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STUDIES OF THE SOLTD STATE REACTIVITY AND PROPERTIES 
OF DIACETYLENE POLYMERS AND ACETYLENES~ 

DANIEL J. SANDMAN, GREGORY P .  HAMILL and  
LYNNE A .  SAMUELSON 
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, EIA 02254 

BRUCE M .  FOXMAN 
D e p a r t m e n t  o f  C h e m i s t r y  
B r a n d e i s  U n i v e r s i t y  
Waltham, MA 02254 

A b s t r a c t .  The p h v s i c a l  c o n s i d e r a t i o n s  w h i c h  m o t i v a t e  
o u r  i n t e r e s t  i n  f u l l y  c r y s t a l l i n e  p o l y m e r s  d e r i v e d  
f rom a c e t y l e n i c  and  d i a c e t y l e n i c  monomers are 
p r e s e n t e d .  The i n t e r a c t i o n  o f  t h e  p o l y m e r  d e r i v e d  
f r o m  1,6-di-N-carbazolyl-2,4-hexadiyne (DCH) w i t h  
a n t i m o n y  p e n t a h a l i d e s  (SbX5, X=F, C 1 )  h a s  b e e n  
s t u d i e d  a s  a f u n c t i o n  o f  p o l y m e r i z a t i o n  m e t h o d .  
It w a s  f o u n d  t h a t  t h e r m a l l y  p o l y m e r i z e d  DCH t a k e s  
up  SbX5, a n d  t h e  c h e m i c a l ,  s p e c t r a l ,  c r y s t a l l o -  
g r a p h i c ,  and  e l e c t r i c a l  p r o p e r t i e s  of  t h e  r e s u l t a n t  
mater ia l  a re  r e p o r t e d .  The r e a c t i v i t y  i n  t h e  s o l i d  
s t a t e  o f  t h e  s i m p l e  h y d r o g e n  bonded  a c e t y l e n e s  
p r o p i o l a m i d e  and  t h e  oxime a n d  s e m i c a r b a z o n e  of  
p r o p i o l a l d e h y d e  u s i n g  h e a t  and  6oCo gamma r a d i a t i o n  
as s t i m u l i  h a s  b e e n  s t u d i e d .  W h i l e  t h e  a b o v e  
a c e t y l e n e s  are  u n r e a c t i v e  t o  gamma r a d i a t i o n  i n  
c o m p a r i s o n  t o  d i a c e t y l e n e s  and  meta l  p r o p i o l a t e s ,  
t h e i r  r e a c t i v i t y  w a s  enhanced  when t h e y  were 
c r y s t a l l i z e d  f rom c h l o r i n a t e d  s o l v e n t s .  P r o p i o l a l -  
dehyde  s e m i c a r b a z o n e  i s  m o n o c l i n i c ,  s p a c e  g r o u p  
P 2 / n ,  2 = 10.582(3), b = 3.801(1), = 14.065(4)A; 
6 = 109.02(3) ' ;  Z = 4. S o l v e d  by d i r e c t  m e t h o d s ,  
t h e  s t r u c t u r e  r e v e a l s  s t a c k s  a l o n g  and  i m p o r t a n t  
a c e t y l e n i c  c a r b o n - c a r b o n  c o n t a c t s  a t  less t h a n  
3.801. 
s t r u c t u r e - r e a c t i v i t y  r e l a t i o n s h i p s  a n d  m e c h a n i s t i c  
a s p e c t s  of  r e a c t i o n  i n i t i a t i o n  a r e  d i s c u s s e d .  

____ 

S e v e r a l  p o s s i b l e  c o n s i d e r a t i o n s  r e l e v a n t  t o  
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200 D .  J .  SANDMAN et al. 

INTRODUCTION 

T h e o r e t i c a l  c o n s i d e r a t i o n s  a l l o w  t h e  d e s c r i p t i o n  of 
c o n j u g a t e d  o r g a n i c  p o l y m e r s  ( p r o t o t y p e  e x a m p l e s  are  t h e  
p o l y d i a c e t y l e n e ~ ~  (PDA,  - 1 )  , 

\ +c-c-c-c+x 
I 
R 

1 - 

w h e r e  F. i s  a g e n e r a l i z e d  s u b s t i t u e n t ,  and p o l y a c e t y l e n e ,  
(CH),)) 
 band^.^,^ On t h i s  b a s i s ,  i t  i s  e x u e c t e d  t h a t  s u i t a b l e  
e x p e r i m e n t a l  s a m p l e s  o f  s u c h  p o l y m e r s  s h o u l d  h a v e  h i g h  
c a r r i e r  m o b i l i t i e s  and  t h i r d  o r d e r  s u s c e u t i b i l i t y  
c o e f f i c i e n t s ,  (~(3)) . 5  

as o n e  d i m e n s i o n a l  s e m i c o n d u c t o r s  w i t h  w i d e  

E r u e r i m e n t a l l y ,  t h e  PDA n o l y m e r  DTS 
( 1 .  R=CH2OSOpCbH4CFI3) a s  s i n g l e  c r y s t a l s  w a s  r e n o r t e d  t o  
h a v e  a v a l u e  o f  Xc3)(3w) a l o n g  t h e  c o n j u g a t e d  backbone  
comDarable  t o  t h a t  o f  C a A s  a t  3u be low t h e  a b s o r D t i o n  
e d g e , 7  and  a l a r g e  v a l u e  of  X ( 3 )  a t  1.3um was a l s o  
o b s e r v e d  f o r  PTS po lymer  crystal:::'A Langmui r -B lodge t t  
m u l t i l a y e r s  o f  t h e  PDA f rom CH3--(CH2) ~ ~ - C I C - C = C - ( C H ~ ) G - C O ~ ~ I  
on a s i l v e r  g r a t i n g  g i v e  a s t r u c t u r e  wh ich  a l l o w s  c o u n l i n p  
o f  an i n c i d e n t  laser p h o t o n  t o  a p l a n a r  p u i d e d  wave mode 
i n  t h e  PDA wavegu ide  o r  a s u r f a c e  p l a smon  mode a t  t h e  
s i l ve r -FDA i n t e r f a c e . 9  
t h o s e  r e p ~ r t e d ~ * ~  f o r  PTS po lymer  have  b e e n  o b s e r v e d l O  i n  
t h e s e  PDA s t r u c t u r e s .  Our a c t i v i t i e s  d i r e c t e d  toward  
p r o c e s s i n p  t h e s e  a n d  o t h e r  PDAs i n t o  s u p r a m o l e c u l a r  s t r u c -  
t u r e s  of  i n t e r e s t  as  n o n l i n e a r  o o t i c a l  e l e m e n t s  c o n t i n u e . 1 1  

V a l u e s  o f  X(3)  ( 0 )  c o m p a r a b l e  t o  

"i-th r e s p e c t  t o  t h e  e l e c t r o n i c  p r o p e r t i e s  o f  PDA, 
e l e c t r o n  m o b i l i t i e s  g r e a t e r  t h a n  ~ O ~ C ~ ~ V - ~ S ~ C - ~  i n  t h e  
c h a i n  d i r e c t i o n  h a v e  b e e n  deduced  f rom p u l s e  pho toconduc-  
t i v i t y  s t u d i e s  i n  PTS po lymer12  and  f r o m  e l e c t r o n  i n j e c -  
t i o n 1 3  and e l e c t r o r e f  l e c t a n c e 1 4  s t u d i e s  of  DCH po lymer  
(1, R=CH7-Y-carbazolyl ,2) .  
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SOLID STATE REACTIVITY AND PROPERTIES 201 

Consequent ly ,  t h e  e x t r e m e l y  low dc  c o n d u c t i v i t i e s  o f  
PDA c r y s t a l s 3 9  15 m a n i f e s t  an  i n s i g n i f i c a n t  c a r r i e r  concen- 
t r a t i o n ,  and e l e c t r o n i c  a p p l i c a t i o n s  would r e q u i r e  s i g n i -  
f i c a n t  numbers of c a r r i e r s  which would have t o  b e  c r e a t e d  
by c h a r g e  t r a n s f e r  p r o c e s s e s .  

The i n t e r c h a i n  f o r c e s  i n  PDA c r y s t a l s  are of  t h e  
Van d e r  LJaals t y n e .  S i n c e  s o l i d s  such  as  g r a p h i t e s  and 
t h e  me ta l  d i c h a l c o g e n i d e s ,  whose i n t e r l a y e r  f o r c e s  a r e  
Van d e r  Waals, have t h e i r  s t r u c t u r e s  " i n t e r c a l a t e d .  by 
a s s o r t e d  c h a r g e  t r a n s f e r  r e a g e n t s ,  i t  i s  notewor thy  t h a t  
s u c h  "doping" of FDA c r y s t a l s  t y p i c a l l y  does n o t  o c c u r ,  
i n  c o n t r a s t  t o  t h e  p a r t i a l l y  c r y s t a l l i n e  (CH)x.5 
of  PDA t h i n  f i l m s  and m u l t i l a y e r s  t o  h a l o g e n  v a p o r s  r e v e a l s  
c o l o r  changes  and c o n d u c t i v i t i e s  of  t h e  o r d e r  of  
lO-'(ohm-crn)-', b u t  t h e  c r y s t a l l o g r a D h i c  and s p e c t r a l  
consequences  of t h e  halogen-PDA i n t e r a c t i o n  w e r e  n o t  
d i s c l o s e d .  l 5  3 l6 

Exposure 

With t h i s  background and o u r  own e x p e r i e n c e  w i t h  ?TS 
polymer,  t h e  o b s e r v a t i o n 1 7  t h a t  t r e a t m e n t  o f  DCH polymer 
c r y s t a l s  w i t h  SbF5 i n  p e n t a n e  l e d  t o  a d a r k  c o l o r e d  
m a t e r i a l  w i t h  a room t e m p e r a t u r e  c o n d u c t i v i t y  o f  
10-3(ohm-cm)-1 c a p t u r e d  o u r  a t t e n t i o n .  
s t u d y  t h e  i n t e r a c t i o n  of  DCH polymer w i t h  a v a r i e t y  of 
a c c e p t o r s  on t h e  p o s s i b i l i t y  t h a t  t h e r e  c o u l d  b e  a funda-  
m e n t a l  d i f f e r e n c e  between 3 C E  and o t h e r  PDA. The c h e m i c a l ,  
s p e c t r a l ,  s t r u c t u r a l ,  and  e l e c t r i c a l  p r o p e r t i e s  o f  t h e s e  
mater ia l s  are t h e  f i r s t  t o p i c  of t h i s  r e p o r t .  

TJe e l e c t e d  t o  

E x p e r i m e n t a l  s t u d i e s  o f  e x i s t i n g  forms o f  (CH), and 
polymers  of s u b s t i t u t e d  a c e t y l e n e s  h a v e  l e d  t o  new conduc- 
t i v e  mater ia l s  w i t h  u o t e n t i a l  a p p l i c a t i o n  i n  l i g h t w e i g h t  
b a t t e r i e s  and s u g g e s t i o n s  of  s o l i t o n s  i n  t h e  e l e c t r o n i c  
s t r ~ c t u r e . ~  
c r y s t a l l i n e ,  and t h e  need f o r  f u l l y  c r y s t a l l i n e  p o l y a c e t y l -  
e n e s  h a s  been  r e c o g n i z e d .  l8  l 9  

However, s u c h  mater ia l s  a r e  a t  b e s t  p a r t i a l l y  

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  a c e t y l e n e s  which are 
n o t  s o l i d s  a t  room t e m p e r a t u r e  may b e  i n v e s t i g a t e d  i f  t h e  
l i q u i d  o r  g a s e o u s  compound can  b e  i s o l a t e d  as  a s o l i d  
i n c l u s i o n  complex. C y c l o t r i p h o s p h a z e n e  comolexes of 
a c e t y l e n e  and p h e n y l a c e t y l e n e  upon e x p o s u r e  t o  60Co-gamma 
r a d i a t i o n  d i d  n o t  l o a d  t o  t h e  r e l e v a n t  po lymers .  2o 

R e l a t i v e l y  few s t u d i e s  of t h e  s o l i d  s t a t e  r e a c t i v i t y  
of a c e t y l e n e s  c r y s t a l l i n e  a t  room t e m p e r a t u r e s  have  been  
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202 D. J .  SANDMAN et al. 

r e p o r t e d  t o  date.21-25 
of nonbonded i n t e r a c t i o n s  t o  o r i e n t  t h e  t r i p l e  bonds f o r  
Dolymer iza t ion  h a s  been s t u d i e d  f o r  t h e  c a s e  of me ta l  
c a r b o x y l a t e s .  22 2 2 3  

used t o  o r i e n t  a monoacetylene f o r  p o l y m e r i z a t i o n .  25 

The g e n e r a l  s t r P t e g y  of t h e  use  

A d i a c e t y l e n e  h a s  been s u c c e s s f u l l y  

I n  t h i s  work we r e p o r t  ou r  i n i t i a l  s t u d i e s  of t h e  
s o l i d  s t a t e  r e a c t i v i t y  of t h e s e  c r y s t a l l i n e  hydrogen 
bonded a c e t y l e n e s  o f  r e l a t i v e  y s imple  molecu la r  s t r u c t u r e  
( s e e  Scheme 1 ) :  propiolamide2'  and t h e  oxime and semi- 
carbazone  of  p rop io la ldehyde .  'Je f i n d  t h a t  t h e s e  compounds 
a r e  r e l a t i v e l y  u n r e a c t i v e  and d i s c u s s  t h i s  by means o f  a 
q u a l i t a t i v e  model. The c r y s t a l  and molecu la r  s t r u c t u r e  
of  t h e  semicarbazone h a s  been de termined  and t h e  s a l i e n t  
i n t e r m o l e c u l a r  f e a t u r e s  a r e  summarized below. 

SCHEME 1 _ _ _ ~ .  

SOLID STATE REACTIVITY OF HVDROOENIONOCD ACETYLENES 

0 
1 

PROPIOLAUIDE HC .C - C - NHz 

nc=c-cn 

\ PROPIOLILDEMVDE 
0 
I 

N - N M - C  -NMz \ n c r c  -CM 

SEYICARBAZONE 
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SOLID STATE REACTIVITY AND PROPERTIES 203 

EXPERIMENTAL SECTION 

G e n e r a l  

Exper iments  w i t h  SbF5 and SbC15 w e r e  c a r r i e d  o u t  i n  
a Labconco d r y  box under  a r g o n .  E l e m e n t a l  a n a l y s e s  were 
performed by Schwarzkopf M i c r o a n a l y t i c a l  L a b o r a t o r y ,  
Woodside, New York. E l e c t r o n i c  s p e c t r o s c o p y  i n  t h e  s o l i d  
s t a t e  w a s  performed on a V a r i a n  Cary 17 r e c o r d i n g  s p e c t r o -  
p h o t o m e t e r .  I n f r a r e d  s p e c t r a  were o b t a i n e d  on a N i c o l e t  
F o u r i e r  FTIR t r a n s f o r m  i n s t r u m e n t  between 4000 and 200cm-1 
of  samples  d i s p e r s e d  i n  C s I .  X-ray powder d i f f r a c t i o n  
w a s  r e c o r d e d  u s i n g  CuK, r a d i a t i o n  and  s i n g l e  c r y s t a l  
a n a l y s i s  u s i n g  a p r e c i s i o n  Weissenberg  camera and  o p t i c a l  
g o n i o m e t e r .  E l e c t r i c a l  measurements  were performed on 
smal l  c r y s t a l s  a t  room t e m p e r a t u r e  o n  t e f l o n  c r a d l e s  w i t h  
4-.001" Cu l e a d  and s i l v e r  p a i n t .  

P r e p a r a t i o n  and P o l y m e r i z a t i o n  o f  1,6-Di-N-Carbazolyl- 
2,4-Hexadiyne (DCH) 

The s y n t h e s i s  and p o l y m e r i z a t i o n  ( b o t h  t h e r m a l  and 
by 6oCo gamma r a d i a t i o n )  of  DCH monomer were accompl ished  
as p r e v i o u s l y  d e s c r i b e d .  26  
o f  polymer samples  may b e  indexed  t o  t h e  u n i t  c e l l  o f  t h e  
r e p o r t e d  s t r u c t u r e  (vide i n f r a )  and e x h i b i t s  t h e  f o l l o w i n g  
r e f l e c t i o n s  (d  s p a c i n g s  (-=strong r e f l e c t i o n ) :  1 1 . 9 0 ( s ) ,  
1 1 . 0 1 ,  8 . 0 6 ( s ) ,  5 . 9 2 ( s ) ,  4 . 2 6 ( s ) ,  3 . 4 5 ,  3 . 2 4 ,  2 . 9 8 ( s ) ,  2 .86 ,  
2 . 7 2 ,  2 .59 ,  2 . 5 1 ( s ) ,  2 .24 ,  2 . 2 2 ,  2 . 1 5 ,  1 .996 ,  1 .92 .  The 
polymer FTIR spec t rum e x h i b i t s  t h e  f o l l o w i n g  a b s o r p t i o n :  
3 0 5 5 ( s ) ,  2924, 1926,  1900,  1634,  1611,  1 4 9 3 ( s ) ,  1 4 6 7 ( s ) ,  
1336,  1270,  1231,  1165, 1139, 1099, 1060, 955,  850, 8 1 0 ,  
7 5 0 ( s ) ,  7 1 9 ( s ) ,  640,  560,  528,  459,  420,  333, and 228cm-l. 

The x- ray  powder d i f f r a c t i o n  

I n t e r a c t i o n  o f  DCH Polymer w i t h  Antimony P e n t a f l u o r i d e  

To t h e r m a l l y  polymer ized  DCH polymer suspended i n  
p e r f l u o r o h e x a n e  (PCR) w a s  added SbF5 ( 7  e q u i v . ) .  The mix- 
t u r e  w a s  k e p t  a t  room t e m p e r a t u r e  f o r  e i g h t e e n  h o u r s  
d u r i n g  which t i m e  t h e  polymer c r y s t a l s  s l o w l y  s i n k .  The 
c r y s t a l s  w e r e  i s o l a t e d  on a s i n t e r e d  g l a s s  f i l t e r ,  washed 
w i t h  p e r f l u o r o h e x a n e ,  and vacuum d r i e d .  

Anal .  Found: C ,  72 .13;  H ,  4 . 2 7 ;  N ,  5 . 2 8 ;  Sb, 1 1 . 5 4 ;  F ,  6 . 7 8 .  
The observed  a n a l y s i s  c o r r e s p o n d s  t o  (C31.gH22.5N2.0)2SbF3.8. 
An i d e a l i z e d  composi t ion  would b e  (DCH)2SbF4, i.e. 
( C ~ O H ~ O N ~ ) ~ S ~ F ~ ,  whose c a l c u l a t e d  e l e m e n t a l  c o m p o s i t i o n  i s :  
C ,  71.02;  H ,  3 .97 ;  N ,  5 . 5 2 ;  Sb,  1 2 . 0 0 ,  F ,  7 .49.  
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204 D. J .  SANDMAN et al. 

I n t e r a c t i o n  o f  DCH Po lymer  w i t h  Antimony P e n t a c h l o r i d e  

To t h e r m a l l y  p o l y m e r i z e d  DCH s u s p e n d e d  i n  d i c h l o r o -  
me thane  w a s  added  7 e q u i v a l e n t s  SbC15 i n  d i c h l o r o m e t h a n e .  
The po lymer  s l o w l y  s a n k  and a f t e r  18  h o u r s  a t  room tempera -  
t u r e  w a s  i s o l a t e d  b y  s u c t i o n  f i l t r a t i o n  as a b o v e ,  washed 
w i t h  d i c h l o r o m e t h a n e ,  a n d  vacuum d r i e d .  X-ray powder  
d i f f r a c t i o n  r e v e a l e d  t h i s  mater ia l  t o  be amorphous.  

A n a l .  Found:  C ,  57.60- H ,  2.47; M, 4.74; Sb, 1 0 . 2 7 ;  
C1, 24.71. The o b s e r v e d  a n a l y s i s  c o r r e s p o n d s  t o  
(C28H14.4N2)(sbc18.3). 

P r o u i o l a m i d e .  T h i s  mater ia l  w a s  p r e p a r e d  as  d e s c r i b e d  i n  
t h e  1 i t e r a t u 1 - e . ~ ~  
e x h i b i t e d  t h e  f o l l o w i n g  d s p a c i n g s  ( A ) ,  ( s = s t r o n g  r e f l e c t i o n ) :  
12.54, 11.97(s), 7.39(s), 7.27, 5.99, 5.49, 5.54, 5.13, 
5.07, 4.97, 4.64, 4.00, 3.87(s), 3.69(s), 3.50, 3.40, 3.36, 
3.27, 3 . 1 2 ,  2.99, 2.85, 2.84, 2.75, 2.65(s), 2.50, 2.45, 
2.25, 2.14, 1.72. 

X-ray powder d i f f z a c t i o n  o f  t h e  compound 

The d i f f r a c t i o n  p a t t e r n  showed n o  new l i n e s  a f t e r  
e x p o s u r e  t o  gamma r a d i a t i o n  f o r  15 d a y s .  HPLC a n a l y s i s  o f  
a w a t e r  s o l u t i o n  o f  t h e  i r r a d i a t e d  mater ia l  on a 
p-Bondage1 column a t  a f l o w  ra te  of  l m l . / m i n .  r e v e a l e d  
two f r a c t i o n s  a t  r e t e n t i o n  t i m e s  2 . 1  a n d  3.4 min .  w i t h  
r e l a t i v e  areas  o f  1:10, r e s p e c t i v e l y .  The p e a k  o f  3.4 min .  
i s  t h e  o n l y  o n e  o b s e r v e d  i n  o u r  s a m p l e  of  amorphous 
p o l y p r o p i o l a m i d e  ( v i d e  i n f r a )  . 
Oxime and  S e m i c a r b a z o n e  of  P r o p i o l a l d e h y d e  

? r o p i o l a l d e h y d e Z 8  w a s  c o n v e r t e d  t o  i t s  oxime as 
p r e v i o u s l y  d e s ~ r i b e d . ’ ~  The x - ray  powder  d i f f r a c t i o n  
p a t t e r n ,  b e f o r e  a n d  a f t e r  e x p o s u r e  t o  gamma r a d i a t i o n  
e z h i b i t s  r e f l e c t i o n s  o f  t h e  f o l l o w i n g  d s n a c i n g s  
(A) ( s = s t r o n g  r e f l e c t i o n ) :  6.89(s), 5.39, 4.48(s), 3.93, 
3.62(s), 3.44(s), 3.27 (s) , 2.97(s), 2.88(s), 2.78, 2.70(s), 
2.51, 2.48, 2.47, 2.38, 2.29, 2.23, 2.21, 2.14, 2 . 0 7 ,  2.03, 
2.01, 1.95, 1.94, 1 .87 ,  1 . 8 1 .  

The s e m i c a r b a z o n e  w a s  p r e p a r e d  by r e a c t i n g  t h e  a l d e -  
hyde  w i t h  s e m i c a r b a z o n e  h y d r o c h l o r i d e  i n  w a t e r  a t  room 
t e m p e r a t u r e ,  mp 170-172O. C r y s t a l s  f o r  t h e  s t r u c t u r e  
d e t e r m i n a t i o n  were grown i n  m e t h a n o l .  
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SOLID STATE REACTIVITY AND PROPERTIES 20s 

SEACTIVITY OF DCH P O L 9 l E R  WITH ANTIMONY FENTAHALIDES 

We have s t u d i e d  t h e  i n t e r a c t i o n  of DCH polymer 
c r y s t a l s ,  which w e  have prepared  by b o t h  thermal and 
6oCo gamma r a d i a t i o n  po lymer i za t ion ,  w i t h  SbFj  and SbC15. 
I n  accord  w i t h  e a r l i e r  obse rva t ions  ,30 only  c r y s t a l s  
polymerized by r a d i a t i o n  a r e  s u i t a b l e  f o r  s i n g l e  c r y s t a l  
d i f f r a c t i o n  s t u d y .  Table 1 l i s t s  two s e t s  of l a t t i c e  con- 
s t a n t s  determined on such c r y s t a l s  a t  2OoC a long  wi th  
o t h e r  sets of l a t t i c e  c o n s t a n t s  from t h e  l i t e r a t u r e .  

A s  no ted  above, t he rma l ly  polymerized DCH i n t e r a c t s  
w i th  SbP5 t o  g i v e  a m a t e r i a l  w i th  a composition r(DCII)2SbFd,. 
Th i s  m a t e r i a l  e x h i b i t e d  an i n f r a r e d  spectrum wi th  a l l  
v i b r a t i o n s  of p r i s t i n e  DCE uolymer w i t h  a d d i t i o n a l  a b s o r q -  
t i o n s  observed a t  660, 300, and 280cm-I. These a d d i t i o n a l  
v i b r a t i o n s  a r e  c o n s i s t e n t  w i th  Sb05 and Shag s p e c i e s , 3 1  
a r e  no t  compatible wi th  t h e  v i b r a t i o n s  r epor t ed  f o r  S b p 4  . 
The observed composition thus  i n d i c a t e s  a mixture  of Sb 
sDec ie s .  X-ray d i f f r a c t ; o n  of t h e s e  s o l i d s  r e v e a l s  on ly  
t h e  p a t t e r n  of DCIi polymer. The s a l i e n t  f e a t u r e  o f  t h e  
s o l i d  s t a t e  spectrum of t h e s e  s o l i d s  i s  a broad band peak- 
ing a t  1000-1100nm i n  the  nea r  i n f r a r e d  which i s  a s s o c i a t e d  
wi th  a p a r t i a l l y  ox id i zed  PDA backbone. A l l  o t h e r  f e a t u r e s  
of t h e  spectrum have been p rev ious ly  observed33 i n  DCH 
polymer. 

bU52 

The composition (C29H15"2>0.55(SbCl8>0:45 determined 
f o r  t h e  mater ia l  i s o l a t e d  from t h e  i n t e r a c t i o n  of SbC15 
wi th  the rma l ly  polymerized DCH s u g g e s t s ,  from t h e  l o s s  of 
hydrogen and t h e  C1:Sb r a t i o ,  t h a t  c r o s s l i n k i n g  and r i n g  
c h l o r i n a t i o n  have occur red .  An 8 : l  C1:Sb r a t i o  was pre- 
v i o u s l y  observed34 on t r ea tmen t  of (CH), w i th  NO+SbC16-. 
I n f r a r e d  a b s o r p t i o n  a t  336cm-1 i s  c o n s i s t e n t  w i th  e i t h e r  
She15 o r  SbC16 s p e c i e s , 3 5  and t h e  remainder of t h e  spectrum 
i s  d i f f e r e n t  from t h a t  of t h e  DCH/SbF5 m a t e r i a l  d i scussed  
above. The m a t e r i a l  had no x-ray d i f f r a c t i o n  Da t t e rn .  

The r e s i s t i v i t y  of p r i s t i n e  DCH polymers exceeds 
10150hm-cm. 36  The DCH uolymer /SbXg m a t e r i a l s  d i scussed  
above do n o t  e x h i b i t  a r e s i s t i v i t y  l e s s  than  1070hm-cm, 
and less r e s i s t i v e  m a t e r i a l s  of  t h i s  type  a r e  n o t  ob ta ined  
wi thout  l o s s  of s t r u c t u r a l  o r  comDositiona1 d e f i n i t i o n .  

The a o l y c r y s t a l l i n e  m a t e r i a l  ob ta ined  b thermal 
po lymer i za t ion  of DCH has  a f i b r o u s  t e x t u r e  .30 Accordingly,  
w e  exposed s i n g l e  c r y s t a l s  prepared  by 'OCo gamma r a d i a t i o n  
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SOLID STATE REACTIVITY AND PROPERTIES 207 

of  DCH t o  ShX5 (X=CI, F ) .  
mater ia l s  r e s u l t i n g  from t h i s  t r e a t m e n t  r e v e a l e d  them t o  
b e  inhomogeneous. I t  f o l l o w s  t h a t  the  Sh s p e c i e s  i n  t h e  
t h e r m a l  DCH polymer occupy d e f e c t s  o r  v a c a n c i e s .  T h i s  
c o n c l u s i o n  w a s  a l s o  r e a c h e d  i n  a r e c e n t  s t u d y  o f  f i e l d -  
d r i v e n  i n t r o d u c t i o n  of  T ~ -  o r  I- i n t o  DCH polymers .37  

O p t i c a l  microscopy o f  t h e  

"he thermal DCH Dolymer d o e s  n o t  take up bromine  o r  
i o d i n e  from s o l u t i o n .  What are t h e  e l e m e n t a r y  s t e p s  t h a t  
a l l o w  it: t o  t a k e  up ShX5? These would i n v o l v e  i n i t i a l  
i o n i z a t i o n  o f  a c a r b a z o l e  s i d e  c h a i n  f o l l o w e d  by e l e c t r o n  
t r a n s f e r  f rom t h e  c o n j u g a t e d  backbone t o  t h e  r e s u l t a n t  
c a r h a z o l e  c a t i o n - r a d i c a l  l e a v i n g  a p a r t i a l l y  o x i d i z e d  back- 
b o n e ,  as f o l l o w s :  

1 0  
CH2Cz 

0 
C z = N- CARB AZ OLY L Charge t r a n s f e r  

0 
CH2Cz 

I 6+ {c-c c-ci, 
! - o  
CH2C z 

This  c a r h a z o l e - a s s f s t e d  i o n i z a t i o n  p r o c e s s  i s  i n  a c c o r d  
w i t h  t h e  r e p o r t e d  s o l i d  s t a t e  i o n i z a t i o n  e n e r g i e s  ( I , )  
o f  P D A s ~ ~  and  c a r b a ~ o l e s , ~ ~  w i t h  t h e  f o r m e r  h a v i n g  t h e  
l o w e r  I,. A d d i t i o n a l l y ,  i t  i s  a p p a r e n t  t h a t ,  on e n e r g e t i c  
g r o u n d s ,  B r 2 ,  I2  o r  ShX5 c a n  i o n i z e  a c o n j u g a t e d  c h a i n  as  
found i n  a PDA o r  (CH),, b u t  o n l y  ShX5 c a n  c h a r g e  t r a n s f e r  
w i t h  a c a r h a z o l e  group.  

SOLID STATE SEACTIVITY 00 FYDROGEN BONDED ACETYLENES 

Of the  three a c e t y l e n e s  in Scheme 1, p r o p i o l a m i d e  
and t h e  oxime are  u n r e a c t i v e  helow t h e i r  m e l t i n g  D o i n t s ,  
60" and 71°, r e s n e c t i v e l y ,  i n  t h e  t i m e  f rame o f  a m e l t i n g  
p o i n t  d e t e r m i n a t i o n .  Above t h e i r  m e l t i n g  p o i n t s ,  b o t h  
decompose. I n  t h e  c a s e  o €  t h e  amide,  a ye l low-orange  
amorphous low m o l e c u l a r  w e i g h t  PolyDrooio lamide  i s  i s o l a t e d .  
In  t h e  c a s e  o f  t h e  s e m i c a r b a z o n e ,  t h e  compound i s  t h e r m a l l v  
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208 D. J .  SANDMAN er al. 

r e a c t i v e ,  as  judged  by d a r k e n i n g  i n  c o l o r  on h e a t i n g  n e a r  
i t s  decomposi t ion  p o i n t  (17Z0), b u t  t h e  tendency  o f  t h e  
compound t o  s u b l i m e  on pro longed  h e a t i n g  p r e c l u d e s  a auan- 
t i t a t i v e  s t u d y  of  i t s  t h e r m a l  r e a c t i v i t y .  S i n c e  a s t u d y  
of  t h e i r  t h e r m a l  r e a c t i v i t y  i n  t h e  s o l i d  s t a t e  below t h i s  
m e l t i n g  p o i n t  d i d  n o t  r e s u l t  i n  f a c i l e  p o l  m e r i z a t i o n ,  w e  
d e c i d e d  t o  expose  t h e  t h r e e  compounds t o  6BCo gamma r a d i a -  
t i o n .  They were found t o  b e  r e l a t i v e l y  u n r e a c t i v e ,  
e s p e c i a l l y ,  as  f o r  t h e  c a s e s  o f  t h e  oxime and semicarbazone ,  
when t h e  e x p e r i m e n t a l  samples  w e r e  vacuum subl imed b e f o r e  
i r r a d i a t i o n .  E x p e r i m e n t a l l y ,  no changes  were d e t e c t e d  by  
i u f r a r e d  s p e c t r o s c o p y  and x-ray powder d i f f r a c t i o n ,  and 
c n l y  s l i g h t  (1-2') d e p r e s s i o n  of  m e l t i n g  p o i n t  w a s  n o t e d  i n  
i r r a d i a t e d  samples .  C o m p a r a t i v e l y ,  t h e s e  compounds are 
markedly less r e a c t i v e  t o  gamma r a d i a t i o n  t h a n  t h e  z i n c 2 2  
and sodiumz3 s a l t s  of  p r o p i o l i c  a c i d  o r  d i a c e t y l e n e s  poly-  
mer ized  by gamma r a d i a t i o n  such  as  DCH o r  TCDIJ 
(1, 5=- ( CHz) 40CONHCgHg) . 

Samples of  t h e  amide and semicarbazone  which have been  
c r y s t a l l i z e d  from c h l o r i n a t e d  s o l v e n t s  a r e  somewhat more 
r e a c t i v e  t o  6oCo t h a n  subl imed s a m p l e s .  
samples  o f  t h e  semicarbazone  c r y s t a l l i z e d  from c a r b o n  t e t r a -  
c h l o r i d e ,  c h l o r o f o r m ,  o r  d i c h l o r o m e t h a n e ,  t h e  monomer i s  
consumed t o  t h e  e x t e n t  of  10-15 p e r  c e n t  compared t o  s i g n i -  
f i c a n t l y  less t h a n  5 p e r  c e n t  f o r  vacuum subl imed samples  
exposed t o  t h e  60Co s o u r c e  s i m u l t a n e o u s l y  f o r  16 d a y s .  
S i n c e  t h e  x-ray powder p a t t e r n  f o r  t h e s e  compounds i s  n o t  
dependent  on t h e  h i s t o r y  o f  t h e  sample ,  we c o n c l u d e  t h a t  
t h e  c h l o r i n a t e d  s o l v e n t  m o l e c u l e s  r e s i d e  i n  d e f e c t s  i n  t h e  
c r y s t a l .  We have v e r i f i e d  t h i s  h y p o t h e s i s  f o r  t h e  case o f  
t h e  semicarbazone  where GC/MS a n a l y s i s  of  c r y s t a l s  grown i n  
c h l o r o f o r m  r e v e a l s  s o l v e n t  i n  f i v e  t i m e s  t h e  c o n c e n t r a t i o n  
found i n  vacuum subl imed c r y s t a l s  exposed t o  c h l o r o f o r m  
v a p o r .  

F o r  example,  w i t h  

We summarize o u r  i n i t i a l  s t u d i e s  of t h e  s o l i d  s t a t e  
( u n ) r e a c t i v i t y  of t h e s e  hydrogen bonded a c e t y l e n e s  toward 
d i r e c t  gamma r a d i a t i o n  by means of  t h e  q u a l i t a t i v e  model 
i n  Scheme 2 .  While  t h e  model a t  p r e s e n t  emphas izes  t h e  
i o n i z i n g  a s p e c t s  of  gamma r a d i a t i o n ,  i t  s h o u l d  b e  r e c a l l e d  
t h a t  such  r a d i a t i o n  can produce  h i g h e r  l y i n g  s t a t e s  r e s u l t -  
i n g  from b o t h  d i p o l e  a l l o w e d  and f o r b i d d e n  p r o c e s s e s .  
S i n c e ,  as n o t e d  above ,  t h e  compounds u n d e r  d i s c u s s i o n  a re  
more r e a c t i v e  when c r y s t a l l i z e d  from a c h l o r i n a t e d  s o l v e n t  
t h a n  when s o l v e n t  f r e e  o r  c r y s t a l l i z e d  from b e n z e n e ,  a key 
f e a t u r e  of  t h e  model i s  i n i t i a t i o n  v i a  e x c i t a t i o n  of  a 
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SOLID STATE REACTIVITY AND PROPERTIES 209 

SCHEME I1 

MODEL OF R A D I A T I O N  INDUCED 
SOLID STATE P E A C T I V I T Y  

___- 

_ _ _ _ _ _ _ _ ~ _ _ _ _  

INITIATION 

S = SOLVENT OF CRYSTALLIZATION 

6oco 'i t - 
S~~~~~~ w DEFECT + e  

- 
HCECR + B-HC=CR' 

PROPAGATION 

TERMINATION 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

3:
31

 2
0 

Fe
br

ua
ry

 2
01

3 



210 D. J.  SANDMAN et al, 

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

Another  i m p o r t a n t  f e a t u r e  i n v o l v e s  c a u t u r e  o f  a n  
e l e c t r o n  by a n e u t r a l  a c e t y l e n e  l e a d i n g  t o  a n  a n i o n - r a d i c a l .  
While  s u c h  a s p e c i e s  c a n ,  i n  p r i n c i p l e ,  p r o p a g a t e ,  i f  i t  
i s  a d j a c e n t  t o  a c a t i o n - r a d i c a l ,  e l e c t r o n  t r a n s f e r  w i l l  
l e a d  t o  t w o  n e u t r a l  m o l e c u l e s ,  one o f  which might  be  v i b r a -  
t i o n a l l y  e x c i t e d ,  and any  r e a c t i v e  s p e c i e s  a re  e f f e c t i v e l y  
quenched.  T h i s  t y y e  of  q u e n c h i n g  p r o c e s s  i n v o l v i n g  e l e c -  
t r o n  t r a n s f e r  be tween a d j a c e n t  i o n i z e d  s i t e s  may a l s o  be  
a p p l i c a b l e  t o  t h e  p r o c e s s e s  i n v o l v e d  i n  t h e  r a d i a t i o n  
r e s i s t a n c e  o f  a r o m a t i c  m o l e c u l e s  and polymers  .40 
a l s o  be  n o t e d  t h a t  e l e c t r o n  c a p t u r e  by  a p r o p a g a t i n g  
c a t i o n i c  c h a i n  c a n  t e r m i n a t e  t h e  p r o c e s s .  I t  i s  e q u a l l y  
i m p o r t a n t  t o  r e a l i z e  t h a t  s u c h  a t e r m i n a t e d  c h a i n ,  e . g . ,  
i s  more e a s i l y  i o n i z e d  t h a n  monomer, and t h a t  i f  such  a 
c h a i n  i s  n o t  t e r m i n a t e d  by a s o l v e n t  f r a g m e n t ,  s u b s e q u e n t  
i o n i z a t i o n  c a n  l e a d  t o  f u r t h e r  c h a i n  p r o p a g a t i o n  i n  t h e  
p r e s e n c e  o f  u n r e a c t i v e  monomer, as o b s e r v e d  f o r  p r o p i o l a m i d e .  

I t  s h o u l d  

__ 

The d e t a i l e d  r o l e  o f  t h e  c h l o r i n a t e d  s o l v e n t  i n  a 
d e f e c t  i n  t h e  i n i t i a t i o n  p r o c e s s  m e r i t s  f u r t h e r  comment. 
S i n c e  t h e  i n t e r a c t i o n  o f  r a d i a t i o n  w i t h  mat ter  i s  d i r e c t l y  
r e l a t e d  t o  t h e  a t o m i c  number o f  a n  a b s o r b e r  a tom,  and 
c h l o r i n e  i s  t h e  h e a v i e s t  a tom i n  t h e  c r y s t a l ,  t h e  c h l o r i -  
n a t e d  m o l e c u l e s  may b e  t h e  easiest  t o  e x c i t e .  I t  i s  a l s o  
known t h a t  t h e  f i r s t  v e r t i c a l  g a s  p h a s e  i o n i z a t i o n  poten-  
t i a l s  o f  c h l o r o f o r m  and d i c h l o r o m e t h a n e  are  as low o r  
lower  t h a n  a c e t y l e n e  and e l e c t r o n e g a t i v e l y  s u b s t i t u t e d  
a c e t y l e n e s . ' '  

Our o b s e r v a t i o n  of  t h e  r o l e  o f  c h l o r i n a t e d  s o l v e n t s  
i n  c r y s t a l l i n e  d e f e c t s  i n  t h e  i n i t i a t i o n  s t e p  c o n t r a s t s  
w i t h  t h e  s i t u a t i o n  r e p o r t e d  f o r  d i a c e t y l e n e  and r e l a t e d  
p o l y m e r i z a t i o n s .  In a t  l e a s t  t h r e e  c a s e s , 4 2  s o l v e n t s  s u c h  
a s  d i o x a n e  and c h l o r o f o r m  are p r e s e n t  s t o i c h i o m e t r i c a l l y ,  
and t h e i r  p r e s e n c e  D l a y s  a c r u c i a l  r o l e  i n  t h e  o r i e n t a t i o n  
of  t h e  monomer f o r  r e a c t i v i t y .  

C r y s t a l l o g r a p h i c  i n f o r m a t i o n  i s  r e q u i r e d  f o r  deve lop-  
ment of s t r u c t u r e - r e a c t i v i t y  r e l a t i o n s h i D s .  A D r o j e c t i o n  
o f  t h e  p r o p i o l a m i d e  s t r u c t u r e  r e v e a l e d  a n  i n f i n i t e  a r r a y  
of C ( l ) * * * C ( 2 ' )  a c e t y l e n i c  c o n t a c t s  a t  3.82k and i n t e r m o l e -  
c u l a r  NH-oxygen hydrogen  bonding .24  
s e m i c a r b a z o n e ,  g i v e n  i n  t h e  n e x t  s e c t i o n ,  a l s o  e x h i b i t s  
s i g n i f i c a n t  i n t e r m o l e c u l a r  a c e t y l e n i c  c o n t a c t s .  F o r  
d i r e c t  1 , 2 - a d d i t i o n  p o l y m e r i z a t i o n  o f  t h e  t r i p l e  bonds 
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SOLID STATE REACTIVITY AND PROPERTIES 21 1 

o r i e n t e d  by a nonbonded i n t e r a c t i o n  (hydrogen b o n d ) ,  t h e  
c o n t a c t  d i s t a n c e s  of  3.5-4.Oi must s h o r t e n  t o  a c o v a l e n t  
bond l e n g t h  of less t h a n  1.5A, l i k e l y  r e q u i r i n g  a m o d i f i -  
c a t i o n  of  t h e  o r i e n t a t i o n  of  t h e  nonbonded i n t e r a c t i o n .  

A p r i o r i ,  i n  a d d i t i o n  t o  d i r e c t  1 , 2 - a d d i t i o n  oolymer- 
i z a t i o n ,  i t  i s  r e l e v a n t  t o  c o n s i d e r  i n i t i a t i o n  v i a  photo-  
c y c l o a d d i t  i o n  o f  two a c e t y l e n i c  groups  t o  g i v e  a c y c l o b u t a -  
d i e n e ,  a p r o c e s s  n o t  p r e c l u d e d  by o r b i t a l  symmetry cons id-  
e r a t i o n s .  The s i t u a t i o n  i s  summarized i n  Scheme 3. I t  i s  
i m p o r t a n t  t o  r e c o g n i z e  t h a t  t h e  t h r e e  r i n g  opened c a t i o n -  
r a d i c a l  i n t e r m e d i a t e s  i n  Scheme 3 a r e  c o n s t i t u t i o n a l l y  
i s o m e r i c  t o  t h a t  g i v e n  above i n  Scheme 2 ,  and  t h a t  t h e s e  
i n t e r m e d i a t e s  c a n  Dropagate  i n  t h e  same manner as g i v e n  
above i n  Scheme 2 .  

It  i s  a l s o  r e l e v a n t  t o  d i s c u s s  t h e  o b s e r v a t i o n s  re-- 
p o r t e d  h e r e i n  v i s - a - v i s  S c h m i d t ' s  touochemica l  p o s t u l a t e ,  
a s t r u c t u r a l l y - b a s e d  concevt  which n o t e s  t h a t  r e a c t i o n  i n  
t h e  s o l i d  s t a t e  o c c u r s  w i t h  a minimum o f  a tomic  o r  molecu- 
l a r  movement. I n  t h e  p r e c e d i n g  p a r a g r a p h ,  i t  i s  n o t e d  
t h a t  f o r  t h e  sys tem d i s c u s s e d  h e r e i n  t h a t  r e a c t i o n  i n i t i a -  
t i o n  c o u l d  u r o c e e d  e i t h e r  by d i r e c t  a d d i t i o n  o l i g o m e r i z a -  
t i o n  o r  v i a  t h e  i n t e r m e d i a c y  of  a c y c l o b u t a d i e n e .  I Jh i le  
t h e  former  p o s s i b i l i t y  i s  t h e  l ea s t  motion c a s e ,  t h e  
touochemica l  p o s t u l a t e ,  b e i n g  a s t r u c t u r a l  c o n c e p t ,  pro- 
v i d e s  no b a s i s  t o  d e c i d e  between t h e  two s i t u a t i o n s .  I t  
i s  a l s o  notewor thy  t h a t  w h i l e  Schmidt advanced h i s  i d e a s  
t o  emphasize t h e  impor tance  of  l a t t i c e  r e g u l a r i t y  r a t h e r  
t h a n  l a t t i c e  i m n e r f e c t i o n s  f o r  s o l i d  s t a t e  r e a ~ t i v i t y , ~ 3  
w e  f i n d  t h a t  t h e  i n i t i a t i o n  of r e a c t i o n  by 6oCo gamma 
r a d i a t i o n  i n  o u r  sys tems i s  s t r o n g l y  i n f l u e n c e d  by t h e  
p r e s e n c e  of  s o l v e n t  i n  l a t t i c e  d e f e c t s .  

THE CElY STAL STRUCTURE OF PXOPIOLALDEHYDE SEMICARBAZONE 

C r y s t a l s  of t h e  semicarbazone  a re  m o n o c l i n i c ,  s p a c e  
group P 2 / n ,  w i t h  5 = 10.582(3), b = 3.801(1) ,  c = 14.065(4)A;  
B = 1 0 9 . 0 2 ( 3 ) 0 -  Z = 4 .  
d i r e c t  methods .  F u l l - m a t r i x  l e a s t - s q u a r e s  r e f i n e m e n t  of  
p o s i t i o n a l  and  a n i s o t r o p i c  t h e r m a l  p a r a m e t e r s  f o r  C ,  N and 
0 atoms and u o s i t i o n a l  and i s o t r o u i c  t h e r m a l  p a r a m e t e r s  
f o r  Y a toms,  u s i n g  774 o b s e r v e d  r e f l e c t i o n s  f o r  which 
F > 3.92o(F)  and OrIoKa'25.00 l e d  t o  R = 0.034 and  
Rw = 0.048.  '7 igure 1 shows a p a r t i a l  packing  diagram of 
t h e  m o l e c u l e ,  showing s t a c k s  a l o n g  t h e  c r y s t a l l o g r a p h i c  
a x i s .  Dashed l i n e s  i n  t h e  f i g u r e  i n d i c a t e  i m p o r t a n t  C..*C 
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c o n t a c t s  <3.802: t h e r e  a r e  t h r e e  unique  c o n t a c t s  of t h e  
a-B typ?  a t  3.64, 3.66 and 3.771, and one o f  t h e  a-a( t y p e  
a t  3.60A. 
s u g g e s t e d  as  a n  uoper  l i m i t  f o r  s o l i d - s t a t e  r e a c t i v i t y .  

These a re  s i g n i f i c a n t l y  less t h a n  t h e  4.OA 
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