  t e c h n i q u e s  (91.  A 
mass o f  0 ,407 g o f  t h e  monomer was t a k e n  d i r e c t l y  as p r e c i p -  
i t a t e d  f r o m  t h e  f i n a l  s t e p  o f  t h e  c h e m i c a l  p r e p a r a t i o n  and 
s e a l e d  in.;o a g l a s s  vacuum system. The sample was i n  t h e  f o r m  
of a whit12 powder  c o n s i s t i n g  o f  m i c r o - c r y s t a l s  w i t h  d imens ions  
i n  t h e  10 t o  100 1~ m range.  A f t e r  b e i n g  h e l d  a t  a p r e s s u r e  
o f  a p p r o x i m a t e l y  T o r r  f o r  f o u r  days t h e  monomer was 
t h e r m a l l y  p o l y m e r i z e d  i n  s i t u .  A one l i t r e  f l a s k  o f  0 2  a t  
760 T o r r  idas t h e n  opened t o  t h e  chamber c o n t a i n i n g  t h e  PDA-TS 
powder and t h e  p r e s s u r e  i n s t a n t a n e o u s l y  f e l l  t o  590 T o r r  as a 
r e s u l t  of t h e  change i n  volume. Over  a p e r i o d  o f  s e v e r a l  days 
t h e  p r e s s A r e  f e l l  e r r a t i c a l l y  t o  a s t a b l e  v a l u e  o f  569 T o r r .  
Mass s p e c t r o m e t r i c  a n a l y s i s  o f  a sample o f  t h e  gas i n  t h e  
vacuum sy i j t em showed e s s e n t i a l l y  p u r e  02 s o  i t  was c o n c l u d e d  
t h a t  t h e  2 1  T o r r  d r o p  i n  p r e s s u r e  was caused b y  a b s o r p t i o n  o f  
02 b y  t h e  PDA-TS powder. The amount abso rbed  was t h u s  
e q u i v a l e n c  t o  2.2 m o l e c u l e s  o f  O 2  p e r  u n i t  c e l l  o f  POA-TS. 

The l a r g e  q u a n t i t y  o f  abso rbed  02 s u g g e s t e d  t h a t  t h e r e  
m i g h t  b e  3 s i t e  w i t h i n  t h e  u n i t  c e l l  f o r  02 s t o r a g e .  S i n c e  
TS monomer c r y s t a l s  p r e p a r e d  f rom b o t h  0 2 - r i c h  and  0 2 - f r e e  
s o l v e n t s  were f o u n d  t o  have e s s e n t i a l l y  t h e  same p o l y m e r i -  
z a t i o n  c h 3 r a c t e r i s t i c s ,  i t  was known t h a t  such  a s i t e  c o u l d  
n o t  b e  l o z a t e d  i n  t h e  v i c i n i t y  o f  t h e  c h e m i c a l l y  r e a c t i v e  
m o i e t y  of t h e  monomer m o l e c u l e .  The s e a r c h  f o r  a p o s s i b l e  
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ABSORPTION AND ADSORPTION OF OXYGEN 

s i t e  was c a r r i e d  o u t  by m o d i f i c a t i o n  o f  s t a n d a r d  c r y s t a l l o -  
g r a p h i c  s t r u c t u r e  r o u t i n e s  used  for a n a l y s i s  of x-ray 
d i f f r a c t i o n  d a t a .  When atoms w i t h  s t a n d a r d  van d e r  Waals' 
r a d i i  were l o c a t e d  on t h e i r  a p p r o p r i a t e  s i t e s  w i t h i n  t h e  
POA-TS u n i t  c e l l  i t  was found no s i t e  could  b e  found f o r  an 
02 m o l e c u l e  which d i d  n o t  i n v o l v e  c o n s i d e r a b l e  a t o m i c  o v e r l a p .  
T h e  o n l y  p o s s i b l e  c o n c l u s i o n  was t h a t  t h e  a b s o r b e d  O2 m u s t  b e  
l o c a t e d  l a r g e l y  a t  c r y s t a l l i n e  d e f e c t s .  

s u c h  a l a r g e  t a k e  up of  02 comes from c l e a v i n g  s i n g l e  c r y s t a l s  
known t o  c o n t a i n  02 under  u l t r a - h i g h  vacuum (UHVI c o n d i t i o n s  
and a n a l y s i n g  t h e  r e l e a s e d  g a s e s  by mass s p e c t r o m e t r y .  
results f o r  b o t h  TS monomer and polymer c r y s t a l s  were approx-  
imate ly  t h e  same. O f  t h e  g a s  m o l e c u l e s  g i v e n  o f f  by  c l e a v i n g  
on (100) p l a n e s ,  a p p r o x i m a t e l y  80% were a c e t o n e ,  15% 02, 
4% p - t o l u e n e  s u l f o n i c  a c i d ,  and 1% o t h e r  a t m o s p h e r i c  g a s e s .  
These resul ts  s u g g e s t  t h a t  u n d e r  normal c r y s t a l  growth con- 
d i t i o n s  t h e  O2 e n t e r s  t h e  c r y s t a l  i n  a s s o c i a t i o n  w i t h  t h e  
s o l v e n t  and t h a t  t h e  d e f e c t s  r e s p o n s i b l e  f o r  i n c l u s i o n  a r e  
l i k e l y  t o  be  p l a n a r .  T r a n s m i s s i o n  e l e c t r o n  microscopy has  
shown t h a t  PDA-TS c r y s t a l s  c o n t a i n  s u b s t a n t i a l  numbers o f  
s t a c k i n g  f a u l t s  on a t  l e a s t  s e v e n  d i f f e r e n t  c r y s t a l l o g r a p h i c  
p l a n e s  (10). Sample geometry r e s t r i c t i o n s  i n  t h e  e l e c t r o n  
m i c r o s c o p e  p r e v e n t e d  i n v e s t i g a t i o n  o f  s t a c k i n g  f a u l t s  on t h e  
(100) p l a n e  b u t ,  s i n c e  t h a t  i s  t h e  p l a n e  o f  e a s i e s t  c l e a v a g e  
i n  t h e  c r y s t a l s ,  t h e y  a r e  a l m o s t  c e r t a i n l y  p r e s e n t  on t h a t  
p l a n e  a s  w e l l ,  I t  i s  n o t  known w h e t h e r  t h e  a c e t o n e  and 02 
e n t e r  t h e  c r y s t a l  s i m u l t a n e o u s l y  w i t h  t h e  f o r m a t i o n  o f  t h e  
s t a c k i n g  f a u l t s  o r  d i f f u s e  i n t o  t h e  monomer c rys t a l  a t  a 
l a t e r  s t a g e  a l o n g  e x i s t i n g  s t a c k i n g  f a u l t s .  M u l t i p l e  
c l e a v i n g  o f  a number o f  c r y s t a l s  on t h e  (100) p l a n e  by a d h e s i v e  
t a p e  u s u a l l y  removed n e a r l y  p a r a l l e l  s h e e t s  o f  polymer o f  
r o u g h l y  10 )-lm t h i c k n e s s .  I t  i s  p o s s i b l e  t h a t  t h i s  t h i c k n e s s  
i s  a s s o c i a t e d  w i t h  t h e  t y p i c a l  s p a c i n g  between s t a c k i n g  f a u l t s  
i n  PDA-TS c r y s t a l s .  

57 

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

T h e  

AOSORPTION OF 02 O N T O  THE CRYSTAL SURFACE 

Macroscopic  0 2 - f r e e  c r y s t a l s  o f  TS monomer have  been  p r e p a r e d  
by s low e v a p o r a t i o n  u n d e r  i n e r t  a t m o s p h e r e  from a c e t o n e  sol- 
u t i o n  (111. D i s s o l v e d  02 had been removed f r o m  t h e  a c e t o n e  
by b u b b l i n g  n i t r o g e n  o r  a r g o n  t h r o u g h  i t  for f o u r  h o u r s  p r i o r  
t o  d i s s o l v i n g  t h e  TS monomer. The monomer was r e c r y s t a l l i z e d  
t h r e e  times and t h e n  s e l e c t e d  c r y s t a l s  were  p o l  m e r i z e d  f o r  
72 h o u r s  a t  333 K u n d e r  a vacuum o f  l o d 5  t o  lo-' T o r r .  
C r y s t a l s  p r e p a r e d  i n  t h i s  manner d i s p l a y e d  no Raman l i n e s  
o t h e r  t h a n  t h o s e  due t o  t h e  p u r e  polymer,  p r o v i d e d  t h e y  were 
s t o r e d  under  r e f r i g e r a t i o n  and w e r e  t h e n  h e l d  i n  a vacuum 
lower t h a n  10-5 T o r r  f o r  t h r e e  h o u r s  b e f o r e  s p e c t r a  w e r e  
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58 N. J. POOLE and D. N. BATCHELDER 

350. 

200. 
H Z  

16 F I G U R E  1 Rarnan spec t ra  f o r  PDA-TS c rys t a l s  exposed t o  O2 
and l 8 O z  a t  295 K f o r  an incident  l a s e r  p h o t o n  energy of 2.60 eV. 

2 5 -  

2 0  - 

1 5 -  
u 

1 0 -  - 
u) z 
W 

z c 5 -  
- 

0 -  

2.35 2 4 0  2 4 5  
INCIDENT PHOTON ENERGY (eVI  

FIGURE 2 
295 K (open c i r c l e s )  and 4 K ( f u l l  c i r c l e s ) .  

Exci ta t ion prof i les  of the  1517 crn-l Raman l i n e  a t  
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ABSORPTION AND ADSORPTION OF OXYGEN 59 

r e c o r d e d .  
a d s o r p t i o n  o f  t h e  02 o n t o  t h e  PDA-TS c r y s t a l  s u r f a c e  was 
d e t e c t e d  b y  t h e  a p p e a r a n c e  o f  two e x t r a  l i n e s  i n  t h e  R R  s p e c -  
t r u m  f o r  i n c i d e n t  l a s e r  p h o t o n  e n e r g i e s  i n  t h e  r a n g e  2 . 3  t o  
2 . 7  eV. T y p i c a l  s p e c t r a  a r e  s h o w n  i n  F i g .  1 for a d s o r p t i o n  
o f  b o t h  I 6 U 2  a n d  "02. T h e  i n t e n s i t y  o f  t h e  l i n e s  s a t u r a t e d  
i n  two  t o  t h r e e  h o u r s ;  t h e  l i n e s  d i s a p p e a r e d  o n  a s imi la r  t i m e  
s ca l e  i f  t h e  v a c u u m  was r e s t o r e d .  T h e  O Z - i n d u c e d  Raman l i n e  
a t  1517 cm-l i s  i s o t o p e  i n d e p e n d e n t  w h i l e  t h e  s e c o n d  l i n e  
a p p e a r s  a t  1538 cm-l f o r  16U2 a n d  1455 cm-l f o r  1802. 

N2 a n d / o r  H20 v a p o r  h a d  n o  e f f ec t  on  t h e  RR s p e c t r a .  T h e  
i n t e n s i t y  o f  l a s e r  l i g h t  o n  t h e  s a m p l e  h a d  t o  b e  k e p t  v e r y  
low o r  p h o t o o x i d a t i o n  o c c u r r e d ;  f o r  most o f  t h e  RR s p e c t r a  a n  
u n f o c u s e d  l a s e r  b e a m  of  a b o u t  1 mbJ i n t e n s i t y  was u s e d .  S i m i l a r  
s p e c t r a  h a v e  b e e n  r e c o r d e d  f rom t h e  ( 1 0 2 1  a n d  (0011 c r y s t a l  
f ace ts  (121 w h i c h  a r e  p a r a l l e l  t o  t h e  p o l y m e r  c h a i n .  No 
e v i d e n c e  f o r  02 h a s  b e e n  o b s e r v e d  on t h e  (011) f a c e t  w h i c h  
m a k e s  a n  a n g l e  o f  80.4' w i t h  t h e  p o l y m e r  c h a i n  d i r e c t i o n .  
C r y s t a l s  g r o w n  from b e n z e n e ,  t o l u e n e ,  h e x a n e ,  a n d  c y c l o h s x a n e  
from w h i c h  t h e  d i s s o l v e d  02 h a d  n o t  b e e n  r e m o v e d  a l s o  e x h i b i t  
RR s p e c t r a  i n d i c a t i n g  t h e  p r e s e n c e  of  a d s o r b e d  0 2 .  E x p o s i n g  
0 2 - f r e e  c r y s t a l s  t o  t h e  p u r e  gases N2, H 2 U ,  CU, CUz, NU o r  NU2 
i n d u c e d  n o  e x t r a  l i n e s  i n  t h e  POA-TS Raman s p e c t r u m ,  By c o n -  
t r a s t ,  e x p o s u r e  t o  I 2  p r o d u c e d  w e a k  Raman l i n e s  a t  1 6 5 ,  2 1 4  
a n d  1580 cm-l f o r  l a s e r  e x c i t a t i o n  c e n t r e d  a t  2 . 5 7  eV. 

U 2 - i n d u c e d  Raman l i n e s  f o r  i n c i d e n t  l a s e r  p h o t o n  e n e r g i e s  i n  
t h e  r a n g e  2 . 3  t o  2 . 7  eV u s i n g  t h e  t e c h n i q u e s  p r e v i o u s l y  
d e s c r i b e d  (13). I n  t h a t  r e s e a r c h  t h e  R R  c r o s s  s e c t i o n  f o r  
t h e  1486 cm-1 l i n e  of t h e  p u r e  p o l y m e r  h a d  b e e n  f o u n d  t o  b e  
n e a r l y  c o n s t a n t  ove r  t h e  r a n g e  so  t h e  i n t e n s i t y  o f  t h a t  line 
h a s  b e e n  u s e d  as  a n  i n t e r n a l  s t a n d a r d  i n  t h e  p r e s e n t  e x p e r i -  
m e n t s .  T h u s  i n  t h e  EPs s h o w n  i n  F i g s .  2, 3 a n d  4 t h e  
i n t e n s i t i e s  o f  t h e  0 2 - i n d u c e d  Rarnan l i n e s  h a v e  b e e n  r a t i o e d  
t o  t h a t  o f  t h e  1486 cm-l l i n e .  
1517  cm-l l i n e  i n  t h e  v i c i n i t y  o f  2.4 eV. 
s y m m e t r i c  p r o f i l e  a t  295  K d e v e l o p s  s t r u c t u r e  a t  4 K; t h i s  i s  
p r o b a b l y  a s s o c i a t e d  w i t h  t h e  s t r u c t u r a l  p h a s e  t r a n s i t i o n  o f  
PDA-TS w h i c h  o c c u r s  a t  a p p r o x i m a t e l y  195  K (14). I n  a d d i t i o n  
t h e  i n t e n s i t y  r a t i o  a t  2 . 3 9  eV i n c r e a s e s  b y  more t h a n  a f a c t o r  
of 10 o n  c o o l i n g  from 295  K t o  4 K. T h e  EP o f  t h e  1 5 1 7  cm-l 
l i n e  i s  p l o t t e d  i n  F i g .  3 i n  t h e  v i c i n i t y  of 2 . 6  eV a t  295 K 
f o r  l 6 U 2  a n d  1802 a n d  a t  4 K for l 6 U 2 .  
c o n s i d e r a b l y  l o w e r  t h a n  a t  2 . 4  eV a n d  o n l y  i n c r e a s e s  b y  a b o u t  
a f a c t o r  o f  f o u r  o n  c o o l i n g  f rom 2 9 5  K t o  4 K b u t  a g a i n  
s t r u c t u r e  d e v e l o p s  i n  t h e  p r o f i l e .  

When U2 was a l l o w e d  i n t o  t h e  v a c u u m  s y s t e m  t h e  

R e p e a t i n g  t h e  a d s o r p t i o n  e x p e r i m e n t s  i n  t h e  p r e s e n c e  o f  

T h e  e x c i t a t i o n  p r o f i l e  (EP)  was m e a s u r e d  f o r  e a c h  of t h e  

F i g u r e  2 is  t h e  E P  o f  t h e  
T h e  a p p r o x i m a t e l y  

T h e  i n t e n s i t y  i s  

T h e  EP of  t h e  1517 c m - l  
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60 N. J. POOLE and D. N. BATCHELDER 

I 
2.L5 2.50 2.55 2.60 2.65 2.70 2.75 

INCIDENT PHOTON ENERGY l e v ]  

FIGURE 3 Excitation prof i les  of the  1517 Rarnan l i n e  f o r  
1602 (open c i r c l e s )  and "02 [ f u l l  c i rc les1  a t  295  K and l6O2 
(squares)  a t  4 K. 

L 

2.45 2.50 2.55 2.50 2.65 2.70 2: 
INCIDENT PHOTON ENERGY l e v )  

F I G U R E  4 
l602 a t  295  K [open c i r c l e s )  and 4 K [ squa res )  and the 1455 
cm-1 Rarnan l i n e  f o r  l e O 2  a t  295  K ( f u l l  c i r c l e s ) .  

Excitation p ro f i l e s  o f  the  1538 cm-l Rarnan l i n e  f o r  D
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ABSORPTION AND ADSORPTION OF OXYGEN 

l i n e  i s  v i r t u a l l y  i d e n t i c a l  f o r  adso rp t i on  o f  bo th  "02 and 
1802. The EPs o f  t h e  1538 cm-l l i n e  f o r  adsorbed a t  
295 K and 4 K and t h e  1 4 5 5  cm-l l i n e  f o r  adsorbed "02 a t  
295  K a r e  shown i n  F ig .  4. A t  295 K t h e  EPs f o r  t h e  1455 cm-I 
l i n e  o f  1802 and t h e  1538 cm-I l i n e  o f  1602 a r e  e s s e n t i a l l y  
t h e  same. Upon c o o l i n g  t o  4 K t h e  p r o f i l e  f o r  t h e  1538 cm- l  
l i n e  does n o t  appear t o  develop s t r u c t u r e  and on ly  inc reases  
i n  i n t e n s i t y  by approx imate ly  a f a c t o r  o f  th ree .  A t  4 K t h e  
f requenc ies  o f  t h e  two Rarnan l i n e s  o f  l 6 0 2  are  1524  an-l and 
1 5 4 1  cm-l. 

i s  determined p r i m a r i l y  by two f a c t o r s ,  t h e  t r a n s i t i o n  d i p l e  
moment [ M I  o f  t h e  r e l e v a n t  e l e c t r o n i c  e x c i t a t i o n  and t h e  
displacement ( D )  a long t h e  normal coo rd ina te  o f  t h e  v i b r a t i o n a l  
mode wh ich  occurs i n  t h e  t r a n s i t i o n  f rom t h e  ground t o  t h e  
e x c i t e d  s t a t e  (151 .  The shape and l i n e w i d t h  o f  t h e  EP shou ld  
be  s i m i l a r  t o  t h a t  o f  t h e  abso rp t i on  c o e f f i c i e n t  w h i l e  t h e  
t o t a l  cross s e c t i o n  i s  p r o p o r t i o n a l  t o  N2D2. 
exper iments t h e  EPs shown i n  F igs .  2, 3 and 4 suggest t h a t  
two d i s t i n c t  e l e c t r o n i c  t r a n s i t i o n s  a r e  induced by t h e  adsor- 
p t i o n  o f  02 on t h e  s u r f a c e  o f  PDA-TS c r y s t a l s .  A t  295 K 
t r a n s i t i o n  I i s  cen t red  a t  2.39 eV and has a f.w.h.m. o f  
approx imate ly  0.02 eV, a w i d t h  s i m i l a r  t o  t h a t  o f  t h e  dominant 
1.98 eV t r a n s i t i o n  o f  PDA-TS c r y s t a l s  (41 ,  w h i l e  t r a n s i t i o n  
I1 a t  2.60 eV has a f.w.h.m. o f  0.1 eV. Since, i n  a d d i t i o n  
t o  hav ing  t h e  same w id th ,  t r a n s i t i o n  I i s  i n s e n s i t i v e  t o  t h e  
O2 i s o t o p e  adsorbed i t  seems l i k e l y  t h a t  t r a n s i t i o n  I i s  
l o c a l i z e d  on t h e  POA-TS backbone. There a re  a t  l e a s t  two 
p o s s i b l e  exp lana t ions  f o r  the  o r i g i n  o f  t r a n s i t i o n  I. I n  the  
f i r s t ,  O2 adsorp t i on  e f f e c t s  a change i n  t h e  s t r u c t u r e  o f  t h e  
polymer backbone and s h i f t s  t h e  a l l owed  t r a n s i t i o n  f rom 
1.98 eV t o  2.39 eV. The l o c a l l y  a l t e r e d  f o r c e  cons tan ts  wou ld  
a l s o  s h i f t  t h e  Raman a c t i v e  v i b r a t i o n a l  mode frequency f rom 
1485 cm-l t o  1517  cm-l. The second p o s s i b i l i t y  a r i s e s  f rom 
t h e  b reak ing  o f  t h e  i n v e r s i o n  symmetry o f  t h e  polymer cha in  
by t h e  adso rp t i on  o f  02. The u s u a l l y  f o rb idden  t r a n s i t i o n s  
of t h e  t y p e  A +A * become a l lowed and t h e r e  i s  exper imenta l  
(161 and t h e o r e t i c a l  [ 1 7 1  evidence t h a t  t h e  lowest  o f  these 
t r a n s i t i o n s  occur  i n  t h e  v i c i n i t y  o f  2.4 eV i n  PDAs. I n  t h i s  
case t h e  1517  cm-l Raman l i n e  wou ld  have 8, r a t h e r  than  Ag  
symmetry. The l a t t i c e  v i b r a t i o n a l  model wh ich  has success- 
f u l l y  mode l led  t h e  A g  modes has a l s o  p r e d i c t e d  a 8, mode o f  
rough ly  t h a t  f requency [6,18). 

l y  by m o n i t o r i n g  t h e  change i n  t h e  r e f l e c t i v i t y  o f  t h e  [lo01 
c r y s t a l  sur face  d u r i n g  t h e  adso rp t i on  o f  0 There appeared 
t o  b e  a n e a r l y  u n i f o r m  decrease i n  r e f l e c t i v i t y  ove r  t h e  who le  
s p e c t r a l  range by a few pe rcen t  w i t h  a s l i g h t  a l t e r a t i o n  o f  

61 

The EP o f  a v i b r a t i o n a l  mode observed i n  RR spectroscopy 

I n  t h e  present  

g 6  

We have at tempted t o  observe t r a n s i t i o n s  I and I1 d i r e c t -  

2 ' .  
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62 N. 1. POOLE and D. N. BATCHELDER 

s t r u c t u r e  i n  t h e  v i c i n i t y  o f  2 . 4  eV. I t  i s  t o o  e a r l y ,  however ,  
t o  draw any d e f i n i t e  c o n c l u s i o n s  o t h e r  t h a n  t h e  o b v i o u s  o n e  
t h a t  t h e  values o f  M f o r  t r a n s i t i o n s  I a n d  I1 a r e  v e r y  much 
smaller  t h a n  t h a t  o f  t h e  1 . 9 8  eV t r a n s i t i o n .  

The  E’s i n  F i g s .  3 a n d  4 show t h a t  t h e  p r o d u c t  M2D2 is  
smaller  f o r  t r a n s i t i o n  I1 t h a n  t r a n s i t i o n  I ;  i t  is  n o t  p o s s i b l e  
a t  t h i s  s t a g e  t o  s a y  w h i c h  o f  M o r  0 makes t h e  g r e a t e r  c o n t r i b -  
u t i o n  t o  t h e  d e c r e a s e .  T h e  Raman l i n e  a t  1 5 1 7  c m - 1  a s s o c i a t e d  
w i t h  t r a n s i t i o n  I1 a p p e a r s  t o  o r i g i n a t e  f r o m  t h e  same v i b r a t -  
i o n a l  mode as t h e  1517 cm-l l i n e  a s s o c i a t e d  w i t h  t r a n s i t i o n  I ,  
s i n c e  t h e  f r e q u e n c i e s  a r e  t h e  same w i t h i n  e x p e r i m e n t a l  
u n c e r t a i n t i  a n d  b o t h  i n s e n s i t i v e  t o  i s o t o p i c  s u b s t i t u t i o n .  
Thus i n  b o t h  t r a n s i t i o n s  t h e  1517 cm-1 Raman l i n e  m u s t  a r i s e  
f r o m  a v i b r a t i o n a l  mode o f  t h e  PDA-TS b a c k b o n e .  I n  c o n t r a s t  
t h e  o t h e r  v i b r a t i o n a l  mode a s s o c i a t e d  w i t h  t r a n s i t i o n  I1 h a s  
a v a l u e  of 1538 c m - 1  for l6O2 a n d  1455 c m - l  f o r  1802. S i n c e  
t h e  f r e q u e n c y  r a t i o  i s  v e r y  n e a r l y  equal t o  t h e  s q u a r e  roo t  
o f  t h e  i s o t r o p i c  mass r a t i o  w e  c o n c l u d e  t h a t  t h i s  v i b r a t i o n a l  
mode c o r r e i p o n d s  t o  t h e  o s c i l l a t i o n  o f  t h e  two  oxygen  a toms  
a b o u t  t h e  c e n t e r  o f  mass o f  t h e  02 m o l e c u l e .  I n  t h e  g a s  
p h a s e  02 h s s  a v i b r a t i o n a l  f r e q u e n c y  o f  1555 crn-l s o  t h e r e  
a p p e a r s  t o  b e  a d e c r e a s e  i n  f r e q u e n c y  o f  1 7  cm-l upon a d s o r -  
p t i o n .  Thus t r a n s i t i o n  I1 i s  a s s o c i a t e d  w i t h  v i b r a t i o n a l  
modes on b o t h  t h e  PDA-TS b a c k b o n e  and  t h e  a d s o r b e d  O2 m o l e c u l e .  
T h i s  s t r o n g l y  s u g g e s t s  t h a t  t r a n s i t i o n  I1 i s  a CT e x c i t a t i o n  
i n  w h i c h  an e l e c t r o n  i s  t r a n s f e r r e d  f r o m  t h e  PDA c h a i n  t o  t h e  
02 m o l e c u l e  (191. E x t r a p o l a t i o n  o f  t h e  work o f  Ch ien  (201 on 
0 a d s o r b e d  t o  a w i d e  v a r i e t y  o f  h y d r o c a r b o n s  (see F i g .  3 of 
Ref. 81 s u g g e s t e d  t h a t  a CT e x c i t a t i o n  f o r  02 a d s o r b e d  on a 
PDA wou ld  b e  e x p e c t e d  i n  t h e  2 - 3 eV r a n g e  (81. The i d e n t i -  
f i c a t i o n  i n  t h a t  p a p e r  o f  t r a n s i t i o n  I as t h e  CT e x c i t a t i o n  
a p p e a r s  t o  b e  i n c o r r e c t ;  i n  t h e  l i g h t  o f  t h e  p r e s e n t  work  we 
c o n c l u d e  t h a t  t r a n s i t i o n  I1 a t  2 .60  eV i s  t h e  e x p e c t e d  CT 
e x c i t a t i o n .  T h e  l i m i t e d  r e s u l t s  f o r  a d s o r b e d  I 2  a r e  a l s o  w h a t  
m i g h t  b e  e x p e c t e d  f r m  a 1 . y ~ ~  I1 t r a n s i t i o n .  T h e r e  h a v e  b e e n  
a number of s t u d i e s  o f  CT e x c i t a t i o n s  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  o f  I 2  w i t h  v a r i o u s  h y d r o c a r b o n s  [191. 

i t i o n s  I a n d  I1 p r o v i d e s  e v i d e n c e  t h a t  t h e r e  a r e  two  d i f f e r e n t  
s i t e s  f o r  U2 a d s o r p t i o n  on t h e  c r y s t a l  surface.  
t h e  a p p r o a c h  t o  s a t u r a t i o n  f o r  t h e  1517 cm-l Raman l i n e  f o r  
l a s e r  e x c i t a t i o n  i n  t h e  t r a n s i t i o n  I b a n d  compared  w i t h  t h a t  
f o r  t h e  1517 cm-l a n d  1538 cm-l l i n e s  f o r  l a s e r  e x c i t a t i o n  i n  
t h e  t r a n s i t i o n  I1 band .  I n  t h i s  e x p e r i m e n t  t h e  i n i t i a l l y  02- 
f r e e  c r y s t a l  was h e l d  i n  a vacuum o f  a p p r o x i m a t e l y  loL6 T o r r  
f o r  two d a y s  a t  295 K, c o o l e d  t o  120 K, e x p o s e d  t o  U2, a n d  t h e n  
c o o l e d  t o  4 K i n  a p p r o x i m a t e l y  1 5  m i n u t e s .  The i n t e n s i t y  of 

2 

A low t e m p e r a t u r e  s t u d y  of  t h e  t i m e  e v o l u t i o n  o f  t r a n s -  

F i g u r e  5 shows  
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ABSORPTION AND ADSORPTION OF OXYGEN 63 

TIME (MINUTES) 

FIGURE 5 
l i n e s  r e l a t i v e  t o  t h e i r  s a t u r a t i o n  v a l u e s  a t  4 K as  a f u n c t i o n  
o f  t h e  time e l a p s e d  s i n c e  e x p o s u r e  o f  t h e  c r y s t a l  t o  02. Open 
a n d  f u l l  c i rc les  a r e  f o r  t h e  1517 cm-l l i n e  w i t h  laser e x c i t -  
a t i o n s  o f  2 . 4 1  eV and  2.60 eV r e s p e c t i v e l y .  T r i a n g l e s  a re  for 
t h e  1538 cm-I l i n e  w i t h  a l a s e r  e x c i t a t i o n  o f  2 . 6 0  eV. 

I n t e n s i t i e s  o f  t h e  1517 cm-I and  1538 cm-l Raman 

I 1  I I I I I I , I  
0 1 2 3 1 5 6 7  

EXPOSURE (SEC 1 

FIGURE 6 
i t s  i n i t i a l  v a l u e  as a f u n c t i o n  o f  t h e  d u r a t i o n  of  e x p o s u r e  t o  
i n c i d e n t  l a s e r  r a d i a t i o n  a t  2 . 4 1  eV ( o p e n  c i r c l e s )  and  2.60 eV 
( f u l l  c i r c l e s  1. 

I n t e n s i t y  o f  t h e  1517  cm-I Raman l i n e  r e l a t i v e  t o  
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t h e  Raman l i n e  a s s o c i a t e d  w i t h  t r a n s i t i o n  I s a t u r a t e d  some 
50 m i n u t e s  l a t e r  t h a n  t h a t  o f  t h e  two l i n e s  a s s o c i a t e d  w i t h  
t r a n s i t i o n  11. A t  295 K t h e  s a t u r a t i o n  times of t h e  two t r a n -  
s i t i o n s  are s i m i l a r  a n d  a few m i n u t e s  s h o r t e r  t h a n  t h a t  o f  
t r a n s i t i o n  I1 a t  4 K. 

i l l u m i n a t e d  w i t h  l a s e r  l i g h t  o f  t o o  g r e a t  i n t e n s i t y .  The 
r e s u l t i n g  d a r k e n i n g  of t h e  s u r f a c e  was a c c o m p a n i e d  by a 
s i m u l t a n e o u s  d e c r e a s e  i n  t h e  i n t e n s i t y  o f  t h e  0 2 - i n d u c e d  Raman 
l i n e s  w i t h  l i t t l e  e f f ec t  on  t h e  i n t e n s i t y  o f  t h e  1 4 8 6  c m - l  
l i n e  o f  t h e  p o l y m e r .  T h i s  i s  f u r t h e r  e v i d e n c e  t h a t  a d s o r p t i o n  
o f  02 i s  l i m i t e d  t o  t h e  o u t e r m o s t  sur face  l a y e r s  o f  t h e  c r y s t a l .  
F i g u r e  6 shows t h e  r e l a t i v e  d e c r e a s e  i n  t h e  i n t e n s i t y  o f  t h e  
1517 cm-l l i n e  f r o m  i t s  maximum v a l u e  as  a f u n c t i o n  o f  e x p o s u r e  
t o  u n i f o r m  l a s e r  r a d i a t i o n  o f  i n t e n s i t y  0.3 W/rnrnZ i n  t h e  
v i c i n i t y  o f  t r a n s i t i o n s  I a n d  11. The e x p o s u r e  was c o n t r o l l e d  
w i t h  an  e l e c t r o n i c  s h u t t e r ,  R a d i a t i o n  of t h e  same i n t e n s i t y  
a t  l a s e r  p h o t o n  e n e r g i e s  o f  1 . 9 1  a n d  2 . 1 8  eV p r o d u c e d  no 
d e t e c t a b l e  p h o t o o x i d a t i o n .  F o r  b o t h  t r a n s i t i o n s  t h e r e  a p p e a r s  
t o  b e  a two s t a g e  p r o c e s s  o f  p h o t o o x i d a t i o n  w i t h  e x c i t a t i o n  
i n t o  t h e  band  o f  t r a n s i t i o n  I c a u s i n g  p h o t o o x i d a t i o n  a t  m u g h l y  
twice t h e  r a t e  as e x c i t a t i o n  i n t o  t h e  b a n d  o f  t r a n s i t i o n  11. 
T h i s  i s  f u r t h e r  e v i d e n c e  t h a t  t r a n s i t i o n s  I a n d  I1 are d i f f -  
e r e n t  i n  c h a r a c t  e r .  

I n  summary we h a v e  f o u n d  t h a t  0 2  i s  a d s o r b e d  o n t o  t h e  
s u r f a c e  o f  PDA-TS c r y s t a l s ;  b u l k  a b s o r p t i o n  o n l y  o c c u r s  a t  
c r y s t a l  d e f e c t s  b e l i e v e d  t o  be p r i m a r i l y  s t a c k i n g  f a u l t s .  
The a d s o r b e d  O2 i n d u c e s  e l e c t r o n i c  t r a n s i t i o n s  a t  1 .39 eV 
a n d  2.60 eV w h i c h  h a v e  been  d e t e c t e d  by R R  s p e c t r o s c o p y .  
The e x c i t a t i o n  w h i c h  i s  l o w e r  i n  e n e r g y  i s  l o c a l i z e d  on  t h e  
p e r t u r b e d  p o l y m e r  b a c k b o n e  w h i l e  t h a t  w h i c h  i s  h i g h e r  i n v o l v e s  
a CT e x c i t a t i o n  from t h e  p o l y m e r  t o  t h e  a d s o r b e d  02.  

P h o t o o x i d a t i o n  o f  t h e  c r y s t a l  sur face  was o b s e r v e d  when 
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