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J. MACROMOL. S C I .  -- CHPII., A6(5), 919-981 (1972) 

NEW CONCEPTS I N  CATIONIC POLYMERIZATION 

Chairman: T. Tsuru ta ,  Tokyo, Japan 
Speaker: F. W i l l i a m s ,  Knoxville,  Tennessee 

vogl: The af ternoon ses s ion  i s  concerned w i t h  c a t i o n i c  

polymerizat ion,  and I would l i k e  t o  cal l  on Professor  Tsuru ta  

t o  in t roduce  t h e  first speaker t h i s  af ternoon.  

T .  Tsuruta ,  Tokyo, Japan: Ladies  and gentlemen. The t o p i c  

t o  be d iscussed  t h i s  af ternoon i s ,  "New Concepts i n  Ca t ion ic  

Polymerization".  We are very  happy t o  have Professor  W i l l i a m s  

a s  t h e  f i r s t  speaker t h i s  af ternoon.  D r .  W i l l i a m s ,  a s  you w e l l  

know, i s  a professor  i n  t h e  Department of Chemistry a t  t h e  

Univers i ty  of Tennessee. H e  w i l l  expla in  how r a d i a t i o n  

chemistry is now con t r ibu t ing  t o  t h e  e l u c i d a t i o n  of t h e  

mechanism of c a t i o n i c  polymerizat ion.  H e  has  30 minutes f o r  

h i s  t a l k  and a f t e r  h i s  t a l k  w i l l  be t h e  panel  d i scuss ions .  

Williams: F i r s t ,  I should l i k e  t o  thank Professor  Vogl and t h e  

organizing committee f o r  t h e  i n v i t a t i o n  t o  speak a t  t h i s  Collo- 

quium. It i s  c e r t a i n l y  a p l easu re  f o r  m e  t o  t a l k  about t h e  

r a d i a t i o n  polymerizat ion work t h a t  w e  and o t h e r s  have been 

doing over t h e  p a s t  t e n  years .  I n c i d e n t a l l y ,  I should mention 

t h a t  much of my work i n  t h i s  f i e l d  has been done w i t h  a number 

of c o l l a b o r a t o r s  from o t h e r  i n s t i t u t i o n s ,  no tab ly  w i t h  Professors  

Okamura and Hayashi a t  Kyoto Univers i ty  w h e r e  I was a V i s i t i n g  

S c i e n t i s t  i n  1965-1966. More r e c e n t l y  I have co l labora ted  w i t h  

Professor  J. P.  Kennedy. 
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920 KEW COACEZTS IN CATIONIC POLYMWIZATIOA 

I n  t h i s  t a l k  I s h a l l  t r y  t o  emphasize t h e  c o n t r i b u t i o n  

which t h e  s tudy  of radiat ion-induced polymerizat ion has  made 

t o  our genera l  knowledge of c a t i o n i c  polymerizat ion.  I shall  

n o t  d w e l l  on t h e  h i s t o r i c a l  development of t h i s  f i e l d  because 

i n  t h e  e a r l y  days there  were many unsolved problems and a r t i -  

facts t h a t  beclouded t h e  whole sub jec t .  For many y e a r s  it 

w a s  thought  t ha t  i o n i c  polymerizat ion by r a d i a t i o n  w a s  some 

kind of unusual  heterogeneous r e a c t i o n  and a basic understanding 

w a s  n o t  achieved u n t i l  much later. I n  fact ,  a l though the  

phenomenon of radiat ion-induced i o n i c  polymerizat ion w a s  

a l r eady  w e l l  known more than t e n  y e a r s  ago, there w a s  r e a l l y  

ve ry  l i t t l e  ground f o r  optimism t h a t  anything of fundamental 

importance would come out .  The  word "mishmash" w a s  used t h i s  

morning t o  descr ibed  t h e  complexity of some polymerizat ion 

systems. W e l l ,  i f  one i s  looking f o r  a complex system, r a d i a -  

t i o n  polymerizat ion would seem t o  o f f e r  a very  good example 

because there i s  l i t t l e  or no s p e c i f i c i t y  as r ega rds  t he  type  

of i n i t i a t i o n  mechanism (free r a d i c a l  and i o n i c ) .  Nevertheless ,  

I hope t o  show t h a t  the r a d i a t i o n  technique has provided some 

use fu l  information.  E s s e n t i a l l y ,  w e  f i n d  t h a t  t h e  reason f o r  

the s i m p l i f i c a t i o n  of t h i s  complex system resides i n  t he  con- 

t r a s t i n g  ra te  cons t an t s  f o r  t h e  i o n i c  and r a d i c a l  propagat ion 

mechanisms. 

I s h a l l  begin by mentioning some experimental  evidence 

which provides  a f i r m  foundat ion for be l i ev ing  i n  t h e  ex i s t ence  

of i o n s  i n  r a d i a t i o n  chemistry. For a long t i m e ,  t h e  idea t h a t  

s i g n i f i c a n t  charge sepa ra t ion  could occur i n  dielectric l i q u i d s  
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'"vl COBCEPTS I N  W I O N I C  WLYMERIZATION 921 

exposed t o  high energy r a d i a t i o n  w a s  extremely con t rove r s i a l .  

It w a s  n o t  understood o r  apprec ia ted  how e l e c t r o n s  could have 

lifetimes beyond an es t imated  i o n i c  recombination t i m e  of 

about sec i n  l i q u i d  systems. As the  name " ion iz ing  

r a d i a t i o n "  impl ies ,  i o n i z a t i o n  i s  e a s i l y  measured i n  t h e  gas 

phase b u t  it proved t o  be a much more d i f f i c u l t  problem t o  g e t  

d e f i n i t i v e  evidence f o r  i o n s  i n  l i q u i d s  and s o l i d s .  However, 

a v a r i e t y  of i n v e s t i g a t i o n s  dur ing  t h e  60's have provided 

t h i s  evidence. It comes from s t u d i e s  of s t a b i l i z e d  i o n s  and 

t rapped  e l e c t r o n s  i n  g l a s sy  systems a t  low temperature ,  from 

chemical experiments wi th  i o n i c  scavengers,  from pu l se  r a d i o l y s i s  

s t u d i e s  of t r a n s i e n t  spec ie s ,  and from e l e c t r i c a l  conduc t iv i ty  

measurements dur ing  i r radiat ion.  It may be h e l p f u l  t o  mention 

a few s p e c i f i c  examples of t h e s e  s tud ie s .  I n  a r i g i d  hydro- 

carbon g l a s s  such a s  3-methylhexane a f t e r y  - i r r a d i a t i o n  i n  

t h e  dark a t  77OK, one can observe o p t i c a l  and ESR s p e c t r a  

which can be assigned t o  a t rapped e l ec t ron .  This  is phys ica l  

evidence f o r  charge separa t ion .  More r e c e n t l y ,  t r a n s i e n t  ab- 

so rp t ion  s p e c t r a  from trapped o r  so lva ted  e l e c t r o n s  have been 

observed i n  v iscous  hydrocarbon l i q u i d s  fo l lowing  pu l se  r a d i -  

o l y s i s .  Now, h i s t o r i c a l l y ,  t h e  f i r s t  approach t o  be  used was 

that of chemical scavenging which, of  course,  i s  w e l l  known i n  

t h e  polymerizat ion f i e l d  -- t o  look f o r  i ons  by means of speci-  

f i c  chemical agents .  For in s t ance ,  n i t r o u s  oxide w i l l  react 

with e l e c t r o n s  t o  g ive  n i t rogen .  This  r e a c t i o n  can be used a s  

a measure of t h e  number of  e l e c t r o n s  produced by r a d i a t i o n .  W e ,  

ourse lves ,  examined t h e  p o s s i b i l i t y  of some proton t r a n s f e r  
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922 m CONCEPPS IN CATIONIC PoLyMERIzA!rIoN 

r e a c t i o n s  i n  a p r o t i c  media and found chemical evidence f o r  

p o s i t i v e  i o n s  by means of  i s o t o p i c  l a b e l i n g  experiments 

(ND3 and C2H50D i n  cyclohexane). 

scavengers  such as aromat ic  molecules (biphenyl ,  anthracene,  

e tc ) ,  the  pu l se  r a d i o l y s i s  technique has a l s o  been used w i t h  

g r e a t  advantage, because he re  one can i d e n t i f y  t h e  i o n i c  

spec ie s  d i r e c t l y  by means of i t s  o p t i c a l  spectrum and, through 

time-resolved spec t r a ,  ob ta in  some i d e a  of t h e  lifetime d i s t r i -  

bu t ion  -- the  t i m e  p r o f i l e ,  as it were, of the  i o n s  t h a t  are 

produced. 

By t h e  choice of appropr i a t e  

I should l i k e  t o  go on t o  say  something about  t h e  d i s t r i -  

bu t ion  of i o n i c  lifetimes i n  l i q u i d s  under i r r a d i a t i o n .  Both 

the chemical and pu l se  r a d i o l y s i s  s t u d i e s  of i on  scavenging 

have shown t h a t  i n  l i q u i d s  of low dielectric cons t an t  - hydro- 

carbons and t h e  l i k e  - most ( b u t  n o t  a l l )  of t h e  i o n s  produced 

by r a d i a t i o n  combine r a t h e r  quickly.  This  i s  sometimes c a l l e d  

geminate recombination. 

less than  sec, t h i s  f a s t  process  of geminate o r  cage 

recombination i s  complete due t o  the  mutual a t t r a c t i o n  between 

t h e  p a i r  of ions .  However, a small  f r a c t i o n  of t h e  ions  d r i f t  

a p a r t  by d i f f u s i o n  a g a i n s t  t he  i n t e r - i o n i c  f o r c e  f i e l d  and be- 

come separated.  And w e  b e l i e v e  t h a t  it i s  these free ions  

which are r e spons ib l e  f o r  m o s t  of the polymerizat ion tha t  w e  

see. Now, the electrical  conduc t iv i ty  technique can be used 

t o  s tudy these t r a n s i e n t  free i o n s  dur ing  i r r a d i a t i o n  and t h i s  

d o v e t a i l s  n i c e l y  with t h e  polymerizat ion s t u d i e s .  I n  fac t ,  t h i s  

work provides  t h e  f i rmest  phys i ca l  evidence f o r  t h e  ex i s t ence  of 

Within about  10'' sec, and c e r t a i n l y  
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rn COBC!EPrS IN CATIOBIC PoLyMwIzATIoN 

free ions.  Thus, t h e  rad ia t ion- induced  conduc t iv i ty  v a r i e s  

a s  t h e  square r o o t  of t h e  dose r a t e ,  as expected f o r  t h e  case  

where the  s t a t i o n a r y  s t a t e  concent ra t ion  of i ons  i s  determined 

by second order  reconbina t ion  between ions  of oppos i te  s igns .  

923 

A t  t h i s  p o i n t ,  a ques t ion  which might be asked i s  t h e  

fol lowing:  Why is  the r a d i a t i o n  method u s e f u l  s i n c e  f ree  

r a d i c a l s  and ions  are produced s imultaneously? As I hin ted  

earlier, the a n s w e r  t o  t h i s  ques t ion  lies i n  t h e  r e l a t i v e  

va lues  which emerge for t h e  propagat ion r a t e  cons t an t s  f o r  

r a d i c a l  and c a t i o n i c  polymerizat ion.  Before w e  t u r n  t o  t h i s  

t o p i c ,  it is u s e f u l  t o  cons ider  some order-of-magnitude calcu-  

l a t i o n s  f o r  t h e  r a t e s  of r a d i c a l  and ion  product ion i n  d i e l ec -  

t r i c  l i q u i d s  dur ing  i r r a d i a t i o n .  From t h e  s t u d i e s  mentioned 

earlier (electrical conduc t iv i ty  and ion  scavenging) ,  it t u r n s  

ou t  t h a t  t h e  ra te  of product ion of t hese  f ree  ions  i s  only  of 

the order  of l / l O t h  t o  1/100th t h e  r a t e  of product ion of f r e e  

r a d i c a l s .  To compare t h e  s t a t i o n a r y  s t a t e  concen t r a t ions  of 

i ons  and r a d i c a l s  i n  a l i q u i d  system, one must a l s o  consider  

t h e  te rmina t ion  ra te  cons tan ts .  I n  each case, t h e  s t a t i o n a r y  

s t a t e  concent ra t ion  i s  given by an express ion  ( R ~ / & ~ )  
where F& i s  the  ra te  of product ion and kt i s  t h e  corresponding 

recombination o r  te rmina t ion  r a t e  cons tan t .  Because i o n i c  

f o r c e s  ope ra t e  between ions  a t  l a r g e  d i s t a n c e s  i n  a medium of 

low d i e l e c t r i c  cons tan t  (e.g., e / ~ r  i s  equal  t o  kT a t  280 d 

when c =  2 and T = 300°K), t he  recombination ra te  cons t an t  kt 
f o r  i ons ,  a t  l e a s t  for spec ie s  of low molecular weight,  i s  

about 100 t i m e s  g r e a t e r  than  t h a t  for n e u t r a l  radicals. So, 

I/ 2 
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as compared t o  t h e  va lues  f o r  r a d i c a l s ,  t h e  product ion of i o n s  

i s  a f a c t o r  of 10 t o  100 less e f f i c i e n t  whereas t h e  ra te  con- 

s t a n t  of  recombination i s  g r e a t e r  by a f a c t o r  of 100. The n e t  

e f f e c t  is  t h a t  t y p i c a l l y  t h e  s teady  state concent ra t ion  ( R i / K t )  

of i o n s  i s  a f a c t o r  of 100 lower than t h e  s teady  s t a t e  concen- 

t r a t i o n  of  r a d i c a l s .  To  g ive  some i d e a  of t h e  order  of magni- 

tudes  involved,  c a l c u l a t i o n s  f o r  hydrocarbons ( r =  2) show t h a t  

a t  a dose r a t e  of 1 Mrad/hr (which can u s u a l l y  be obta ined  with 

a convent ional  gamma r a d i a t i o n  source ) ,  t h e  free ion  concentra- 

t i o n  i s  2 x 10-l' molar whereas t h e  free r a d i c a l  concent ra t ion  

i s  1.6 x molar. Clea r ly  t h i s  m e a n s  t h a t  r a d i c a l  polymeri- 

za t ion  w i l l  predominate i n  any system un les s  t he  propagat ion rate 

cons t an t  for i ons  exceeds t h a t  f o r  r a d i c a l s  so as t o  overcome 

t h i s  d i f f e r e n c e  of 10' i n  t h e  r e l a t i v e  concent ra t ions .  

words, where t h e  propagation r a t e  cons t an t  f o r  ions  i s  lower 

than t h a t  f o r  r a d i c a l s ,  then t h e  rate of  polymerization is 

given s o l e l y  by the  R express ion  f o r  r a d i c a l s ,  k [ M - l [ M l  , 
and t h i s  i s  what w a s  observed i n  some systems a t  a very e a r l y  

d a t e  by workers such as Professor  Chapiro. On t h e  o t h e r  hand, 

it t u r n s  o u t  t ha t  i n  seve ra l  monomers, the  r a t e  of i o n i c  poly- 

merizat ion f a r  surpasses  t h a t  of r a d i c a l  polymerizat ion showing 

t h a t  t h e  propagat ion rate cons t an t  f o r  ions  i s  much more than a 

NEW CONCEPTS IN CATIONIC POLYMERIZATION 

1/ 2 

I n  o t h e r  

-P -P 

f a c t o r  of l o L  g r e a t e r  than the propagat ion rate cons t an t  f o r  

r a d i c a l s  i n  t he  same monomer system. So, i n  gene ra l ,  w e  f i n d  

t h e r e  is  l i t t l e  ambiguity about t h e  mechanism of polymerization 

under a given set of condi t ions  and e i ther  free r a d i c a l  o r  i o n i c  

polymerization w i l l  predominate according t o  t h e  k va lues  f o r  

t h e  monomer i n  quest ion.  
-P 
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NEW CONCEFTS I N  C A T I O N I C  PoLYMER~ATIo~ 92.5 

Before I go i n t o  t h e  methods f o r  t h e  de te rmina t ion  of k -P 
f o r  free ions  i n  radiat ion-induced polymerizat ion,  I should 

mention t h a t  very  l i t t l e  can be achieved u n l e s s  t h e  monomer 

(and so lven t ,  when p r e s e n t )  system i s  extremely pure and free 

from water and o the r  molecular spec ie s  which can take up protons.  

I n  fact ,  t h i s  w a s  t h e  experimental  re f inement  t h a t  w a s  abso lu t e ly  

necessary i n  order  t o  be able t o  observe i o n i c  polymerizat ion i n  

seve ra l  monomers a t  room temperature.  The very  earliest s tud ied  

were concerned wi th  those  monomers which are w e l l  known t o  poly- 

merize r e a d i l y  by c a t i o n i c  c a t a l y s t s .  These inc lude  i sobuty lene ,  

a-methyls tyrene,  cyclopentadiene,  0-pinene, and t h e  a l k y l  v i n y l  

e t h e r s .  I n  add i t ion  t o  the  need t o  e l imina te  w a t e r  from t h e  

system, it w a s  demonstrated t h a t  t h e  add i t ion  of ammonia con- 

c e n t r a t i o n s  much less than  millimoJaz w a s  s u f f i c i e n t  t o  com- 

p l e t e l y  suppress  t h e  radiat ion-induced i o n i c  polymerizat ion i n  

a dry  system. These experiments provided e x c e l l e n t  confirmation 

of t h e  i d e a  t h a t  polymerizat ion r e s u l t s  from a s m a l l  concentra- 

t i o n  of f r e e  ions  which are e a s i l y  terminated by an e f f e c t i v e  

scavenger. Actua l ly ,  t h i s  formed t h e  b a s i s  of our earliest  a t -  

tempt t o  ob ta in  t h e  propagat ion r a t e  cons tan t .  W e  can w r i t e  the  

genera l  equat ion f o r  t h e  ra te  of polymerizat ion,  

which inc ludes  the p o s s i b i l i t y  of te rmina t ion  by an impuri ty  or 

added scavenger X i n  add i t ion  t o  the mutual bimolecular  termina- 

t i o n  between ions .  Of course,  a s i m i l a r  equa t ion  can apply i n  
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926 CONCXFi'S IN CATIONIC POLYMERIZATION 

the  case of radical polymerizat ion.  E s s e n t i a l l y ,  t h e  f irst  

t e r m  i n  t h e  denominator can be made much l a r g e r  than t h e  

second by t h e  a d d i t i o n  of even low concent ra t ions  of an i o n i c  

scavenger. So, w e  added vary ing  concent ra t ions  of ammonia and 

m i n e s  t o  t h e  monomer and p l o t t e d  the  ra te  ( o r  t h e  2 ( - m )  

va lue  which i s  p ropor t iona l  t o  the  k i n e t i c  cha in  l eng th )  a s  a 

func t ion  of  t h e  r e c i p r o c a l  of t h e  m i n e  concent ra t ion .  I n  t h i s  

way, w e  ob ta ined  the r a t i o  k /ktx from the r e s u l t s  and coupled 

w i t h  an assumption t h a t  lckx is  a d i f fus ion -con t ro l l ed  rate con- 

s t a n t ,  t h i s  allowed u s  t o  estimate the  abso lu te  va lue  of  k 

According t o  t h i s  k i n e t i c  a n a l y s i s  of m i n e  r e t a r d a t i o n ,  w e  

obtained k 

and k = 3 x lo6 M - l  sec" f o r  a-methylstyrene a t  30°. 

of these systems, t h e r e  i s  l i t t l e  o r  no r a d i c a l  polymerizat ion 

so t h e  k i n e t i c s  are s t ra ight forward .  

-P 

-F)* 

8 = 6 x 10 M - l  sec" f o r  cyclopentadiene a t  -78O 
-P 

I n  both 
-P 

A more involved b u t  very  i n t e r e s t i n g  system is s tyrene .  

O f  course,  it i s  w e l l  known t h a t  s ty rene  i s  polymerized by 

r a d i c a l s ,  and i t s  radiat ion-induced polymerizat ion had been 

i n t e r p r e t e d  very  success fu l ly  i n  terms of r a d i c a l  p rocesses ,  

even t o  t h e  e x t e n t  of showing q u a n t i t a t i v e  agreement w i t h  t h e  

known r a t e  cons tan ts .  For t h i s  reason,  perhaps, it came a s  a 

cons iderable  s u r p r i s e  t h a t  upon c a r e f u l  dry ing  of s ty rene  

monomer, t h e  r a t e  of polymerizat ion w a s  enhanced by a f a c t o r  

of l o 2  t o  10 

could be dried.  T h i s  f i n d i n g  w a s  observed i n  s e v e r a l  d i f f e r e n t  

l a b o r a t o r i e s  and p a r a l l e l e d  previous observa t ions  for a-methyl- 

s tyrene.  

r a t e  i s  a func t ion  of monomer p u r i t y  as shown i n  F igu re  1. 

3 depending on the  e f f i c i e n c y  w i t h  which the monomer 

The  dependence of the ra te  of polymerizat ion on dose 
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0-2 r 

K" 

10-5. 

927 

Fig.  1 (Williams). 
induced polymerization of styrene. 

Effect of drying on radiation- 

For very dry  monomer, t he  previous equat ion  reduces  t o  

R = k 
-P -P 
and the r e s u l t  i s  a ha l f  power dependence of t h e  rate of 

i o n i c  polymerizat ion on dose r a t e .  T h i s  p l o t  r ep resen t ing  

very  high r a t e s  of polymerizat ion corresponds t o  one extreme. 

For w e t  monomer, one also observes  a h a l f  power r e l a t i o n s h i p  

b u t  t h e  abso lu t e  r a t e s  are much lower. Thus, t h e  two p l o t s  

are p a r a l l e l  b u t  d i sp l aced  v e r t i c a l l y  by almost three powers 

of t e n  i n  R . A s  the s t y r e n e  monomer is p rogres s ive ly  dr ied,  

R f i r s t  inc reases  above t h e  va lue  f o r  t h e  w e t  monomer and 
-P 
t h e  dose r a t e  exponent changes from 0.5 t o  1.0. T h i s  exponent 

[MI (Ri/kt)''' through omission of t h e  lctx [XI t e r m  

-P 
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928 HEW COBCEFTS IN CATIOBIC POLYMERIZATIO~ 

of 1.0 corresponds t o  i o n i c  polymerizat ion wi th  t h e  i n e q u a l i t y  

[XI >>(Ei&k)”‘, Under more s t r i n g e n t  dry ing ,  R i n c r e a s e s  

f u r t h e r  and according t o  t h i s  k i n e t i c  a n a l y s i s ,  a l i m i t i n g  rate 

should be a t t a i n e d  wi th  a dose rate exponent of 0.5. To a 

l a r g e  e x t e n t ,  t h e  r e s u l t s  obey t h i s  s imple k i n e t i c  scheme. A 

r e c e n t  paper  by P o t t e r  and Metz i n  3 .  Polymer Sc i ,  offers a 

c r i t i q u e  of  t h i s  k i n e t i c  formula t ion  and, i n  my opin ion ,  t h e  

agreement between theory  and experiment i s  j u s t  about  as good 

as can be expected. However, I t h i n k  one should be c a r e f u l  n o t  

t o  push the a lgeb ra  t o o  far. For example, the effective con- 

c e n t r a t i o n  of r e s i d u a l  w a t e r  i s  l i k e l y  t o  be a f u n c t i o n  of 

temperature  on account  of t h e  s t r o n g  a s s o c i a t i o n  between water 

molecules i n  a nonpolar so lvent .  Hence, the anomalous tempera- 

t u r e  dependence of R under c e r t a i n  cond i t ions  of m i l d  retarda- 

t i o n  does no t  i n v a l i d a t e  t h e  k i n e t i c  t rea tment .  Overall, I 

th ink  i t ’ s  h ighly  g r a t i f y i n g  tha t  t h i s  simple k i n e t i c  approach 

t o  t he  problem works so w e l l .  

l s t X  -P 

-P 

Up t o  now I have no t  s a i d  anything s p e c i f i c a l l y  about t h e  

ques t ion  of whether w e  a r e  dea l ing  w i t h  c a t i o n i c  o r  an ion ic  

polymerizat ion,  o r  a super -pos i t ion  of these two i o n i c  mech- 

anisms ( t h i s  is i n  add i t ion ,  of course,  t o  the  low rate  of 

f r e e  r a d i c a l  polymerizat ion) .  For s t y r e n e  and a-methyls tyrene,  

t h e  evidence i s  f & l y  conclus ive  t h a t  the  polymerizat ion oc- 

curs a lmost  exc lus ive ly  by the  c a t i o n i c  mechanism. These 

polymerizat ions are s t rong ly  retarded by low concent ra t ions  

of ammonia and amines, there i s  cons iderable  cha in  t r a n s f e r  

t o  monomer which determines the molecular weight, and the 

r e a c t i v i t y  r a t io s  i n  copolymerizat ion are quite characteristic 

of the c a t i o n i c  mechanism. For monomers such as i sobuty lene ,  
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BlEw CONCEPTS IN CATIONIC POLYMERTZATION 929 

0-pinene, cyclopentadiene,  and the  a l k y l  v i n y l  ethers which 

are known t o  polymerize e f f i c i e n t l y  only with c a t i o n i c  cata- 

l y s t s ,  confirmation of t he  f a c t  t h a t  the radiat ion-induced 

polymerization of t hese  monomers i s  c a t i o n i c  again comes from 

the  r e t a r d i n g  effects of L e w i s  bases .  

L e t  u s  r e t u r n  now t o  the determinat ion of t h e  propagation 

rate cons t an t s  f o r  c a t i o n i c  polymerizat ion by free ions.  The 

k f o r  s ty rene  by free c a t i o n s  i s  found t o  be i n  t h e  reg ion  
T 
of 3 x l o 6  p1-I sec-l. 

th ing  t o  be des i r ed ,  b u t  it i s  reas su r ing  t o  know t h a t  there 

i s  a t  least q u a l i t a t i v e  agreement between t h e  r e s u l t s  of t h e  

amine r e t a r d a t i o n  method and the “absolu te”  determinat ion by 

t h e  conduct iv i ty  technique. I n  t h i s  lat ter method, w e  combined 

t h e  measurements of polymerizat ion r a t e  with those  of i o n i c  

conduct iv i ty  over t h e  same range of dose rate.  E s s e n t i a l l y ,  

t h e  conduct iv i ty  d a t a  i s  used t o  estimate t h e  concent ra t ion  of 

a c t i v e  i o n i c  spec ies ,  The mean l i f e t i m e  of the i o n s  can be ob- 

t a ined  d i r e c t l y  from the s p e c i f i c  conduct iv i ty  b u t  one also 

needs t o  know t h e  ra te  of ion  production. I n  p r i n c i p l e ,  t h i s  

l a t t e r  quan t i ty  can be determined from a combination of con- 

d u c t i v i t y  and mobi l i ty  d a t a ,  b u t  accura te  i o n i c  m o b i l i t i e s  a r e  

d i f f i c u l t  t o  determine experimental ly .  As an a l t e r n a t i v e ,  one 

can set up the express ions  i n  t e r m s  of t h e  i o n i c  recombination 

r a t e  cons tan t  i n s t e a d  of i o n i c  m o b i l i t i e s ,  s i n c e  these two 

q u a n t i t i e s  are r e l a t e d  through t h e  Nernst-Einstein r e l a t i o n .  

T h e  advantage of t h i s  approach i s  tha t  one can make a p r e t t y  

good estimate of t h e  recombination ra te  cons t an t  from simple 

theory ,  a t  least f o r  so lven t s  of low d i e l e c t r i c  constant .  I 

should a l s o  mention t h a t  w e  can compare t h e  conduct iv i ty  re- 

The p rec i s ion  of t h e  d a t a  leaves  some- 
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930 NEW COlK!lPTS IN CATIONIC WLYMERIZATION 

s u l t s  wi th  those  found f o r  s a t u r a t e d  hydrocarbons and o t h e r  

o rgan ic  l i q u i d s  which have been s tud ied  i n  cons iderable  de ta i l .  

For f u r t h e r  d e t a i l s  of  t h e  method, I refer you t o  t h e  papers  

i n  Trans. Faraday SOC., a, 1478-1511, and my review article 

i n  "Fundamental Processes  i n  Radia t ion  C h e m i s t r y " ,  Wiley, 1968, 

pp. 515-598. What I want t o  stress here i s  t h a t  w e  have a self- 

c o n s i s t e n t  p i c t u r e  of radiat ion-induced polymerizat ion by free 

i o n s  which i s  i n  accord wi th  a l l  t h e  s a l i e n t  experimental  f a c t s .  

So, the  main conclusion which emerges from t h i s  work i s  tha t  

t h e  k. va lues  f o r  the  free c a t i o n i c  polymerizat ion of r e a c t i v e  

monomers ( inc lud ing  cyclopentadiene,  n-methylstyrene, s ty rene ,  

i s o b u t y l  v i n y l  ether,  and i sobuty lene)  are i n  t h e  range  

l o 5  - l o 9  g-' set". 
Colloquium t h a t  these k va lues  are much h igher  than  those  

commonly r epor t ed  i n  the p a s t  f o r  the  c a t i o n i c  polymerizat ion 

of these monomers by c a t a l y s t s .  The  s i g n i f i c a n c e  of c a t a l y t i c  

s t u d i e s  has been reviewed by D r .  P lesch  i n  Advances i n  Polymer 

Science,  83, 137 (19711, and the only comment which I would 

m a k e  i s  t h a t  u n t i l  ve ry  r e c e n t l y ,  there w a s  no de te rmina t ion  

of k by chemical i n i t i a t i o n  t h a t  could be a t t r i b u t e d  t o  free 

ions .  However, wi th in  the las t  f e w  months, there has appeared 

a very  d e t a i l e d  and s i g n i f i c a n t  paper by Bawn, Ledwith, and 

t h e i r  co-workers i n  Polymer, l2, 119 (19711, which describes 

t h e  de te rmina t ion  of k by free c a t i o n s  i n  t h e  polymerizat ion 

of i s o b u t y l  v i n y l  ether i n i t i a t e d  by carbonium ion  s a l t s .  The 

au thors  conclude t ha t  after t ak ing  i n t o  account t h e  effect of 

d i f f e r e n t  so lven t  cond i t ions ,  t h e i r  r e s u l t s  are i n  q u i t e  good 

agreement w i t h  t he  va lue  obtained by radiat ion-induced polymeri- 

za t ion .  They regard  t h i s  measure of  agreement a s  q u i t e  remarkable 

-P 

I need hard ly  p o i n t  o u t  a t  t h i s  

-P 

-P 

-P 
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NJ3W CONCEgPS IN CATIONIC POLYMERIZATION 9 31 

cons ider ing  t h e  v a s t l y  d i f f e r e n t  techniques employed, so it i s  

most hear ten ing  t o  have t h i s  independent evidence which corrob- 

o r a t e s  t h e  high va lues  of k f o r  c a t i o n i c  polymerizat ion by 

f r e e  ions .  I n c i d e n t a l l y ,  another  paper by Ledwith and h i s  co- 

workers (Polymer, 2, 509 (1971))  r e p o r t s  a k 

a t  O°C f o r  N-vinylcarbazole polymerizat ion by f r e e  ca t ions .  

va lue  may be compared w i t h  a k 
-P 

r a d i c a l  polymerizat ion of t h i s  monomer a t  t 10  C. C lea r ly  t h i s  

d i f f e r e n c e  i n  abso lu te  r e a c t i v i t y  p a r a l l e l s  t h e  f i n d i n g s  f o r  

s ty rene  i n  radiat ion-induced polymerizat ion.  

1, 

of 3 x l o 5  fiml set 

This  
P 

of 6.0 M-l sec-' f o r  t h e  f r e e  
0 

The l a t e s t  s tudy w e  have completed i n  t h i s  f i e l d  has been 

concerned with isobutylene.  A thorough r e - inves t iga t ion  of t h e  

radiat ion-induced polymerizat ion of t h i s  monomer seemed t o  be 

i n  o rder  because it had been a l l eged  t h a t  extremely high rates 

could only be obtained with added s o l i d s  such a s  z i n c  oxide and, 

consequently,  t h e  r e a c t i o n  had been i n t e r p r e t e d  as a he te ro-  

geneous process .  Another reason f o r  s tudying i sobuty lene  i s  

t h a t  t h i s  monomer polymerizes only  by t h e  c a t i o n i c  mechanism, 

and t h e  molecular weights  of t h e  polymer are gene ra l ly  found 

t o  be s e n s i t i v e  t o  t h e  polymerizat ion temperature.  W e  d isproved 

the heterogeneous mechanism by going t o  cons iderable  t r o u b l e  t o  

p u r i f y  and d ry  the  monomer (R. B. Taylor  and F. W i l l i a m s ,  2. 
h e r .  Chem. SOC., 9 l ,  3728). Under proper  anhydrous condi t ions ,  

R w a s  found t o  exceed t h e  h ighes t  rates previous ly  r epor t ed  i n  
-P 
t h e  presence of s o l i d s  and t o  depend on t h e  0.55 power of dose 

r a t e ,  i n  c l o s e  agreement w i t h  t h e  p r e d i c t i o n  of t h e  f ree  ion 

mechanism. 

1.5 x 10 M - l  sec" and the  a c t i v a t i o n  energy f o r  propagat ion 

i s  q u i t e  smal l ,  probably less than 2 o r  3 k c a l  mol- . By t h e  

The va lue  of k a t  O°C w a s  es t imated  t o  be 
-P 

8 

1 

-1 
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932 HEW CONCEFTS m CATIOlPIC WLYMERIZATION 

way, only i n  the case of i sobu ty l  v i n y l  e t h e r  have w e  found an 

ac t iva t ion  energy f o r  c a t i o n i c  propagation exceeding 5 k c a l  mol", 

Now, t h e  next s t age  of t he  isobutylene study w a s  t o  examine what 

differences ex i s t ed  between the  molecular weights of t h e  polymer 

molecules produced by free ions and by chemical c a t a l y s i s .  T h i s  

p a r t  of t he  work w a s  done i n  col laborat ion with D r .  Kennedy. As 

is  w e l l  known, molecular weights i n  c a t i o n i c  polymerization are 

frequent ly  determined by chain t r a n s f e r  t o  monomer, a process 

which takes  place by proton t r a n s f e r  i n  t h i s  system. 

Isobutylene i s  a good monomer t o  study because there are 

extensive data, mainly by Kennedy and h i s  co-workers, on 

t h e  dependence of t h e  var ious average molecular weights on 

polymerization temperature f o r  a number of d i f f e r e n t  cata- 

l y s t  systems. The Arrhenius p l o t s  of log (mol. w t . )  versus  

1/2 show a p o s i t i v e  slope which means tha t  the d i f f e rence  

between t h e  ac t iva t ion  energies f o r  propagation and t r a n s f e r  

i s  negative. 

t h i s  ac t iva t ion  energy d i f f e rence  expressed as t h e  p o s i t i v e  

For the  BF3, A 1 E t C 1 2 ,  and A1C13 c a t a l y s t  systems, 

- E i s  5.9 k c a l  mol". W e  found t h a t  a 
-P quant i ty  Etr 

s i m i l a r  p l o t  fo r  t h e  r e s u l t s  of t h e  radiation-induced poly- 

merization gave a very s i m i l a r  s lope corresponding t o  

--tr E - % = 6.2 kcal mol". For a l l  p r a c t i c a l  purposes, 

t h i s  ac t iva t ion  energy difference can be regarded as i d e n t i c a l  

fo r  t h e  c a t a l y t i c  and radiation-induced polymerizations. How- 

ever,  as shown i n  F igu re  2 ,  t h e  i n t e r e s t i n g  fact  emerges t h a t  

a t  any temperature, t he  molecular weights Cmv) of t he  radiat ion-  

induced polymer are a f a c t o r  of approximately 10 higher than 

those obtained i n  t h e  c a t a l y t i c  polymerizations. D r .  Kennedy 
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Fig. 2 (Williams). comparison of molecular 
weights of polyisobutylenes produced in radi- 
ation and catalytic polymerization. 
merization Temperature (OK). 

T =  Poly- 

may have something more t o  say  about t h i s  i n  t h e  d i scuss ion  

per iod ,  so I won' t  e l a b o r a t e  too  much on t h i s  f i nd ing .  Bas i ca l ly ,  

w e  have i n t e r p r e t e d  t h i s  r e s u l t  (J. Polymer Sci . ,  2, 1551 (1971)?  

to mean tha t  i n  compaxison wi th  free ion  polymerizat ion,  t h e  

presence of t h e  counter  ion  impedes t h e  propagat ion r e a c t i o n  

much more than t h e  t r a n s f e r  r e a c t i o n  i n  ion-pa i r  polymerizat ion.  

A l t e rna t ive ly ,  t h e  counter  i on  could be s a i d  t o  assist t h e  

t r a n s f e r  process  whereas it impedes t h e  propagat ion r eac t ion .  

tr - AS' is l a r g e r  f o r  ion- I n  more q u a n t i t a t i v e  t e r m s ,  A S  # 

p a i r s  (E. 12  cal deg" mol-l) than f o r  free ions  (9.8 c a l  deg'l 

mo1-l) i n  c a t i o n i c  polymerizat ion.  

P 
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One i m p l i c i t  assumption i n  t h e  k i n e t i c  treatment of 

radiation-induced c a t i o n i c  polymerization is t h a t  of fas t  

i n i t i a t i o n .  This c&a be j u s t i f i e d  i n  some cases on t h e  b a s i s  

of mass spectrometric s t u d i e s  of ion-molecule react ions.  For 

example, Volpi and h i s  co-workers have shown (Trans. Faraday 

&, 63,  926 (1967)) t h a t  i n  the case of isobutylene,  t h e  

C4H8 .* parent  ion (i.e., t h e  r a d i c a l  ca t ion )  reacts r a p i d l y  

by proton t r a n s f e r  w i t h  a n e u t r a l  molecule of isobutylene t o  

give t h e  i - b u t y l  carbonium ion. Moreover, t he  ion d i s t r i b u t i o n  

as a funct ion of pressure i n  the mass spectrometer provides 

clear evidence for the  first s t e p s  i n  the  propagation chain. 

All t hese  processes are very r ap id  under mass spectrometric 

conditions and t h e  i n i t i a t i o n  r eac t ion  occurs with a ra te  con- 

s t a n t  of t he  order of 10” cm3 molecule-’ sec’l (6 x lo1’ M-l sec-’) 

Since proton t r a n s f e r  from t h e  parent ion t o  an o l e f i n  is  

general ly  a f a s t  process, I think one can assume t h a t  i n i t i a t i o n  

w i l l  occur r ap id ly  i n  most cases of radiation-induced c a t i o n i c  

polymerization. 

A word o r  two should perhaps be added about some of the 

problems of radiation-induced c a t i o n i c  polymerization. I hope 

I have shown t h a t  t h i s  method of determining rate constants  i s  

a most u se fu l  one bu t  it is sub jec t  t o  l imi t a t ions .  The  most 

s e r ious  problem i s  t h a t  connected w i t h  the  effect of impuri t ies .  

One can never be su re  t h a t  negative r e s u l t s  mean t h a t  t h e  

system i s  inherent ly  incapable of polymerizing. Even i f  

impuri t ies  are v i r t u a l l y  eliminated before i r r a d i a t i o n ,  

there i s  always t h e  p o s s i b i l i t y  t h a t  some r e t a r d e r  i s  pro- 

duced by i r r a d i a t i o n .  As i n  other  areas of experimental 
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chemistry,  on ly  p o s i t i v e  r e s u l t s  mean anything. The o t h e r  

l i m i t a t i o n  i s  t h a t  low k 1 f o r  

c a t i o n i c  polymerizat ion cannot be  measured with any degree 

of r e l i a b i l i t y ,  e s p e c i a l l y  i n  systems where r a t e  cons t an t s  

f o r  r a d i c a l  polymerizat ion become a t  a l l  comparable. I 

b e l i e v e  t h e  d i scuss ion  I gave earlier should have covered 

t h i s  p o i n t  adequately.  

3 -1 va lues  (below 1 0 .  g-l sec 
73 

F i n a l l y ,  l e t  m e  say  something about  an ion ic  polymerizat ion.  

Su rp r i s ing ly ,  t h e r e  have been very  few r e a l l y  c l e a r a t  demon- 

s t r a t i o n s  of an ion ic  polymerizat ion induced by high energy 

r a d i a t i o n .  One such example is t h e  bulk  polymerizat ion of 

n i t roe thy lene  (Trans.  Faraday SOC., 63,  376 (196711, an ex- 

t remely r e a c t i v e  monomer i n  an ion ic  polymerizat ion.  More 

r e c e n t l y ,  w e  have obta ined  q u a l i t a t i v e  evidence f o r  t h e  

an ionic  polymerizat ion of methyl 2-cyanoacrylate,  another  

u l t r a - r e a c t i v e  monomer. In s t ead  of d i scuss ing  these examples, 

I want t o  mention some p o s s i b l e  reasons  why anionic  polymeri- 

za t ion  seems t o  be less gene ra l  than c a t i o n i c  polymerizat ion 

i n  t h e  r a d i a t i o n  s t u d i e s .  This  can be i l l u s t r a t e d  by r e fe rence  

t o  our f i n d i n g s  f o r  2-vinylpyridine.  Professor  Szwarc has  re- 

por ted  an an ion ic  propagat ion r a t e  cons t an t  f o r  t h i s  monomer 

which is q u i t e  l a r g e ,  ca, l o 5  g-* sec-' a t  25OC, and 

considerably l a r g e r  than the  r a t e  cons t an t  f o r  r a d i c a l  

propagation. So, w e  thought t h i s  would be a good system 

t o  demonstrate an ionic  polymerizat ion and, hopefu l ly ,  fur- 
n i sh  a comparison of propagat ion r a t e  cons t an t s  by t h e  

chemical and r a d i a t i o n  methods. Y e t ,  d e s p i t e  every e f f o r t ,  

w e  have been unable  t o  o b t a i n  any evidence f o r  r a d i a t i o n -  
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936 mu cormam IN CATIONIC m y M E R I z A T I o N  

induced an fon ic  polymerizat ion.  I n  fact ,  the only poly- 

mer iza t ion  w e  can detect i s  f r e e  r a d i c a l  and t h e  propagat ion 

rate cons t an t  is c a l c u l a t e d  t o  be 4 x 10 

t h e  reason why w e  d o n ' t  observe an ion ic  polymerizat ion resides 

i n  the  p o s s i b i l i t y  of a slow i n i t i a t i o n  s t e p  which, of course,  

c o n t r a s t s  w i t h  the  c a t i o n i c  systems d iscussed  earlier. It 

must be remembered tha t  i n  radiat ion-induced polymerizat ion,  

w e  are dea l ing  wi th  t r a n s i e n t  i o n s  whose l ifetimes are on t h e  

order  of t o  sec a t  convent iona l  dose rates. Thus, 

i f  t h e  i n i t i a t i o n  r e q u i r e s  a t i m e  t ha t  i s  comparable t o  t h i s  

lifetime as determined by t h e  ion  recombination mechanism, 

then there i s  l i t t l e  o r  no t i m e  available f o r  t h e  propagat ion 

cha in  t o  proceed be fo re  te rmina t ion .  These remarks only  apply,  

of course,  t o  l i q u i d  systems. 

1 2;' sec". I th ink  

I n  t h i s  t a l k ,  I have t r i e d  t o  o u t l i n e  some of t he  r e l e v a n t  

information and conclusions w e  have reached about c a t i o n i c  

polymerizat ion induced by r a d i a t i o n ,  and I leave it t o  the  

d i scuss ion  t o  b r i n g  t h i s  work i n t o  sharper  focus  w i t h  t h e  

chemical s tud ie s .  

Panel Discussion 

Discussion Leader: V. S t a n n e t t ,  Raleigh 

P a n e l i s t s :  K. Hayashi, Sapporo; J. P. Kennedy, Akron; 
D .  Pepper, Dublin; P. H. P lesch ,  Keele; 
T .  Saegusa, Kyoto; P I  Schleyer ,  Pr ince ton;  
P .  S igwal t ,  Paris. 

Tsuruta:  Before w e  move t o  the  panel  d i scuss ion ,  I have the  

p l easu re  of in t roducing  D r .  S t a n n e t t ,  who i s  a p ro fes so r  i n  

t h e  Department of C h e m i c a l  Engineering, North Ca to l ina  S ta te  
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U n i v e r s i t y .  H e  i s  a l e a d i n g  i n s t i g a t o r  i n  the r a d i a t i o n -  

induced chemis t ry  of polymers,  e s p e c i a l l y  i n  c a t i o n i c  poly- 

m e r i z a t i o n  u s i n g  v i n y l  monomers, i n c l u d i n g  v i n y l  ether,  

a -methyls tyrene  and o t h e r  r e l a t e d  compounds. May I i n t r o -  

duce D r .  S t a n n e t t  a s  t h e  d i s c u s s i o n  l e a d e r  f o r  t h e  panel  

d i s c u s s i o n .  

V. S t a n n e t t ,  Rale igh ,  North C a r o l i n a :  I would f i r s t  l i k e  t o  

thank P r o f e s s o r  Vogl and P r o f e s s o r  Lenz f o r  i n v i t i n g  m e  t o  

p a r t i c i p a t e  i n  t h i s  symposium. W e  p r o f i t  g r e a t l y  from Pro- 

f e s s o r  Bamford's e x p e r i e n c e s  t h i s  morning. H e  s t a r t e d  o u t  

ex t remely  l e n i e n t l y  and became more and more r u t h l e s s .  W e  

w i l l  t r y  t o  start  r u t h l e s s l y  and become more and more l e n i e n t .  

I n  t h i s  way w e  w i l l  l e a v e  everyone w i t h  an e x c e l l e n t  impress ion  

of t h e  meeting. 

I t h i n k  I w i l l  ask P r o f e s s o r  T s u r u t a  t o  hold  o f f  a 

d i s c u s s i o n  on Frank W i l l i a m s  ' paper  u n t i l  a f te r  Hayashi and 

Kennedy's c o n t r i b u t i o n ,  as t h e y  a l l  f i t  t o g e t h e r  and then  t h i s  

w i l l  f i t  ra ther  w e l l .  A f t e r  t h a t ,  P r o f e s s o r  Saegusa w i l l  t a l k  

about  some h e t r o c y c l i c  systems and w e ' l l  d i s c u s s  these. 

A f t e r w a r d s ,  w e  w i l l  have Pepper and S i g w a l t  and t h e n  P r o -  

f e s s o r  Plesch.  Maybe w e  could  have t h e  d i s c u s s i o n  on these 

three t o g e t h e r  because t h e y  fit. Then P r o f e s s o r  Schleyer  

w i l l  end up w i t h  t h e  grand f i n a l e  and c o r r e c t  a l l  t h i s  

a p p r o p r i a t e l y .  To begin  w i t h ,  I ' d  l i k e  t o  ca l l  on P r o f e s s o r  

Hayashi t o  supplement Frank W i l l i a m s t  remarks and add some 

w o r k  of h i s  own. We're h e a v i l y  weighted t o w a r d  r a d i a t i o n  

a t  t h e  moment. 
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K. Havashi, Samoro ,  Japan: Following t h e  t a l k  of Professor  

W i l l i a m s , ' I ' d  l i k e  t o  in t roduce  our  r e s u l t s . o f  a pu l se  

r a d i o l y s i s  s tudy which was made on t h e  s ty rene  i n  n- 

bu ty l ch lo r ide  system. W e  found a t r a n s i e n t  a c t i v e  spec ie s  

a t  the  p o s i t i o n  of 350 nm having a very  s h o r t  l i fe t ime 

of 5 microseconds. T h i s  a c t i v e  spec ie s  might be s ty rene  

c a t i o n  r a d i c a l .  Also, a k i n e t i c  s tudy  on t h e  decaying be- 

havior  of t h i s  c a t i o n  radical i n d i c a t e s  t h e  ex i s t ence  of 

t w o  d i f f e r e n t  r eac t ions .  One is a very  quick second order  

r e a c t i o n  and another  i s  a slower first order  r eac t ion .  The 

former is a n e u t r a l i z a t i o n  r e a c t i o n  of s ty rene  ca t ion  r a d i c a l  

with some an ion ic  i o n  presumably C1- and t h e  la t ter  is  a 

r e a c t i o n  with s t y r e n e  monomer molecule. So, t he  former 

corresponds t o  a te rmina t ion  r e a c t i o n  and t h e  lat ter cor- 

responds t o  the f i r s t  s t e p  of a f r e e  ion  propagation r e a c t i o n ,  

T h i s  r a t e  cons t an t  w a s  determined t o  be on the  order  of 1 0  

mol / l / sec  a s  a d i f f u s i o n  l imi t ed  cons t an t  and on the  order  of 

1 0  mol/ l /sec.  W e  know i n  t h e  case  of r a d i a t i o n  induced i o n i c  

polymerizat ion of s ty rene ,  the k cons t an t  w a s  estimated 

k i n e t i c a l l y  t o  be on t h e  order  of 10  The  d i f f e r e n c e  might 

be understood by the d i f f e r e n c e  of t h e  chemical s t r u c t u r e  of 

s ty rene  c a t i o n  r a d i c a l  and growing s ty rene  free ions .  Addi- 

t i o n a l l y ,  w e  must consider  t h e  so lvent  effect .  k2 was esti-  

m a t e d  i n  a po la r  so lven t  and k was determined i n  t h e  bu lk ,  
P 

t h a t  i s  i n  a hydrocarbon system. The i n t e r e s t i n g  problem of 

so lva t ion  effect arises f o r  t h e  growing free ca t ions .  However, 

i n  t h e  case  of radiat ion-induced polymerization i n  so lu t ion ,  

10 

6 
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w e  have some d i f f i c u l t y  caused by the r a d i o l y s i s  product  which 

comes from ch lo r ina t ed  hydrocarbon. To avoid t h i s  d i f f i c u l t y ,  

w e  used photoinduced c a t i o n i c  polymerizat ion of s ty rene  and 

a-methylstyrene.  a-methylstyrene,  which  w e  used more fre- 

quent ly ,  i s  a weak e l e c t r o n  donor,  and w e  photoi l luminated 

t h i s  monomer i n  t h e  presence of tetracyanobenzene (TCNB) 

which i s  e l e c t r o n  acceptor .  These compounds form a molecular 

complex. An absorp t ion  caused by t h i s  complex was found a t  

363 nrn. By photo i l l umina t ion  a t  wave l eng ths  longer  than 

350 nrn, an exc i t ed  complex was formed and t r a n s f e r r e d  t o  a 

so lven t  separa ted  ion  p a i r  which is e q u i l i b r a t e d  with t h e  

f ree  ion. These ions  i n i t i a t e d  the  polymerizat ion and w e  

obtained poly a-methylstyrene.  I n  t h i s  system, t h e  so lven t  

used i s  d ich loroe thane ,  temperature  O°C t o  -18 C, t h e  concen- 

t r a t i o n  of TCNB was i n  t h e  order  of lo2 mol/l .  The polymeri- 

za t ion  mechanism was thought t o  be c a t i o n i c ,  because 

polymerizat ion i s  very  s e n s i t i v e  t o  t r a c e  amounts of water  

and copolymer composition proves a c a t i o n i c  mechanism. W e  

measured d i r e c t l y  the behaviors  of f r e e  i o n s  by photoconduc- 

t i v i t y ,  and t h a t  of t o t a l  i ons  by f l a s h  pho to lys i s  and ESR. 

Polymer ana lys i s  by NMR and GPC suggested the coexis tence  of 

both mechanisms of p a i r  ion  and free ions .  T h e  apparent  k 

cons tan t  w a s  es t imated  t e n t a t i v e l y  i n  the  range of lo1 t o  l o 4  
mol/ l /sec.  

and compared wi th  k i n  bulk ,  it is  obvious t h a t  a po la r  

so lvent  reduces the k value  a t  least i n  t h r e e  orders .  And 

I expect  t h i s  concept of t h e  so lva t ion  effect on t h e  growing 

ca t ion  might be d iscussed  w i t h  o the r  r a d i a t i o n  chemists.  

0 

P 

Supposing lo4 i s  a s  t h e  upper va lue  f o r  free ion  

P 
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Pulse radiolysis 

350 nm 

stt 

NEM COBCEFTS IN CATIOBIC WLYMESIZATIOB 

styrene in n BuCl 

= kl[ St?) [ C l T  (termination) 
dt 

+ k2( Stt] (St] (1st propagation) 

Photo-induced cationic polymerization 

aMeSt + TCNB ,-\ DA 

(D) (A) 

Stanne t t :  I th ink  w e  w i l l  combine t h e  d i scuss ions  of bo th  

Professor  W i l l i a m s '  paper and D r .  Hayashi ' s  remarks,  and they  

are open f o r  d i scuss ion  now. I would l i k e  t o  a sk  Dr. W i l l i a m s  

about t h i s  very  l o w  a c t i v a t i o n  energy f o r  i sobuty lene .  AS 

you may know, w i t h  t h e  v i n y l  ethers, both Hayashi and our- 

s e l v e s  f i n d  very  much h igher  a c t i v a t i o n  ene rg ie s  for the  k 

even though w e  r each  t h e  square root r e l a t i o n s h i p  q u i t e  
P' 
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c l e a r l y .  Would you have any comments why some monomers s e e m  

t o  g i v e  t h e  expec ted  v e r y  l o w  a c t i v a t i o n  energy and some much 

h i g h e r ?  

941 

W i l l i a m s :  I have l i t t l e  t o  add e x c e p t  t o  a g r e e  w i t h  you t h a t  

t h e s e  are t h e  facts.  As compared t o  t h e  o t h e r  monomers w e  

have examined, a l k y l  v i n y l  e t h e r s  do seem t o  have h i g h e r  acti- 

v a t i o n  e n e r g i e s  f o r  c a t i o n i c  propagat ion .  I n c i d e n t a l l y ,  I 

might add t h a t  w e  p o i n t e d  t h i s  o u t  i n  1964 (J. Polymer S c i . ,  

- B L ,  143 ( 1 9 6 4 ) )  a t  a t i m e  when a c t i v a t i o n  e n e r g i e s  of t h i s  

magnitude b 5  k c a l  mol-'1 were g e n e r a l l y  regarded  as d iag-  

n o s t i c  of r a d i c a l  po lymer iza t ion .  

S t a n n e t t :  Maybe it h a s  t o  do w i t h  t h e  s e l f - s o l v a t i o n  of t h e  

carbonium i o n  by t h e  e t h e r  groups.  

E .  Goldberg,  Webster,  N e w  York: A comment t h a t  responds  t o  a 

p o i n t  made by D r .  W i l l i a m s .  H e  p o i n t e d  ou t  t h e  d i f f e r e n c e  i n  

rates of i o n  v e r s u s  r a d i c a l  recombinat ion.  It would seem t o  

m e  t h a t  i f  free i o n  s p e c i e s  are impor tan t ,  t h e r e  is  a n o t h e r  

way t o  t e s t  t h i s .  That  would be t o  observe  t h e  behavior  of 

t h e  i r rad ia ted  system i n  an electric f i e l d  w h i c h  should  

s u b s t a n t i a l l y  h i n d e r  t h e  i o n  recombina t ion  p r o c e s s .  Ex- 

p e r i m e n t a l  i n f o r m a t i o n  i n  t h e  s o l i d  state t h a t  may r e l a t e  

t o  t h i s  concerns  t h e  behavior  of o r g a n i c  photoconductors .  

They show a r a t h e r  remarkable  f i e l d  dependent  c u r r e n t  

response .  S i m i l a r  experiments  w i t h  Dr. W i l l i a m s r  system 

might be h e l p f u l  i n  c l a r i f y i n g  t h e  re la t ive c o n t r i b u t i o n s  

of i o n i c  and r a d i c a l  s p e c i e s .  
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- Gaylord: 

Is t h e r e  any information ava i l a l e  i n  so lu t ion  systems re- 

garding electric f i e l d  e f f e c t ?  

NEW CONCEPTS IN CATIONIC POLYMERIZATION 

Could I ask one f u r t h e r  question before we g e t  on? 

Stannett:  Y e s ,  Professor W i l l i a m s  knows the  Japanese work 

of Ise, which I suppose i s  the  most r e l evan t ,  but  you per- 

haps r e m e m b e r  it better. 

W i l l i a m s :  I n  r ep ly  t o  Goldberg and Gaylord, the e f f e c t  of 

an applied electric f i e l d  on the  free ion recombination ra te  

constant  would perhaps come i n ,  b u t  there would be other  ef- 

fects t o  consider as w e l l .  For example, t h e  rate of free 

ion production should be enhanced by a f i e l d  effect s ince 

t h e  applied f i e l d  would counteract (on the average) t he  f a s t  

geminate recombination process. Another effect might be a 

direct  one on t h e  propagation react ion.  AS Professor Stannet t  

mentioned, Ise and h i s  co-workers i n  Japan have made numerous 

s tud ie s  on the  effect of electric f i e l d s  on anionic  polymeri- 

zation. I think they a l s o  published one o r  two papers on t h i s  

effect i n  radiation-induced polymerization but ,  a s  far as I 

can r e c a l l ,  the  f i e l d  effect w a s  r a t h e r  s m a l l  i n  t h i s  case. 

I think t h i s  i s  what one would expect unless  t he  applied 

f i e l d  s t r eng th  becomes extremely l a rge  (710 

Recall t ha t  t h e  f i e l d  s t r eng th  a t  a dis tance of 100 from 

an ion i s  1.44 x 10 

ex te rna l  f i e l d s  c lose  t o  lo4 v o l t s  cm" before the  recom- 

binat ion processes are g rea t ly  affected a t  a separation 

dis tance r of-300 and a d i e l e c t r i c  constant of 2 (G 
i s  280 A as  given by the r e l a t i o n  5 /cr 

- T = 300°K). 

4 v o l t s  cm-'). 

5 volts cm" i n  vacuo, so t ha t  one needs 

-C 
2 = k 2 f o r  s= 2 and - c -  
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Gaylord: The  ques t ion  i s  r e l a t e d  t o  t h e  a spec t  of d i s so -  

c i a t i o n  of ion  p a i r  systems of t h e  type  i n d i c a t e d  by 

Dr.’Hayashi i n  po la r  media. For example, i n  t h e  polymeri- 

za t ion  of s ty rene  i n  s u l f u r  d iox ide  w i t h  a r a d i c a l  c a t a l y s t ,  

t h e  presence of po lys tyrene  i s  normally a t t r i b u t e d  t o  t h e  

formation of t h e  s ty rene  c a t i o n  r a d i c a l  which i n i t i a t e s  

s ty rene  polymerizat ion.  W e  r e c e n t l y  had occasion t o  s tudy 

so lven t  effects i n  t h e s e  r e a c t i o n s  and discovered t h a t  i n  

the presence of DMF you c e r t a i n l y  do n o t  g e t  po lys tyrene .  

However, t h e  molecular weight of t h e  s tyrene-su l fur  d iox ide  

copolymer is  h igher  than  normal, i.e., h igher  than  i n  t he  

absence of DMF, which impl i e s  t h a t  t h e  DMF is prevent ing  

the  growing chain end from d i s s o c i a t i n g ,  pe rmi t t i ng  it t o  

grow a longer  d i s t a n c e ,  r a t h e r  than  e l imina t ing  o r  a t  l e a s t  

genera t ing  free ions  t o  i n i t i a t e  polystyrene.  W e  have seen 

t h i s  i n  ‘ a l l  t h e  a l t e r n a t i n g  systems which have a tendency t o  

s h i f t  from a l t e r n a t i n g  t o  c a t i o n i c .  I n  o t h e r  words, w e  have 

noted t h i s  w i t h  DMF, DMSO and HMP and i n  every case  t h e  a l t e r -  

n a t i n g  copolymer has  a h igher  m o l e c u h r  weight,  i n d i c a t i n g  

non-dissociat ion r a t h e r  than  d i s s o c i a t i o n .  I j u s t  wondered 

i f  t h e r e  was any comment on tha t  because it is  completely 

con t r ad ic to ry  t o  t h e  effects of free ions .  

Hayashi: I n  t h e  case of r a d i a t i o n  induced i o n i c  polymerizat ion,  

t h e  formation of t h e  c a t i o n  occurs  both i n  po la r  and non- 

po la r  so lven t s .  But a s  I have t o l d  you, t h e  rate of propa- 

ga t ion  of f r e e  i o n s  i s  much reduced i n  po la r  so lvent .  However, 

i n  the case of photo-polymerization, i o n i c  polymerizat ion w a s  

n o t  observed i n  non-polar so lvent .  The so lva t ion  effect by 
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944 NEW CONCEPfS IN CATIONIC POLYMERIZATION 

polar so lven t  faci l i ta tes  t h e  ion  sepa ra t ion  and i n i t i a t e s  

t h e  polymerizat ion.  The formation of ion r a d i c a l s  was checked 

by ESR.  W e  determined t h e  d i s t a n c e  between negat ive  and posi-  

t i v e  ion  r a d i c a l s  by t h e  use  of ESR technique of s p i n  re laxa-  

t i o n  T2 method. And t h e  d i s t a n c e  w a s  es t imated  on t h e  o rde r  

of  200 R which i s  s h o r t e r  than t h e  c r i t i ca l  d i s t a n c e  40 d 
which r e s i d e s  i n  free o r  i n  pair, and t h i s  20 sugges ts  a 

loose ly  coupled ion  p a i r .  

P. S igwal t ,  P a r i s  France: I am a l i t t l e  su rp r i sed  t o  see 

such a b i g  d i f f e rence  between t h e  reactivit ies of t h e  f r e e  

ion  and t h a t  of such a loose  ion  p a i r ,  because from o t h e r  

r e s u l t s ,  p a r t i c u l a r l y  those  of  Szwarc and co l leagues ,  i n  

an ion ic  polymerizat ion,  t h e r e  w a s  n o t  so much d i f f e r e n c e  i n  

r e a c t i v i t i e s  between a loose  ion  p a i r  and a free ion .  On 

t h e  o t h e r  hand, it i s  poss ib l e  t h a t  i n  your case (ch lo r ina t ed  

so lven t  s o l u t i o n ) ,  t h e  fact  t h a t  the  propagat ion cons t an t  over 

free i o n s  i s  much lower than f o r  polymerizat ion i n  bulk ,  might 

be due t o  c a t i o n  s o l v a t i o n  by t h e  so lvent .  I n  t h a t  case ,  I 

d o n ' t  see ei ther  how much d i f f e r e n c e  t h e r e  could be between 

the  r e a c t i v i t i e s  of the  f ree  ion  and t h a t  of t h e  loose  ion  

p a i r  because, i n  both cases, you would have a ch lo r ine  atom 

so lva t ing  t h e  ca t ion .  

Hayashi:  ESR g ives  information only on t h e  r a d i c a l  o r  

rad ica l - ions .  The argument which  I made is r e l a t e d  t o  t h e  

i n i t i a t i o n  process  b u t  no t  t o  t h e  propagation. ESR T 2  tech- 

nique has some unce r t a in ty  and the 20 a i s  t h e  va lue  t o  an 

order  of magnitude. I n  add i t ion ,  t he  rate cons tan ts  k 
P 
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NEW CONCEPTS IN CATIONIC POLYMERIZATION 945 

which have been mentioned are l imi t ed  va lues  and t h e  r e a l  

va lues  f o r  free and p a i r  should be c l o s e r  t o  each o ther .  

Schleyer:  I'd l i k e  t o  comment on t h i s  a l so .  The  so lven t  i s ,  

I ga the r ,  d ich loroe thane ,  which c e r t a i n l y  i s n ' t  a very  good 

so lva t ing  so lven t  f o r  ions .  A t  a sepa ra t ion  of 20 angstroms, 

I f a i l  t o  see how you g e t  much e f f e c t ,  so I ' d  simply l i k e  t o  

underscore D r .  S igwa l t ' s  comment. If  I understand you, t h e  

E S R  measurements which l ed  t o  t h e  20 angstrom d i s t a n c e  were 

measured under d i f f e r e n t  condi t ions  from t h e  polymerizat ion 

experiment. I s  t h a t  what you ' re  saying? 

Hayashi: ESR measurement was c a r r i e d  ou t  i n  t h e  mixture with 

some v iscous  ma te r i a l  such a s  m y 1  alcohol .  T h e  sample was 

prepared a t  t h e  polymerizat ion temperature  and t h e  measurement 

w a s  made a t  77OK. 

measurement because ion - rad ica l s  decayed very  quick ly  i n  

pure C2H4C12. It seems that t h e  d i s t a n c e  i s  no t  markedly 

inf luenced by t h e  temperature.  On the  o t h e r  hand, i n  the 

case  of po la r  so lven t ,  t h e  c r i t i c a l  d i s t a n c e  rc is s h o r t e r  

and major park of ions  become free ion.  Consequently, 

s t rong  po la r  so lven t  i s  not  s u i t a b l e  t o  produce loose ly  

coupled ion  pa i r s .  

To u se  m y 1  a lcohol  fac i l i t a tes  t h e  

Szwarc: You assume t h a t  i ons  i n  your system form p a i r s  

and t h a t  t h e  two p a r t n e r s  of a p a i r  are 20 A apa r t .  What 

prevents  t h e m  from coming t o  a d i s t a n c e  o f ,  e.g., 1 0  A? 

A f t e r  a l l ,  they a t t r a c t  each other!  
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O f  course, you may have solvent  separated pa i r .  

However, i n  such a case, you do no t  expect more than 2 

solvent molecules i n  between and, hence, 20 A is much too 

much. Moreover, I doubt whether dichloroethane i s  a suf- 

f i c i e n t l y  powerful solvat ing agent t o  produce such a pa i r .  

Hayashi: Molecular size of donor, acceptor and solvents  

are considerably l a rge  and not  so many molecules e x i s t  be- 

tween ion  paFrs as you consider. 

The nature  of ion p a i r  is  not the same as i n  t h e  case 

of alkalimetal and aromatic compounds, and it is supposed 

tha t  ion p a i r s  a s h o r t  dis tance a p a r t  neu t r a l i ze  quickly,  

maybe before o r  during ESR observation through tunneling 

e f f e c t .  

ESR T 2  technique gives  a statist ic information f o r  t h e  

ion-radical  p a i r  b u t  i n t e rac t ions  between free ions are not 

included because t h e i r  mutual dis tance is too long. 

Szwarc: W e l l ,  w h a t  you imply is t h a t  i n  the whole system the  

average dis tance between the ions i s  20 angstroms, bu t  t h i s  

average dis tance does not determine any specie. And, there- 

f o r e ,  it w i l l  be very misleading t o  r e f e r  t o  t h i s  system as 

an ion p a i r .  

Schleyer: If I understand what you're saying, then, it may 

be that these ion p a i r s  a r e  not solvent  separated a t  all bu t  

may be contact  ion p a i r s  and may be t o t a l l y  inact ive.  The 

s m a l l  f r a c t i o n  t h a t  are separated may be j u s t  a s  a c t i v e  as 

t h e  ones generated by t h e  other  procedure. I would l i k e  t o  

ask Dr. W i l l i a m s  a question concerning t h e  nature  of t he  ions 
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NEW C O N C W S  I N  C A T I O N I C  POLYMERIZATION 947 

which he g e n e r a t e s .  R a d i c a l  c a t i o n s  are b e i n g  i m p l i c a t e d  i n  

s t y r e n e .  Are t h e s e  t h e  i o n s  a c t u a l l y  involved?  

W i l l i a m s :  Tha t  i s  a v e r y  good q u e s t i o n .  W e  believe t h a t  i n  

a l l  t h e s e  systems,  t h e  propagat ion  r e a c t i o n  e s s e n t i a l l y  i n -  

v o l v e s  a growing carbonium ion .  So, i t  i s  n e c e s s a r y  t o  ex- 

p l a i n  how t h e  p a r e n t  i o n  ( a  r a d i c a l  c a t i o n )  which i s  produced 

by t h e  i o n i z i n g  r a d i a t i o n  reacts t o  g i v e  a carbonium i o n .  AS 

I have d i s c u s s e d  more f u l l y  i n  my w r i t t e n  remarks,  t h e r e  is  no 

problem i n  t h e  case of i s o b u t y l e n e  and o t h e r  s imple  o l e f i n s .  

The r e a c t i o n  s imply i n v o l v e s  a fas t  p r o t o n  t r a n s f e r  and t h i s  

has  been c l e a r l y  e s t a b l i s h e d  i n  the m a s s  spec t rometer .  

iso-C4H8f + %-C H 8d S - C q H g  + + C4H7. - 

A c t u a l l y ,  t h e r e  i s  good r e a s o n  t o  e x p e c t  t h a t  t h i s  r e a c t i o n  

competes more f a v o r a b l y  w i t h  i o n  f r a g m e n t a t i o n  p r o c e s s e s  i n  

t h e  l i q u i d  t h a n  under  t h e  c o n d i t i o n s  which o b t a i n  i n  t h i e  high- 

p r e s s u r e  mass spec t rometer .  

I n  t h e  case of s t y r e n e ,  t h e  s i t u a t i o n  i s  n o t  q u i t e  so 

s imple.  A r e c e n t  s t u d y  of t h e  s t y r e n e  ion-molecule r e a c t i o n  

by i o n  c y c l o t r o n  resonance  (C. L. N i l k i n s  and M. L. Gross, 

J. Amer. Chem. SOC., 93, 895 ( 1 9 7 1 ) )  shows no ev idence  f o r  a 

pro ton  t r a n s f e r  r e a c t i o n ,  and the  s t y r e n e  r a d i c a l  c a t i o n  w a s  

observed t o  react  w i t h  a n e u t r a l  s t y r e n e  molecule  t o  produce 

a complex a t  m / e  = 208. T h i s  dimer complex is u n s t a b l e  i n  t h e  

gas  phase ,  b u t  it could  be s t a b i l i z e d  i n  t h e  l i q u i d .  A s  w e  

suggested some y e a r s  ago (Trans.  Faraday SOC., 63,  1478 (196711, 

t h i s  dimer c a t i o n  could  possess a s t r u c t u r e  i n v o l v i n g  a car- 

bonium i o n  a t  one end and a free r a d i c a l  a t  the o t h e r ,  v i z . ,  
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Accordingly, c a t i o n i c  propagat ion may then  proceed i n  t h e  

usua l  manner from t h e  carbonium ion  end of t h i s  i n i t i a t i n g  

spec ies .  I t h i n k  D r .  Hayashi has  proposed a s i m i l a r  i n i t i a t i o n  

mechanism for t h e  c a t i o n i c  polymerizat ion ofa -methylstyrene 

r e s u l t i n g  from t h e  photoexci ta t ion  of a charge- t ransfer  complex. 

Schleyer: W e l l ,  t h e r e  are several o t h e r  ways of gene ra t ing  a 

c a t i o n ;  one i s  t o  break a bond h e t e r o l y t i c a l l y  and another  i s  

t o  add a p o s i t i v e l y  charged spec ie s  t o  an o l e f i n .  

W i l l i a m s :  That  can be answered simply. I n  r a d i a t i o n  chemistry,  

t h e  primary process  of i on  formation occurs  by t h e  removal of an 

e l e c t r o n  from t h e  molecule. A f t e r  tha t ,  t h e r e  can be a v a r i e t y  

of ion-molecule and ion  fragmentat ion processes .  Ion 

fragmentat ion occucs r e a d i l y  i n  t h e  gas  phase a t  l o w  p re s su res ,  

b u t  such processes  are be l i eved  t o  be much less important  i n  t h e  

l i q u i d  phase because c o l l i s i o n s  can remove the excess  energy 

before  d i s s o c i a t i o n  can occur. Thus, ion-molecule r e a c t i o n s  

should be favored i n  t h e  l i q u i d  state. 

Schleyer: So then  i t ' s  a c a t i o n  r a d i c a l  which i s  being produced 

a s  t h e  t y p i c a l  spec ies .  

Williams: I n i t i a l l y ,  t h a t  i s  c o r r e c t  i n  a l l  cases .  

Chapiro: I would l i k e  t o  comment on t h i s  p o i n t ,  T h e  i o n i z a t i o n  

of a molecule by high speed e l e c t r o n s  l eads  t o  a whole spectrum 
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of i o n s ,  t h e  p a r e n t  i o n  and a series of smaller i o n s ,  r e s u l t i n g  

from d i s s o c i a t i v e  i o n i z a t i o n .  The n a t u r e  of t h e s e  i o n s  is 

known from mass spec t rometer  s t u d i e s  of t h e  molecule ,  b u t  it 

i s  q u e s t i o n a b l e  whether t h e  informat ion  gained from i o n i z a t i o n  

a t  v e r y  low p r e s s u r e  can be e x t r a p o l a t e d  t o  i o n i z a t i o n  i n  con- 

densed media. T h i s  i s  a r a t h e r  sad s i t u a t i o n  because w e  do n o t  

know t h e  n a t u r e  of t h e  i o n s  produced i n  l i q u i d s  and t h e r e  are 

no good methods f o r  s t u d y i n g  them. I n  t h e  case of r a d i a t i o n  

induced polymer iza t ion ,  i t  w a s  t h e  f ac t  t h a t  i o n i c  polymeriza- 

t i o n  occurred  i n  c e r t a i n  systems which w a s  cons idered  as e v i -  

dence for t h e  e x i s t e n c e  of i o n i c  s p e c i e s  i n  i r r a d i a t e d  l i q u i d s .  

949 

I would l i k e  t o  comment on a n o t h e r  p o i n t  r a i s e d  by 

D r .  W i l l i a m s ,  namely, on t h e  q u e s t i o n  of a n i o n i c  polymer iza t ion  

i n i t i a t e d  by r a d i a t i o n .  I t  i s  indeed t r u e  t h a t  a n i o n i c  poly- 

m e r i z a t i o n s  are n o t  as widely i n v e s t i g a t e d  as t h e  c a t i o n i c  

p r o c e s s e s  b u t  w e  have o b t a i n e d  c o n c l u s i v e  ev idence  f o r  t h e  

a n i o n i c  polymer iza t ion  of a c r y l o n i t r i l e  i n  v a r i o u s  pro ton  

a c c e p t i n g  s o l v e n t s  a t  low tempera ture ,  near t h e  g l a s s  t r a n s i -  

t i o n  p o i n t  of t h e  mixture  (L. Perec, J. Chem. Phys., 66, 1 7 4 2  

(1969) ;  A .  Chapiro,  A. M. Jendrychowska-Bonamour and L. Perec, 

Adv. Chem. Ser., 82, 513 (1968)). I n  these s y s t e m s ,  charge  

recombinat ion is  slowed down due t o  t h e  v e r y  h i g h  v i s c o s i t y  of 

t h e  medium and t h i s  l e a d s  t o  v e r y  f a v o r a b l e  c o n d i t i o n s  f o r  

cha in  propagat ion .  

J. P.  Kennedy, Akron, Ohio: I d o n ' t  want t o  t e l l  you about  t h e  

work I ' m  c u r r e n t l y  doing  because i n  a f e w  months you w i l l  r e a d  

it i n  one of t h e  u n s u s p e c t i n g  j o u r n a l s  anyway. A s  P r o f e s s o r  

Overberger p o i n t e d  o u t ,  nobody can p r e v e n t  u s  p u t t i n g  anyth ing  
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i n t o  p r i n t ,  i f  w e  w a n t  t o .  Rather ,  I would l i k e  t o  phi loso-  

ph ize  what i s  missing and w h a t  I would l i k e  t o  see happening 

i n  t h i s  area. 

F i r s t ,  a message about  nomenclature. I t’s  more than j u s t  

semantics  t h a t  I am c a l l i n g  carbonium i o n s ,  carbenium ions ;  

and I ’ d  l i k e  t o  ask a l l  t h e  d i s t ingu i shed  de lega te s  he re  t o  

pick up t h i s  proposal  and t o  he lp  clear a l i t t l e  confusion i n  

t h e  f i e l d  of c a t i o n i c  polymerizat ion.  The i d e a  behind t h i s  

p ropos i t i on  is t h a t  t h e  nomenclature of carbont ions  i s  incon- 

s i s t e n t .  I n  t h e  literature many yea r s  ago, w e  had a p e r f e c t l y  

reasonable  nomenclature; w e  c a l l e d  carbenium i o n s  t h e  e l e c t r o -  

p h i t i c  carbons. Since about  20 y e a r s  ago, i n c o r r e c t  terminology 

has been i n  vogue, and w e  u se  t h e  word “carbonium ions”  t o  denote 

p o s i t i v e  carbon. So I ’ d  l i k e  t o  ask a l l  of  you t o  re -saddle  

your horses  and start aga in  c a l l i n g  t h e  carbonium ions--what 

w e  now cal l  classical carbonium ions--carbenium ions .  I ‘ m ,  

of course,  j o in ing  George Olah  who brought  t h i s  terminology 

back t o  the a t t e n t i o n  of t h e  f i e l d .  T h e  major argument f o r  

t h i s  proposal  i s  t h i s :  W e  are us ing  the  s u f f i x  “onium” t o  

des igna te  s i t u a t i o n s  i n  which the  c e n t r a l  atom has inc reased  

i t s  valency. I n  o t h e r  words, w e  t e r m  t h e  3-valent  oxygen as 

oxonium ion ;  3-valent su lphur ,  sulfonium ion ;  5-valent n i t rogen  

ammonium, 5-valent  phosphorous phosphonium, etc., as w e  always 

inc rease  t h e  ox ida t ion  s ta te  of  these elements. Consequently, 

t h e  t e r m  carbonium i s  ou t  of  place.  

Another incons is tency  which I l i k e  t o  p o i n t  o u t  i n  the  

l i t e r a t u r e  i s  t h e  meaning of the word c a t a l y s t .  I d o n ’ t  u se  

t h e  word c a t a l y s t ,  I p r e f e r  t h e  word i n i t i a t o r ,  f o r  obvious 

reasons.  Another ref inement ,  of course ,  is t h a t  the t r u e  
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i n i t i a t i n g  spec ie s  i s  no t  t h e  spec ie s  l i k e  boron t r i f l u o r i d e  

b u t  r e a l l y  the  proton o r  carbenium ion  source.  Boron tri- 

f l u o r i d e  i s ,  i n  f a c t ,  a c o - i n i t i a t o r .  

Among t h e  problems on which I would l i k e  t o  work, and on 

which  I'd l i k e  my col leagues  t o  work, are perhaps t h r e e  areas-- 

i n i t i a t i o n ,  t e rmina t ion  and t r a n s f e r .  The understanding of 

i n i t i a t i o n ,  i n s t e a d  of g e t t i n g  c l ea red  up, i s  g e t t i n g  more 

confused. Here I ' m  r e f e r r i n g  t o  r e c e n t  work by D r .  S igwalt  

and h i s  group and t h e  work by Czechslovak au thors ,  p a r t i c u l a r l y  

by Marek. It is a s t rong  and an i r r e f u t a b l e  f a c t  now tha t  w e  

have i n i t i a t i o n  of o l e f i n s  without  purposely added pro tons ,  o r  

carbenium ion, sources .  What t h e  e x a c t  i n i t i a t i o n  mechanism is ,  

w e  j u s t  d o n ' t  know. I c a r e f u l l y  s tud ied  the  Czech papers .  I n  

one paper they claim i n i t i a t i o n  occurs  by se l f -d i s soc ia t ion  of 

L e w i s  ac ids .  I n  another  paper a year  l a t e r ,  t h i s  is  disclaimed.  

And i n  t h e  l as t  paper by the Czech au thors ,  t h i s  is  a paper i n  

D i e  Makrornoleculare Chemie, which i s  a write-up of the Budapest 

meeting, they go on record  by s t a t i n g  t ha t  they  r e a l l y  d o n ' t  

know what 's  going on. But the  fac t  remains t h a t  they  are able 

t o  i n i t i a t e  t h e  polymerizat ion of i sobuty lene  and i soprene  with 

aluminum bromide or aluminum e t h y l  d i c h l o r i d e  alone. D r .  S igwalt  

publ ished an i n t e r e s t i n g  series of papers ,  s t a r t i n g  about f i v e  

yea r s  ago. H e r e  I ' m  r e f e r r i n g  t o  i n i t i a t i o n  of i sobuty lene  by 

t i t an ium t e t r a c h l o r i d e .  The French workers showed t h a t  t h e  

polymerizat ion of i sobuty lene  can be i n i t i a t e d  by T:C14 a lone  

i f  i t  is condensed from the  vapor phase. W e  a l s o  are working 

on t h e s e  problems and our thoughts  w i l l  soon appear i n  p r i n t .  

Now, i n  t h e  area of propagat ion,  t h e  name of t h e  game is 

ions  and ion p a i r s .  Here we ought t o  follow t h e  lead  of the 
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952 NLW CONCEPTS IN CATIONIC POLYMERIZATION 

an ion ic  polymerizat ion people  who in t roduced  t h i s  concept  and 

ve ry  b e a u t i f u l l y  developed it. Now w e  have a l s o  s t a r t e d  t o  

s c r a t c h  t h e  su r face ,  as you heard D r .  W i l l i a m s .  F ree  carbenium 

ions  are more r e a c t i v e ,  g ive  h igher  rates and molecular weights  

and, of course,  t h i s  i s  love ly  p a r t i c u l a r l y  i f  one is  i n t e r e s t e d  

i n  t h e  p repa ra t ion  of u s e f u l  ma te r i a l s .  

The nex t  two areas-- terminat ion and t ransfer - -a re  t h e  two 

most important  a r e a s  i n  t h i s  whole f i e l d .  These two parameters  

determine u l t i m a t e l y  conversion or y l e l d  and molecular weight. 

As t o  t r a n s f e r ,  w e  have models and they  work very  n i ce ly .  W e  

can exp la in ,  I would say ,  90% of t h e  d a t a  wi th  t h e  pro ton  

expuls ion  r e - i n i t i a t i o n  p i c t u r e .  The f i n e  mechanism, whether 

t h e  monomer o r  t h e  counter  i o n  i s  t h e  nuc leophi le  which ex- 

t r a c t s  t h e  proton,  o r  whether it i s  a one-step/two-step pro- 

cess, w e  d o n ' t  know. But a t  least w e  have a b a s i c  p i c t u r e  

which we can use.  

Termination i s  a s o r e  poin t .  W e  j u s t  d o n ' t  know why 

many polymerizat ions s top .  W e  have very  few systems where 

w e  understand te rmina t ion .  

s t u d i e s  when he s tud ied  about 1 5  o r  2 0  y e a r s  ago the i sobu ty lene  

t i t an ium tetrachloride-chloroacetic a c i d  system where he found 

gegan ion  fragments i n  t h e  polymer. W e  might even say t h a t  

t h e  Fontana mechanism, t h e  genera t ion  of inc reas ing ly  stable 

a l l y l i c  i ons ,  is a good p i c t u r e  t o  expla in  a f e w  o l e f i n  termina- 

t i o n s .  La te ly ,  I have worked w i t h  aluminum a l k y l s  and there 

t h e  te rmina t ion  i s  an a l k y l a t i o n  process ,  and w e  have good 

reason t o  b e l i e v e  t h a t  t h i s  is  t h e  case  wi th  c e r t a i n  aluminum 

a l k y l  compounds. But why polymerizat ion is te rmina t ing  with 

boron t r i f l u o r i d e  o r  t i t an ium t e t r a c h l o r i d e  and a l l  k inds  of 

And I ' m  r e f e r r i n g  here  t o  P l e s c h ' s  
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NEW CONCEPTS I N  CA!l'IONIC POLYMERIZATION 953 

similar reactions, well, we just don't know. We propose termi- 

nation by impurities. We will talk about these things more in 

detail next month. Mayo has a symposium on unsolved problems 

of polymerization. This will be the tenor of my remarks as I 

will present the problems in cationic polymerizations. 

Stannett: Thank you very much, I think we will hold off the 

discussion until Dr. Pepper, Dr. Pilesch and Dr. Sigwalt have 

had a chance, because it cuts right across what I hope they're 

going to say, and go on to Professor Saegusa's work. He's going 

to talk a little about hetrocyclic systems, so it will round off 

that part. Then we'll come back to Professor Kennedy. 

T. Saequsa, Kyoto, Japan: I have been engaged in the cationic 

ring-opening polymerization of heterocyclic compounds, and I 

wish to make some comments on the characteristics of this poly- 

merization. 

compounds is expressed by a general equation (eq. (1)). 

The ring-opening polymerization of heterocyclic 

-0- 

- NH - - x -  I -s- 
The cationic polymerization of these monomers is known to pro- 

ceed through the propagating species of "cyclic onium" salt by 

the S 2 mechanism. Cyclic oxonium salt (I) is the propagating 

species of the cyclic ether's polymerization, cyclic sulfonium 

salt (11) is the species of the cyclic sulfide polymerization, 

and cyclic ammonium salt (111) is the active species of the 

polymerization of ethylenimine. 

n 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
3
2
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



954 

The Sn2 mechanism has been established also by the Walden 

inversion in the studies of stereochemistry of the polymerization 

of the exo and endo isomers of 2-methyl-7-oxabicyclo (2,2,1) 

heptane. 

endo-& monomer 

Now, I wish to talk about the synthesis of living polymer 

having a linear and straightforward structure. In the cationic 

polymerization of heterocyclics, the reactivity of the propagating 

species of cyclic onium structure is more moderate than that of 

the carbonium ion species of propagation in the cationic poly- 

merization of olefinic monomers. Therefore,. generally speaking, 
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NEW CONCEPTS I N  C A T I O N I C  WLYMERIZATION 955 

t h e  polymerizat ion of he t e rocyc l i c  monomers i s  s u i t a b l e  f o r  

l i v i n g  polymerizat ion.  However, t h e r e  are two undes i r ab le  

r e a c t i o n s  which impede t h e  l i v i n g  polymerization. The f i r s t  

i s  terminat ion.  Some s t u d i e s  on t h e  c y c l i c  e ther ' s  polymeri- 

za t ion  have shown t h a t  te rmina t ion  c o n s i s t s  of t h e  a t t a c k  of 

a nuc leophi le  from counter  anion onto  thed -ca rbon  atom of 

c y c l i c  oxonium spec ie s  of propagat ion.  The  te rmina t ion  pro- 

duces a stable ring-opened a l k y l  ha l ide ,  f o r  example: 

Termination r e a c t i o n  of t h i s  type  i s  e f f e c t i v e l y  prevented by 

us ing  i n i t i a t o r s  which g ive  stable and less nuc leoph i l i c  counter  

anion. The ' t yp ica l  examples of such counter  anion are PF6 and 

SbFs . The problem of te rmina t ion  i n  t h e  te t rahydrofuran  poly- 

merizat ion has been reviewed by D r s .  P. Dreyfuss and M. P. 

Dreyfuss (Goodrich Co.). 

- 
- 

The second r e a c t i o n  which complicates  t h e  r egu la r  propaga- 

t i o n  is  t h e  chain t r a n s f e r  t o  polymer. The Sn2 chain t r a n s f e r  

of c y c l i c  onium t o  the hetero-atom of product  polymer forms the 

open-chain onium and leads  t o  the formation of dead polymer 

(eq. (3)). 
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Two Sn2 r e a c t i o n s  of c y c l i c  onium wi th  polymer (cha in  t r a n s f e r )  

and w i t h  monomer ( r e g u l a r  propagat ion)  are competi t ive w i t h  each 

other. T h e  relative rates of t h e  two r e a c t i o n s  are p r imar i ly  

c o n t r o l l e d  by t h e  relative nuc leoph i l i c  reactivities of monomer 

and polymer. I n  the  polymerizat ion of c y c l i c  e t h e r s ,  monomers 

of four-membered, five-membered and seven-membered c y c l i c  ethers 

are more b a s i c  and, hence, more nuc leoph i l i c  than t h e  open-chain 

e t h e r s  o f  the  product  polymers. Therefore ,  w e  can minimize the  

chain t r a n s f e r  t o  polymer e t h e r  i n  t h e  c y c l i c  ether's polymeri- 

za t ion .  I n  t h e  case of c y c l i c  s u l f i d e ,  t h e  s i t u a t i o n  i s  q u i t e  

d i f f e r e n t .  As Dr. Goehtals h a s  poin ted  o u t ,  the  c a t i o n i c  poly- 

merizat ion of c y c l i c  s u l f i d e  s u f f e r s  from t h e  r a p i d  chain t r ans -  

fer  t o  t h e  product  polymer, because t h e  open-chain s u l f i d e  is  

more nuc leoph i l i c  than  c y c l i c  s u l f i d e .  I n  add i t ion ,  non-cycl ic  

sulfonium sa l t  i s  of much decreased r e a c t i v i t y .  Consequently, 

t h e  chain t r a n s f e r  t o  polymer b r ings  about t he  cease  of  

polymerizat ion.  

As t o  the  n i t rogen-he terocycl ic  monomers, I wish t o  mention 

t h e  c a t i o n i c  polymerizat ion of ethylenimine. T h e  secondary amine 

group of the  product  polymer is  more nuc leoph i l i c  than t h a t  of 

t h e  ethylenimine monomer. The t r a n s f e r  of ammonium sa l t  t o  

polymer occurs  r e a d i l y .  Furthermore, t h e  proton t r a n s f e r  (eq. ( 6 ) )  

l eads  to branching. 

\NI + H * = T  
H HZ 

(4) 
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Conventional polyethylenimine prepared by the cationic polymeri- 

zation of ethylenimine has a highly branched structure and, hence, 

it is amorphous. 

In connection with polyethylenimine, I wish to tell you our 

new method for the preparation of linear and crystalline poly- 

ethylenimine. The starting monomer is 2-oxazoline. Recently, 

we succeeded in the isomerization polymerization of this monomer 

to produce crystalline poly (N-formylethylenimine) (IV). 

CH2-N 
I 
CH2 CH c=o 

I 
‘0’ (N) H 

(V) n7I) 

The polymerization is cationic one, and cyclic oxazolinium 

salts, (V) and (VI), are the propagating species. In this 

polymerization, the N-formyl-nitrogen of product polymer is 

of much decreased nucleophilic reactivity because of the formyl 

group. Chain transfer to the product polymer does not occur. 
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Alkaline hydrolysis of poly(N-formylethylenimine) gave crys- 

talline polyethylenimine having non-branched structure, Our 

polyethylenimine is insoluble in cold water and soluble in hot 

water. This solubility property is different from that of the 

conventional branched one which is readily soluble in cold water. 

I have talked about how to control the propagation step in 

the polymerization of heterocyclics. 

purity of propagation is essential for the preparation of block 

copolymer by means of the technique of multi-stage polymerization. 

For example, the living polymerization of cyclic ether was suc- 

cessfully applied to the synthesis of a new elastomer having a 

structure of three blocks. 

The method to keep the 

In this copolymer, an amorphous block of copolymer of THF 

(tetrahydrofuran) with BCMO (3,3-bis(chloromethyl)oxetane) is 

bound to two crystalline blocks of poly-THF and poly-BCMO. It 

exhibits the properties of elastomer vulcanized by crystalline 

part. 

Goldberq: It may be of interest to note some work by Pearson 

and Levy in our laboratory which has not yet been published, but 

which indicates that a wide variety of multiblock polymers may 

be prepared by o-ass-termination of "living" difunctional anionic 

and cationic systems. 

based upon oxonium ions. 

The stable cationic species are mostly 

Saequsa: I want to explain shortly the preparative method of 

our block copolymer. First, we polymerized tetrahydrofuran by 

BFS-epichlorohydrin system at OaC. This polymerization system 
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NEW CONCEPTS IN CATIONIC POLYMERIZATION 959 

had been shown t o  be an almost l i v i n g  one. Then, w e  add t h e  

second monomer of BMCG. The second polymerizat ion i s  a copoly- 

mer iza t ion  between unreacted THF and BCMO. Next, w e  cooled down 

the second polymerizat ion system t o  -3OOC and d i s t i l l  o u t  t h e  

THF monomer i n  vacuo. F i n a l l y ,  w e  performed t h e  t h i r d  s t a g e  

polymerizat ion of BCMO. 

This  procedure i s  a mul t i - s tage  polymerizat ion i n  which 

t h e  na tu re  of propagat ing spec ie s  i s  c y c l i c  oxonium throughout 

t h e  block polymerizat ion.  

Mrs. M. P.  Dreyfuss,  Brecksv i l l e ,  Ohio: Did I understand 

c o r r e c t l y  t h a t  you are sugges t ing  w e  can c o n t r o l  t r a n s f e r  i n  

t h e  oxonium ions  by s topping a t  an e a r l y  s t age?  

Saegusa: Y e s .  

Dreyfuss:  T h a t ' s  f i n e  f o r  t h e o r e t i c a l  s t u d i e s ,  b u t  it doesn ' t  

do much i f  you want t o  make polymers. Can you sugges t  ways t o  

a c t u a l l y  produce t h e  product?  

Saegusa: Y e s .  The nuc leoph i l i c  a c t i v i t y  of t h e  c y c l i c  ether 

monomer is  much h igher  than  t h a t  of t h e  open-chain e the r .  W e  

can keep the  cha in  t r a n s f e r  t o  a very  small  e x t e n t  when w e  

c a r r y  o u t  t h e  polymerizat ion i n  t h e  presence of f a i r l y  h igh  

concent ra t ion  of monomer, i.e., i n  t he  range of no t  high 

conversions.  

Dreyfuss:  I n  our  experience,  w e  cannot  c o n t r o l  t h i s  t r a n s f e r .  

Whenever w e  c a r r y  polymerizat ions t o  reasonably  high conversion,  

w e  f i n d  d i s t i n c t  evidence f o r  t r a n s f e r  i n  t h e  molecular weight 

d i s t r i b u t i o n s .  
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Saegusa: It seems t o  m e  t ha t  t h e  chain t r a n s f e r  t o  polymer i s  

dependent upon t h e  na tu re  of counter  anion,  i.e., the  na tu re  of 

t h e  i n i t i a t o r .  According t o  our experience,  w e  could ob ta in  

poly te t rahydrofuran  having a narrow d i s t r i b u t i o n  of molecular 

weight by us ing  t h e  i n i t i a t o r  of the AlEt,-H,O-epichlorohydrin 

system. The r a t i o n  of  Mw/Mn was 1.04. 

.? 

Dreyfuss: I ' m  n o t  s u r e  t h a t  one can use  t h a t  s t r i c t l y  a s  a 

measure of  t r a n s f e r ,  because w e  have d e l i b e r a t e l y  added t r a n s f e r  

agents  and f i n d  t h a t  t h e  effect of t r a n s f e r  i s  t o  narrow the 

d i s t r i b u t i o n .  

Saegusa: When t h e  concent ra t ion  of open-chain e t h e r  is kep t  

low, t h e  degree of cha in- t ransfer  does no t  become high.  A s  t o  

t h e  effect of cha in- t ransfer  agent ,  w e  have t o  cons ider  t h e  in-  

f l u e n t i a l  f a c t o r  of i t s  nuc leoph i l i c  r e a c t i v i t y .  

- Smets :  

mechanism f o r  t h e  n i t rogen  d e r i v a t i v e  is a l s o  v a l i d  when, i n s t e a d  

of the  group, t h e r e  i s  hydrogen on t h e  n i t rogen .  D o  you also 

g e t  chain t r a n s f e r  t o  polymer i f  there is  a hydrogen on the  

n i t rogen?  

I would l i k e  t o  ask Professor  Saegusa i f  t h e  r e a c t i o n  

Saegusa: D o  you mean t h e  polymerizat ion of N-phenylethylenimine? 

Smets: For in s t ance ,  yes .  

Saegusa: W e  have no t  examined it. 

Smets: As f a r  a s  w e  know, w e  suppose i t ' s  no t  a branch of  it. 

Saequsa: I n  p r i n c i p l e ,  t h e  branching of the  convent ional  poly- 

e thylenimine i s  due t o  the  hydrogen of the secondary m i n e  group 
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Pig. 1 (Sigwalt). Electronic absorption spectra of mhtures: 1,l-diphen- 
plethylene (DPE), TiC14, and CE2C12 at -3OO. Curve a: [DPE] 0.318 E, pic13 - 2.52 X 10-3 g. do and then H20 addition (3 X 10-3 El. 
Curve c: 

Curve b: 
[DPE] - 0.029 N. [Tic143 - 2.12 X M. 

of t h e  p r o d u c t  polymer. 

phenylethylenimine h a s  no branching.  H o w e v e r ,  w e  have s t i l l  a 

problem from t h e  k i n e t i c  p o i n t  of view, t h a t  i s  t h e  d i s t r i b u t i o n  

of ammonium s p e c i e s  between t h e  t w o  k i n d s  of bases, t h e  monomer 

and the polymer. 

concerning t h e  problem of d i s t r i b u t i o n .  

I n  such a s e n s e ,  t h e  polymer of N- 

A t  t h e  p r e s e n t  t i m e ,  I have no d i r e c t  data 

J. Sebenda, Praque, Czechoslovakia:  I would l i k e  to stress o n l y  

a f e w  remarks of  D r .  Kennedy. Most of o u r  concept ions  of t h e  

mechanism of r e a c t i o n s  o c c u r r i n g  i n  c a t i o n i c  polymer iza t ions  i s  

d e r i v e d  from t h e  k i n e t i c s  of po lymer iza t ion .  However, sometimes 

we a r r i v e  a t  a p o i n t  a t  which k i n e t i c  ev idence  i s  i n s u f f i c i e n t .  
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As an example, I would l i k e  t o  mention t h e  c a t i o n i c  polymeriza- 

t i o n  of caprolactam. I n  t h i s  case, a very  complicated conversion 

curve w a s  observed which cou ldn ' t  be f i t  t o  any known mechanism. 

When looking more c l o s e l y  a t  the chemistry of t h i s  polymerizat ion,  

it turned  o u t  t h a t  there are s i g n i f i c a n t  s i d e  r e a c t i o n s  l ead ing  

t o  t h e  decay of t h e  active spec ies .  As a matter of fact ,  t h e  

s t rong ly  a c i d i c  medium produces s t rong  bases which des t roy  t h e  

c a t a l y t i c  s p e c i e s  and, i n  add i t ion ,  growth c e n t e r s  are consumed 

by t h e s e  s i d e  r eac t ions .  As a r e s u l t ,  w e  are dea l ing  w i t h  a 

polymerizat ion w i t h  variable concen t r a t ions  of active spec ies .  

After t ak ing  i n t o  account t h e s e  s i d e  r e a c t i o n s ,  t h e  p e c u l i a r  

conversion curve could be understood much b e t t e r .  I would l i k e  

t o  stress t h a t  w e  have t o  look after such r e a c t i o n s  des t roy ing  

o r  producing a c t i v e  spec ie s  a l s o  i n  c a t i o n i c  polymerizat ions of 

o l e f i n s  and v i n y l  monomers, and t h a t  w e  have t o  be very  c a r e f u l  

i n  de r iv ing  r e a c t i o n  mechanisms from k i n e t i c  da t a .  

Overberqer: W e l l ,  I would sha re  p a r t  of Professor  Kennedy's 

r e s e r v a t i o n s  about d e t a i l s  of t h e  te rmina t ion  mechanism, b u t  I 

must say t h a t  f o r  te rmina t ion  of c a t i o n i c  systems i n  which you 

are adding aromatics  of known s t r u c t u r e ,  it was determined r a t h e r  

c l e a r l y  t h a t  t h e  rate of add i t ion  t o  t he  aromatic  s t r u c t u r e  w a s  

q u i t e  s i m i l a r  t o  t h a t  o rde r  of r e a c t i v i t y  tha t  you would f i n d  

f o r  mercurat ion o r  n i t r a t i o n  o r  bromination. I n  those  cases, 

w e  know t h e  rate determining s t e p  i s  the  add i t ion  t o  the  aromatic  

system and n o t  t h e  removal of t he  proton,  ei ther by t h e  monomer 

o r  the  c a t a l y s t  gegen ion.  A t  l e a s t ,  i n  t h a t  case, I th ink  w e  

are on r e l a t i v e l y  safe ground. 
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Kennedy: C h a r l i e ,  you ' r e  abso lu t e ly  r i g h t .  However, I d o n ' t  

consider  a l k y l a t i o n  of an aromatic ,  terminat ion.  This  would b e  

chain t r a n s f e r .  

Schleyer:  The problem of t h e  i n t e r a c t i o n  of aluminum h a l i d e s  

with o l e f i n s  was r e f e r r e d  t o ,  and t h i s  is  another  problem which 

g e t s  c y c l i c a l l y  r e p o s t u l a t e d  and disposed o f .  Many years  ago, 

f o r  example, t h e  i somer iza t ion  of a lkenes by aluminum c h l o r i d e  

w a s  pos tu l a t ed  t o  involve  a s i m i l a r  k ind of process .  But when 

h e r o i c  e f f o r t s  were made i n  gas  l i n e s  t o  p u r i f y  t h e  aluminum 

bromide and the  o l e f i n s ,  t h e  i somer iza t ion  was n o t  observed. 

I wonder whether t h e  experiments t o  which you a l lude  involved 

s i m i l a r  p recaut ions .  

Kennedy: W e l l ,  i n  t h i s  ca se ,  I ' m  very  proud t o  say t h a t  I ' m  a 

polymer chemist because we--not I ,  b u t  many of my col leagues ,  

have worked ex tens ive ly  on t h e  h igh  vacuum l i n e ,  and I would be 

much happier  i f  I could state t h e  same t h i n g  f o r  organic  chemists. 

Organic chemists, un fo r tuna te ly ,  do a l l  k inds  of t h ings  w i t h  

aluminum bromide which shou ldn ' t  be done. Consequently, the  

l i t e r a t u r e  is f u l l  of p e c u l i a r  t h ings  f o r  many yea r s  u n t i l  t h e  

work i s  repea ted  i n  high vacuum. You are e n t i r e l y  r igh t - -pe t ro-  

chemistry i s  f u l l  of i n t e r e s t i n g  l o r e  of aluminum ch lo r ide  and 

aluminum bromide--what these L e w i s  a c i d s  do i n  t h e  s t i r r e d  pot .  

But, when you r e p e a t  t h e  r e a c t i o n  under anhydrous condi t ions  on 

t h e  high vacuum l i n e ,  t h ings  d o n ' t  happen. Now, t h e  problem of 

i n i t i a t i o n  of isomerat ion of o l e f i n s  you are r e f e r r i n g  t o  has ,  I 

th ink ,  been solved.  It has been shown t h a t  t h e  presence of o le -  

f i n s  provides  t h e  a l l y l i c  s i te  and a l l y l i c  hydrogen removal starts 
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t h e  r e a c t i o n .  The concept  of c o - i n i t i a t i o n  t r u l y  emerged i n  

polymer chemistry. The c l a s s i c a l  B r i t i s h  group--Evans, Polanyi ,  

Plesch--brought t h i s  r e a l l y  i n  focus.  

t h e  l i t e r a t u r e ,  you see t i d b i t s  of information emerging before  

t h a t  group ( I ' ve  fo rgo t t en  t h e  names of t h e  classic organic  

pe t rochemis ts  who d i d  t h i s  work) who found, f o r  example, t h a t  

one cannot  a l k y l a t e  wi th  e thylene  i n  c a r e f u l l y  p u r i f i e d  qua r t z  

vessels. Things l i k e  t h a t .  But t h e s e  l i n e s  have n o t  been f o l -  

lowed up i n  classic o rgan ic  chemistry. I th ink  t h a t  after t h e  

concept  of c o - i n i t i a t i o n  w a s  very  s t rong ly  e s t ab l i shed  i n  

polymer chemistry,  it a l s o  t r i c k l e d  over i n t o  fundamental 

o rganic  chemistry. 

NEW CONCEPTS IN CATIONIC POLYMWIZATION 

If you c a r e f u l l y  look i n  

Schleyer:  The s imples t  mechanism f o r  t h e  polymerizat ion of an 

o l e f i n  by aluminum bromide d o e s n ' t  involve  d i r e c t  r e a c t i o n  w i t h  

aluminum bromide, b u t  t h e  genera t ion  somehow of a proton which 

then adds t o  g ive  a ca t ion .  Now, i t ' s  awful ly  d i f f i c u l t  t o  

e l imina te  a l l  t r a c e s  of water  which might serve as t h e  proton 

source. This  i s  t h e  na tu re  of  t h e  ques t ion .  

Kennedy: These problems w e  are very much f a m i l i a r  w i t h .  I 

th ink  D r .  Pepper and D r .  P l e s c h  are much more q u a l i f i e d  t o  t a l k  

about t h e  problems here because they  d i d  t h e  work on which  I 

broached. This  ques t ion  has  been d iscussed  very  ex tens ive ly  

i n  our l i t e r a t u r e ,  and I ' m  su re  w e  w i l l  g e t  back t o  it. 

D. C. Pepper, Dublin, I r e l and :  The f i r s t  t h i n g  t h a t  occurs  t o  

m e  is  t o  draw a t t e n t i o n  t o  something tha t  I am a l i t t l e  sur -  

p r i s ed  has  no t  been not iced  so  far. If you compare t h e  t i t l e s  

of t h e  two ha lves  of t h i s  Colloquium, t h e  f i rs t  says N e w  Phenomena 
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NEW CONCEFTS IN CATIONIC POLYMERIZATION 

i n  Radica l  Polymer iza t ion ,  and t h e  second says  N e w  Concepts i n  

C a t i o n i c  Polymer iza t ion .  There i s  a v a l u a b l e  p o i n t  t o  be g o t  

o u t  of t h i s  comparison. 

965 

T h i s  morning 's  l ist  of t o p i c s  w a s  f u l l  of v e r y  s t r i k i n g  new 

and complex phenomena i n  r a d i c a l  po lymer iza t ion ,  and our  t a s k  is  

t o  i n t e r p r e t  t h e s e  i n  terms of  v e r y  w e l l  t r i e d  concepts .  A f t e r  

a l l ,  as P r o f e s s o r  Bamford has  been able t o  show, t h e  concepts  of 

free r a d i c a l  r e a c t i v i t y  and t h e i r  d e t a i l e d  s t r u c t u r e s  are r e a l l y  

v e r y  w e l l  e s t a b l i s h e d .  

By c o n t r a s t ,  on t h e  c a t i o n i c  f i e l d ,  our  g o n c e p t s  about  t h e  

r e a c t i n g  s p e c i e s  are o l d  concepts - - imperfec t ly  t e s t e d ,  unproved 

concepts ,  p l a u s i b l e  perhaps,  b u t  t h a t  i s  t h e i r  o n l y  s t a t u s - - t h e y  

have never  been d e c e n t l y  e s t a b l i s h e d .  What is  needed i n  t h i s  

f i e l d  i s  n o t  s o  much new concepts  as some new phenomena--new ex- 

per iments  by which t h e s e  o l d  concepts  can be p r o p e r l y  t e s t e d  and 

some, perhaps ,  e l i m i n a t e d .  

T h i s  is  perhaps  n o t  so  t r u e  i n  t h e  f i e l d  of c a t i o n i c  polyrner- 

i z a t i o n  of oxygen and su lphur  h e t e r o c y c l e s  where t h e r e  is ,  i n  f ac t ,  

a good d e a l  of new work ( e s p e c i a l l y  by G o e t h a l s )  which can be 

c l e a r l y  i n t e r p r e t e d  i n  t e r m s  of oxonium and sulphonium i o n  propa- 

g a t i o n .  But i n  t h e  carbonium (must I now s a y  carbenium) f i e l d  w e  

are s t i l l ,  i n  my o p i n i o n ,  s u f f e r i n g  from a s u r f e i t  of concepts  and 

a d e f i c i t  o f  proper  in format ion  by which t o  t e s t  them. 

I a m  a l i t t l e  o u t  of date i n  s a y i n g  t h e  above, because t h e  

r e s u l t s  P r o f e s s o r  Hayashi has  j u s t  been showing u s  are j u s t  what 

i s  needed--new phenomena t h a t  w i l l  h e l p  u s  s o r t  o u t  t h e  s t i l l  un- 

e s t a b l i s h e d  c a t i o n i c  concepts .  There is  a c o n t r a d i c t i o n ,  o r  

dilemma, i n  t h e  i n t e r p r e t a t i o n s  of c a t i o n i c  polymer iza t ion  by 
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p e r c h l o r i c  a c i d ,  which I was asked t o  t a l k  about ,  and t h e  new 

work by Professor  Hayashi may w e l l  he lp  t o  r e s o l v e  some of t hese .  

My own t e n t a t i v e  eva lua t ion  of t h e  free c a t i o n i c  propagat ion r a t e  

cons t an t  f o r  s t y r e n e  g ives  a va lue  between l o 3  and l o 4  1 m 

( a t  -80' i n  CH,Cl, 1. 

found i n  bulk  polymerizat ion a t  room temperature  t h a t  one has been 

very  unce r t a in  whether it could be v a l i d .  I know t h a t  d i e l e c t r i c  

and s o l v a t i o n  e f f e c t s  should reduce  t h e  figure, b u t  I never  could 

q u i t e  accep t  t h a t  t hey  could reduce  l o 6  down t o  10  . However, t h e  

va lues  t h a t  have been proposed by Professor  Hayashi ( f o r  polymeri- 

za t ion  i n  b u t y l  c h l o r i d e )  are down i n  t h i s  reg ion ,  so perhaps t h e  

discrepancy is  n o t  so bad! 

NEW COnCEFTS I23 CATIONIC WLYMEXZATION 

-ls-l 

6 This  i s  so much less than  t h e  va lues  > 10 

3 

My va lues  of k (free c a t i o n ) ~ 1 0 - ~  - f o r  s ty rene  i n  
P 

CH,Cl, a t  -80° are deduced from t h e  observed maximum r a t e  i n  the 

i n i t i a l  r a p i d  s t a g e  coupled wi th  an es t ima te  of t h e  maximum con- 

c e n t r a t i o n  of an in te rmedia te  assumed t o  be  t h e  po lys ty ry l  ca t ion .  

E s t i m a t e s  a t  o t h e r  temperatures  (-70'to 0') are i n  p r i n c i p l e  pos- 

s i b l e  from t h e  subsequent s t eady  rates, i f  a v a l i d  i n t e r p r e t a t i o n  

can be e s t ab l i shed .  

Thus, these r a t e s  are found t o  be f i r s t  order  i n  monomer and 

i n  i n i t i a l  concent ra t ion  of p e r c h l o r i c  ac id  (=HA) and are p a r t i a l l :  

suppres s ib l e  by te t ra  a l k y l  ammonium pe rch lo ra t e  sa l ts  ( S A ) - - i . e . ,  

are reduced t o  a l i m i t i n g  va lue  a s  [SA)+o. A p l a u s i b l e  qualitative 

i n t e r p r e t a t i o n  is t h a t  t h e  ac id  has been converted ( i n  t h e  pre-  

ceding f a s t  i n i t i a l  s t a g e )  t o  an equ iva len t  concent ra t ion  of 

po lys ty ry l  pe rch lo ra t e  ester , PA, which  then "carries" t h e  s teady  

r a t e  through i t s  i o n i c  d i s s o c i a t i o n  products  (and perhaps i t se l f ,  

pseudoca t ion ica l ly ) .  
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Q u a n t i t a t i v e l y  one may d e p i c t  t h e  d i s s o c i a t i o n  t o  t h e  v a r i o u s  

s p e c i e s ,  wi th  t h e i r  e q u i l i b r i u m  c o n c e n t r a t i o n s  and a p p r o p r i a t e  pro- 

paga t ion  r a t e  c o n s t a n t s :  

=1 K2 
PA P+. A- I_ P+ + A' 

Ester Ion pair h e  ions 

l e a d i n g  t o  an o v e r a l l  r a t e  of monomer (MI consumption 

and an a p p a r e n t  ra te  c o n s t a n t  

kp(app) = kps + k K + k fi*K2$EU]i3 . . . . . . . (1) 
PP 1 P 

5 
I n  presence  of p e r c h l o r a t e  sa l t ,  SA, d i s s o c i a t i n g  w i t h  a c o n s t a n t  K 

( K,K, 1, t h e  common-ion effect  w i l l  r e d u c e  [P*] t o  K,,K,[HAloK;'[SA]o -3 

and t h e  a p p a r e n t  r a t e  c o n s t a n t  becomes 

kp(app) = kps + kpp% + kpAK2'Ks +SAl-+ . . . . . . ( 2 )  

Our q u a n t i t a t i v e  r e s u l t s  on ly  p a r t i a l l y  f i t  t h i s  t h e o r y ,  i n  

t h a t  e q u a t i o n  ( 2 )  does  d e s c r i b e  t h e  " sa l t  effect" b u t  e q u a t i o n  (1) 

does n o t  obvious ly  describe t h e  behavior  i n  "salt-free" systems 

(which ,  a t  a given tempera ture ,  g i v e  a c o n s t a n t  v a l u e  f o r  k (app)  

showing no t r e n d  wi th  [HAlo over  12-20 f o l d  r a n g e s ) .  
P 

These f i n d i n g s  can be f o r m a l l y  r e c o n c i l e d  o n l y  i f  t h e  t h i r d  

t e r m  i n  equat ion  (1) i s  v e r y  s m a l l ,  which could  be the case i f  t h e  

o v e r a l l  d i s s o c i a t i o n  c o n s t a n t  of t h e  ester KE (E K I K , )  i s  extremely 

s m a l l ,  and t h e  f r e e  i o n  propagat ion  c o n s t a n t ,  k ' n o t  too  high.  

Rather  shaky procedures  for s e p a r a t i n g  KEand k 
Pf ' 

are p o s s i b l e ,  
Pf 
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968 I?EW CONCCEPTS IN CATIONIC POLYMERIZATION 

b u t  so f a r  g ive  only h igher  than expected values f o r  KE, 10'' - 
lo-' (0' and -45' 1 and d i sconce r t ing ly  low va lues  f o r  kpf, e.g., 

10 1 m s-l ( a t  00 1. 

The dilemma I r e f e r r e d  t o  i s  t h a t  t h e  theory seems t o  be 

borne o u t  i n  i t s  form, b u t  g ives  nonsense va lues  f o r  t h e  der ived  

cons tan ts .  Perhaps the f ind ings  of Professor  Hayashi g ive  some 

hope t h a t  t h e  gap t o  be explained i s  not  quite a s  wide as nad 

been feared .  

Siqwalt: To begin with,  I don ' t  want t o  g e t  involved i n  semantics ,  

b u t  I must say  I endorse completely t h e  propos i t ion  of  Professor  

Kennedy t o  abandon t h e  use of q'ca.rbonium ion". But i n s t e a d  of 

'fcarbenium ion", I would p r e f e r  t o  use  "carbocation" which would 

be more symmetrical t o  carbanion. But t h i s  i s  something t h a t  may 

be discussed.  

I would l i k e  first t o  g ive  my genera l  impression about  t h e  

s t a t u s  of c a t i o n i c  polymerization. I d o n ' t  want you t o  g e t  away 

from he re  wi th  t h e  wrong impression t h a t  something i s  known, i n  

t h e  f i e l d  of t he  polymerizat ion of e t h y l e n i c  monomers, about the 

na tu re  of t h e  a c t i v e  spec ies .  I would say t h a t  very  l i t t l e  i s  

known about  t h i s  na tu re  i n  most systems. T h e  s i t u a t i o n  i s  quite 

d i f f e r e n t  from t h a t  descr ibed  by Professor  Saegusa i n  t h e  case of 

the  opening of he te rocycles ,  f o r  which very  b r i g h t  work had been 

done i n  r e c e n t  years  t h a t  has led  t o  much success .  I th ink  t h e  

main d i f f e r e n c e  i s  t h a t  i n  t h e  case  of the  oxonium type  polymeri- 

za t ion ,  something i s  known of t h e  concent ra t ion  of t h e  a c t i v e  

cen te r s .  There have been a few techniques evolved t h a t  permit  

t o  have a good approximation of t h i s  concentrat ion.  Now t h e  
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969 NEW COHCEPTS IN CATIOHIC POLYMWIZATIOI 

s i t u a t i o n  i s  q u i t e  d i f f e r e n t  i n  c a t i o n i c  polymerizat ions of 

e t h y l e n i c  monomers, and t h i s  i s  why most of t he  k i n e t i c  work 

made u n t i l  now could n o t  l e a d  t o  the  real va lues  of t h e  abso lu te  

rate cons t an t s  f o r  t h e  r e a c t i o n s  because the  concent ra t ion  of 

a c t i v e  c e n t e r s  i s  n o t  known genera l ly .  For example, t he  case 

exemplif ied by Professor  Pepper here, shows t h a t  it i s  q u i t e  

d i f f i c u l t  t o  f i n d  t he i r  concent ra t ion .  H e  has  made some spec t ro-  

photometr ic  measurements t h a t  gave an i n d i c a t i o n  of these va lues ,  

b u t  t h i s  i s  one of t h e  rare works t h a t  has  been made i n  t h i s  

f i e l d .  I n  many o t h e r  cases ,  w e  d o n ' t  know anything about  t h e  

concent ra t ion ;  f o r  example, i n  the case  of i n i t i a t i o n  by Lewis  

ac ids ,  such a s  Friedel C r a f t s  c a t a l y s t s ,  which i s  probably the 

most i n t e r e s t i n g  from an i n d u s t r i a l  p o i n t  of view s i n c e  it i s  , 

one t h a t  g ives  u s e f u l  polymers of high molecular weights.  

you may be su rp r i sed  perhaps t o  hear t ha t  the u n c e r t a i n t y  about 

t h e  concent ra t ion  is  sometimes by a f a c t o r  of l o 4  o r  1 0  . 
f e e l i n g  is t h a t  i f  w e  are t o  do some p rogres s  i n  t h i s  f i e l d ,  w e  

should concent ra te  on f i n d i n g  and s tudying  new systems--new 

monomers which lead t o  polymerizing systems--for which t h e  

measurement of t h e  concent ra t ion  of t h e  a c t i v e  spec ie s  can be 

made p re fe rab ly  by d i r e c t  m e a n s ,  t h a t  is, by a phys ica l  chemical 

method. And I a m  r e f e r r i n g ,  f o r  example, t o  spectrophotometr ic  

measurements o r  NMR measurements. But NMR may be d i f f i c u l t  be- 

cause t h e  m n c e n t r a t i o n  i s  so low tha t  it is  not  very  o f t en  t h a t  

r e s u l t s  may be obta ined ,  whereas W spectrophotometry is  poss ib le .  

The  i n t e r p r e t a t i o n  of d a t a  is more c o n t r o v e r s i a l  than  NMR, 

n a t u r a l l y ,  b u t  t h e  two types  of r e s u l t s  may be c o r r e l a t e d  by 

W e l l ,  

5 
My 
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independent measurements. Now, one of t h e  problems i s  t o  

measure t h e  r e a c t i v i t i e s  of t h e  d i f f e r e n t  spec ie s  involved. 

That may be free i o n s ,  i on  p a i r s ,  eventua l ly  esters o r  even- 

t u a l l y  a l s o  d i f f e r e n t  types  of ion  p a i r s .  Such type  of work 

has begun. For  example, Professor  Pepper has made some work 

i n  t h i s  f i e l d  by fo l lowing  t h e  l i n e s  of Professor  Szwarc i n  

an ion ic  polymerizat ion,  t h a t  is, adding a common ion  e l e c t r o l y t e  

and observing t h e  k i n e t i c s  change i n  t h e  process ,  and w e  are 

doing a l s o  some work i n  t h i s  f i e l d .  But t h e r e  remains t h e  un- 

c e r t a i n t y  of t h e  t o t a l  concent ra t ion  of active spec ie s  which 

i s  t h e  main problem. Why do w e  know so l i t t l e  about t h i s  con- 

c e n t r a t i o n ?  W e l l ,  i t ' s  probably because t h e  spec ie s  are ex- 

t remely uns t ab le  and very  r e a c t i v e .  Another important  t h i n g  

t h a t  happens i n  t h e  case  of t h e  i n i t i a t i o n  by F r i e d e l  C r a f t s  

c a t a l y s t  i s  t h a t  very l i t t l e  of t h e  i n i t i a t o r  used r e a l l y  g ives  

an active cen te r .  The propor t ion  r e a l l y  consumed is a t  most a 

few pe r  cen t  and sometimes a f e w  thousands and even less,  t h a t  

i s  r e a l l y  g iv ing  active cen te r s .  With t h e  theory  of c o c a t a l y s i s  

when t h i s  w a s  t h e  only  one ava i l ab le ,  it w a s  r a t h e r  easy t o  sup- 

pose t h a t  the c a t a l y s t  is i n a c t i v e  by i tself  and t h e  i n i t i a t o r  i s ,  

f o r  example, a complex of c a t a l y s t  and coca ta lys t .  T h e  c o c a t a l y s t  

may be i n  so small  a concent ra t ion  t h a t  you g e t  a t  most as  many 

a c t i v e  c e n t e r s  as co-ca ta lys t  molecules. I n  f a c t ,  t h e r e  have been 

many s t u d i e s  i n  r e c e n t  yea r s  t ha t  have confirmed t h a t  a c o c a t a l y t i c  

e f fec t  occurs  i n  many systems. That i s ,  i f  you have a system t h a t  

does n o t  polymerize and if you add a c e r t a i n  substance,  fo r  

in s t ance  a proton donor, gene ra l ly  polymerizat ion occurs .  T h i s  

i s  a s t ra ight forward  c o c a t a l y t i c  effect ,  and'more and more systems 

showing such a behavior  are known. But, p a r a l l e l e d  wi th  t h a t ,  
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systems have a l s o  been found f o r  which occurs  a type  of i n i t i a t i o n  

t h a t  does not  seem t o  involve  any co-ca ta lys t .  It seems tha t  f o r  

some systems, the  two types  of mechanisms may be ope ra t ive  simul- 

taneously and, f o r  o t h e r s ,  one may be predominant. T h e  s i t u a t i o n  

may depend upon the experimental  condi t ions  and p a r t i c u l a r l y  upon 

t h e  p u r i t y  of t h e  system, and i f  one succeeds i n  e l imina t ing  com- 

p l e t e l y  t h e  co-ca ta lys t .  Now, t h e  ques t ion  t h a t  Professor  Schleyer  

asked was, "HOW can you be su re  t h a t  you have no co-ca ta lys t?" .  

This  may only  be shown gene ra l ly  by i n d i r e c t  reasoning ,  b u t  I 

th ink  i t  can be concluded i n  some cases  t h a t  t h e  polymerizat ion 

may occur without  being induced by a co -ca t a lys t .  The b e s t  way 

t o  show t h a t  i s  t o  g ive  an example, because a pure ly  t h e o r e t i c a l  

reasoning may n o t  be  clear enough. I s h a l l  choose one t h a t  i s  no t  

y e t  known by my col leagues  i n  c a t i o n i c  polymerizat ion.  They have 

heard of o t h e r  s i m i l a r  cases  a l ready ,  b u t  I p r e f e r  t o  speak of a 

new example, t h e  i n t e r p r e t a t i o n  of which seems a l i t t l e  clearer. 

T h e  reason f o r  t h i s  i s  t h a t  i n  t h a t  case t h e  carboca t ion  can be 

seen by spectrophotometry and w e  may know t h e  concen t r a t ions  of 

t h e  spec ie s  t h a t  are formed. 

971 

T h e  r e a c t i o n  w e  have s tud ied  r e c e n t l y  i s  n o t  a t r u e  polyrneri- 

za t ion  b u t  t h e  d imer iza t ion  of 1 , l -d iphenyle thylene  by t i t an ium 

t e t r a c h l o r i d e .  W e  have found t h a t  by working i n  methylene d i -  

ch lo r ide  a t  s u f f i c i e n t l y  low temperatures  (e.g. ,  -30" o r  below),  

the 1 , l -d iphenyle thyl  c a t i o n  t h a t  i s  formed i s  i n d e f i n i t e l y  stable 

dur ing  t h e  whole polymerizat ion.  Th i s  c a t i o n  has been i d e n t i f i e d  

previous ly  by s e v e r a l  authors--by NMR i d e n t i f i c a t i o n  of the spec ie s  

absorbing around 430 nm--and more r e c e n t l y  it has been shown i n  

Professor  Szwarc's  l abo ra to ry  t h a t  t h e  maximum i n  methylene 

ch lo r ide  so lu t ion  is  a t  435 nm. 
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One experiment may show t h a t  a c o c a t a l y s t  w a s  n o t  p r e s e n t  

w i t h  t h e  experimental  cond i t ions  used, t h a t  is, h igh  vacuum and 

baked v e s s e l s ,  sealed appara tus  without  stopcocks. If one mixes 

a propor t ion  of 100 monomer molecules f o r  1 of T i C 1 4 ,  no maximum 

is seen i n  t h e  W spectrum between 400 and 600 nm ( F i g u r e  1, 

curve a ) .  If t o  such a system you add a c o c a t a l y s t  ( such  as 

water o r  hydrogen c h l o r i d e ) ,  a peak i s  formed a t  435 nm, and 

another  one, s m a l l e r ,  a t  520 nm (Figure  1, curve b l .  If more 

water i s  added, one f i n d s  t h a t  t he  o p t i c a l  d e n s i t y  of t he  435 nm 

peak i s  p ropor t iona l  t o  w a t e r  concent ra t ion .  The e x t i n c t i o n  co- 

e f f i c i e n t  of the peak may be obtained t h i s  way, based upon t h e  

water q u a n t i t y  and supposing t h a t  every w a t e r  molecule g ives  

b i r t h  t o  one carbocat ion,  and one g e t s  t h e  va lue  given f o r  t h e  

diphenyl  e t h y l c a t i o n  obtained by d i f f e r e n t  methods; f o r  example, 

by mixing the ca rb ino l  w i t h  s u l f u r i c  acid. It i s  then poss ib l e  

t o  say tha t ,  i n i t i a l l y ,  t h e r e  w a s  no t  i n  t h e  system a s i g n i f i c a n t  

q u a n t i t y  of proton donor s i n c e  no peak was seen. 

L e t  u s  see now t h e  evidence f o r  a d i r e c t  i n i t i a t i o n .  I may 

g ive  two d i f f e r e n t  examples r e l a t i v e  t o  t h i s  system. 

t h e  same kind of experiment, us ing  the  same T i C 1 4  concent ra t ion ,  

b u t  i n s t ead  of 100 p a r t s  of monomer, t ak ing  about  10  p a r t s  of 

monomer ( r e l a t i v e  t o  T i C 1 4 ) ,  one ob ta ins  a spectrum (Figure  1, 

curve c )  t h a t  i s  quite s i m i l a r  t o  t h e  one t h a t  w a s  obtained after 

water has been added t o  the f i r s t  system. T h i s  means t ha t  us ing  

less monomer has led t o  i n i t i a t i o n .  The first explana t ion  would 

be t o  say t h a t  i n  the  case of 100 p a r t s  of monomer, there w a s  an 

i n h i b i t i o n ,  t h a t  did no t  occur when 1 0  p a r t s  w e r e  used, and t h a t  

the i n h i b i t o r  i s  mixed w i t h  t h e  monomer. I d o n ' t  t h ink  I can d i s -  

cuss  t h i s  hypothesis  i n  d e t a i l ,  b u t  t h e r e  are several r e s u l t s  t h a t  

If you m a k e  
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are no t  i n  agreement wi th  it. Moreover, t h e  i n h i b i t o r  hypothes is  

would n o t  expla in  why i n h i b i t i o n  does no t -occur  when you add 

water t o  the f i r s t  system. Another important  t h i n g  should be 

sa id .  The  polymerizat ion takes p lace  i n  t h e  systems when t h e  

W maximum appears ,  and when there i s  no maximum, there i s  a l s o  

no polymerizat ion.  

973 

The second example I s h a l l  g ive  i s  n o t  c o n s i s t e n t  e i t h e r  

wi th  a p o s s i b l e  i n h i b i t i o n .  I n  t h a t  ca se ,  you a l s o  start from 

t h e  same system t h a t  has  no W maximum and does no t  polymeripe. 

If you d i s t i l l  t h e  mixture from one p a r t  of t he  v e s s e l  t o  another  

p a r t  t h a t  has  a l s o  been thoroughly washed and baked, the  spectrum 

appears  and polymerizat ion t a k e s  place.  This  is  i n  accordance 

wi th  t h e  r e s u l t s  w e  a l r eady  obtained f i v e  yea r s  ago with i sobutene  

and t h a t  w e r e  mentioned by D r .  Kennedy. The i n t e r e s t i n g  d i f f e r e n c e  

now is  t h a t  w e  can measure t h e  concent ra t ion  of t h e  ca t ions .  How- 

ever ,  t h e r e  i s  also a d i f f e r e n c e  wi th  isobutene.  I n  t h a t  case,  

s t a r t i n g  from a non-polymerizing mixture  and condensing TiC14 from 

t h e  gas  phase,  polymerizat ion occurred;  b u t  wi th  t h e  1-1 DPE system, 

add i t ion  of T i C 1 4  i n  t h e  gas  phase d i d  n o t  lead  t o  i n i t i a t i o n .  

t h ink  t h e  d i f f e r e n c e  i s  t h a t  with i sobutene  t h e r e  i s  always some 

i sobutene  i n  t h e  gas phase, because i t s  vapor p re s su re  i s  much 

higher  than t h a t  of 1-1 DPE; whereas i n  t h e  case of 1-1 DPE,  

t h e r e  i s  no 1-1 DPE i n  t h e  vapor phase. 

i f  i n i t i a t i o n  occurs  by T i C 1 4  and monomer r e a c t i n g  i n  the gas  

phase,  it does no t  o c c u  w i t h  1-1 DPE b u t  does t ake  p l ace  w i t h  

i sobutene.  

I 

Under those  condi t ions ,  

P. H. Plesch.  Keele, United Kingdom: I would l i k e  t o  comment 

on some of t h e  po in t s  made by our col leagues .  F i r s t ,  I want t o  

r e c a l l  a r e a c t i o n  r epor t ed  i n  1929 by Puxeddu (E .  Puxeddu, 
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Gazet ta ,  59, 160 (1929))  and which has been l a r g e l y  ignored 

s i n c e  then. W e  re-discovered i t  i n  t h e  1950's  (W. R. Longworth, 

P .  H. Plesch  and M. R igbi ,  J. Chem. SOC., 1958, 4511, and I t h ink  

t h a t  it may be t h e  c l u e  t o  many of t h e  apparent ly  i r r e c o n c i l a b l e  

o r  u n i n t e l l i g i b l e  phenomena which have been repor ted .  

Puxeddu found t h a t  i f  a mixture  of a r educ ib l e  metal h a l i d e  

with an e t h e r  was exposed t o  sun l igh t ,  t h e r e  w a s  a photochemical 

r e a c t i o n  i n  which t h e  m e t a l  h a l i d e  w a s  reduced. This  r e a c t i o n  

can be represented  gene ra l ly  thus:  

2MtXn + RH ligh5 2 MtX, - + R X + H X  ( 1 1  

It goes with a l k y l  h a l i d e s  and hydrocarbons, and it does no t  need 

much l i g h t .  I came upon t h i s  r e a c t i o n  when I moved from Manchester 

t o  Keele. I n  Manchester I worked i n  a dark basement, and t h e r e  I 

could keep s o l u t i o n s  of t i t an ium t e t r a c h l o r i d e  i n  hexane f o r  

s e v e r a l  weeks without  much change. I n  K e e l e  I had a south-facing 

l abora to ry  and I could n o t  keep those  s o l u t i o n s  f o r  more than  a 

day without  a b e a u t i f u l  purp le  p r e c i p i t a t e  of t i t an ium t r i c h l o r i d e  

being formed. I th ink  t h a t  many phenomena, such a s  those  

r epor t ed  by Professor  Sigwalt ,  may f i n d  a q u i t e  simple ex- 

p l ana t ion  i n  t e r m s  of the  a l k y l  h a l l i d e  and/or t h e  hydrogen 

h a l i d e  formed by a Puxeddu r e a c t i o n  a c t i n g  as co-ca ta lys t  t o  

t h e  unreduced metal  ha l ide .  So before  w e  seek new explana- 

t i o n s  for new myster ies ,  w e  should make q u i t e  s u r e  t h a t  w e  

have made use  of a l l  our o ld  information. 

T h e  nex t  p o i n t  on which I w i s h  t o  comment is t h e  behavior 

of m e t a l  h a l i d e s  i n  s o l u t i o n ,  e s p e c i a l l y  t h e i r  s e l f - ion iza t ion ,  

which  I th ink  i s  the  c l u e  t p  an understanding of  the i r  r o l e  as 

i n i t i a t o r s .  W e  found (W. R. Longworth and P.  H. P l e s c h ,  J. Chem. 
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&, 1959, 1887) t h a t  t i t an ium t e t r a c h l o r i d e  i n  methylene d i -  

ch lo r ide  and i n  e t h y l  c h l o r i d e  se l f - ion izes ,  and t h e  s imples t  

r ep resen ta t ion  of t h i s  r e a c t i o n  i s  

( 2 )  
- 

2 T i C 1 4  2 T i C 1 3  + T i C 1 5 -  

W e  a l s o  concluded (E) t h a t  t h e  c o n d u c t i v i t i e s  of aluminum 

h a l i d e s  i n  a l k y l  h a l i d e  so lu t ion  r epor t ed  by Fa i rb ro the r  and 

S c o t t  (F. Fa i rb ro the r  and N. S c o t t ,  J. Chem. SOC., 1955, 452) 

and by Jacober  and Kraus ( W .  J. Jacober and C. A. Kraus, J. Amer .  

Chem.  SOC., 7 l ,  2405 (1949))  could be i n t e r p r e t e d  much more con- 

s i s t e n t l y  and p l a u s i b l y  by a s e l f - i o n i z a t i o n  of t h e  aluminum h a l i d e  

+ - ( 3 )  + 4A1X3 2 A12X5 A12X7 

W e  es t imated the equi l ibr ium cons tan t  of t h i s  r e a c t i o n  t o  be  of 

t h e  order  of l2 mol-2 f o r  A1Br3  i n  E t B r  a t  25OC. 

One of t h e  myster ies  mentioned by a previous speaker i s  t h a t  

t h e  c a t a l y t i c ,  or i n i t i a t i n g ,  e f f i c i e n c y  of aluminum h a l i d e s  i s  

gene ra l ly  extremely low, i.e., only a ve ry  smal l  f r a c t i o n  of 

t h e  i n i t i a t o r  p re sen t  a c t u a l l y  i n i t i a t e s  polymerizat ion.  This  

f a c t  has of course been w e l l  known t o  a l l  who are  acquainted 

w i t h  t he  Butyl  process  and r e l a t e d  r e a c t i o n s .  I can see a q u i t e  

p l a u s i b l e  explana t ion  of t h i s  i n  t h e  fo l lowing  terms: I a m  s a t i s -  

f i e d  t h a t ,  a t  any rate with some monomers, aluminum h a l i d e s  can 

i n i t i a t e  without  a co-ca ta lys t  and t h a t  even when a p o t e n t i a l l y  

co -ca t a ly t i c  so lven t ,  such a s  an a l k y l  h a l i d e ,  is  p resen t ,  it i s  

n o t  n e c e s s a r i l y  involved i n  i n i t i a t i o n .  I have suggested 

(P .  H. Plesch i n  “Progress  i n  High Polymers, Vol. 2“ Ed. J. C. 

Robb and F. W. Peaker,  I l i f f e  Books, London, 1968, p. 137, 

chapter  on IICationic Polymerizat ion”)  t h a t  i n  such systems t h e  

i n i t i a t i n g  spec ie s  i s  a p o s i t i v e  ion  formed from t h e  i n i t i a t o r  
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by s e l f - i o n i z a t i o n ,  which adds t o  the double bond of the monomer 

t o  g ive  a carbenium ion.  I n  the p resen t  i n s t ance  w e  can w r i t e  

t h i s  r e a c t i o n  a s  

+ M 3 A1X2M+ 4 A1X3 ( 4 )  

and it i s  my guess  t h a t  t h i s ,  o r  something very  l i k e  it, rep re -  

s e n t s  t h e  i n i t i a t i o n .  The ques t ion  arises: Why does r e a c t i o n  (4) 

no t  s h i f t  t h e  equi l ibr ium (3) u n t i l ,  say,  one half of  the A 1  atoms 

have p a r t i c i p a t e d  i n  carbenium ion  formation? T h i s  ques t ion  i s  

based on two assumptions, bo th  of which are wrong. (i) It assumes 

tha t  t h e  s e l f - i o n i z a t i o n  is fas t  and (ii) t h a t  mixing of monomer 

and i n i t i a t o r  s o l u t i o n s  does n o t  lead t o  any i n t e r a c t i o n  o t h e r  

than  i n i t i a t i o n .  The  assumption (i) i s  i n t u i t i v e ,  b u t  as f a r  as 

I know, no one before u s  has s tud ied  the rate of i o n i z a t i o n  of an 

aluminum h a l i d e  i n  so lu t ion .  However, w e  have found 

(D. W. Gra t t an  and P. H. Plesch, unpubl ished)  t h a t  f o r  A 1 B r 3  

i n  MeBr a t  0' t o  -8OOC with  [A1Br3] ca. l o e 3  t o  10-4M, t h e  

i o n i z a t i o n  has a h a l f - l i f e  ranging  from ca. 1 0  minutes t o  more 

than 1 hour, depending on condi t ions .  The k i n e t i c s  are com- 

p l i ca t ed  and s i n c e  we are only a t  the  beginning of t h i s  s tudy,  

I do n o t  want t o  say any more a t  t h i s  s t a g e ,  except  t h a t  the  

MeBr  does n o t  appear t o  be involved i n  t he  formation of t h e  ions.  

The second assumption i s  unfounded because it i s  w e l l  known t h a t  

e l ec t ron -de f i c i en t  metal halides form f a i r l y  stable a d d i t i o n  

complexes w i t h  o l e f i n s .  

I n  t h e  l i g h t  of these cons ide ra t ions ,  we can now understand 

q u i t e  simply t h e  low i n i t i a t i n g  e f f i c i e n c y  of t h e  aluminum halides: 

When, say ,  a s o l u t i o n  of A1C13 i n  MeCl is mixed w i t h  a s o l u t i o n  

of monomer, only the  very  s m a l l  concent ra t ion  of c a t i o n s  (A1C12 4 
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REW coBc!EPls In C A T I O ~ I C  POLYME!RIzATIOH 

and/or A12C15+)  p re sen t  a t  t h e  i n s t a n t  of mixing can i n i t i a t e .  

The major p a r t  of t h e  unionized A1C13 becomes complexed with 

monomer, and t h e  r a t e  of formation of more Al-cat ions from any 

r e s i d u a l  free A1C13 is so small t h a t ,  as fa r  a s  t h e  (usua l ly  very 

f a s t )  polymerization i s  concerned, it is  completely i r r e l e v a n t .  

977 

I would l i k e  t o  emphasize t h a t  n e i t h e r  t h e  i n i t i a t i o n  by 

add i t ion  of A1X2+ t o  o l e f i n ,  nor  t h e  exac t  mechanism of t h e  self- 

ion iza t ion  of aluminum h a l i d e s  has  been proved, though w e  are 

working on both problems; bu t  I feel conf ident  t h a t  my ideas  

about what happens i n  t h e s e  systems po in t  i n  t h e  r i g h t  d i r e c t i o n  

and provide u s  with a p i c t u r e  which he lps  our understanding. 

Also, I am su re  t h a t  w e  must be very  c a r e f u l  no t  t o  genera l ize  

from the h a l i d e s  of one metal t o  those  of another ;  they  a l l  seem 

t o  have t h e i r  own p e c u l i a r i t i e s .  

To sum up, I th ink  t h a t  a proper apprec ia t ion  of t h e  

Puxeddu r e a c t i o n  and of t h e  small e x t e n t  and low rate of t h e  

se l f - ion iza t ion  of m e t a l  h a l i d e s  may be of g r e a t  he lp  i n  under- 

s tanding  some of t h e  phenomena which are puzzl ing u s  a t  present .  

Overberger: I ' v e  misunderstood something here  perhaps, so l e t  

m e t  ask you some quest ions.  You're ca r ry ing  o u t  the  polymeriza- 

t i o n  a t  -30' with t i t an ium t e t r a c h l o r i d e  i n  methylene chloride-- 

i f  you c a r e f u l l y  dry  everything,  you g e t  a spectrum which ind i -  

c a t e s  no carbonium ion  and you g e t  no polymer, c o r r e c t ?  Now you 

add w a t e r  o r  HC1 and you see t h e  spectrum of t h e  carbon c a t i o n  

ion  p a i r  and you do see polymerization. I presume t h e  polymer 

is  f a i r l y  low molecular weight-is it a polymer or a dimer? Now, 

t e l l  m e  again how you deduce t h a t  you can ob ta in  polymer without  

t he  co-ca ta lys t .  
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Sigwalt: If I make another  experiment j u s t  changing t h e  monomer 

concentration--by keeping it l o w  i n s t e a d  of having it high--the 

polymerizat ion occurs .  

NlW CONCEPTS IN CATIONIC WLYMERIZATION 

Overberger: D o  you see t h e  spectrum of the  ca t ion?  

Sigwalt :  Oh yes. The spectrum i s  about  t h e  same as t h e  one you 

g e t  with a f a i r  q u a n t i t y  of water. 

Overberger: 

t r a t i o n  ex tens ive ly  t h a t  t h e r e  i s  some mechanism whereby you g e t  a 

fully-blossomed carbanion ion  p a i r .  Now, d id  you make a suggest ion 

as t o  t h e  r a t i o n a l  f o r  t h i s .  

So , .you ' re  saying i f  you reduce your monomer concen- 

S i w a l t :  You can always make a suggest ion,  even i f  t h e r e  are 

arguments a g a i n s t  it. If a d i r e c t  i n i t i a t i o n  is  poss ib l e ,  i t  

i s  necessary t o  expla in  why something i n h i b i t s  most of t h e  

c a t a l y s t  so t h a t  it does no t  g ive  t h e  a c t i v e  spec ies .  And 

t h i s  is  l inked  w i t h  the  ques t ion  of why t h e  concent ra t ion  of 

active spec ie s  i s  gene ra l ly  so low i n  t h e  case of F r i e d e l  Crafts 

c a t a l y s t s .  W e  are l e d  t o  the conclusion t h a t  p a r t  of t h e  

c a t a l y s t  i s  i n  i n a c t i v e  f o r m .  And t h e  most l i k e l y  i n a c t i v e  form 

I can th ink  of i s  a complex between t h e  monomer and the c a t a l y s t -  

an i n a c t i v e  complex. One may imagine t h a t  i f  t h i s  complex in-  

volves ,  f o r  example, two monomer molecules, i t s  formation might 

.- 

be competi t ive with a d i r e c t  i n i t i a t i o n  involv ing  only one monomer 

molecule and, w i t h  the  r i g h t  rate cons t an t s ,  it is poss ib l e  t o  

f i n d  a scheme expla in ing  t h e  r e s u l t s .  W i t h  a b i g  excess  of mono- 

m e r ,  most of t h e  c a t a l y s t  could be incorpora ted  i n  a complex such 

a s  T i C l 4 ,  2 M ,  f o r  example. 
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NEW CONCEFTS IN CATIONIC POLYMERIZATION 979 

Overberger: A l l  r i g h t ,  and t h i s  does n o t  polymerize. ... 

- 10: 

-3a 

Sigwalt :  This  i n a c t i v e  complex has no spectrum i n  t h e  reg ion  of 

t h e  carbocat ion.  One can imagine t h a t  an in te rmedia te  complex 

may be formed l i k e  M,TiC14: 

0 

And if k17> k2, most of t he  T i C 1 4  would 

and some of it would lead  t o  t h e  a c t i v e  

- 
ci 

g -a2 

3 
L Y i- 
3 -90, 

Y 

f -110- 
c. 

I 
-13Q ,' 

I 
4 )  I 

-150 

be i n  an i n a c t i v e  form 

spec ie s  M-'. About t h e  
e. 

.-I39 

na tu re  of t h e  i n i t i a t i o n  s t e p ,  t h e r e  are s e v e r a l  p o s s i b i l i t i e s .  

Fig. 1 (Plesch). 
and isobutene. The freezing points (0) and eutectics (X) show clearly 
the existence of a 1:l complex. 
point (0) near -750 is  a eutectic arrest, i t  would signify the existence 
of a second complex with composition 2CqHa:lTIClq. 

Freezing-point phase-diagram of titanium tetrachloride 

If the ill-characterized transitioa- 
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One of them w a s  mentioned by P ro fes so r  P lesch ,  t h e  s e l f - i o n i z a t i o n  

of TiC14.  

able t o  ob ta in  a propor t ion  of active spec ie s  relative t o  c a t a l y s t  

t h a t  were f a i r l y  high when monomer concen t r a t ions  w e r e  low. T h e  

propor t ion  could be h igher  than  20 pe r  c e n t  i n  some cases ,  and I 

d o n ' t  t h ink  i t  can be easily explained by a process  o f  s e l f - i o n i z a t i o r  

XlW COl'?CEFTS IN CATIONIC POLYMERIZATION 

I n  our case, I d o n ' t  l i k e  it t o o  much because w e  w e r e  

I would l i k e  a l s o  t o  comment on t h e  suggest ion of  something 

happening i n  t h e  gas  phase by photo lys i s .  W e  were n a t u r a l l y  aware 

of t h i s  p o s s i b i l i t y  and have performed experiments i n  t h e  dark ,  

i n  the case of i sobutene  polymerizat ion on condensat ion,  and t h e  

r e s u l t s  ob ta ined  were e x a c t l y  the same. And i n  t h e  case of 1-1 

DPE, many polymerizat ions i n  s o l u t i o n  have been m a d e  and w e r e  per- 

f e c t l y  reproducib le ,  i n i t i a t i o n  occurr ing  only  f o r  t h e  low [ M J / [ C l  

r a t i o ,  both i n  t h e  dark o r  i n  day l igh t .  

P lesch:  I would l i k e  t o  comment on t h i s .  The  e x i s t e n c e  of com- 

p lexes  between t i t an ium t e t r a c h l o r i d e  and i sobutene  w a s  proved by 

us  many y e a r s  ago by means of  a f reez ing-poin t  phase-diagram 

( W .  R.  Longworth, P. H. P lesch ,  and P. P. Rutherfocd, i n  " I n t e r n t l .  

Conf. on Co-ordination Chemistry, 1959'T, C h e m i c a l  Society Spec ia l  

Pub l i ca t ion ,  No .  13, p. 115) .  Since t h e  a c t u a l  diagram has never 

been publ ished,  I show it here i n  t he  F igure .  One can see there 

evidence f o r  c e r t a i n l y  one, and probably a second, complex. With 

t h e  techniques  a v a i l a b l e  a t  the t i m e ,  it w a s  very  d i f f i c u l t  t o  

prevent  polymerizat ion a t  l o w  temperatures  and l o w  T i C 1 4  concen- 

t r a t i o n s ,  and t h a t  i s  why the phase diagram is somewhat incomplete. 

It should a l s o  be noted t h a t  a t  least one of t h e  complexes has a 

very d i s t i n c t i v e  orange-red co lo r .  T h i s  has nothing t o  do w i t h  
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NEU CONCEITS I N  C A T I O H I C  POLYMERIZATION 981 

carbenium ions ,  s i n c e  the  t-Bu ion does no t  absorb i n  the v i s i b l e .  

T h e  co lo r  i s  probably r e l a t e d  t o  t h a t  of T i C l 4  + C6H6 mixtures ,  

and due t o  a s h i f t i n g  of t h e  T i C 1 4  absorp t ion  towards t h e  v i s i b l e  

by complex formation.  

Schleyer:  I ' d  l i k e  j u s t  t o  make a b r i e f  comment. This  is  

somewhat obvious,  b u t  I th ink  i t ' s  a h e l p f u l  viewpoint  both f o r  

c a t i o n i c  and f ree  r a d i c a l  spec ies .  W e  t h ink  about  modifying 

r e a c t i v i t y  of such spec ie s  by, e.g., so lven t  o r  counter ion.  It 

may a c t u a l l y  be more h e l p f u l  t o  change nomenclature thus  implying 

a d i f f e r e n t  way of th inking .  I t h i n k  i n  many cases an a l t e r a t i o n  

of t h e  medium or environment a c t u a l l y  changes t h e  spec ie s .  And 

I th ink  t h a t ' s  probably a b e t t e r  way t o  th ink  of the  s i tua t ion - -  

a s  being a modified spec ie s  r a t h e r  than merely in t e rmed ia t e s  wi th  

modified r e a c t i v i t y .  For  example, a carbonium ion  p a i r  is r e a l l y  

n o t  a carbonium ion  anymore. I ' d  p r e f e r  t o  th ink  of t h i s  a s  a 

"cat ionoid" spec ie s ,  much t h e  same w a s  t h a t  q 'carbenoid" spec ie s  

and n o t  f ree  carbenes are now recognized t o  be  involved i n  many 

r e a c t i o n s  when carbon metal  bonds are broken. 

S t anne t t :  I ' d  l i k e  t o  thank every member of t h e  pane l  for 

i n i t i a t i n g  such a l i v e l y  d i scuss ion ,  and everyone else who added 

t o  it i n  t h e  audience.  Now, I would l i k e  P ro fes so r  Szwarc t o  

o f f e r  h i s  concluding remarks. 
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