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POLYDIACETYLENE: THE IDEAL LOW DIMENSIONAL 
ORGANIC MATERIAL 

G . M .  CARTER, Y . J .  CHEN, J .  GEORGER, J R . ,  
J .  HRYNIEVICZ, M. FOONEY, M.F. RUBNER, L.A. SANUELSON, 
D . J .  SANDMAN, M .  THAKUR a n d  S .  TRIPATHYk 
GTE L a b o r a t o r i e s ,  I n c o r p o r a t e d  
40 S y l v a n  Road 
Waltham, MA 0 2 2 5 4  

A b s t r a c t .  P o l y d i a c e t y l e n e s ,  owing t o  t h e i r  
u n i q u e  b a c k b o n e  s t r u c t u r e  a n d  c r y s t a l l i n e  o r g a n i -  
z a t i o n ,  c a n  b e  c o n s i d e r e d  t o  b e  t h e  p r o t o t y p e  
o n e  d i m e n s i o n a l  s y s t e m s .  We h a v e  d e v e l o p e d  
t e c h n i q u e s  t o  e n g i n e e r  t h e  d i a c e t y l e n e  monomer 
i n  a manner  t h a t  p o l y d i a c e t y l e n e  i s  grown i n  
t h e  form of a l a r g e  a r e a - o r i e n t e d  f i l m  w i t h  
c o n t r o l l e d  t h i c k n e s s  a n d  o p t i c a l  q u a l i t i e s .  
L i n e a r  a n d  n o n l i n e a r  o p t i c a l  p r o p e r t i e s  o f  t h e s e  
systems h a v e  b e e n  i n v e s t i g a t e d .  

P o l y m e r s  h a v e  o f t e n  been  c o n s i d e r e d  model 1-D s y s t e m s  
d u e  t o  t h e  s t r o n g e r  bonded i n t e r a c t i o n s  a l o n e  t h e  b a c k b o n e  
a n d  w e a k e r ,  u s u a l l y  v a n  d e r  Waa l s  nonbonded i n t e r a c t i o n s  
b e t w e e n  t h e  i n d i v i d u a l  po lymer  c h a i n s  o r  w i d e l y  s e p a r a t e d  
s e g m e n t s  of t h e  same c h a i n .  Howev 
a1 f r e e d o m  a b o u t  r e l e v a n t  backbone  
a d o p t  a m u l t i t u d e  o f  c o n f o r m a t i o n s  
long r a n g e  o r d e r  and  a n i s o t r o p y  i s  
symmetry of  t h e  c h a i n  r e p e a t i n g  un 
o r g a n i z a t i o n ,  a h e l i c a l  i n t r a c h a i n  

r ,  due  t o  t h e  r o t a t i o n -  
b o n d s ,  most  p o l y m e r s  
a n d ,  as  a r e s u l t ,  a l l  
l o s t .  Even when t h e  
t p e r m i t s  c r y s t a l  l i n e  
c o n f o r m a t i o n  i s  o f t e n  

p r e f e r r e d .  In a few p o l y m e r s ,  h o w e v e r ,  t h e  e x t e n d e d  c h a i n  
c o n f o r m a t i o n  i s  t h e  p r e f e r r e d  c o n f o r m a t i o n  a n d ,  d e p e n d i n g  
upon t h e  e l e c t r o n i c  s t r u c t u r e  o f  t h e  b a c k b o n e ,  i n t e r e s t i n g  
phenomena a r e  m a n i f e s t e d .  T h e s e  i n c l u d e  u n u s u a l  a n d  h i g h -  
l y  a n i s o t r o p i c  e l e c t r o n i c  a n d  o p t i c a l  as w e l l  as  t h e r m a l  
a n d  m e c h a n i c a l  p r o p e r t i e s .  
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260 G. M. CARTER et a1 

F o r  c r y s t a l l i n e  polymers  where a n  e x t e n d e d  c h a i n  con- 
f o r m a t i o n  i s  p r e f e r r e d  (21 h e l i x ) ,  t h e  o v e r a l l  m o r p h o l o g i e s  
can  s t i l l  b e  v e r y  complex. U n l e s s  a l l  o t h e r  c o n f o r m a t i o n s  
a re  v i r t u a l l y  r u l e d  o u t  f rom s t r u c t u r a l  o r  e n e r g e t i c  con- 
s i d e r a t i o n ,  k i n k s ,  j o g s ,  f o l d s ,  and o t h e r  c o n f o r m a t i o n a l  
d e f e c t s  d r a s t i c a l l y  a f f e c t  t h e  e x t e n d e d  c h a i n  g e o m e t r i e s .  
These i n t e r r u p t i o n s  u s u a l l y  o c c u r  a t  t y p i c a l  d i s t a n c e s  of  
2100A o r  l ess  a l o n g  t h e  c h a i n  d i r e c t i o n  and a r e  o f t e n  
d i c t a t e d  by e n t r o p i c  c o n s i d e r a t i o n s .  There a r e  s e v e r a l  
a p p r o a c h e s  o f  p o s t  s y n t h e t i c  p r o c e s s i n g  t h a t  c a n  a l l e v i a t e  
t h i s  problem,  s u c h  a s  stress induced  a l i g n m e n t ,  m e l t  s p i n -  
n i n g  and s t r e t c h i n g ,  e t c .  S i m u l t a n e o u s  s y n t h e s i s  and  co- 
c r y s t a l l i z a t i o n  c a n  a l s o  l e a d  t o  e x t e n d e d  c h a i n  g e o m e t r i e s  
o v e r  s e v e r a l  hundred  a n g s t r o m s .  P o l y a c e t y l e n e  i s  a c a s e  
i n  p o i n t .  Us ing  a Z i e g l e r - N a t t a  c a t a l y s t ,  Shi rakawa and 
coworkers  were a b l e  t o  s y n t h e s i z e  p o l y a c e t y l e n e  which 
s i m u l t a n e o u s l y  c r y s t a l l i z e d  i n  an e x t e n d e d  c h a i n  conforma- 
t i o n  t o  form l o n g  i n t e r c o n n e c t e d  f i b r i l s .  T h i s  polymer 
w i t h  a c o n j u g a t e d  backbone h a s  s i n c e  been  e x t e n s i v e l y  i n -  
v e s t i g a t e d .  S t r o n g  i n t e r a c t i o n  of  backbone c o n f o r m a t i o n  
and e l e c t r o n i c  s t r u c t u r e  i s  a f u n d a m e n t a l  p r o p e r t y  o f  con- 
j u g a t e d  polymers  and i t  i s  v e r y  i m p o r t a n t  t o  e x p l o r e  ways 
t o  f a b r i c a t e  m a c r o s c o p i c  o r g a n i z a t i o n  o f  p o l y c o n j u g a t e d  
s y s t e m s  i n  a d e s i r e d  c o n f o r m a t i o n .  

The p o l y d i a c e t y l e n e s  p r o v i d e  a n  u n i q u e  o p p o r t u n i t y  
t o  a c h i e v e  t h i s  by s u i t a b l e  " m o l e c u l a r  e n g i n e e r i n g "  and 
s o l i d  s t a t e  p o l y m e r i z a t i o n  t e c h n i q u e s .  Monomer s i n g l e  
c r y s t a l s  of  d i a c e t y l e n e s  c a n  be  grown by a v a r i e t y  of 
a p p r o a c h e s  i n  d e s i r e d  m a c r o s c o p i c  forms .  The s i d e  g r o u p s  
R and R' ( F i g .  1) c a n  b e  s u i t a b l y  d e s i g n e d  t o  make t h e  
monomer amenable  t o  s p e c i f i c  c r y s t a l  growth t e c h n i q u e s .  
A d d i t i o n a l l y ,  t h e  s i z e  and e l e c t r o n i c  s t r u c t u r e  of t h e  
s i d e  g r o u p s  c a n  b e  m a n i p u l a t e d  t o  c o n t r o l  t h e  s e p a r a t i o n  
of  t h e  d i a c e t y l e n e  backbones  and s u b t l y  i n f l u e n c e  t h e i r  
e l e c t r o n i c  p r o p e r t i e s  as w e l l .  

The p o l y d i a c e t y l e n e  c h a i n s  i n  t h e  s o l i d  s t a t e  poly-  
m e r i z e d  s y s t e m  a d o p t  a n  a l l - t r a n s  c h a i n  c o n f o r m a t i o n .  
Thus ,  p o l y d i a c e t y l e n e s  i n  t h e s e  s t r u c t u r e s  c a n  b e  c o n s i d -  
e r e d  p r o t o t y p e  one d i m e n s i o n a l  mater ia l s  and have  b e e n  
e x t e n s i v e l y  s t u d i e d  f o r  t h e i r  s t r u c t u r a l ,  e l e c t r o n i c 2  
and o p t i c a l  p r o p e r t i e s .  These mater ia l s  become e v e n  
more a t t r a c t i v e  when one c o n s i d e r s  t h e  p o s s i b i l i t i e s  o f  
m a n i p u l a t i n g  t h e i r  m o l e c u l a r  a r c h i t e c t u r e  t o  " t a i l o r "  
s p e c i f i c  p r o p e r t y  a s p e c t s .  
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FIGURE 1 D i a c e t y l e n e  R e a c t i o n  Scheme 

(a) D i a c e t y l  e n e  monomers r e g u l a r l y  a r r a n g e d  
i n  a s i n g l e  c r y s t a l  

(b)  P o l y d i a c e t y l e n e  i n  t h e  a c e t y l e n i c  form 

( c )  P o l v d i a c e t y l e n e  in t h e  cumulenic  form 
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262 G .  M .  CARTER et al. 

One c l a s s  of  p o l y d i a c e t y l e n e s  where t h i s  s t r u c t u r a l  
m o d i f i c a t i o n  can be i n t r o d u c e d  w i t h  ease and,  a d d i t i o n a l l y .  
c o n t r o l l e d  t h i c k n e s s  macroscopic  o r g a n i z a t i o n s  a re  p o s s i b l e ,  
h a s  R and R' a s  a l o n g  a l k y l  c h a i n  and an  a l k y l  c h a i n  w i t h  
a t e r m i n a l  a c i d  group,  r e s p e c t i v e l y .  T h i s  p e r m i t s  growth 
of  t h e s e  mater ia ls  i n  t h e  form of m u l t i l a y e r  a s s e m b l i e s  
u s i n g  a Langmuir-Blodget t  f i l m  b a l a n c e .  A d d i t i o n a l l y ,  by 
a l t e r i n g  t h e  l e n g t h s  of  t h e  a l k y l  g r o u p s ,  one can  a l t e r  t h e  
packing  o f  t h e  d i a c e t y l e n e  backbones .  We have c a r r i e d  o u t  
d e t a i l e d  i n v e s t i g a t i o n  of  s t r u c t u r a l  and l i n e a r  and non- 
l i n e a r  o p t i c a l  p r o p e r t i e s  of  p o l y d i a c e t y l e n e s  b e l o n g i n g  t o  
t h i s  c l a s s .  The p o l y d i a c e t y l e n e s  were grown as  a m u l t i -  
l a y e r  assembly on a s i l v e r  g r a t i n g  t o  a c t  as a waveguide 
s t r u c t u r e .  T h i s  p e r m i t t e d  t h e  i n v e s t i g a t i o n  of  t h e  t h i r d  
o r d e r  n o n l i n e a r  s u s c e p t i b i l i t y  X ( 3 )  (0) of t h e s e  mater ia ls  
f a b r i c a t e d  i n  a t e c h n o l o g i c a l l y  r e l e v a n t  form. P o l y d i a c e -  
t y l e n e  as a p r o t o t y p e  1-D semiconductor  was shown t o  have 
a l a r g e  X ( 3 ) ( ( ~ )  o v e r  a r a n g e  of  w a v e l e n g t h s  i n  t h e  non- 
a b s o r p t i v e  r e g i o n ,  a p r o p e r t y  c o n s i d e r e d  i m p o r t a n t  t o  
r e a l i z e  c o n c e p t s  of a l l  o p t i c a l  s i g n a l  p r o ~ e s s i n g . ~  
measurements were c a r r i e d  o u t  by a t e c h n i q u e  developed  i n  
o u r  l a b o r a t o r y .  

The 

These r e s u l t s  have been c o m r n u n i ~ a t e d . ~  

A d d i t i o n a l l y ,  d e t a i l s  o f  s y n t h e s i s  of s e v e r a l  new monomers, 
t h e i r  f a b r i c a t i o n  and p r o c e s s i n g  a s p e c t s ,  and t h e  i n v e s t i -  
g a t i o n  o f  t h e i r  l i n e a r  and n o n l i n e a r  o p t i c a l  p r o p e r t i e s  
a r e  b e i n g  p r e s e n t l y  i n v e s t i g a t e d .  Apar t  from t h e  u s e  o f  t h e  
Langmuir-Blodget t  t e c h n i q u e  t o  grow c o n t r o l l e d  t h i c k n e s s  
m u l t i l a y e r  a s s e m b l i e s ,  a p p r o a c h e s  such  as v a p o r  and l i q u i d  
p h a s e  e p i t a x y  and p r e s s u r e  induced  c r y s t a l l i z a t i o n  a r e  
b e i n g  p u r s u e d .  O f  p a r t i c u l a r  i n t e r e s t  is t h e  i n v e s t i g a -  
t i o n  o f  o p t i c a l  n o n l i n e a r i t i e s  i n  t h e  t i m e  domain and 
p r e l i m i n a r y  e x p e r i m e n t s  have  b e e n  i n i t i a t e d .  I n  t h i s  
communication w e  w i l l  d e t a i l  t h e  r e s u l t s  of some of t h e s e  
i n v e s t i g a t i o n s .  

EXPERIMENTAL 

M u l t i l a y e r  F a b r i c a t i o n  _____- 

The nonacosa- l0 ,12  d i y n o i c  a c i d  monomer w i t h  chemical  
s t r u c t u r e  C H 3 - ( C H 2 ) 1 5 - C = C - C = + C H 2 ) g - C O O H  i s  s y n t h e s i z e d  
f o 1 1 owing t h e  Cad i o  t - Cho d k i e w  i c z coup I i n  g re ac t ion o u t  - 
l i n e d  i n  an  e a r l i e r  communicat ion.6 
f i e d  by r e p e a t e d  c r y s t a l l i z a t i o n  from p e t r o l e u m  e t h e r .  
Monolayers  a re  s p r e a d  a t  t h e  gas-water  i n t e r f a c e  from 
d i l u t e  s o l u t i o n  of t h e  monomer i n  c h l o r o f o r m .  Lauda f i l m  

The monomer i s  p u r i -  D
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POLYDIACETYLENE: IDEAL LOW-D ORGANIC MATERIAL 263 

b a l a n c e  i s  u s e d  t o  m o n i t o r  t h e  f i l m  p r e s s u r e  and  p o l y m e r i -  
z a t i o n  ( r e a c t i o n  scheme,  F i g .  1) is a c h i e v e d  by u s i n g  UV 
r a d i a t i o n  a t  t h e  a p p r o p r i a t e  f i l m  p r e s s u r e .  M u l t i l a y e r  
a s s e m b l i e s  o f  p o l y d i a c e t y l e n e s  c a n  b e  b u i l t  up f r o m  t h i s  
m o n o l a y e r  by c o n s e c u t i v e  d i p p i n g  o f  a s u b s t r a t e ,  f o l l o w i n g  
t h e  T,angmuir-Blodgett  t e c h n i q u e . '  

Growth o f  O r i e n t e d  TlIi>- F i l m s  by O t h e r  T e c h n i q u e s  

The t h i n  f i l m  f a b r i c a t i o n  t e c h n i q u e  h a s  b e e n  p e r f e c t e d  
t o  t h e  e x t e n t  t h a t  i t  i s  p o s s i b l e  t o  make a m u l t i l a y e r  
a s s e m b l y  w i t h  p r e c i s e  c o n t r o l  o f  l a y e r  t h i c k n e s s .  F a b r i -  
c a t i o n  of  a l a r g e  are , l  a5sembly  o f  s e v e r a l  t h o u s a n d  ang-  
s t r o m  t h i c k n e s s  f i l m  i s  s t i l l  a v e r y  l a b o r i o u s  a n d  t i m e -  
consuming  o p e r a t i o n .  A d d i t i o n a l  l y ,  t h e  d e t a i l e d  morpholo-  
gy  and  m i c r o s t r u c t u r c  o f  e a c h  l a y e r  h a s  t o  b e  p r e c i s e l v  
c o n t r o l l e d .  A p a r t  f rom t h e s e  o p e r a t i o n a l  d i f f i c u l t i e s ,  
o n e  i s  f u r t h e r  l i m i t e d  bv t h e  s p e c i f i c  s i d e  g r o u p s  ( R  and 
R '  i n  F i g .  1 )  one  must b u i l d  t o  make t h e  monomer s u i t a b l e  
f o r  Langmui r -B lodge t t  g r o w t h .  T h i s  h a s  prompted u s  t o  
e x p l o r e  t h e  c r y s t a l  g rowth  o f  o t h e r  d i a c e t y l e n e  s y s t e m s  by 
j u d i c i o u s  u s e  o f  s u c h  c o n v e n t i o n a l  t e c h n i q u e s  as l i q u i d  
and v a p o u r  p h a s e  e p i t a x v  and o t h e r  p a r a l l e l  a p p r o a c h e s  
n o r m a l l y  employed f o r  sn in l l  m o l e c u l a r  and a t o m i c  svs terns.  
The s y y t e m s  o f  c h o i c e  have b e e n  t h e s e  m a t e r i a l s ,  where  
t h e  monomers a re  m e l t  s t a b l e  and r a d i a t i o n  p o l y m e r i z a b l e .  
T h i s  p r o v i d e s  a g r e a t  d e a l  o f  f I e x i b i l i t y  i n  m a n i p u l a t i n g  
t h e  o r g a n i z a t i o n  o f  t h e  niononier c r y s t a l s .  

TCDU (R i s  fCH2)bOCONHC6H5) is  a c a s e  i n  p o i n t .  
L a r g e  a r e a  (- .5cm x .5cni) ,  t h i n  (- l l ~ )  and  o p t i c a l  q u a l i t y  
s i n g l e  c r y s t a l s  o f  TCDU have been  grown i n  o u r  l a b o r a t o r y .  
The r a d i a t i o n  p o l y m e r i 7 e d  TCDU r e t a i n s  t h e  i n t e g r i t y  of  
t h e  monomer s i n g l e  c r y s t a l s  and  p o l y m e r i z a t i o n  m i c r o s c o p v  
r e v e a l s  a u n i f o r m  t h i c k n e s s  o p t i c a l  q u a l i t y  s i n g l e  c r y s t a l -  
l i n e  polyl'CDU f i l m .  rhe  o b s e r v e d  a b s o r p t i o n  s p e c t r u m  f o r  
two d i f f e r e n t  d i r e c t i o n s  o f  p o l a r i z a t i o n  ( p a r a l l e l  and  
p e r p e n d i c u l a r  t o  t h e  c h a i n  a x i s )  i s  g i v e n  i n  F i g .  2 .  I t  
s h o u l d  b e  n o t e d  t h a t  t h e  v i 5 i b l e  s p e c t r u m  o f  polyTCDU 
h e r e t o f o r e  has b e e n  o b t a i n e d  o n l y  i n  t h e  r e f l e c t i o n  mode 
for l a c k  o f  l a r g e  a r e a  5 i n g l e  c r y s t a l s  t h a t  would be  t h i n  
enough  f o r  i n v e s t i g a t i o n  u n d e r  t r a n s m i s s i o n  mode. 

S e v e r a l  f e a t i i r e s  o f  t h i s  s p e c t r u m  ( F i g .  2 )  a r e  n o t e -  
w o r t h y .  The p r i n c i p a l  e x c i t o n i c  peak  i s  a t  605nm, u n t i l  
now u n o b s e r v e d  f o r  any o f  t h e  known p h a s e s  o f  p01yTCDu.~  
D e t a i l e d  s t r u c t u r a l  c h a r a c t e r i z a t i o n  and t h e  e v o l u t i o n  of  
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FIGURE 2 ( a )  V i s i b l e  a b s o r p t i o n  s p e c t r u m  o f  TCDU 
f o r  p o l a r i z a t i o n  p a r a l l e l  t o  t h e  
c h a i n  a x i s  

(b)  A b s o r p t i o n  s p e c t r u m  f o r  p o l a r i z a t i o n  
p e r p e n d i c u l a r  t o  t h e  c h a i n  a x i s  
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POLYDIACETYLENE: IDEAL LOW-D ORGANIC MATERIAL 265 

t h e  c h a r a c t e r i s t i c  a b s o r p t i o n  s p e c t r u m  w i l l  b e  d i s c u s s e d  
i n  a f o r t h c o m i n g  p u b l i c a t i o n .  O t h e r  i m p o r t a n t  f e a t u r e s  o f  
t h e  s p e c t r u m  are  t h e  s h a r p n e s s  o f  the  a b s o r p t i o n  edge as 
w e l l  as t h e  d e g r e e  of  a n i s o t r o p y .  

S i n c e  the a l i g n m e n t  of  t h e  p o l a r i z e r s  c o u l d  n o t  b e  
p e r f e c t l y  c o n t r o l l e d  i n  o u r  s p e c t r o p h o t o m e t e r  s e t u p ,  t h e  
s p e c t r u m  u n d e r  p o l a r i z e d  l i g h t ,  w h i l e  i n d i c a t i v e  o f  t h e  
e x c e l l e n t  o r i e n t a t i o n  of  t h e  polymer c h a i n s  i n  t h e  c r y s t a l ,  
may n o t  b e  t o t a l l y  q u a n t i t a t i v e .  

L i n e a r  and N o n l i n e a r  O p t i c a l  Measurements  i n  t h e  
P o l y d i a c e t y l e n e  M u l t i l a y e r  

Although w e  have r e p o r t e d  both  l i n e a r 6  and n o n l i n e a r 5  
o p t i c a l  measurements  i n  a m u l t i l a y e r  o f  t h e  p o l y d i a c e t y l e n e  
f i l m ,  w e  r e v i e w  t h e  t e c h n i q u e  and p r o v i d e  a d i s c u s s i o n  o f  
t h e  r e s u l t s  i g  terms of  model ing  t h e  n o n l i n e a r  p r o c e s s e s .  
F i r s t ,  a 5000A m u l t i l a y e r  p o l y d i a c e t y l e n e  f i l m  i s  d e p o s i t -  
e d  (mgnolayer  by monolayer )  upon a m e t a l i z e d  g r a t i n g  
(5000A p e r i o d )  .6 

which  c a n  b e  coupled  v i a  t h e  g r a t i n g .  F o r  o u r  case, t h e  
e f f e c t i v e  i n d e x  of  r e f r a c t i o n  f o r  t h e  guided  wave mode, 
n 
c e t y l e n e  f i l m .  By o b s e r v i n g  t h e  d i r e c t  r e f l e c t i o n  o f  a 
l aser  beam from t h e  s a m p l e ,  w e  measure  t h e  change i n  
r e f l e c t i v i t y  as a f u n c t i o n  o f  i n c i d e n t  a n g l e  B i  (measured 
w i t h  r e s p e c t  to t h e  p l a n e  n o r m a l ) .  Near a waveguide mode 
r e s o n a n c e  a c h a r a c t e r i s t i c  r e s o n a n c e  "dip" i s  o b s e r v e d  
i n d i c a t i n g  a l o s s  e n e r g y  f rom t h e  i n c i d e n t  beam, and h e n c e  
a g a i n  i n  t h e  energy  i n  t h e  guided  wave mode. F o r  o u r  
c a s e ,  t h e  a n g l e  (8,) c o r r e s p o n d i n g  t o  t h e  minimum i n  re- 
f l e c t i v i t y  (maximum i n  power t r a n s f e r r e d  t o  t h e  guided  
wave mode) i s  g i v e n  by n = ?,fA - s in€) , ,  where X and A 
a r e  the w a v e l e n g t h  and g r a t i n g  s p a c i n g ,  r e s p e c t i v e l y .  
By m e a s u r i n g  n g  a s  a f u n c t i o n  o f  A ,  one can deduce  n f ,  
t h e  i n d e x  o f  t h e  p o l y d i a c e t y l e n e  f i l m .  

T h i s  s t r u c t u r e  forms a p l a n a r  waveguide 

i s  such  t h a t  l < n  < n f  where n f  i s  t h e  i n d e x  o f  p o l y d i a -  
g g 

g 

The n o n l i n e a r  o p t i c a l  p r o p e r t y  o f  t h e  p o l y d i a c e t y l e n e  
f i l m  t h a t  i s  of i n t e r e s t  t o  u s  i s  t h e  n o n l i n e a r  i n d e x  of  
r e f r a c t i o n  "2 ,  where n 2  is p r o p o r t i o n a l  t o  X ( 3 ) ( ~ ) .  
can  e a s i l y  b e  measured by o u r  c o u p l i n g  scheme b e c a u s e  a 
change i n  o p t i c a l  i n t e n s i t y  ( A l )  i n  t h e  f i l m  c a u s e s  a 
change in f i l m  i n d e x ,  Anf = n2Al.  T h i s  l e a d s  s i m p l y  t o  
a change i n  c o u p l i n g  a n g l e  A'dc  which i s  p r o p o r t i o n a l  t o  
n2Al  ( s i n c e  An, is p r o p o r t i o n a l  t o  An,). 
(=lo n s e c  d u r a t i o n )  dye l a s e r ,  w e  measured A e , ,  and hence  

n2 

By u s i n g  a p u l s e d  
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266 G .  M .  CARTER etal .  

n2 from . 6 7  - 1.04pm by changing  t h e  i n t e n s i t y  a t  each  
~ a v e l e n g t h . ~  
was n e g a t i v e  i n  c o n t r a s t  t o  t h e  p o s i t i v e  s i g n  p r e d i c t e d  by 
t h e  one d i m e n s i o n a l  semicogductor  band model . 9  
t h e  v a l u e  of  n2 f o r  X~_7500A ( t h e  t r a n s p a r e n t  r e g i o n  o f  
o u r  f i l m )  w a s  =10-6/(MW(cm2)), i n  good agreement  w i t h  
d a t a  ( b o t h  s i g n  and magni tude)  t a k e n  on a PTS ( R  i s  
-CH2-O-S02-C6H5-CH3) c r y s t a l  a t  h = 1.89pm. l o ,  

We o b s e r v e d  t h a t ,  t h r o u g h o u t  t h e  r a n g e ,  n2  

F u r t h e r ,  

The o b s e r v a t i o n  t h a t  t h e  s i g n  of X ( 3 )  (0) i s  n e g a t i v e  
a t  b o t h  long (1 = 1 . 8 9 ~ m ) l l  and  s h o r t  (X 5 l ~ m ) ~  wave- 
l e n g t h s  p r o v i d e s  some i n s i g h t  i n t o  t h e  models  o f  t h e  
e l e c t r o n i c  s t a t e s  c o n t r i b u t i n g  t o  t h e  o p t i c a l  n o n l i n e a r i -  
t y .  A one d i m e n s i o n a l  semiconductor  model f o r  t h e  poly-  
d i a c e t y l e n e s  p r e d i c t s  a p o s i t i v e  X ( 3 ) ( u )  i n  t h e  l i m i t  
X + m . 9  T h i s  i s  p r i m a r i l y  due t o  t h e  predominance of 
i n t r a b a n d  c o n t r i b u t i o n s  t o  t h e  n o n l i n e a r i t y .  l 2  9 l 3  I t  
s h o u l d  be f u r t h e r  p o i n t e d  o u t  t h a t  a d i s c r e t e  t h r e e - s t a t e  
model h a s  been  used t o  e x p l a i n  two-photon a b s o r p t i o n  i n  
t h e  p o l y d i a c e t y l e n e s  i n  s o 1 ~ t i o n . l ~  
two c o n t r i b u t i o n s  t o  X ( 3 )  ;15 one p o s i t i v e  w i t h  a two-photon 
r e s o n a n t  d e n o m i n a t o r ,  t h e  o t h e r  n e g a t i v e  w i t h  o n l y  s i n g l e -  
photon  r e s o n a n t  d e n o m i n a t o r s .  The two-photon c o n t r i b u t i o n  
changes s i g n  and becomes n e g a t i v e  when t h e  wavelength  i s  
above t h e  two-photon r e s o n a n c e .  We estimate from t h e  re- 
s u l t s  i n  Ref .  1 4 e t h a t  such  a r e s o n a n c e  s h o u l d  o c c u r  f o r  
7000A 5 A 5 9000A i n  o u r  p o l y d i a c e t y l e n e s .  Thus,  if such  
a d i s c r e t e  model h o l d s ,  t h e  term w i t h  a two-photon reso-  
n a n t  denominator  is  a s m a l l  c o n t r i b u t i o n  o f  t h e  o b s e r v e d  
X(3), e s p  c ’ a l l y  s i n c e  w e  o b s e r v e  no d r a s t i c  n e g a t i v e  
jump i n  X 7 3 f ( w )  n e a r  t h e  e x p e c t e d  two-photon r e s o n a n c e  
I n  f a c t ,  w e  o b s e r v e  t h a t  w i t h i n  e x p e r i m e n t a l  e r r o r  X ( 3 j  (w)  
is  n e a r l y  c o n s t a n t  u n t i l  t h e  wavelength  r e a c h e s  t h e  one- 
photon  a b s o r p t i o n  edge .5  

Such a model y i e l d s  

We are  c o n t i n u i n g  o u r  e x p e r i m e n t s  i n  an  a t t e m p t  t o  
f i n d  t h e  r e s p o n s e  t i m e  o f  t h e  o b s e r v e d  n 2 ,  b o t h  i n  t h e  
a b s o r p t i v e  and t r a n s p a r e n t  r e g i o n  o f  t h e  p o l y d i a c e t y l e n e s ,  
u s i n g  a p s e c  dye l aser .  Two c o - l i n e a r  beams d e l a y e d  i n  
time w i l l  b e  i n c i d e n t  on o u r  g r a t i n g  waveguide sample.  
By o b s e r v i n g  t h e  c o u p l i n g  a n g l e  B c  as  a f u n c t i o n  of  t i m e  
d e l a y  between t h e  two p u l s e s ,  i n  p r i n c i p l e  w e  s h o u l d  b e  
a b l e  t o  d e t e r m i n e  t h e  r e s p o n s e  t i m e  of  t h e  o p t i c a l  non- 
1 i n  ear i t y  . 

A d d i t i o n a l l y ,  p a r a l l e l  e x p e r i m e n t s  have been  i n i t i -  
a t e d  t o  i n v e s t i g a t e  t h e  o p t i c a l  p r o p e r t i e s  of s e v e r a l  
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POLYDIACETYLENE: IDEAL LOW-D ORGANIC MATERIAL 267 

o t h e r  p o l y d i a c e t y l e n e  s y s t e m s  t h a t  c a n  b e  grown i n  l a r g e  
area ( s e v e r a l  mm by s e v e r a l  mm) s i n g l e  c r y s t a l s  o f  con- 
t r o l l e d  t h i c k n e s s  by t e c h n i q u e s  t h a t  have  been  p e r f e c t e d  
i n  o u r  l a b o r a t o r y .  The m y r i a d s  o f  s t r u c t u r a l  v a r i a t i o n s  
t h a t  c a n  b e  i n t r o d u c e d  i n  t h i s  c l a s s  of  material  and t h e  
r i c h n e s s  o f  t h e  p r o p e r t i e s  make t h i s  area o f  r e s e a r c h  a 
v e r y  f a s c i n a t i n g  as w e l l  as  c h a l l e n g i n g  one .  
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