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a c c o u n t  fo r  t h e  la r ge  m a g n it u d e  o f  t h e  

a c o u s t ic  s ig n a l s e e n  in  t h e  c y lin d r ic a l e x c i ­

t a t io n  g e o m e t r y , t h e  a u d ib le  s o u n d , a n d  t h e  

fa ilu r e  o f  b o t h  o f  th e s e  s ig n a ls  t o  d is a p p e a r  

a t  lo w  t e m p e r a t u r e .  T h e  r e a c t io n  o f  c a r b o n  

w it h  w a t e r  ta ke s  p la c e  a t  t e m p e r a t u r e s  o n  

t h e  o r d e r  o f  h u n d r e d s  o f  de g r e e s  C e ls iu s ;  

t h u s , t h e  p r o d u c t io n  a n d  e x p a n s io n  o f  gas  

s h o u ld  he  e s s e n t ia lly  in d e p e n d e n t  o f  t e m ­

p e r a t u r e  fo r  a  c h a n g e  as  s m a ll as  1 0 °C . T h e  

in d u c t io n  p e r io d  to r  t h e  p h o t o a c o u s t ic  e f ­

fe c t  in  c a r b o n  s u s p e n s io n s  c a n ,  in  a ll lik e ­

lih o o d ,  he  a s c r ib e d  e it h e r  t o  t h e  in c r e a s e d  

r e a c t iv it y  o f  t h e  n e w , la r g e - d ia m e t e r  p a r t i ­

c le s  t h a t  a r e  fo r m e d  d u r in g  ir r a d ia t io n  o r  t o  

t h e  d e v e lo p m e n t  o f  r e a c t io n  c e n t e r s  in  t h e  

g r a p h it ic  c o m p o n e n t  o f  t h e  c a r b o n , as  h a s  

b e e n  n o t e d  fo r  t h e  s t e a m - c a r b o n  r e a c t io n

(2 3 ) .

T h e  t h e o r y  g iv e n  h e r e  fo r  c h e m ic a l g e n ­

e r a t io n  o f  t h e  p h o t o a c o u s t ic  e ffe c t  s h o u ld  

he  r ig o r o u s ly  c o r r e c t  fo r  d if fe r e n t ia l c h a n g e s  

in  t h e  s t a t e  v a r ia b le s . H o w e v e r ,  its  a p p lic a ­

t io n  t o  t h e  p r e s e n t  r a t h e r  c o m p lic a t e d  p r o b ­

le m , w h e r e  h ig h - t e m p e r a t u r e  r e a c t io n s  a n d  

gas  e x p a n s io n  a r e  in v o lv e d ,  is  s p e c u la t iv e .  

In  a d d it io n  t o  c h e m ic a l r e a c t io n ,  p h e n o m ­

e n a  s u c h  as  t e m p e r a t u r e - d e p e n d e n t  t h e r m a l 

e x p a n s io n  ( 1 , 5 ,  2 4 ),  n o n lin e a r  h e a t  c o n ­

d u c t io n  (2 5 ) ,  v a p o r iz a t io n  o f f lu id  a r o u n d  

t h e  p e r im e t e r  o f  t h e  p a r t ic le  (2 0 ) ,  a n d  e v e n  

s h o c k - w a v e  fo r m a t io n  a r e  p o s s ib ly  in v o lv e d  

in  t h e  g e n e r a t io n  o f  t h e  p h o t o a c o u s t ic  e f ­

fe c t . T h e  u n u s u a l p r o p e r t ie s  o f  t h e  p h o t o ­

a c o u s t ic  e ffe c t  in  c a r b o n  s u s p e n s io n s , its  

e as e  o f  p r o d u c t io n  (2 6 ) ,  a n d  its  d e p e n d e n c e  

o n  c h e m ic a l r e a c t io n  a r g u e  fo r  m o r e  e x p e r ­

im e n t a t io n  a n d ,  m o s t  c e r t a in ly ,  fo r  fo r m u ­

la t io n  o f  a  m o r e  s o p h is t ic a t e d  t h e o r e t ic a l 

m o d e l fo r  s o u n d  w a v e  g e n e r a t io n .
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c e n t r o s y m m e t r y  is t h r o u g h  p o lin g  w it h  a  

s t a t ic  e le c t r ic  f ie ld  (1 ); t h e  d e g r e e  o f  o r d e r ­

in g  t h a t  c a n  be  a c h ie v e d  t h r o u g h  p o lin g  

d e p e n d s  lin e a r ly  o n  b o t h  t h e  p e r m a n e n t  

d ip o le  m o m e n t  o f  t h e  m o le c u le s  a n d  t h e  

p o lin g  fie ld .  A lt e r n a t iv e ly ,  s e c o n d - o r d e r  

n o n lin e a r  d e v ic e s  c a n  be  c o n s t r u c t e d  by  

o r g a n iz in g  t h e  n o n lin e a r  m o le c u le s  as  c hr o -  

m o p h o r e s  in t o  a  n o n c e n t r o s y m m e t r ic  su-  

p r a m o le c u la r  s t r u c t u r e  (2 ) .  W h e n  s u c h  

s t r u c tu r e s  e x t e n d  t o  m a c r o s c o p ic  d im e n ­

s io n s , t h e  p o lin g  o f  t h e  c h r o m o p h o r e s  c a n  

be  a c h ie v e d  t h r o u g h  c h e m ic a l s y n th e s is , 

w it h  n o  n e e d  fo r  e x t e r n a l p o lin g .  F o r  m i ­

c r o s c o p ic  (s m a lle r  t h a n  w a v e le n g t h )  s t r u c ­

tu r e s , t h e  n o n lin e a r it y  c a n  be  d is c us s e d  in  

t e r m s  o f  a s u p r a m o le c u la r  h y p e r p o la r iz a b il-  

ity  (3 ) ,  w h ic h  g r o w s  lin e a r ly  as  a  f u n c t io n  o f  

t h e  n u m b e r  o f  o r ie n t a t io n a lly  c o r r e la t e d  

c h r o m o p h o r e s .  T h e  p e r m a n e n t  d ip o le  m o ­

m e n t  o f  s u c h  a  s t r u c t u r e  c a n  be  ve r y  la r ge , 

e it h e r  b e c a us e  o f  t h e  c o h e r e n t  a d d it io n  o f 

t h e  d ip o le  m o m e n t s  o f  t h e  c h r o m o p h o r e s  

(4 )  o r  b e c a us e  o f  t h e  d ip o le  m o m e n t  a s s o ­

c ia t e d  w it h  t h e  s u p r a m o le c u la r  s t r u c t u r e  i t ­

s e lf (5 ) .  T h e  d e g r e e  o f  a lig n m e n t  o f  s u ­

p r a m o le c u la r  u n it s  t h a t  c a n  be  a c h ie v e d  fo r

1a

H H Ch T
«- 0 - <

CH2-CH2-O-C-CH3

CH2-CH2-O—C—CH3 

à

1b

. o
II

C-N -CB-CH  2-O-C 

't 'n  ¿H3

CH2-CH2-O-C-CH3

CH2-CH2-O-C-CH3

o

2a
^c-n-ch-ch2-o-c h Q ^ n=n̂ O^~ N'H CH3 \

N32

c h 2- c h ?

■(

CH2-CH2

2b
+  ? 
C—N—CH—CH2-O—C

-t-n I
ch3

CH2-CH2(
CH2-CH2

Fig. 1. C h e m ic a l s t ru c tu re s  o f  th e  c h ro m o p h o re s  

(1 a a n d  2a) a n d  th e  p o ly ( is o c y a n id e )s  (1 b a n d  2b). 

P o ly m e rs  1b a n d  2b w e re  s y n th e s iz e d  f ro m  (S)- 

a n d  {R,S)~ is o c y a n id e  m o n o m e rs ,  re s p e c t iv e ly  

(17).

x >

S id e  v ie w T o p  v ie w

F ig .  2. H e lic a l s t ru c tu re  o f  p o ly ( is o c y a n id e )s  w ith  

n o n lin e a r o p t ic a l c h ro m o p h o re s .  T h e  c o o rd in a te  

s y s te m  uvw, w ith  th e  u a x is  a lo n g  th e  lo n g  a x is  o f 

tl ie c h ro m o p h o re s ,  d e f in e s  th e  f ra m e  o f  re fe re n c e  

? fo r th e  c h ro m o p h o re s .  T h e  c o o rd in a te  s y s te m  

xyz, w ith  th e  z  a x is  a lo n g  th e  h e lic a l a x is , d e f in e s  

the fra m e  o f  re fe re n c e  fo r  th e  p o ly m e rs . In th e  s id e  

v iew , th e  c h r o m o p h o re s  p o in t in g  to  th e  f ro n t  a n d  

b a ck  h a v e  b e e n  o m it te d  fo r  c la r ity .

a g iv e n  s t r e n g t h  o f  t h e  p o lin g  fie ld  w o u ld  

t h e n  be  g r e a te r  t h a n  t h a t  o f  t h e  in d iv id u a l 

c h r o m o p h o r e s .  H e r e , w e  s h o w  t h a t  n o n l in ­

e a r  o p t ic a l c h r o m o p h o r e s  c a n  be  o r g a n iz e d  

in  a  fix e d  n o n c e n t r o s y m m e t r ic  a r r a n g e m e n t  

as  s ide  g r o u p s  o f  p o ly m e r s  w it h  a r ig id  b a c k ­

b o n e ,  a n d  w e  p r e s e n t  e x p e r im e n t a l e v i ­

d e n c e  o f  t h e  la r g e  s e c o n d - o r d e r  n o n lin e a r ­

it y  o f  t h e  s u p r a m o le c u la r  s t r u c t u r e .

W e  h a v e  in v e s t ig a t e d  t h e  s e c o n d - o r d e r  

r e s p o ns e  o f  p o ly ( is o c y a n id e )s  (6 )  t h a t  c o n ­

t a in  n o n lin e a r  c h r o m o p h o r e s  as  s ide  g r o u p s  

(F ig . 1) (7 ) .  T h e  ke y  p r o p e r t y  o f  p o ly ( is o ­

c y a n id e  )s  w it h  b u lk y  s ide  g r o u p s  is t h e  r ig id  

a n d  e x t e n d e d  h e lic a l c h a in  c o n fo r m a t io n  o f  

t h e  b a c k b o n e  (6 ,  8 ) ,  w h ic h  r e s ult s  in  a 

s t r o n g  o r ie n t a t io n a l c o r r e la t io n  o f  t h e  s ide  

g r o u p s  (F ig . 2 ) . T h e  c h r o m o p h o r e s  w e r e  

c h o s e n  fo r  t h e  w e ll- k n o w n  n o n lin e a r  p r o p ­

e r t ie s  o f  d o n o r - a c c e p t o r - fu n c t io n a liz e d  azo-  

b e n ze n e s  ( 1 ). In  t h e  s a m p le s  in v e s t ig a t e d ,  a 

t o t a l o f  — 1 0 0  c h r o m o p h o r e s  ( — 25 h e lic a l 

t u r n s , —3 .8  c h r o m o p h o r e s  p e r  t u r n )  a re  

s t a c k e d  in  fo u r  t w is t e d  c o lu m n s  o v e r  t h e  

le n g t h  ( — 10 n m )  o f  t h e  p o ly m e r . T h e r e  is 

n o  n e t  a lig n m e n t  o f c h r o m o p h o r e s  in  t h e  

t r a n s v e r s e  d ir e c t io n .  H o w e v e r ,  t h e  c e n ­

t r o s y m m e t r y  o f  t h e  s t r u c t u r e  is b r o k e n  in  

t h e  d ir e c t io n  o f  t h e  a x is  o f t h e  h e lic a l b a c k ­

b o n e ,  b e c a us e  a ll c h r o m o p h o r e s  fo r m  a n  

e q u a l a n g le  w it h  r e s pe c t  t o  t h is  a x is . T h is  

a n g le  is —6 0 °, as  e s t im a t e d  by  m o le c u la r  

m e c h a n ic s  c a lc u la t io n s  u s in g  t h e  c o n s is t e n t  

fo r c e  fie ld  m e t h o d  (9 ) .

T h e  r ig id  c o n fo r m a t io n  o f  p o ly (  is o c y a ­

n id e  )s  is a ls o  s t a b le  in  s o lu t io n ,  a n d  w e  h a v e  

d e t e r m in e d  t h e  fir s t  h y p e r p o la r iz a b ilit y  o f 

t h e  c o m p o u n d s  in  F ig . 1 by  h y p e r - Ra y le ig h  

s c a t t e r in g  ( H R S )  (1 0 - 1 2 )  w it h  c h lo r o fo r m  

as  t h e  s o lv e n t .  H R S  is a n o n lin e a r  lig h t -  

s c a t t e r in g  p r oc e s s  in  w h ic h  t w o  in c id e n t  

p h o t o n s  a t  t h e  fu n d a m e n t a l fr e q u e n c y  to 

g iv e  r is e  t o  a  s c a t t e r e d  p h o t o n  a t  t h e  s e c ­

o n d - h a r m o n ic  fr e q u e n c y  2c0 . In  o u r  e x p e r ­

im e n t s  (F ig . 3 ) ,  t h e s e  fr e q u e n c ie s  c o r r e ­

s p o n d  t o  w a v e le n g t h s  o f 1 0 6 4  a n d  5 3 2  n m ,

r e s p e c t iv e ly . O u r  c o m p o u n d s  e x h ib it e d  n o  

flu o r e s c e n c e  a t  5 3 2  n m  t h a t  c o u ld  h a m p e r  

t h e  H R S  m e a s u r e m e n t s . T h e  p r in c ip a l a b ­

s o r p t io n  b a n d  o f t h e  c o m p o u n d s  p e a k s  b e ­

t w e e n  4 0 0  a n d  5 0 0  n m  (T a b le  1) a n d  ex-

t e n d s  t o  5 3 2  n m .  H e n c e ,  t h e  s e c o n d - h a r ­

m o n ic  g e n e r a t io n  pr oc e s s  is  e n h a n c e d  b y  a 

t w o - p h o t o n  r e s o n a n c e  o f  t h e  fu n d a m e n t a l 

w a v e le n g t h .  N o t e  a ls o  t h a t  t h e  a b s o r p t io n  

b a n d s  o f  t h e  p o ly m e r s  a r e  b lu e - s h ift e d  w it h  

r e s pe c t  t o  t h o s e  o f  t h e  c h r o m o p h o r e s .  T h e  

in t e n s it y  o f  t h e  s c a t t e r e d  s e c o n d - h a r m o n ic  

lig h t  is o f  t h e  fo r m

Î2c = gB2Il ( 1 )

( I I ) ,  w h e r e  Iw is t h e  in t e n s it y  o f  t h e  f u n ­

d a m e n t a l b e a m  a n d  g  is a n  in s t r u m e n t a l 

fa c t o r  t h a t  a c c o u n t s  fo r  t h e  s c a t t e r in g  g e ­

o m e t r y  a n d  t h e  lo c a l f ie ld  fa c to r s . T h e  e f ­

fe c t iv e  n o n lin e a r it y  B o f  t h e  s o lu t io n  is

- ^ s o lv e n t P s o lv e n t  "F  ^ s o lu t e P s o lu t e  ( 2)

w h e r e  N  is t h e  n u m b e r  d e n s it y  a n d  (3 is t h e  

h y p e r p o la r iz a b ilit y .  In  o u r  e x p e r im e n t a l 

p r o c e d u r e , w e  m e a s u r e d  t h e  q u a d r a t ic  c o e f ­

f ic ie n t  g B 2 as  a  fu n c t io n  o f  t h e  n u m b e r  

d e n s it y  o f  t h e  s o lu t e . T h is  fu n c t io n  y ie ld s  

t h e  h y p e r p o la r iz a b ilit y  o f  t h e  s o lu t e  a ft e r  a n  

e x p o n e n t ia l los s  fa c t o r  is a p p lie d  t h a t  a c ­

c o u n t s  fo r  t h e  a b s o r p t io n  o f  t h e  s e c o nd-  

h a r m o n ic  lig h t  (1 2 ) .  p - N it r o a n ilin e  ( p  =  

23 X  1 0 - 3 ° e s u ) was  us e d  as  t h e  r e fe r e n c e  

(11).
T h e  h y p e r p o la r iz a b ilit ie s  o f  t h e  p o ly m e r  

c o m p o u n d s  w e r e  m u c h  la r g e r  t h a n  t h o s e  o f  

t h e  r e s p e c t iv e  c h r o m o p h o r e s  (T a b le  1 ). 

T h is  f in d in g  in d ic a t e s  t h a t  t h e  c h r o ­

m o p h o r e s  a r e  o r g a n iz e d  in  a  n o n c e n t r o s y m ­

m e t r ic  a r r a n g e m e n t  in  t h e  p o ly m e r  c h a in  

a n d  t h a t  e a c h  c h r o m o p h o r e  c o n t r ib u t e s  c o ­

h e r e n t ly  t o  t h e  h y p e r p o la r iz a b ilit y  o f  t h e  

p o ly m e r . T h e  h y p e r p o la r iz a b ilit ie s  o f  t h e  

p o ly m e r s  a r e  ve r y  la r g e , e v e n  fo r  r e s o n a n t ly  

e n h a n c e d  v a lu e s . T h e  r ig id it y  o f  t h e  p o ly ­

m e r s  is e s s e n t ia l t o  t h is  o b s e r v e d  in c r e a s e  in  

h y p e r p o la r iz a b ilit y ;  in  e a r lie r  w o r k , t h e  h y ­

p e r p o la r iz a b ilit y  o f  c h r o m o p h o r e s  in c o r p o ­

r a t e d  in t o  a  p o ly m e r  w it h  a  f le x ib le  b a c k ­

b o n e  w as  fo u n d  t o  be  in d e p e n d e n t  o f  t h e  

p o ly m e r ic  e n v ir o n m e n t  (1 3 ) .

T o  d e t e r m in e  h o w  w e ll t h e  m e a s u r e d  

h y p e r p o la r iz a b ilit ie s  o f  t h e  p o ly m e r s  c o u ld  

be  e x p la in e d  by  t h o s e  o f  t h e  c h r o m o p h o r e s ,  

w e  a s s u m e d  t h a t  t h e  h y p e r p o la r iz a b ilit y  o f  

t h e  p o ly m e r s  c a n  be  c a lc u la t e d  by  s u m m in g  

o v e r  t h e  c o n t r ib u t io n s  o f e a c h  c hr o -

P M T

N d -Y A G H W P  P B S

C o n d e n s e r

V B
5 3 2  nm

1064 nm

/ZN \
J \

—

Fig. 3. H R S  e x p e r im e n ta l s e tu p . T h e  1 0 6 4 - n m  o u t ­

p u t  o f  a n  in je c t io n -s e e d e d  N d - y t t r iu m - a lu m in u m -  

g a rn e t (N d -Y A G ) la s e r (p u ls e  le n g th , - 1 0  n s ; r e p ­

e t it io n  ra te , 1 0  H z) p ro v id e s  th e  fu n d a m e n ta l b e a m  

to  th e  H R S  c e ll. T h e  fu n d a m e n ta l b e a m  p ro p a g a te s  

in th e  p o s it iv e  X  d ire c t io n  a n d  is  lin e a r ly  p o la r iz e d  in 

th e  Z  d ire c t io n ;  u n p o la r iz e d  s e c o n d -h a rm o n ic  lig h t 

a t 5 3 2  n m  is d e te c te d  in th e  Y d ire c t io n .  A  h a lf ­

w a v e  p la te  (H W P ) a n d  a  p o la r iz in g  b e a m  s p lit te r  

(P B S ) a re  u s e d  to  c o n tro l th e  p o w e r  o f th e  b e a m . A  

p o r t io n  o f  th e  b e a m  is d ire c te d  o n to  a  p h o to d io d e  

(PD ) fo r  p o w e r  m o n ito r in g .  A  v is ib le  b lo c k in g  f i lte r  (V B ) is o la te s  th e  e x p e r im e n t f ro m  v is ib le  b a c k g ro u n d  

lig h t. T h e  s c a t te re d  lig h t a t 5 3 2  n m  is  c o lle c te d  w ith  a  c o n d e n s e r  s y s te m  a n d  f i lte re d  w ith  a  lo w -p a s s  f i lte r  

(LP) a n d  a n  in te r fe re n c e  f i lte r  (IF) b e fo re  d e te c t io n  w ith  a  p h o to m u lt ip l ie r  (P M T ).

H R S  ce ll

P D

SCIENCE • VOL. 270 • 10 NOVEMBER 1995 9 6 7



m o p h o r e .  T h is  a p p r o a c h  is c o n s is t e n t  w it h  

t h e  s um - o ve r - s ta te s  m e t h o d  o f  c a lc u la t in g  

m o le c u la r  h y p e r p o la r iz a b ilit ie s  ( 1 ) in  t h e  

l im it  in  w h ic h  t h e  e x c it a t io n s  a r e  a s s um e d  

t o  be  lo c a liz e d  in  t h e  c h r o m o p h o r e s .  In  t h is  

l im it ,  e x c it o n ic  e ffe c ts  a r e  n e g le c t e d  a n d  

t h e  s h if t  in  t h e  a b s o r p t io n  s p e c t r u m  o f  t h e  

p o ly m e r s  r e la t iv e  t o  t h a t  o f  t h e  c h r o ­

m o p h o r e s  a r is e s  fr o m  a p e r t u r b a t iv e  in t e r ­

a c t io n  b e t w e e n  t h e  c h r o m o p h o r e s  (1 4 ).

F o r  lo n g  c o n ju g a t e d  c h r o m o p h o r e s ,  t h e  

d o m in a n t  h y p e r p o la r iz a b ilit y  c o m p o n e n t  is 

Punk -  P I(> vvh e re  U is t h e  lo n g  a x is . F o r  a n  

is o t r o p ic  t r a n s v e r s e  d is t r ib u t io n  o f  c h r o ­

m o p h o r e s ,  t h e  p o ly m e r  c h a in s  b e lo n g  to  

s y m m e t r y  g r o u p  C xv  if t h e  h e lic it y  o f  t h e  

b a c k b o n e  is n e g le c t e d . F o r  t h is  s y m m e t r y  

g r o u p , t h e  n o n v a n is h in g  c o m p o n e n t s  o f  t h e  

h y p e r p o la r iz a b ilit y  t e n s o r  a r e  zzzi zxx = zyy,

a n d  xxz = xzx  =  yyz = yzy, w h e r e  z is t h e

a x is  o f  t h e  h e lix  a n d  x  a n d  y  a r e  t h e  t r a n s ­

ve r s e  c o o r d in a t e s .  By  p r o je c t in g  t h e  c hr o -  

m o p h o r ic  c o o r d in a t e  ( u )  o n t o  t h e  p o ly m e r ­

ic  c o o r d in a t e s  (x }'z), w e  o b t a in

p , „  =  7i L.(3 „ c o s '  0 =  0 .1 2 5 n cp l4 (3 )

1
$ Zxx = fixxz =  2  nf iu  s in “ B cos  0  =  0 .1 8 7 5 n cp„

(4 )

w h e r e  n c is th e  de gre e  o f p o ly m e r iz a t io n  ( t h a t  

is, t h e  n u m b e r  o f  c h r o m o p h o r e s  in  a p o ly m e r  

c h a in )  a n d  0  is t h e  a n g le  b e t w e e n  th e  h e lic a l 

ax is  a n d  t h e  c h r o m o p h o r e s . T h e  n u m e r ic a l 

pr e fa c to r s  we re  o b t a in e d  for  0  =  6 0 °. T h e  

q u a n t it y  m e a s ur e d  in  o u r  H R S  e x p e r im e n t  

t h a t  us e d u n p o la r ize d  d e t e c t io n  is

P  solute =  ( P z z z ) (P x z z )  ( 5 )

w h e r e  XYZ  is t h e  la b o r a t o r y  fr a m e  o f  r e fe r ­

e n c e  a n d  t h e  b r a c k e t s  d e n o t e  o r ie n t a t io n a l 

a v e r a g in g  o v e r  t h e  is o t r o p ic  d is t r ib u t io n  o f  

t h e  m o le c u le s  (p o ly m e r s  o r  c h r o m o p h o r e s )  

in  t h e  s c a t t e r in g  s o lu t io n .  T h e  o r ie n t a t io n a l 

a ve r a g e s  w e r e  c a lc u la t e d  w it h  a  t r a n s fo r m a ­

t io n  b e t w e e n  t h e  m o le c u la r  a n d  la b o r a t o r y  

fr a m e s  o f  r e fe r e n c e  (1 5 ) .  T h e  e ffe c t iv e  h y ­

p e r p o la r iz a b ilit ie s  o f  t h e  p o ly m e r s  a n d  c h r o ­

m o p h o r e s  m e a s u r e d  in  t h e  H R S  e x p e r im e n t  

w e r e

Ppoly mer

8 .5 3

2TÔ
n2B2c r* u ( 6 )

a n d

Pehromophore

3 6

2ÏÔ P“ (7 )

r e s p e c t iv e ly . T h e  r a t io  o f th e s e  q u a n t it ie s ,  

w h ic h  c o r r e s p o n d s  t o  t h e  e x p e c t e d  in c r e a s e  

in  t h e  v a lu e  o f  t h e  h y p e r p o la r iz a b ilit y ,  is

E =
P  polymer

Pehromophore

=  0 .4 8 7 n c (8)

In  Eq . 6 , p u r e p r e s e n t s  t h e  h y p e r p o la r iz a b il ­

it y  o f  t h e  in d iv id u a l c h r o m o p h o r e s  in  t h e  

p o ly m e r ic  e n v ir o n m e n t ,  w h e r e a s  in  E q . 7, 

P u r e p r e s e n ts  t h e  h y p e r p o la r iz a b ilit y  o f  t h e  

fr e e  c h r o m o p h o r e s .  T h e s e  t w o  q u a n t it ie s  

are  n o t  n e c e s s a r ily  e q u a l.  In  o u r  p o ly m e r s , 

t h e  p r o p e r t ie s  o f  t h e  c h r o m o p h o r e s  a r e  p e r ­

t u r b e d  by  t h e ir  m u t u a l in t e r a c t io n ,  as  

s h o w n  by  t h e  b lu e  s h ift  in  t h e  a b s o r p t io n  

s p e c t r a  o f  t h e  p o ly m e r s . A s  a  c o n s e q u e n c e ,  

t h e  h y p e r p o la r iz a b ilit ie s  o f  t h e  p o ly m e r s  

a n d  c h r o m o p h o r e s  a r e  r e s o n a n t ly  e n h a n c e d  

by  d iffe r e n t  a m o u n t s ,  a n d  it  is m o r e  a p p r o ­

p r ia t e  t o  c o m p a r e  t h e  n o n r e s o n a n t  v a lu e s  o f  

t h e  h y p e r p o la r iz a b ilit ie s  in  o u r  m o d e l.  

W it h in  t h e  tw o - le v e l m o d e l o f  m o le c u la r  

n o n lin e a r it ie s  ( 1 ), t h e  r e s o n a n t ly  e n h a n c e d  

h y p e r p o la r iz a b ilit y  c a n  b e  e x pr e s s e d  as

P ( w )  =  R ( o j ) P 0 (9 )

w h e r e  P 0  is t h e  n o n r e s o n a n t  v a lu e  a n d  t h e  

r e s o n a n c e  e n h a n c e m e n t  fa c t o r  is

u>
R M  =

0

(ü ) 2 -  o r ) ( o ;>5 -  4 o r )
( 1 0 )

In  Eq . 10, co0  =  27rc/\ max, w h e r e  \ max is t h e  

w a v e le n g t h  a t  w h ic h  t h e  m a x im u m  o f  t h e  

p r in c ip a l a b s o r p t io n  b a n d  o c c u r s , a n d  co 

c o r r e s p o n d s  t o  t h e  w a v e le n g t h  o f  t h e  la s e r . 

N o t e  t h a t  t h e  o r d e r in g  o f  t h e  c h r o m o p h o r e s  

in  t h e  p o ly m e r  c h a in  is n o t  p e r fe c t ;  t h e  

o r d e r in g  is e x p e c t e d  t o  be  p o o r  fo r  t h e  fir s t  

t w o  a n d  la s t  t w o  h e lic a l t u r n s  o f  t h e  b a c k ­

b o n e .  H e n c e ,  t h e  n u m b e r  o f  c h r o m o p h o r e s  

n c t h a t  c o n t r ib u t e  c o h e r e n t ly  t o  t h e  h y p e r ­

p o la r iz a b ilit y  o f  t h e  p o ly m e r  c h a in  is lo w e r

Table 1. P ro p e r t ie s  o f  th e  in d iv id u a l c h r o m o p h o r e s  a n d  th e  p o ly ( is o c y a n id e )s . Mn is th e  n u m b e r -  

a v e ra g e d  m o le c u la r  w e ig h t  (d e te rm in e d  b y  m e m b ra n e  o s m o m e tr y  in c h lo ro fo rm  a t 3 4 °C ) ; n c is  th e  

d e g re e  o f  p o ly m e r iz a t io n  a n d  ric is th e  e s t im a te d  n u m b e r  o f  w e ll- o rd e re d  c h r o m o p h o re s  in a p o ly m e r  

c h a in ; \ max is th e  w a v e le n g th  o f  th e  p r in c ip a l a b s o rp t io n  m a x im u m ; (3HRS a n d  (3qRS a re  th e  h y p e rp o la r ­

iz a b ility  m e a s u re d  b y  H R S  a n d  th e  re s p e c t iv e  n o n re s o n a n t  h y p e rp o la r iz a b il i ty  e s t im a te d  f ro m  E q s . 9  a n d  

10; R{l o) is th e  re s o n a n c e  e n h a n c e m e n t  fa c to r ;  a n d  £ theo( a n d  £ expt a re  th e  p re d ic te d  a n d  m e a s u re d  

v a lu e s , re s p e c t iv e ly ,  o f  th e  p o ly m e r /c h ro m o p h o r e  h y p e rp o la r iz a b il i ty  ra tio .

C o m p o u n d Mn nc nc
\nax
(n m )

pHRS

(10-30 e su )
R M

PSRS
(10-30 e su ) ^ I h e o r êxpt

1a ----- 1 ----- 4 5 7 7 7 4 4 .6 8 1 6 5 ----- -----

1b 5 1 ,0 0 0 9 7 8 2 4 3 8 3 0 2 0 3 .7 3 8 1 0 4 0 4 .9

2a — 1 ----- 4 4 8 5 6 4 4 .1 8 1 3 5 ----- —

2b 4 0 ,0 0 0 9 4 7 9 4 3 5 5 1 5 0 3 .6 2 1 4 2 0 3 8 11

t h a n  t h e  t o t a l n u m b e r  o f  c h r o m o p h o r e s  by  

~ 1 5 ,  a n d  Eq . 8  s h o u ld  be  us e d  w it h  t h is  fa c t  

in  m in d .

In  t h e  a na ly s is  o f  o u r  m e a s u r e m e n ts , we  

h a v e  in c lu d e d  th e  c o r r e c t io n s  t h a t  ar is e  fr o m  

t h e  r e duc e d  n u m b e r  o f  o r g a n ize d  c h r o ­

m o p h o r e s  a n d  fr o m  th e  r e s o na nc e  e n h a n c e ­

m e n t  fa c to r  (T a b le  1 ) .  T h e  t h e o r e t ic a l m o d e l 

pr e d ic t s  a la rge  inc r e a s e  in  t h e  h y p e r p o la r iz ­

a b ilit y  o f  t h e  p o ly m e r s  c o m p a r e d  w it h  t h a t  o f  

t h e  in d iv id u a l c h r o m o p h o r e s , a n d  s uc h  a n  

inc r e a s e  was  obs e r ve d  e x p e r im e n t a lly . T h e  

q u a n t it a t iv e  d is c r e p a n c y  b e tw e e n  t h e  p r e d ic t ­

e d a n d  obs e r ve d  inc r e a s e  is b e lie v e d  to  be  t h e  

r e s ult  o f  a d d it io n a l u n c e r t a in t ie s  in  t h e  va lue s  

o f t h e  pa r a m e te r s  o f  t h e  m o d e l. T he s e  u n c e r ­

t a in t ie s  in c lu d e  ( i)  t h e  n e g le c t  o f  d a m p in g ,  

e v e n  t h o u g h  t h e  e x c it a t io n  is n e a r  tw o - p h o ­

t o n  r e s o n a n t ;  ( ii)  t h e  s e n s it iv ity  o f  t h e  h y p e r ­

p o la r iz a b ilit y  c o m p o n e n t s  o f  t h e  p o ly m e r  to  

t h e  e x a c t  v a lu e  o f  t h e  a n g le  b e tw e e n  t h e  ax is  

o f t h e  p o ly m e r  a n d  t h e  c h r o m o p h o r e s ;  a n d  

( iii)  t h e  r e d u c t io n  in  t h e  p e a k  a b s o r b a n c e  o f  

t h e  p o ly m e r s  r e la t iv e  to  t h a t  o f  t h e  in d iv id u a l 

c h r o m o p h o r e s . Mo r e o v e r , t h e  n u m b e r  o f  

c h r o m o p h o r e s  t h a t  c o n t r ib u t e  c o h e r e n t ly  to  

t h e  h y p e r p o la r iza b ilit y  o f  t h e  p o ly m e r  c o u ld  

be  lo w e r  t h a n  e s t im a te d  be c a us e  o f  d e lo c a liza ­

t io n  o f  t h e  e x c it a t io n s .

W e  n e x t  in v e s t ig a t e d  t h e  e x t e n t  to  w h ic h  

t h e  p o ly m e r s  c o u ld  be  a lig n e d  t h r o u g h  p o lin g . 

W e  p e r fo r m e d  e le c t r ic  fie ld - in d u c e d  s e cond-  

h a r m o n ic  g e n e r a t io n  m e a s u r e m e n t s  o n  the  

c h r o m o p h o r e  l a  a n d  t h e  p o ly m e r  lb ;  the s e  

m e a s u r e m e n t s  d e t e r m in e  t h e  p r o d u c t  o f  th e  

p e r m a n e n t  d ip o le  m o m e n t  a n d  t h e  v e c to r ia l 

p a r t  o f t h e  h y p e r p o la r iza b ilit y  ( fx p vec) o f  th e  

c o m p o u n d s . T h is  q u a n t it y  was  m e a s ur e d  as

1 1 2 0  X  1 0 _4 ,s  esu a n d  1 3 1 , 0 0 0  X  1 0 ~ 4,s esu

fo r  in d iv id u a l c h r o m o p h o r e s  a n d  po ly m e r s , 

r e s pe c t ive ly . T h e  c o r r e s p o n d in g  n o n r e s o n a n t  

v a lue s  fx p 0 CC, w h ic h  we re  c a lc u la t e d  w it h  the  

r e s o n a n c e  e n h a n c e m e n t  fa c to r s  o f  T a b le  1 ,

we re  2 3 9  X  1 0 ~ 4tS e su a n d  3 5 , 2 0 0  X  1 0 ~ 4S

e s u, r e s pe c t ive ly . T h u s , t h e  p r o d u c t  | JLp0 CC o f 

t h e  p o ly m e r s  was  m o r e  t h a n  tw o  orde r s  of 

m a g n it u d e  g r e a te r  t h a n  t h a t  o f  t h e  m o n o m e r s . 

M o r e  im p o r t a n t ,  a n  e n h a n c e m e n t  o f  (jlPqcc 

pe r  c h r o m o p h o r e  (r e la t iv e  t o  in d iv id u a l chro-  

• m o p h o r e s ) was  obs e r ve d  in  t h e  p o ly m e r  s t r uc ­

tur e . H e n c e , fo r  a  fix e d  n u m b e r  o f  c h r o ­

m o p h o r e  m o le c u le s , p o lin g  o f  t h e  p o ly m e r  

s t r uc tu r e  r e s ults  in  a la rge r  n o n lin e a r  re s pons e  

t h a n  doe s  p o lin g  o f in d iv id u a l c h r o m o p h o r e s . 

For  o ff- r e s o na n t  e x c it a t io n , t h is  e n h a n c e m e n t  

fa c to r  is — 1.5.

T h e  s t r u c t u r e s  o f  t h e  p o ly ( is o c y a n id e )s  

in v e s t ig a t e d  w e r e  n o t  o p t im iz e d  fo r  large  

s u p r a m o le c u la r  e ffe c t s  in  t h e  s e c o nd - o r d e r  

n o n lin e a r  r e s p o n s e , p r im a r ily  b e c a u s e  o f  the  

la r g e  a n g le  ( ~ 6 0 ° )  b e t w e e n  t h e  a x is  o f  the  

h e lic a l b a c k b o n e  a n d  t h e  c h r o m o p h o r e s . 

T h is  s t r u c tu r e  g ive s  r is e  t o  la r ge  o ff- d ia g o na l 

c o m p o n e n t s  o f  t h e  h y p e r p o la r iz a b ilit y  t e n ­

s or , w h ic h  c a n n o t  be  us e d to  fu ll a d v a n ta g e  

in  t h e  p o lin g  pr oce s s . H o w e v e r , o u r  results
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p r o v id e  a c o n c lu s iv e  d e m o n s t r a t io n  o f  th e  

p r in c ip le  o f  t h e  e n h a n c e m e n t  o f n o n lin e a r  

V o p t ic a l r e s pons e  t h r o u g h  th e  s u p r a m o le c u la r  

e n g in e e r in g  o f  po ly m e r s . It  is e x p e c te d  t h a t  

c o n s id e r a b ly  la r ge r  e n h a n c e m e n t  c a n  be  o b ­

s e rve d in  s t r uc tur e s  w it h  b e t te r  a lig n m e n t  o f  

c h r o m o p h o r e s , s uc h  as c e r t a in  b io p o ly m e r s  

a n d  d e r iv a t iv e s  o f  h e lic a l p o ly ( t r ip h e n y lm e t h -  

y lm e t h a c r y la t e  )s (16).
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is d o u b le d  (5 ) .  It  h a s  b e e n  d e m o n s t r a t e d  

t h a t  t h e  a n o m a lo u s  f r a c t io n a t io n  o c c u r r e d  

in  t h e  O  +  0 1 r e c o m b in a t io n  s te p  a n d  was  

m e d ia t e d  b y  m o le c u la r  s y m m e t r y  fa c to r s  

(7 ) .  M a n y  o f  t h e  o b s e r v e d  s t r a t o s p h e r ic  0 3 

ksO  e n r ic h m e n t s  a r e  s ig n if ic a n t ly  g r e a t e r  

t h a n  t h o s e  o b s e r v e d  in  la b o r a t o r y  e x p e r i ­

m e n t s ,  w h ic h  a r e  a t  m o s t  1 5 0  p e r  m il ( 8 -  
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o b s e r v e d  v a r ia b ilit y  o f  t h e  ls O  e n r ic h m e n t
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in  s t r a t o s p h e r ic  0 3. T h e  in a b ilit y  t o  a c ­

c o u n t  fo r  th e s e  o b s e r v a t io n s  r e p r e s e n t s  a 

fu n d a m e n t a l g a p  in  t h e  u n d e r s t a n d in g  o f  

s t r a t o s p h e r ic  0 3 c h e m is t r y .

S t r a t o s p h e r ic  C O z h a s  a ls o  b e e n  s h o w n  

t o  be  e n r ic h e d  in  ls O  in  c o m p a r is o n  w it h  

t r o p o s p h e r ic  C 0 2 (1 1 - 1 3 ) ,  a n d  it  h a s  b e e n  

s h o w n  t h a t  s t r a t o s p h e r ic  0 2 is o to p e s  a re  

m a s s - fr a c t io n a t e d  in d e p e n d e n t ly  (1 2 ) .  It  

h a s  b e e n  p r o p o s e d  t h a t  t h e  C 0 2 e n r ic h ­

m e n t  m a y  a r is e  fr o m  is o t o p ic  e x c h a n g e  b e ­

t w e e n  C 0 2 a n d  0 ( !D ) ,  w it h  0 ( lD )  d e r iv e d  

fr o m  0 3 p h o t o ly s is  (1 4 ).  L a b o r a t o r y  e x p e r ­

im e n t s  d e m o n s t r a t e d  t h a t  is o t o p ic  e x ­

c h a n g e  b e t w e e n  0 (  *D) a n d  C O z p r o d u c e s  a 

m a s s - in d e p e n d e n t  f r a c t io n a t io n ,  w it h  e q u a l 

e n r ic h m e n t  in  t h e  h e a v y  is o t o p e s  in  C O ? 

(1 5 ) .  R e c e n t  s im u lt a n e o u s  5 170  a n d  5 ihO  

m e a s u r e m e n t s  o f  s t r a t o s p h e r ic  C 0 2 h a v e  

d e m o n s t r a t e d  t h a t  t h e  m a g n it u d e  o f  t h e  

m a s s - in d e p e n d e n t  is o t o p ic  a n o m a ly  lin e a r ly  

c o r r e la t e s  w it h  14C O  a c t iv it y ,  w h ic h  c o n ­

fir m s  t h e  s t r a t o s p h e r ic  o r ig in  o f  t h e  is o t o p ic  

e n r ic h m e n t  (1 3 ) .  T h e  us e  o f  s im u lt a n e o u s  

is o t o p e  r a t io  m e a s u r e m e n t s  ( 5 w O  a n d  

8 ls O )  t h u s  o ffe r s  a n  in s ig h t  in t o  a t m o s p h e r ­

ic  c h e m ic a l pr oc e s s e s  t h a t  c a n n o t  be  o b ­

t a in e d  fr o m  c o n c e n t r a t io n  o r  m e a s u r e m e n t s  

o f  s in g le  ( 5 ls O )  is o t o p e  r a t io s .

T h e  o b s e r v a t io n  o f  p h o t o c h e m ic a l c o u ­

p lin g  b e t w e e n  s t r a t o s p h e r ic  0 3 a n d  C 0 2 ha s  

s e ve r a l im p lic a t io n s .  F ir s t , t h e  C 0 7 is o t o p ic  

m e a s u r e m e n t s  p r o v id e  a n o t h e r  p r o b e  o f  t h e  

o v e r a ll o x id a t io n ,  proce s s e s  o f  t h e  u p p e r  a t ­

m o s p h e r e  (1 3 ) .  In  p a r t ic u la r ,  e s t im a te s  o f  t h e  

O ( ' D )  d e n s it y  c a n  be  o b t a in e d ,  w h ic h  d e t e r ­

m in e s  t h e  life t im e  o f  s o m e  o f  t h e  m o r e  long-  

liv e d  s pe c ie s , s u c h  as  N 20 ,  a n d  is a n  in t e g r a l 

c o m p o n e n t  o f  t h e  r a d ia t iv e  b u d g e t  o f  t h e  

u p p e r  a t m o s p h e r e . S e c o n d ,  t h e  0 7 is o to pe s  

p r o v id e  a n o t h e r  m e a s ur e  o f  s t r a to s p h e r e - t r o ­

p o s p h e r e  m ix in g .

H e r e , w e  r e p o r t  t h e  s im u lt a n e o u s  m e a ­

s u r e m e n t ; o f  t h e  5 1 ' O  a n d  S ls O  c o m p o s it io n  

o f  C 0 2 a n d  0 2 a n d  t h e  c o n c e n t r a t io n s  o f  

N 20 ,  C H 4, a n d  C O  fr o m  s a m p le s  t a k e n  in  

t h e  a lt it u d e  r a n g e  o f  3 0  t o  6 0  k m . S a m p le s  

w e r e  t a k e n  w it h  t h e  us e  o f  t h e  r o c k e t - b o r n e  

c r y o g e n ic  w h o le  a ir  s a m p le r  ( C W A S )  d e ­

s c r ib e d  b y  E r d m a n  a n d  Z ip f  (1 6 ) .  T h e  sys ­

t e m  us e s  c lo s e d - c y c le  r e fr ig e r a to r s  t o  c h il l  

1.8- kg, g o ld - p la t e d  b lo c k s  t o  a p p r o x im a t e ly  

15 K. P n e u m a t ic a lly  a c t u a t e d  v a lv e s  o p e n  

a n d  c lo s e  a t  p r e d e t e r m in e d  t im e s  t o  c o lle c t  

w h o le  a ir  s a m p le s , w it h  a lt it u d e s  a n d  s a m ­

p lin g  c o lu m n  le n g t h s  ( — 1.1 k m )  d e t e r ­

m in e d  by  r a d a r . T h e  p a y lo a d  is la u n c h e d  by  

a tw o - s ta g e  N ik e - O r io n  r o c k e t . T h e  t w o  

s a m p lin g  m is s io n s  r e p o r t e d  h e r e  ( M a r c h  

a n d  M a y  1 9 9 2 , w it h  t w o  la u n c h e s  fo r  e a c h  

m is s io n )  w e r e  la u n c h e d  fr o m  t h e  W h i t e  

S a n d s  M is s ile  R a n g e  ( W S M R ) ,  N e w  M e x ­

ic o  ( 3 2 .4 ° N ,  2 5 3 .7 °E ) ,  w it h  t h r e e  s a m p le s  

c o lle c t e d  p e r  f lig h t  (T a b le  1 ). T h e  a lt it u d e s  

o t  t h e  s a m p le s , t h e  s a m p lin g  in t e r v a l,  a n d  

t h e  a b s o lu t e  s a m p le  s ize s  w e r e  n e a r ly  ide n-
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M a rk  H. T h ie m e n s ,*  T e re s a  J a c k s o n , E d w a rd  C . Z ip f,

P e te r W . E rd m a n , C o rn e l va n  E g m o n d

Is o to p ic  (8170  a n d  8 180 )  m e a s u re m e n ts  o f  s t ra to s p h e r ic  a n d  m e s o s p h e r ic  c a rb o n  d io x id e  

( C 0 2) a n d  o x y g e n  ( 0 2), a lo n g  w ith  t ra c e  s p e c ie s  c o n c e n t ra t io n s  (N 20 ,  C O , a n d  C 0 2), w e re  

m a d e  in s a m p le s  c o l le c te d  f ro m  a r o c k e t - b o r n e  c ry o g e n ic  w h o le  a ir  s a m p le r .  A  la rg e  

m a s s - in d e p e n d e n t  is o to p ic  a n o m a ly  w a s  o b s e rv e d  in C 0 2, w h ic h  m a y  in p a r t  d e r iv e  f ro m  

p h o to c h e m ic a l c o u p l in g  to  o z o n e  ( 0 3). T h e  d a ta  a ls o  re q u ire  an a d d it io n a l is o to p ic  

f ra c t io n a t io n  p ro c e s s ,  w h ic h  is p re s e n t ly  u n id e n t if ie d .  M e s o s p h e r ic  0 2 is o to p e  ra t io s  

d if fe re d  f ro m  th o s e  in th e  t r o p o s p h e r e  a n d  s t ra to s p h e re .  T h e  c a u s e  o f  th is  is o to p ic  

v a r ia t io n  in 0 2 is p re s e n t ly  u n k n o w n . T h e  in a b il i ty  to  a c c o u n t  fo r  th e s e  o b s e rv a t io n s  

re p re s e n ts  a fu n d a m e n ta l g a p  in th e  u n d e rs ta n d in g  o f  th e  0 2 c h e m is t r y  in th e  s t ra to s p h e re  

a n d  m e s o s p h e re .


